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v

 The rapidly developing fi eld of engineered nanomaterial has expanded in 
many commercial areas. More recent studies have begun to provide a founda-
tion for understanding how nanomaterials infl uence cells and how they also 
can serve as methodological tools for studies in medicine and cell biology. At 
the cellular level, recent investigations have shown the effects of nanomateri-
als on specifi c subcellular structures, such as the actin-based brush border 
network in cells with an increasing emphasis on the barrier function of epi-
thelial tissues, while other studies have shown involvement of nanomaterials 
in specifi c cytoplasmic signal transduction events such as the rise in intracel-
lular free calcium, a signaling event known to regulate many changes in cell 
architecture and function. In parallel, nanomaterials are increasingly used in 
medicine for drug delivery, treatment of cancer, and an increasing number of 
new applications. In this regard the subject of nanomaterial crosses disciplin-
ary boundaries between medicine, biology, and engineering, and this has 
resulted in some of the advances and implications being over overlooked. 
One of the intentions of this book is to bring this diverse area into sharper 
focus. 

 Nanomaterials are used in medicine in a variety of ways including cancer 
targeting and ablation. They can also target cells through modifi cation of their 
surface chemistry, and because of this are used as tools for drug delivery. 
They have been used for tissue contrast enhancement and as wavelength- 
specifi c probes for fl uorescent imaging. Nanomaterials have also been 
employed to track stem cells as well as to alter their state of commitment. The 
usage of nanomaterials has become so common that they are present in a 
number of consumer products. This book presents chapters, from a variety of 
experts, in areas relevant to cell biology and medicine in order to demonstrate 
the breadth of applications. 

 This book was written for advanced undergraduates in cell biology, engi-
neering, and medical professionals. Most chapters have different but relevant 
methods sections that explain key technological manipulations. Every attempt 
was made to make these sections practical and understandable, but with 
enough information in each chapter to be of interest to researchers as well.  

    Tempe, AZ, USA  David     G.     Capco   
   Atlanta, GA, USA  Yongsheng     Chen    
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    Abstract 

 Widespread use of engineered nanomaterials 
(ENMs) in consumer products has led to con-
cerns about their potential impact on humans 
and the environment. In order to fully assess 
the impacts and release of ENMs from con-
sumer products, this chapter provides an over-
view of the types of consumer products that 
contain nanomaterials, the potential release 
mechanisms of these ENMs from consumer 
products, and the associated human expo-
sure. Information from two large datasets 
on consumer goods associated with ENMs, 
namely, the U.S.-based Project for Emerging 
Nanotechnologies from the Woodrow Wilson 
International Center, and the European-based 
National Institute for Public Health and the 
Environment of Netherlands, have been sum-
marized. These databases reveal that silver, 
titanium, carbon-based ENMs are the major 
nanomaterials associated with consumer 
products. The presence and potential release 
of silver, titanium, carbon-based, and other 
nanomaterials from consumer goods available 
in published literature are also summarized, 
as well as the potential human exposure sce-
narios of inhalation, ingestion, dermal, and 
combination of all means. The prospecting of 
nanomaterial in water and biosolids provides 
further evidence of ENM occurrence, which 
could be linked to the use of nanomaterials 
containing consumer goods. Finally, this over-
view provides guidelines on toxicity studies, 
which calls for further efforts to analyze the 
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biological effects of ENMs on human beings 
and their exposure pathways in consumer 
products.  

  Keywords 

 Engineered nanomaterials   •   Presence   •   Release   
•   Consumer products   •   Nanosilver   •   Titanium   
•   Carbon  

1.1         Introduction 

 Nanomaterials are typically defi ned as having 
“internal or surface structures in one or more 
dimensions in the size range 1–100 nm” [ 1 ]. 
Metallic and carbon-based nanomaterials, in par-
ticular, are comprised of novel physicochemical 
properties, and because of their small size and 
high surface-area-to-volume ratio are viewed dif-
ferently than their bulk material. Over the past 
two decades, the clear advantages in using nano-
materials for consumer products have led to a new 
stage in nanotechnology development [ 2 ]. This, in 
turn, has fueled a dramatic growth in the nano-
technology industry, from a $10 billion enterprise 
in 2012 to an anticipated up to $1 trillion by 2015 
[ 3 ]. As these industries continue to create prod-
ucts with unique elements and geometries, the 
human and ecological risks stemming from engi-
neered nanomaterials (ENMs) may increase as a 
result of potential hazards [ 4 ]. Evaluating these 
risks, therefore, necessitates development of new 
tools and models that are better able to assess both 
exposure levels and toxicity of nanomaterials. 
This chapter focuses on strategies to quantify the 
presence of major classes of ENMs in consumer 
products and their release into water or air after 
use. ENMs include nano-silver, titanium dioxide, 
and carbon based nanomaterials. 

 Nanotechnology advances that have taken 
place in different disciplines over the years have 
led to widespread ENM applications in many 
everyday products. Nano silver (nano Ag), for 
instance, has been used in pesticide, medicine, 
socks, fabrics, or disinfectant sprays [ 5 – 7 ]. 
Colloidal silver is known to have been employed 
by industry for over 100 years [ 6 ]. In fact, the 
earliest example of nanosilver use can be traced 

to the Roman Lycurgus Cup, which is a bronze 
and glass cup created in the fourth century AD 
[ 8 ]. The glass material in the cup, which is able to 
scatter green light and transmit red light, contains 
particles that are 70 nm in diameter composed of 
silver (70 %) and gold (30 %). Nano titanium 
dioxide (nano TiO 2 ) is used in personal care 
products, such as sunscreens or toothpaste, food 
for coloring and texture, paints, and self-cleaning 
industry cleansers [ 9 ,  10 ]. Multi-walled carbon 
nanotubes have been used both in the electronic 
industry, and the textile industry, where it appears 
in the form of fl ame retardants in plastics, poly-
mers, and fabrics [ 11 – 13 ]. Clearly, nanomateri-
als are prevalent in many consumer products, and 
exposure to humans potentially exists in physical 
forms, such as dermal, ingestion, and inhalation. 

 While the release of ENMs from consumer 
goods is an inevitable outcome of human 
activity, such release is often intentional (e.g., 
disposal of used toothpaste down the drain, dis-
solution of nano Ag into sweat), which leads to 
not only human exposure, but also to discharge 
into the environment [ 10 ,  14 ]. Sewage has been 
identifi ed as a major conveyor of ENMs from 
consumer products and industrial processing 
[ 15 ]. The occurrence of ENMs in sewage can 
provide us one measure of the amount of human 
exposure that takes place. Therefore, proper 
sewage treatment becomes a critical interven-
tion strategy in order to prevent ENM release 
to the environment, and thus limit ecosystem/
human exposure to ENMs. ENMs can enter into 
wastewater treatment plants (WWTPs) through 
washing and other recreational activities [ 5 ,  16 ]. 
Nano Ag released from silver containing plas-
tics and textiles from daily washing enters drains 
and sewers and ends up in WWTPs [ 5 ,  17 , 
 18 ]. Similarly, Nano TiO 2  enters water caused 
by washing, bathing, and swimming [ 19 ,  20 ]. 
Both macro- and nano-scale TiO 2  have been 
detected in WWTP effl uents, with the majority 
of the Ti accumulated in biosolids. Nanosilver 
can be absorbed to biosolids and converted into 
nano- Ag 2 S under anaerobic conditions [ 21 – 24 ]. 
Recent work has shown that many ENMs can be 
removed from sewage water, and concentrated 
into biosolids ([ 5 ,  25 – 27 ]. 

Y. Yang and P. Westerhoff
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 In the U.S., 40 % of biosolids end up in land 
applications [ 28 ]. Land amendment, which occurs 
as a result of these biosolids, leads to the transport 
of ENMs into soils [ 22 ,  28 ]. Sanitary landfi ll sites, 
which receive used textiles (clothes, socks) and 
other consumer products, are another repository 
of ENM containing solid wastes [ 24 ,  29 ,  30 ]. Life 
cycle analyses have suggested that over 50 % of 
ENMs produced globally ends up in landfi lls [ 15 ]. 
Thus, the use of ENMs in consumer products can 
potentially affect solid waste treatment, and once 
again, landfi lls may emerge as a location to assess 
retrospectively changes in use patterns of prod-
ucts incorporating nanotechnology. 

 The rapid rise in nanotechnology applica-
tion in consumer products means that a more 
comprehensive investigation is needed into the 
exposure risks posed by ENMs to humans and 
the environment. David Warheit, who chaired the 
committee on health and environmental safety 
of nanomaterials for the European Centre for 
Ecotoxicology and Toxicology of Chemicals, has 
aptly remarked: “The number of implication stud-
ies has not caught up with the number of applica-
tion studies” [ 31 ]. Therefore, the need for more 
studies of ENM implication continues to grow. 

 To understand both the implication and appli-
cation aspects of ENMs, we provide here a com-
prehensive summary of consumer products that 
contain nanomaterials, potential paths for ENM 
release from consumer products, and the range 
of associated human exposure. Prospecting the 
presence of ENMs in water and sewer biosolids 
provides us with information and guidelines on 
toxicity tests, while addressing important ques-
tions: At what concentration levels do ENMs 
exist in the environment? Which chemical form 
of ENMs (e.g., oxidation state) should be tested 
for dose-response experiments?  

1.2     Categorization of Consumer 
Products with Nanomaterials 
from Databases 

 In 2005, The Woodrow Wilson International 
Center for Scholars initiated the Project for 
Emerging Nanotechnologies (PEN), which aimed 

to provide an inventory of nanotechnology- based 
consumer products (either containing nanoma-
terials or production processes incorporating 
nanotechnology). For simplicity, all the infor-
mation obtained from this project is cited as 
the Woodrow Wilson database in this chapter 
[ 32 ]. Originally, the inventory cited 54 different 
products in 2005; in 2011, the number of prod-
ucts increased to 1,317, representing a 24-fold 
increase during a 6-year period [ 32 ]. Of the total 
number of 1,317 products in 2011, 45 % (587), 
28 % (367), and 20 % (261) originated in the 
U.S., Europe, and East Asia, respectively [ 32 ]. 
The number of nanotechnology-based products 
was projected to continue as advances in nano-
technology were further applied to consumer 
products. This inventory provides information 
such as product name, company, manufacturer 
or supplier, country of origin, category and 
subcategory, product description, and date of 
update [ 32 ]. Updates to this inventory were 
halted in 2011, as funding and priorities changed. 
More recently, Virginia Polytechnic Institute 
and State University’s Center for Sustainable 
Nanotechnology (VT SuN) and the Woodrow 
Wilson International Center for Scholars have 
been partnering on a new effort to compile the 
Nano Consumer Products Inventory (NCPI), 
which incorporates the PEN dataset (  http://www.
nanotechproject.org/cpi/    ). 

 In 2010, an inventory of consumer products con-
taining nanomaterials published by the National 
Institute for Public Health and the Environment 
(RIVM) of Netherlands was made available in the 
European market. The RIVM, based on advertise-
ments of manufacturers, cited 858 products in 2010, 
showing a six-fold increase of 143 products that 
contained ENMs in 2007 [ 33 ]. Similar to the data-
base maintained by the Woodrow Wilson center, the 
RIVM stated the following: “No verifi cation of the 
actual presence of nanomaterials via measurements 
in claimed consumer products has been made” [ 33 ]. 

 We re-categorized product information in the 
RIVM database to be consistent with those used 
in Woodrow Wilson database. Figure  1.1  pro-
vides a comparison of the Woodrow Wilson and 
RIVM databases. The quantity of each product 
depicted here is based on this re-arrangement. 

1 Presence in, and Release of, Nanomaterials from Consumer Products
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Both databases show a similar dominant status 
of products, i.e., the number of health and fi tness 
products is greater than the number of home and 
garden products, which in turn, is greater than 
the number of automotive products (Fig.  1.1 ). 
This trend indicates that the potential release of 
nanomaterials would come from three major cat-
egories: health and fi tness, home and garden, and 
automotive.

   Under the category of food and beverage, 
the two datasets show a marked difference in 
the numbers of products. The Woodrow Wilson 
database contained 105 products under food and 
beverage, whereas the RIVM database showed 
only 2 products in this category. Further analysis 
shows that in the 105 products listed in the food 
and beverage category from the Woodrow Wilson 
database, 63 (60 % of products), 17 (16 %), and 15 
(14 %) were made in the U.S., China, and Japan, 
respectively [ 32 ]. Only four products listed in the 
Woodrow Wilson database were manufactured in 
Europe [ 32 ]. The much less number of available 
food and beverages tagged with nanomaterials in 
Europe may indicate that the European market is 
more conservative in application of nanomateri-
als and or nanotechnology in the food and bever-
age category. 

 The Woodrow Wilson and RIVM data-
bases also provided descriptions of products, 
indicating nano silver, titanium dioxide, car-
bon based nanomaterials, gold, and zinc/
iron to be the major nanomaterials associated 
with consumer products (Fig.  1.2 ; only prod-
ucts tagged with certain nanomaterial were 
counted). Nanosilver dominated among all the 
nanomaterials, which comprised 55 and 75 % 
of all products with a nanomaterial tag in the 
Woodrow Wilson and RIVM databases, respec-
tively. The products associated with nano TiO 2  
and carbon-based nanomaterials were the 
secondary and tertiary dominant consumer 
goods. The gold, carbon/iron based nanomate-
rials were the major ENMs  incorporated with 
consumer products in the European market. 
According to the descriptions of both datas-
ets, information of products summarized was 
based on product descriptions provided by the 
merchants, because information about actual 
contents and forms of nanomaterials in con-
sumer products is rarely available. Thus, the 
screening of nanomaterial concentration and 
physicochemical properties should be assessed 
prior to studying the effects of nanomaterials 
on biological systems (or humans).
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European data is from RIVM database [ 33 ])       
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1.3        Occurrence and Potential 
Exposure of Major 
Nanomaterials in 
Consumer Goods  

 As summarized in both databases, metallic nano-
materials are the major nanomaterials incorporated 
into consumer goods. The presence of metallic 
nanomaterials in consumer goods can be grouped 
into three categories based on the location where 
they are placed: (1) dispersed in bulk of products; 
(2) coated on the surface; (3) bound in products 
[ 34 ]. For example, nanosilver can be coated on tex-
tile surfaces, such as socks and shirts, dispersed in 
supplements such as MesoSilver®, or bounded on 
surfaces in make- up instruments (e.g., hair straight-
ener) and tableware [ 32 ]. The different functions 
of consumer products, therefore, determine where 
nanomaterials exist, thus impacting ENM expo-
sure pathways for humans. Other factors, such as 
concentration, shape, and chemical entities of 
nanomaterials also contribute to exposure assess-
ment on humans and the environment [ 33 ]. 

 Exposure to ENMs in consumer products may 
be direct, during human use of the product, or in- 
direct as ENMs are released into the air or residu-
als passed on from prior uses [ 33 ]. The application 
routes contribute to the extent of exposure, which 
include inhalation, ingestion, dermal, and combi-
nation of all means [ 33 ]. Since health and fi tness 
products have the highest content of nanomaterials 

compared to all other products, human exposure to 
nanomaterials should be carefully evaluated, par-
ticularly with the anticipated increased availability 
of nanoproducts in the future. Other direct expo-
sure scenarios of ENMs exist in the manufacturing 
industry, including workplaces that produce paints, 
coatings, cosmetics, catalysts, and polymer com-
posites with signifi cant quantities of nanoparticles 
[ 35 ]. The application of silica nanoparticles as 
abrasives in chemical mechanical polishing (CMP) 
processes exposes workers to slurries. Further 
exposure to these byproducts occur when they are 
released into wastewater [ 36 ,  37 ]. 

 The general fl ow of nanomaterial use and 
potential exposure is presented in Fig.  1.3 . To 
better illustrate the occurrence and potential 
exposure of nanomaterials in consumer goods, 
we use nanosilver, carbon based nanomaterials, 
and titanium dioxide as representative nanomate-
rials. Moreover, according to recent U.S. EPA 
case studies [ 7 ,  9 ,  12 ,  13 ], these three types of 
ENMs are the dominant nanomaterials currently 
being used, as shown in Fig.  1.2 .

1.3.1       Presence and Release 
of Nanosilver in Consumer 
Products 

 In 2011, the Woodrow Wilson database showed 
that about 24 % of 1,317 products claimed to 

Silver, 313

Titanium, 59

Zinc, 31

Gold, 28

Carbon, 91

Silicon/Silica, 43

Woodrow Wilson database RIVM database

Silver, 56

Titanium, 2

Iron, 5

Gold, 6

Carbon, 5

  Fig. 1.2    Distribution of major nanomaterials associated with consumer products (Figure was synthesized upon open- 
source data from Woodrow Wilson and RIVM databases [ 32 ,  33 ])       
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contain nanosilver [ 32 ]. These branded products 
included utensils, shoe soles, detergent, toothpaste, 
and even dietary supplements [ 32 ]. Products, such 
as toothpaste and dietary supplements led to direct 
dermal and ingestion exposure to humans. Recent 
estimates for production volume of raw nanosilver 
is in the range of 2.8–20 tons per year in the U.S. 
[ 38 ]. The inherent uncertainty in these estimates 
emerge because of the use of proxy parameters 
(e.g., size of company, using number of employ-
ees, and annual revenue of a company), but more 
generally show the expanding use of nanosilver 
in consumer goods will inevitably increase the 
potential for human exposure [ 12 ,  38 ]. One piece 
of evidence could be the growing number of pat-
ented consumer goods associated with nano Ag 
between 1980 and 2010 [ 39 ]. 

 The release of nanosilver from consumer 
 products varies based on the way in which 
nanosilver is employed in these products. One 
of the fi rst experimental studies on nanosilver 
release was conducted by Westerhoff et al. [ 5 ], 
which tested six brands of socks, and found that 
they contained up to a maximum of 1,360 μg-Ag/
g-sock; in a simulated 1-h wash test, approxi-
mately 650 μg of silver was leached into 500 mL 
of distilled water. Transmission electron micros-
copy (TEM) verifi ed the presence of silver 
nanoparticles in the range of 10–500 nm in the 
sock material and related wash water. In another 
experimental study, an expanded screening test of 
silver release was conducted on commonly used 
consumer products, including a shirt, a medical 
mask and cloth, toothpaste, shampoo, detergent, 

a towel, a toy teddy bear, and two humidifi ers 
[ 40 ]. The released silver  concentrations ranged 
from 1.4 to 270,000 μg Ag/g product in 500 mL 
of tap water, and the presence of silver micron- 
and nano- particles was confi rmed in the released 
solution by TEM. The release of nanosilver 
via washing indicates the potential exposure of 
nanosilver to sewage systems and WWTPs from 
socks or textiles that have silver nanoparticles 
coated on their surface. 

 Another comprehensive study was carried out 
by Quadros et al. [ 14 ] to determine the release 
of silver from products incorporated with nano-
technology that commonly come into contact 
with children [ 14 ]. The consumer products tested 
included plush toys, fabric products, breast milk 
storage bags, sippy cups, cleaning products, 
humidifi ers, and humidifi er accessories. The 
release of silver was tested in a variety of liquids 
including tap water, orange juice, milk formula, 
synthetic saliva, sweat, and urine. The potential 
transport of silver into air and onto dermal wipes 
was examined as well. Among all the tested liq-
uids, synthetic sweat and urine revealed the high-
est release of silver up to 38 % of the silver mass in 
products, while release of silver in tap water was 
less than 1.5 %. Silver could be transferred from 
products to wipes in a range of 0.3–2.3 μg/m 2 . No 
signifi cant release of silver to aerosol occurred. 
This comprehensive test showed the potential for 
dermal exposure of silver to children. 

 In addition to dermal exposure of nanosilver by 
washing or wiping of nanosilver-containing con-
sumer products, researchers have demonstrated 

Nanomaterials in consumer products and poterntial human exposure

Dispersed in
bulk of products

Coated on
surface

Bound in
products

Used in Industrial
processing

Food Personal
care
products

Textiles Flame
retardants

Plastics Glass
coatings

Polishing
agents

Ingestion Dermal Dermal Dermal or
combination

Dermal or
inhalation

Inhalation

  Fig. 1.3    Nanomaterials used in consumer goods and potential exposure to human beings       
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that inhalation exposure can occur from emitted 
airborne particles from a surface  disinfectant, an 
anti-odor spray, and a throat spray [ 41 ]. Each 
spray action released 0.24–56 ng of silver in 
aerosols and the continuous use of these products 
may lead to as high as 70 ng of silver deposition 
in the respiratory tract upon exposure modeling. 
The majority of silver identifi ed in aerosols was in 
the range of 1–2.5 μm in diameter and associated 
with chlorine. The existence of silver nanopar-
ticles was proved by using TEM. The emission of 
aerosols containing silver nanoparticles provides 
quantitative data and viable exposure scenarios 
to conduct risk assessment of nanosilver in con-
sumer products. 

 Comprehensive assessments of nanosilver 
exposure to human beings require that we have 
more detailed information about the presence of 
nanosilver in consumer products. While toxicity 
evaluations of nanosilver are advancing rapidly, 
and producing large amounts of data, ranging from 
in vitro studies on cell lines and rodent experiments 
to ecological evaluations [ 42 – 44 ], the shapes of 
nanosilver ENMs are still largely ignored in tox-
icity studies, and only a limited number of actual 
release exposure studies have been conducted 
[ 43 ]. Therefore, there exists a need for more ana-
lytical studies that assess the exposure pathways of 
nanosilver in consumer products, as well as their 
biological effects on human beings.  

1.3.2     Use and Release 
of Carbon- Based Nanomaterials 
in Consumer Goods 

 Carbon-based nanomaterials, the second most 
widely used nanomaterials according to the 2011 
Woodrow Wilson database, account for 7 % of all 
listed nanoproducts [ 32 ]. They include, (but are 
not limited to) carbon nanotubes (CNTs), fuller-
enes (C60 and C70), and graphene [ 25 ,  45 – 48 ]. 
Though actual production of carbon-based nano-
materials is not available, the estimated produc-
tion volumes of CNTs and fullerene are in the 
range of 55–1,101 and 2–80 tons per year, respec-
tively [ 38 ]. Other estimates suggest that the 
global production of carbon nanotubes and 

 fullerenes are in the range of 11–1,000 and ≤10 
tons per year, respectively [ 49 ]. These anticipated 
 values show the dominance of CNTs among 
carbon- based nanomaterials. 

 Commercial products associated with CNTs 
include sporting goods, such as tennis rack-
ets, road forks, and bike seats [ 32 ]. Most CNTs 
produced are multiwall carbon nanotubes 
(MWCNTs) that consist of at least two more 
CNTs which concentrically telescoped [ 50 ]. 
The major applications of MWCNTs are in elec-
trodes, electronic components, batteries, and 
synthetic textiles [ 50 ,  51 ]. The use of MWCNTs 
as fl ame-retardant coatings is estimated to be 
very low [ 13 ,  52 ]. Because of their unique prop-
erties, in which they offer both thermal stability 
and mechanical strength, CNTs are widely used 
as fi llers in food packing materials [ 53 ], and 
therefore have received considerable scrutiny. In 
addition to human exposure through consumer 
products, another potential area of concern is 
workplace exposure to CNTs during the manu-
facturing process of these nanomaterials [ 35 ]. 

 Dermal exposure via cosmetics containing 
CNTs has been researched extensively. Several 
commercial products employing fullerene, for 
example, are currently widely available in the 
market [ 25 ]. The actual presence of fullerene in 
cosmetics has been confi rmed by TEM. The con-
tent of C60 was quantifi ed in four cosmetics with 
a range of 0.04–1.1 μg/g, and C70 was qualita-
tively verifi ed in two samples. A single-use of a 
cosmetic of 0.5 g may contain up to 0.6 μg of 
C60, indicating a potential pathway for human 
dermal exposure to fullerene. Pristine fullerenes 
may have low toxicity and thus the non-risk for 
human exposure is expected in workplaces with 
good hygiene conditions [ 54 ]. However, these 
results prove the immediate exposure of fuller-
enes to consumers via direct dermal application, 
and this is a major concern for long-term use of 
these cosmetics [ 54 ]. 

 The application of graphene nano-platelets 
into polymers can produce a heat-resistant nano-
composite, which can be used in food-packaging 
applications [ 53 ]. Researchers have demonstrated 
that the dispersion of graphene nano-platelets in 
poly methyl methacrylate (PMMA) at 1–5 % 
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loading rate could increase the glass transition 
temperature for PMMA by 30 °C [ 46 ]. Though 
commercial products with graphene nano- 
platelets are not available yet, these products are 
expected to  eventually make it to the market due 
to their unique heat resistance capabilities [ 53 ]. A 
number of comprehensive toxicity and exposure 
tests are needed, however, to mitigate public con-
cerns of these products before they are deployed 
on a large scale.  

1.3.3     Occurrence of Titanium 
Dioxide Nanoparticles in Food 
and Personal Care Products 

 Since many applications of TiO 2  would benefi t 
more from smaller primary particle sizes, the 
nanosized TiO 2  is expected to increase exponen-
tially [ 55 ]. The Woodrow Wilson database has 
shown that about 5 % of 1,317 products was 
incorporated with nano TiO 2  in 2011 [ 32 ]. They 
include health and fi tness products and personal 
care products, such as sunscreens and cosmetics 
that protect the skin against harmful ultraviolet 
(UV) rays [ 9 ]. The annual production of nano 
TiO 2  is estimated to be in the range of 7,800–
38,000 tons in the U.S. [ 38 ]. TiO 2  nanoparticles 
incorporated in consumer products are synthe-
sized to be amorphous and or to be a mixture of 
three different crystal structures: anatase, rutile, 
and brookite [ 56 ]. For example, fi ve over-the- 
counter sunscreen products were found to have 
contained nano TiO 2 , among which one was pure 
rutile and the remaining four were mixtures of 
anatase/rutile [ 57 ]. 

 Titanium dioxide is used as a whitening agent 
in foods such as salad dressing, gum, icing, cook-
ies, and candies [ 9 ,  32 ], since it is chemically 
stable under illumination, oxygen, and pH 
changes that can occur during food processing 
[ 58 ]. Titanium dioxide in the form of color addi-
tives may lead to a maximum ingestion of 112 mg 
of Ti per person per day [ 59 ]. Thus, the potential 
presence of TiO 2  nanoparticles as a food additive 
can result in human ingestion of nanomaterials. 
Examination of one sample of food grade TiO 2  
powder shows that 36 % of particles are below 

100 nm [ 10 ], which is a white food color additive, 
designated as E171 by the European Union. A 
screening of 89 foods reveals that titanium con-
centrations spanned from 0.00077 to 210 μg Ti/
mg product [ 10 ]. Powdered donuts have the high-
est titanium concentration of 100 mg Ti per serv-
ing. Generally, foods with high concentration of 
titanium include sweets or candies, chocolate, 
chewing gum, and foods with white icing and or 
sugar toppings. Several dairy products with white 
color including milk, cheese, and yogurt have tita-
nium concentrations comparable with non- dairy 
substitutes such as soy- and rice-based drinks, 
whose concentrations are in the range of 0.10–
0.26 μg Ti/mL. Although 12 food products with 
the highest Ti concentrations are small enough to 
pass a 0.45 μm fi lter, additional research is needed 
to clarify the ultimate size fraction of Ti in foods. 

 The contents of Ti in personal care products 
have been examined on a sample pool of 8 tooth-
pastes and 24 additional personal care products 
[ 10 ]. The titanium contents in all toothpastes are in 
the range of 0.7–5.6 μg/mg or from < 0.1 % to 
nearly 0.5 % by weight of the product. Several sun-
screens that claim to contain TiO 2  have the highest 
contents of Ti, ranging from 14 to 90 μg/mg, while 
others not labeled as containing TiO 2  have Ti con-
tent of less than 0.01 μg/mg. White- colored sham-
poos, deodorants, and shaving creams have the 
lowest levels of titanium, below 0.01 μg/mg. 
Additional analysis reveals that the Ti content of 
10.0 ± 0.63 μg Ti/mg on aspirin products, which is 
higher than in name-brand aspirin product contain-
ing 0.017 ± 0.005 μg Ti/mg. Several high-con-
sumption pharmaceuticals contain titanium content 
that range from below detection limit (BDL, 
0.0001 μg Ti/mg) to a high of 0.014 μg Ti/mg. 
Paints contain white pigments and thus could con-
tain titanium as one of their ingredients. An analy-
sis of titanium content has been conducted on two 
primary white paints, three primers, and two base 
paints [ 10 ]. The white paints, sealants, and base 
paints have titanium contents of ∼110, 25–40, and 
0.03–0.22 μg Ti/mg, respectively. Other nonwhite 
adhesives tested have not been found to have any 
detectable amounts of titanium. 

 The aforementioned results quantify the contents 
of titanium in food, personal care products, and 
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paints. The presence of nano TiO 2  particles as a food 
additive (E171) and in some consumer goods has 
been verifi ed, which point to both dermal and inges-
tion exposure. As titanium in consumer products can 
also come from clays used in some foods and paints, 
the reported titanium contents can be the upper limit 
concentration of TiO 2  nanoparticles. 

 Washing of textiles modifi ed by TiO 2  releases 
titanium into the environment [ 60 ]. Washing 
studies from six sun-protection clothes resulted 
in the release of TiO 2  particles, ranging from 0.01 
to 3.4 % of total titanium in one wash cycle. 
TEM, coupled with energy dispersive x-ray dif-
fraction (EDX) experiments, were able to iden-
tify the release TiO 2  particles, showing sizes in 
the range of 60–350 nm. Additional studies have 
investigated the potential transformation of nano 
TiO 2  particles formulated for sunscreens when 
placed in the media-simulating conditions of 
product use [ 61 ]. Though the remaining Al-based 
layer was still effective in preventing superoxide 
production, approximately 90 % wt/wt of coating 
constituents desorbed from the TiO 2  particle sur-
faces, thus demonstrating their transformations 
after entering into the environment.  

1.3.4     The Use and Release 
of Other Nanomaterials 

 Other nanomaterials incorporated into foods and 
packing materials include silicate (clay) nanopar-
ticles, starch nanocrystals, cellulose nanofi bers, 
and nano chitin whiskers [ 62 ]. Polymer-nano 
composites can be promising food-packing mate-
rials, which are created by inserting nano scale 
fi llers throughout a polymer matrix [ 63 ]. Filler 
materials contain starch nanocrystals [ 62 ], cellu-
lose nano-fi bers [ 64 ], and nano chitin whiskers 
[ 65 ]. Biodegradable starch/clay nanocomposite 
fi lms can be used as food packaging as well, 
which can be produced by dispersing montmoril-
lonite nanoparticles into starch based materials 
[ 66 ]. Additional examples and detailed descrip-
tions are summarized in Table  1.1 . With the 
advance in nanotechnology, more nanomaterials 
in consumer goods will appear in a variety of 
consumer goods.

1.4         Prospecting Nanomaterials 
in the Environment 

 The description provided thus far suggests the 
necessity to examine every product for uncover-
ing contents of nanomaterials. Efforts have been 
made to examine the contents of ENMs in food 
and personal care products, verify the presence of 
ENMs (e.g. nano Ag, TiO 2 , fullerene), and to 
explore the potential release/exposure to humans 
in some of them [ 10 ,  14 ,  25 ,  41 ]. However, we 
are still challenged in our in our ability to deter-
mine the fraction of nanomaterials in each prod-
uct due to primarily to analytical constraints. An 
alternative approach to understanding potential 
exposure routes is to look at waste streams from 
society. Environmental exposure assessments 
require that nanomaterial concentration be exam-
ined in different surroundings. Accordingly, sew-
age wastewater and sludge, which convey 
wash-down from industry, scrubbers, food, and 
personal care products, have also been explored 
for the presence of nanomaterials. 

1.4.1     Detection of ENMs in Water 
by Single Particle ICP-MS 

 Inductively coupled plasma-mass spectrometry 
(ICP-MS) is a standard analytical tool to measure 
metals in samples, which can determine total 
metal contents in aqueous or solid samples after 
acid digestion. Single particle ICP-MS (sp-ICP-
 MS) is an emerging analytical approach used for 
measuring nano-scale metal or metal oxide mate-
rials in water [ 71 ]. No acid digestion or compli-
cated pretreatments are needed prior to injection. 
To prospect the concentration and size distribu-
tion of metallic nanomaterials in an aqueous 
environment, here sp-ICP-MS was applied to 
analyze fi ltrates of river, tap water, and effl uent 
from WWTPs passing through 0.7 μm fi lters. 
Figures  1.4  and  1.5  convert the pulses from sp-
ICP- MS into masses and equivalent number of 
particles using densities for TiO 2 , CeO 2  or Ag, 
assuming all particles are spherical while follow-
ing methods described elsewhere [ 72 – 75 ]. 
Therefore, sp-ICP-MS provides estimations of 
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the “maximum” number and size distributions of 
“equivalent” nanoparticles (Table     1.2 ). The mini-
mum size detectable for TiO 2  is larger than for 
CeO 2  or Ag due to the aforementioned calcula-
tion methods and background signal. The con-
centrations of dissolved Ti, Ce, and Ag are 
included in Table  1.2 , along with average equiva-
lent nanoparticle sizes. Their concentrations 
show a trend of Ti > Ce > Ag, both in particle and 
dissolved concentrations, which refl ects the natu-
ral abundance of three elements in earth’s upper 
crust [ 76 ].

     Assuming that all the Ti detected by sp-
ICP- MS is in the form of TiO 2 , we calculated 
the concentration of TiO 2 -eqivalent particles 
(TiO 2 -eq) from the mass of Ti. Tap water has 
the lowest TiO 2 -eq particle concentration of 
3.1 ng/L, while the concentration of TiO 2 -eq in 

the rest of waters ranges from 57 to 895 ng/L. 
The size distribution of TiO 2 -eq particles dem-
onstrates that there are few particles larger than 
200 nm in tap water, and the rest of samples 
have a broader size distribution, in the range of 
120–500 nm (Figs.  1.4  and  1.5 ). This reveals 
that drinking water treatment plants have effi -
ciently removed larger Ti-bearing minerals 
(e.g., clays causing turbidity) from the source 
river water. The concentrations of TiO 2 -eq par-
ticles in effl uent of WWTPs are comparable to 
the river water, indicating the common pres-
ence of a combination of clays containing Ti 
and TiO 2  nanoparticles in aqueous environment. 
The occurrence of TiO 2  nanoparticles has been 
verifi ed in WWTPs, which potentially may be 
from commercial products, such as sunscreen 
and industry processes [ 10 ,  27 ]. 

   Table 1.1    Occurrence of other nanomaterials in consumer goods   

 Food related 
materials  Types of ENMs  Application and advantages 

 References 

 Food packing 
materials 

 Nano SiO 2  and TiN  Applied as fi ller to increase abrasion 
resistance and mechanical strength 

 [ 67 ] 

 Silicate nanoparticles  Used as fi ller in Durethan KU2-2601 
packaging fi lm (Bayer Polymer) to prevent 
contents from drying and oxidation 

 [ 68 ] 

 Nano ZnO  Incorporated in plastic wrap with 
following functions: anti-UV, refl ecting IR, 
sterilizing and anti-mold, temperature 
tolerance, and bearing grinding 

 [ 32 ] 

 Clay nanocomposite  Imbued in plastic bottles such as beer 
container, which were less likely to shatter 
than glass bottles 

 [ 69 ] 

 Clay nanoparticles  The layout of the nano clay particles is 
designed as a gas barrier to prevent the 
escape of CO 2  from the beverage and 
sneaking in of oxygen 

 [ 32 ] 

 Starch nanocrystals, 
cellulose nanofi bers, nano 
chitin whiskers 

 Fillers in polymer nanocomposites as food 
packing materials 

 [ 64 ], [ 62 ], [ 46 ] 

 Montmorillonite 
nanoparticles 

 Fillers in biodegradable starch/clay 
nanocomposite fi lms 

 [ 66 ] 

 Food and 
cookware 

 Carbon nanoparticles  In different carbohydrate based food 
caramels, such as bread, jaggery, sugar 
caramel, corn fl akes and biscuits 

 [ 70 ] 

 Selenium related NMs  In the tea  [ 32 ] 
 Nano ceramic materials  Used in cookware/tea ware which are with 

high temperature tolerance and 
ultra-durable 

 [ 32 ] 
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 A similar assumption was made that all the 
Ce detected by sp-ICP-MS is in the form of 
CeO 2 , and the concentration of CeO 2 -eqivalent 
(CeO 2 -eq) is from the mass of Ce. A similar trend 
exists for abundance and size ranges in tap water 
for CeO 2 -eq particles, which has the lowest parti-
cle concentration of 0.1 ng/L and the shortest size 
range of 0–20 nm (Table  1.2  and Figs.  1.4  and 
 1.5 ). The size distributions of CeO 2 -eq particles 
in other waters show the presence of nano- sized 
particles. Interestingly, the particle concentra-
tions of CeO 2  in river water, tap water, and 
infl uent of WWTP are lower than in effl uent of 
WWTPs (Table  1.2 ), the former of which were in 
the range of 0.1–18 ng/L and the latter of which 
ranges from 42 to 85 ng/L. Since cerium is a trace 

element for microorganism, and it accumulates 
in bones of animals [ 77 ], the biodegradation of 
animal debris and microorganisms may release 
more cerium from the solid to water phases in 
WWTP. Thus WWTP could result in higher con-
centrations of cerium-containing nanoparticles 
detected by sp-ICP-MS. 

 The contents of silver determined by sp-ICP-
 MS exhibit a different profi le compared to titanium 
and cerium. With an assumption that all the silver 
detected as particle is in the element form, the par-
ticulate concentrations of silver in all samples are 
calculated as low as 0.1–2.1 ng/L. The river water, 
infl uent and effl uent of WWTPs have the total sil-
ver concentrations of 6.8–33 ng/L. However, the 
total silver concentration in tap water is 97 ng/L, 
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  Fig. 1.4    Size distribution of nano- and larger particles as 
TiO 2 -eq, CeO 2 -eq and Ag-eq in Verde River, tab water, 
and effl uent of WWTP #1: ( a ) TiO 2 -eq in Verde River, ( b ) 
TiO 2 -eq in tap water, ( c ) TiO 2 -eq in effl uent of WWTP #1, 
( d ) CeO 2 -eq in Verde River, ( e ) CeO 2 -eq in tap water, ( f ) 

CeO 2 -eq in effl uent of WWTP #1, ( g ) Ag-eq in Verde 
River, ( h ) Ag-eq in tap water and ( i ) Ag-eq in effl uent of 
WWTP #1. Error bars represents ±1 standard deviation of 
duplicate measurement       
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which is much higher than in other samples. Tap 
water has a higher dissolved silver concentration 
of 95 ng/L, while other samples show the dissolved 
silver concentrations in the range of 6.7–33 ng/L. 
The high content of total and dissolved silver may 
be associated with release from premise plumbing. 
The size profi les of silver in all water samples 
show the size range of 17–100 nm. 

 This work shows that nano-sized colloids 
already exist in the rivers, tap water, and sewers. 
Low levels of these nanomaterials in tap water 
are being ingested. They are the “background” of 
nanoparticles that we will be exposed to from 
consumer products. Since sp-ICP-MS only ana-
lyzed their size and mass concentrations, electron 
microscopy analysis would be required to pro-
vide additional information on the exact mor-
phology and their likely sources.  

1.4.2     Occurrence of ENMs in Biosolids 
of Wastewater Treatment Plants 

 Many ENMs used in consumer products will 
enter the sewer, and a large fraction of these 
(>90 %) appear to associate with biomass in 
WWTPs, which are removed (settled), dewa-
tered, and processed into biosolids [ 26 ,  27 ,  78 , 
 79 ]. Biosolids are a rich nutrient source of car-
bon, nitrogen, and phosphorous. Biosolids con-
tains organic chemicals (fl ame retardants, 
personal care products, etc.) released from con-
sumer products [ 80 ]; likewise, we speculate that 
they also contain nanomaterials from consumer 
products. For example, the presence of silver sul-
fi de and titanium dioxide nanoparticles in biosol-
ids was shown by scanning electron microscopy 
(SEM) and TEM [ 16 ,  22 ]. The authors’ recent 
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work reveals a broad range of metallic and metal 
oxide particles size ranges of <100–500 nm. 
Those particles have been characterized by scan-
ning electron microscopy coupled with energy 
dispersive X-ray spectroscopy, showing the exis-
tence of precious metallic particles (e.g., silver 
and gold), catalytic residues (e.g., palladium), 
and other metallic particles (e.g., lead). New 
techniques are needed to  quantify the exact 
 contents of nanoparticles in biosolids for full 
exposure assessment.   

1.5     Summary and Conclusions 

 This chapter provides an overview of current 
commercially-available consumer products 
associated with nanomaterials and nanotechnol-
ogy. Information from two large datasets about 
consumer goods associated with nanomaterials 
has been summarized, including the U.S-based 
Project for Emerging Nanotechnologies from 
the Woodrow Wilson International Center, and 
the European-based national institute for pub-
lic health and the environment (RIVM) in the 
Netherlands. Distribution and types of nanoma-
terials in consumer goods are presented. The 
 presence and potential release of silver, titanium, 
carbon-based, and other nanomaterials from con-
sumer goods have been summarized. The poten-
tial exposure scenarios have been discussed. The 
prospecting of nanomaterial in water and biosol-
ids further showed their occurrence, which could 
be linked to the use of nanomaterials containing 
consumer goods. Further analytical methods are 
needed to extract and quantify the actual concen-
tration of ENMs in consumer goods, water, and 
biosolids. 

 The risk associated with exposure to ENMs in 
consumer products is not only determined by the 
contents and physicochemical properties of 
ENMs, but also directly related to the application 
ways of consumer products with different expo-
sure modes. For example, nanomaterials in tex-
tile leads to dermal exposure, and nanoparticle 
suspended in spray liquid could result in both 
dermal and inhalation risks. The application of 
consumer goods in different environments (e.g., 

cosmetics may come into swimming pool) differs 
in their potential release rate and transformation, 
and eventually their effects on human beings. 
Therefore, to understand impacts from ENMs in 
consumer products, better information is needed 
on exposure concentrations in different matrices 
(air, water, food) and modes of exposure (dermal, 
ingestion, inhalation, etc.). Such information can 
then be used to design appropriate toxicity test-
ing. Exploring, or prospecting, for ENMs in 
products today or in the environment already (air, 
water, soil, food) may provide useful insights into 
how the chemical and physical properties of 
ENMs transformation throughout their life cycle 
from the point of synthesis, through incorpora-
tion into products, use of nano-enabled products, 
in release (e.g., sewage) into the environment.     
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Abstract 

The high surface area to volume ratio of 
nanoparticles usually results in highly reactive 
and colloidal instability compared to their bulk 
counterparts. Aggregation as well as many 
other transformations (e.g., dissolution) in the 
environment may alter the physiochemical 
properties, reactivity, fate, transport, and bio-
logical interactions (e.g., bioavailability and 
uptake) of nanoparticles. The unique proper-
ties pertinent to nanoparticles, such as shape, 
size, surface characteristics, composition, 
and electronic structures, greatly challenge 
the ability of colloid science to understand 
nanoparticle aggregation and its environ-
mental impacts. This review briefly intro-
duces fundamentals about aggregation, fractal 
dimensions, classic and extended Derjaguin-
Landau-Verwey-Overbeak (DLVO) theories, 
aggregation kinetic modeling, experimental 
measurements, followed by detailed discus-
sions on the major factors on aggregation and 
subsequent effects on nanomaterial transport 
and reactivity.
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2.1  Introduction

Aggregation of nanoparticles (NPs) in aqueous 
dispersions involves the formation and growth of 
clusters and is controlled by both interfacial 
chemical reactions and particle transport mecha-
nisms. Many toxicological experiments have 
found it difficult to maintain real nano-sized 
materials in the media, largely because NPs in 
aqueous phase are subject to slow or fast aggre-
gation depending on solution chemistries and 
particle characteristics. NPs may aggregate into 
clusters up to several microns in size, leaving 
them no longer in the nanometer range. The pro-
pensity of NPs to aggregate in aqueous environ-
ments determines their mobility, fate, and other 
environmental interactions [1–4].

Despite the advances in nanotechnology and 
colloidal science, theoretical principles remain elu-
sive and demand continuing efforts on improving 
our understandings on the fundamental science that 
may regulate their potential for aggregation [5, 6]. 
Additionally, particles released to the environment 
undergo chemical and physical transformations 
and encounter a multitude of solution conditions 
important for aggregation, including solution pH,
dissolved ions, naturally occurring organic matter, 
clays, and biocolloids.

This review focuses on the following topics: 
(1) colloid science principles that regulate the 
colloidal behavior of nanomaterials in the envi-
ronment; (2) The effects of the intrinsic NP prop-
erties that challenge the theoretical understandings 
and affect the aggregation kinetics.

2.2  Colloid Science Behind 
Aggregation

Colloid science is defined as a branch of chemis-
try dealing with heterogeneous systems where 
dispersion (colloids) and dispersant are mixed. 
When particles are dispersed, sizes range between 
1 nm and 1 μm in a continuous medium. Above 
this size range, particles likely begin to sediment 
out of suspension. By definition, the size range of 

manufactured nanomaterials is within the size 
range of colloidal particles (i.e., <100 nm). 
Therefore, theories in colloid science should be 
applicable to manufactured nanomaterials.

Aggregation of colloidal particles occurs when 
physical processes bring particle surfaces in con-
tact with each other and short-range thermody-
namic interactions allow for particle– particle 
attachment to occur. There are two types of aggre-
gation relevant to manufactured NPs in the envi-
ronment: homoaggregation and heteroaggregation. 
Homoaggregation refers to aggregation of two
particles of the same kind. Heteroaggregation
refers to aggregation of dissimilar particles (e.g., 
nanoparticle–clay particle attachment). More fre-
quently, heteroaggregation is referred to sorption 
or adsorption, deposition, or particle attachment 
toward a surrounding surface.

Most aggregation processes are fractal in 
nature [7]. The mass of a fractal aggregate, m(R), 
is proportional to its hydrodynamic radius, ah, to 
a power dF, the fractal dimension:

 
m R ah

dF( )α  
(2.1)

The fractal dimension depends on the aggrega-
tion rate. For instance, the lower the aggregation
rate, the more particles have time to configure 
themselves into a more compact and denser struc-
ture, and the higher the fractal dimension. Typical 
diffusion-limited cluster aggregation (DLCA) 
aggregates possess a dF of 1.7–1.8, while reaction-
limited (RLCA) aggregates often exhibit a dF 
value around 2.1. The concept of fractal dimen-
sion is thus used to describe aggregate structure 
(dendritic or compact). Homoaggregation under
controlled laboratory conditions produces aggre-
gates of reasonably predictable fractal dimension 
[5, 8], whereas heteroaggregation typically forms 
natural fractals (statistically self-similar over a 
limited range of length scales), making aggrega-
tion state more difficult to describe and predict. 
Figure 2.1 shows the comparison between mono-
disperse, dendritic, and compact clusters of aggre-
gated NPs. The physical dimensions and density 
of the aggregates formed can significantly affect 
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the reactive surface area, reactivity, bioavailability, 
and toxicity. Aggregate structure must therefore 
be determined and considered when interpreting 
fate, transport, and toxicity data.

The two types of aggregation processes 
(DLCA and RLCA) are differentiated by the col-
lision efficiency (α), ranging from 0 to 1, which 
defines the probability that two particles attach 
successfully or irreversibly (also known as “stick-
ing coefficient”, “success rate” or “attachment 
efficiency”). When α = 1, particle attachment 
occurs at the success rate of 100 %; When α = 0.5, 
it means only half the collision results in the suc-
cessful attachment. Particles attaching at first 
contact (α = 1) form large dendritic aggregates, 
whereas particles sticking only after several colli-
sions (α < 1) form denser and less dendritic aggre-
gates. DLCA occurs when the collision efficiency 
between particles is close to 1, whereas RLCA 
dominates when α < 1 [9]. The aggregation behav-
ior in these two regimes is fundamentally differ-
ent in both kinetics and aggregate structures. In 
the RLCA regime, an increase in the electrolyte 
concentration screens the surface charge and 
reduces the energy barrier to aggregation, which 
leads to faster aggregation. At electrolyte concen-
trations above the critical coagulation concentra-
tion (CCC), the energy barrier is eliminated, and 
the DLCA regime (i.e., α = 1) results. Thus, CCC 
is often used to distinguish the aggregation 
regimes of many nanoparticle systems [1–4].

2.3  DLVO Theory  
and Limitations

Although colloid science is fundamental to 
understanding and developing theories for nano-
materials systems, due to the novelty of nanoma-
terial properties, several studies have found that 
this is not always the case. Many recent studies 
have begun applying colloid science princi-
ples, based around Derjaguin-Landau-Verwey- 
Overbeak (DLVO) theory, to understand 
NP aggregation under various conditions. 
Manufactured NPs challenge the limits of col-
loid science, however, due to their small size, 
variable shape, structure, composition, rough-
ness, and potential presence of adsorbed or 
grafted organic macromolecules. These local 
scale features on the nanoparticle surfaces add 
many complexities into the predictive work with 
DLVO theory.

Classic DLVO is based on a force (interac-
tion energy) balance that comprises attractive 
van der Waals and repulsive electrostatic forces 
from the overlap between the electrical double 
layers of the interacting surfaces [10]. Under 
the Derjaguin integration approximation, the 
interaction energy between two spherical parti-
cles with radii of R1 and R2 is expressed as 
[11–13]:

 U U Uw
DLVO

w
vdW

w
EL

1 2 1 2 1 2= +  (2.2)

Monodisperse Dendritic (low dF) Compact (high dF)

Fig. 2.1 Different aggregation states: monodisperse and polydisperse (dendritic and compact aggregates)
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where U1w2 is the total interaction energy between 
particle (1) and particle (2) in water (w) as a func-
tion of interaction distance (h). U1w2

vdW(D) is the 
van der Waals interaction energy; U1w2

EL(D) is the 
electrostatic interaction energy; and AH is the par-
ticle (1) to particle (2) Hamaker constant in water
(w) and is an intrinsic property of the two inter-
acting materials, indicating the strength of the 
long-range mutual attraction between them [10]. 
RR is the reduced particle radius, RR = R1R2/
(R1 + R2); for monodisperse NPs with a radius of 
R, RR is equal to 1/2R, and R is approximately 
equal to the measured hydrodynamic radius (rH). 
zi is the valency of the ith ion; e is unit charge, 
1.602 × 10−19 C, and φ1 and φ2 are the surface 
potentials (mV) for the two interacting NP sur-
faces, which were approximately equal to their ζ 
potentials [14]. κ−1 is the Debye length (nm), 
indicative of the thickness of the electrical dif-
fuse layer as a function of the ionic strength and 
electrolyte, ε0 is the dielectric permittivity of a 
vacuum (8.854 × 10−12 C/(V · m)), ε is the dielec-
tric constant of water (78.5), NA is Avogadro’s 
number (6.02 × 1023 mol−1), and I is the ionic 
strength (M), I = 0.5 · ΣciZi

2, where ci is the molar 
concentration of one ionic species (i). The van 
der Waals interaction energy commonly indicates 
the attraction between two spherical particles; 
however, due to unique NPs shapes and composi-
tions, expanded theoretical approaches may be 
needed [15]. The electrostatic interaction energy 
expresses the strength in the electrostatic attrac-
tion or repulsion between two interacting parti-
cles due to the formation of electric double layer 
(EDL) on the surface. An EDL is formed because 
the surface attracts counter- charged ions from the 
bulk solution as illustrated in Fig. 2.2a. Ionic 

strength, which is a measure of the amount of 
ions present in the bulk solution, determines the 
extent of the surface ionization and thickness of 
EDL. Low ionic strength means the EDL ion 
cloud extends far out from the particle (or a 
higher Debye length); high ionic strength condi-
tions compress the EDL (a lower Debye length).

Classical DLVO simplifies thermodynamic 
surface interactions and predicts the probability 
of whether particles likely aggregate together 
by simply summing van der Waals and electric 
double- layer interaction energies to determine 
if the net interaction energy is negative (attrac-
tive) or positive (repulsive). If the net interaction 
energy has a positive peak (also known as inter-
action energy barrier; see Fig. 2.2b), aggregation 
will be unfavorable and successful particle attach-
ment requires that the interacting particles over-
come the energy barrier before they could contact 
each other. Figure 2.2b also demonstrates that 
particles can have a net attraction when they get 
close to proximity due to a negative energy trap 
or energy well (called primary energy minimum). 
There may or may not be a secondary minimum as 
shown by the black dotted line. Particles in the pri-
mary well are considered to be irreversibly aggre-
gated whereas particles in the secondary well are 
reversibly aggregated (i.e., re- entrainment is pos-
sible if shear forces are exerted).

Despite considerable theoretical progress, 
there appears to be a sizable discrepancy between 
DLVO predications and instrumental force mea-
surements in biotic and abiotic colloidal behavior 
[16, 17], such as colloid deposition and foul-
ing [18, 19]. Specifically, these discrepancies
are mainly including: DLVO only describes the 
short range interaction within 0.1–10 nm due 
to the exponential decay of the forces with dis-
tance [20–22], however, at short ranges less 
than, for instance, 0.1 nm, DLVO disagrees with 
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 experiment and this is attributed to hydration 
forces [23, 24]; DLVO theory has preferably been 
used for monovalent salts at low salt concentra-
tions of <5 × 10−2 M; Above 0.1 or 0.2 M (the 
regime of biological interest or physiological con-
centration), DLVO theory often loses all potency 
of predictability due to the shrinkage of electro-
static force and the rise of dispersion forces on 
charged particles [25, 26]; Similarly, London-van
der Walls forces may also be retarded by the rise 
of dispersion forces but no single closed-form 
equation is available for calculating the influence 
of this retardation [27]. Such deviations have been
ascribed to several predominant reasons, includ-
ing surface roughness and the presence of other 
short range non- DLVO interactions [28–30]. 
Other researchers such as Ninham et al. proposed 
that the inconsistency of traditional DLVO in pre-
dicting the particle stability arise from the ab ini-
tio decomposition of forces into-non-interacting 
van der Waals and Coulombic components [31].

Refinement of DLVO and Extended DLVO 
(EDLVO) models to include the effects of surface 
heterogeneity has led to model predictions that 
are more congruent to the measured results [21, 
32, 33]. The so-called non-DLVO or extra-DLVO 

forces invoke a suite of complex interfacial 
forces, probably including hydration force 
[34, 35], membrane fluctuations [25], hydropho-
bic [36], oscillatory [25], osmotic (depletion 
attraction) [37, 38], and steric, or Helfrich repul-
sion (effected by entropy effect) [39]. These clas-
sification of surface forces only distinguish them 
based on the effects since they are all electromag-
netic in origin [40]. These additional non- classical 
DLVO interactions are evident in most cases of 
biological environments [25, 41] and accurate 
assessment of each force is often impossible due 
to the inadequate mathematical expressions and 
effective methods of quantitative measurement 
[22]. For example, the origin of hydrophobic and
hydrophilic interactions is not completely under-
stood yet and hydrophobic effect has been 
explained through the decrease in entropy of 
water molecules associated with  cavity formation 
for dissolution of hydrophobic moieties [22]. 
Another example is that hydration forces that 
arise when two surface are within the distance of 
a few molecular diameters [42]. Atomic Force
Microscope (AFM) study is unable to detect such
short-ranged interaction because the absolute 
zero separation is difficult to determine [40].

Stern layerEDL
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Positive counter ions
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Bulk solution
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Fig. 2.2 (a) Schematic of double layer in a liquid at
contact with a negatively-charged solid. (b) The net 
interaction energy as a function of the interacting dis-
tance. van der Waals interaction energy (blue dashed 
line), electrostatic interaction energy (red line), total 

Derjaguin-Landau-Verwey-Overbeak (DLVO) interac-
tion energy (solid black line). The extended Derjaguin-
Landau-Verwey-Overbeak (EDLVO) interaction energy 
considers non-DLVO forces such as acid- base interac-
tion as indicated by the black dashed line
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In contrast to classical DLVO, extended 
DLVO or EDLVO is termed for the models con-
sidering Lewis acid-base interactions or other 
non-DLVO forces [11, 43]. Some research even
used osmotic pressure or depletion attraction for 
the basis of EDLVO models [27, 44, 45]. In most 
cases of EDLVO model applications, Lewis acid- 
based interactions are considered as an important 
addition to DLVO theory and the predictions 
were found to be consistent with experiments in 
coagulations [27, 46]. In order to model the 
behavior and stability of NPs in aqueous environ-
ment with DLVO theory, appropriate simplifica-
tions, assumptions, and boundary conditions 
must be made to temper the results without the 
loss of generality.

2.4  Aggregation Kinetics 
Measurement and Modeling

2.4.1  Absolute Aggregation Rate 
Constant and Attachment 
Efficiency

The theory of colloid stability considers collision 
frequency (β) and efficiency (α) [47]. Collision 
frequency was theoretically solved by 
Smoluchowski [48, 49], while the basis for evalu-
ation of the collision efficiency was given by 
Fuchs [50]. To use the Fuchs theory, the interac-
tion energy as a function of the distance between 
interacting particles must be resolved by the clas-
sic DLVO theory. von Smoluchowski’s popula-
tion balance equation describes the irreversible 
aggregation kinetics of particles [51] and is 
expressed as
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where nk (or ni and nj) is the number concentra-
tion of aggregates comprised of k (or i and j) pri-
mary particles (also called k-class or k-fold 
particles or aggregates), α (ri,rj) and β (ri,rj) are 
the collision efficiency function and collision fre-
quency function for class i and j particles, and ri 

and rj are the radii of class i and j particles. Taking 
into account the van der Waals forces and hydro-
dynamic interactions, the collision frequency rate 
is then expressed as [52, 53]:
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where u = h/r, and λ (u) is the correction factor for 
the diffusion coefficient, which is related to the 
separation distance by the equation [54]:
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For microscale flocculation of heterodisperse
particles with diameters, di and dj, the collision 
frequency can be also expressed [55]:
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For monodisperse particles with the same

diameters, b
m

=
8

3

k TB , where μ is the viscosity of 

the solution (1 × 10−3 Pa · s). Thus, the absolute 
aggregation rate can be simplified to:
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Early stage aggregation kinetics can be 
described by the rate of doublet formation, which 
apparently dominates compared to other higher- 
order aggregate formation. The loss in primary 
particles during the early stage of aggregation 
can be expressed as a second-order rate 
equation:

 

dn

dt
k n

t

1

0
11 0

2





= −
→  

(2.11)

where n1(t) is the concentration of primary par-
ticles as a function of time t, k11 is the absolute 

aggregation rate constant k
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n0 is the initial primary particle concentration, 
that is, n1(0) = n0. Within the Rayleigh-Gans- 
Debye (RGD) approximation, which is valid 
for primary particles that are relatively small 
compared to the incident wavelength [53, 56], 

the absolute aggregation rate constant, k11, can 
be determined through time-resolved DLS
measurements conducted at a fixed scattering 
angle based on the relationship [53]:

where q is the scattering vector defined by 
(4πn/λ)sin(θ/2), with n being the refractive 
index of the medium, λ the wavelength of inci-
dent light, and θ the scattering angle; rH(t, q) is 
the hydrodynamic radius as a function of t and 
q; a is the primary particle radius; and δ is the 
relative hydrodynamic radius of the doublet, 
which is approximately 1.38 [53]. Usually DLS
is run at a fixed angle, the only independent 
variable in Eq. (2.12) is t with rH as the depen-
dent variable. To obtain k11 through Eq. (2.12), 
KL Chen et al., proposed a linear least squares 
regression analysis for the increase in rH with t 
[1]. The assumption for analysis is that the 
hydrodynamic radius for the doublet aggregate, 
rH(0), shall not be more than 3 nm in excess of 
the primary particle radius (a) and the final rH(t) 
to be equal to approximately 1.3a. The slope of 
the best fit line in the function of hydrodynamic 
radius (rH) versus aggregation time (t) gives the 
estimation of the absolute aggregation rate con-

stant, k11, for the early-stage aggregation of pri-
mary NPs [5, 6]:
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The attachment efficiency, α, otherwise known 
as the inverse stability ratio, 1/W, is used to rep-
resent the relative aggregation rate and also to 
divide the aggregation process into DLCA and 
RLCA as mentioned earlier. Attachment efficien-
cies are calculated by normalizing the measured 
k11 by the diffusion-limited aggregation rate con-
stant (k11)fast determined under favorable aggrega-
tion conditions [57]:
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The attachment efficiency (α) is the reciprocal 
of the stability ratio W, which is defined as [3, 58]:
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where Uiwi
DLVO is the total interaction energy 

between two interacting particles, which as 
shown in Eq. (2.2) is the sum of the van der Waals 
attractive energy Uiwi

vdw and the electrostatic 
interaction energy Uiwi

EL.
Equation (2.15) has been extensively used to 

study aggregation kinetics of various nanoparticle 
systems [59–65]. However, the theoretical calcu-
lation of the stability ratio (1/W) based on the 

classic DLVO theory finds inconsistency with 
experimental observations due to the inherent 
limitations of the classic DLVO theory as dis-
cussed above [3, 66]. Despite the wide applica-
tions in many colloidal systems, the attachment 
efficiency calculation by Eq. (2.15) has some 
issues when applied to the nanoscale aggregation 
problems. For example, the calculated 1/W has 
been reported to be steeper than the experimental 
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value [3]. The discrepancy may arise from the 
assumption that van der Waals attraction is the 
sole driving force for particle aggregation, which 
could be true for colloidal particles. However, as
we previously reported [3, 66], the nanoscale 
transport of NPs is governed by both interaction 
energy and random Brownian diffusion according 
to interfacial force boundary layer (IFBL) theory.
For small NPs, the role of interaction energy
should be discounted appreciably owing to its 
relatively small particle size, whereas random 
kinetic energy plays a dominant role in the trans-
port mechanism. In contrast, for colloidal parti-
cles, the interfacial interaction plays a major role 
because the random kinetic motion (i.e., diffusiv-
ity) is substantially lower than that of NPs accord-
ing to the Stokes-Einstein equation. On the other
hand, the good fit between 1/W and experimen-
tally derived α is usually achieved by varying the 
Hamaker constant as a fitting parameter [67]. 
However, the Hamaker constant (AH) reflects an 
intrinsic property of the material of the two inter-
acting particles, which indicates the strength of 
long-range mutual attraction between two small 
volumes of the material [1–4, 59, 66]. In this 
sense, the Hamaker constant should thus be a
fixed value for the pairwise interactions of NPs, or 
at least should not vary significantly. In fact, the 
Hamaker constant (AH, 123) between particle 1 and 
particle 2 in solvent 3 can be calculated by the 
method of van Oss [3, 68, 69]. Moreover, from the 
assumption made for the derivation of Eq. (2.13), 
this experimental method for the determination of 
k11 or α should only be used to describe the early 
aggregation kinetics (e.g., hydrodynamic sizes of 
aggregates less than 30 % of the primary nanopar-
ticle sizes). Thus, more experimental and theoreti-
cal work is needed to explicitly elucidate the 
fundamental mechanisms of nanoscale aggrega-
tion kinetics.

2.4.2  Experimental Measurement 
of Aggregation Kinetics

Aggregation process is commonly monitored 
using time resolved-dynamic light scattering 
(TR-DLS) on the commercial instruments such
as Malvern Zetasizer and Coulter® Nano-sizer. 

DLS is a non-invasive technique for measuring
the size of NPs in a liquid dispersion. The tech-
nique measures the time-dependent fluctuations 
in the intensity of scattered light from a suspen-
sion of particles undergoing random Brownian 
motion. Analysis of these intensity fluctuations 
allows for the determination of the diffusion coef-
ficients (D), which in turn yield the particle size 
through the Stokes-Einstein equation:
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In addition to hydrodynamic size, DLS is also
commonly used to measure the electrophoretic 
mobility (EPM), which subsequently is converted 
to zeta potentials. As shown in Eq. (2.4), zeta 
potential is used to approximate the surface 
potential of colloidal particles and significantly 
affects the electrostatic interaction energy. the net 
electrophoretic mobility (μE, m/s/(V/m) or m2/
Vs) of the particles, which is then converted to 
the ζ potential using Henry’s approximation [70]:
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where ε0 is the dielectric permittivity of a vacuum 
(8.854 × 10−12 C/(V · m)), ε is the dielectric constant 
of water (78.5), v is the medium’s dynamic viscos-
ity (pa·s), κr is the ratio of particle radius to Debye 
double layer thickness, and f(κr) refers to Henry’s
function, which is 1.5 under the Smoluchowski
approximation and 1 under the Hückel approxi-
mation. In aqueous media with moderate electro-
lyte concentrations, 1.5 is most commonly applied 
[71]. η is the viscosity of the liquid medium.

With the measurement of hydrodynamic sizes 
over time by DLS, the fractal dimension (dF) can 
be determined for particles with spherical pri-
mary particle shape. The aggregation curves 
could be fitted by a power-law relationship 
between rH and the aggregation time (t) [72]:
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where ta is the characteristic Brownian aggrega-
tion time for doublet formation and ta = 1/
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(k11 · n0). The power-law growth is a characteris-
tic feature of DLCA aggregation, while RLCA 
may exhibit both power-law or exponential 
growth [72].

2.4.3  Aggregation Kinetics 
Modeling

There is a pressing need for quantitative data on 
the aggregation kinetics of engineered NPs and a 
deeper understanding of the aggregation mecha-
nisms operating at nanoscale, which are pivotal 
to assessment of their environmental fate, trans-
port, and toxicity. For this reason, the stability
and aggregation of NPs have been studied exten-
sively over the past few years [5, 6, 64, 73]. 
Despite the advances in knowledge about the 
aggregation behavior of NPs, few studies have 
modeled aggregation kinetics (e.g., the growth 
rate of the hydrodynamic size) [74, 75]. Such
models aid in understanding the general princi-
ples and mechanisms that govern stability and 
aggregation kinetics as well as in predicting 
nanoscale processes.

Because NPs are in a comparable dimension 
(e.g., 10–20 nm) with the electric double layer 
(EDL) surrounding their surface, aggregation can 
be viewed similar to two interacting ions, which 
is described by the Brønsted concept based on 
Transition State Theory [74–76]. Thus, some 
studies proposed that during the initial linear 
aggregation of primary NPs aggregation follows 
first- or second-order reaction kinetics [1–3, 5, 
6], which is shown in Eq. (2.13). This is also sup-
ported by the examination of the evolution of the 
particle size frequency based on the DLS data.
For instance, Fig. 2.3a shows the aggregation 
kinetics of CeO2 NPs investigated by TR-DLS.
The average hydrodynamic radius of CeO2 NPs 
increased dramatically following the addition of 
salts and the width of PSD became broader and
broader. The particle size frequency is evaluated 
by the power law distribution, which is usually 
used for colloids in natural waters [55]:
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where A is the power law density coefficient, dp is 
the particle diameter, and B is the power law 
slope coefficient. Taking the logarithm of each 
side results in the expression gives: 
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plotted to determine the coefficients A and B. On 
the basis of the data in Fig. 2.3a, the frequency 
distributions at different aggregation stages were 
derived in Fig. 2.3b. As the particles aggregated, 
logA increased, indicating that the total number 
of particles in each size range increased. B is a 
measure of the relative number of particles in 
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Fig. 2.3 (a) Aggregation kinetics of 10 mg/L CeO2 NPs 
at an ionic strength of 20-mM KCl solution. The hydro-
dynamic diameters were Z-average data on the basis of 
the scattered light intensity. The insert shows the TEM 
and AFM images. (b) Evolution of the frequency distri-
bution during aggregation of CeO2 NPs at different mea-
surement times (shown in the legend). The linear 
regression was conducted for the data of the Z-averages 
of 202 and 690 nm, and the fitting equations are shown 
next to the fitted curves (the red dashed lines) (This 
graph is produced by modification of the original one in 
Ref. [77])
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each size range [68]. Linear curve fitting in 
Fig. 2.3b reveals that the B values for CeO2 NPs 
during aggregation range from 2.2 to 2.3, within 
the typical range (2–5) of B for most natural 
waters [78]. When B is greater than 1, small par-
ticles (primary NPs) dominate the evolution of 
particle size distribution (PSD) and aggregation
kinetics [55]. Although many sophisticated mod-
els of aggregation kinetics have been developed, 
such as molecular dynamics [79] and Monte 
Carlo [80], aggregation kinetics rarely has been 
modeled using the concept of chemical reaction 
kinetics.

Aggregation kinetics is likely to be influ-
enced more by particle interactions (namely, 
interaction energy) than by transport character-
istics (e.g., mobility or diffusivity) [81]. 
Previously, we introduced the interfacial force 
boundary layer (IFBL) theory in modeling the
adsorption kinetics of NPs onto the microbial 
surface and stressed the importance of particle 
interaction energy in the transport characteris-
tics of NPs, in addition to the Ficker’s Law or
other conventional transport mechanisms (e.g., 
advection and dispersion) [67]. For small NPs,
the role of interaction energy should be dis-
counted appreciably owing to its relatively small 
particle size, whereas random kinetic energy 
plays a dominant role in the transport mecha-
nism. In contrast, for colloidal particles, the 
interfacial interaction plays a major role because 
the random kinetic motion (i.e., diffusivity) is 
substantially lower than that of NPs according to 
the Stokes-Einstein equation. For instance, for
particles <100 nm in size, Brownian diffusion 
was reported to control the long-range forces 
between individual NPs, causing collisions 
between particles. In this regard, Nikolakis et al. 
also proposed a transport model to account for 
the role of the energy barrier in the particle 
coagulation kinetics in addition to the dispersion 
term [81]:
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where c is the concentration of NPs, D is the dif-
fusion coefficient of the NPs, kB is the Boltzmann 

constant, T is the absolute temperature, r is the 
transport distance, and U is the interaction energy 

between NPs. The first term Dr
c

rH
2 ∂
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for the effect of dispersion, which plays a role in 

the initial stage of coagulation owing to the high 
concentration gradient and the high diffusion 
coefficient (D) for the primary NPs. On one hand, 
the effect of the dispersion term gradually dimin-
ishes as the primary particle concentration 
decreases and the aggregated particles concentra-
tion increases.

On the other hand, the magnitude of the inter-
action energy between small NPs is relatively 
low at the initial coagulation stage, and thus the 
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  has no substantial 

effect on the coagulation rate. Nevertheless, the 
energy barrier of large aggregated particles 
may be appreciably larger than that of primary 
NPs [67, 82]. Likewise, the diffusion coeffi-
cient for large aggregated particles is low, and 
thus the dispersion term is no longer rate limit-
ing. Equation (2.20) agreed well with experi-
mental observations of nanocrystal growth 
kinetics but has not been validated for use in 
nanoparticle aggregation kinetics. In fact, the 
coagulation rate derived from Eq. (2.20) has an 
Arrhenius form with the activation energy term 
(Ea) replaced by the interaction energy (U). 
The activation energy in the Arrhenius equa-
tion has a similar role as the energy barrier in 
the colloidal interactions because these two 
types of energy must be overcome before the 
reaction or aggregation occurs as illustrated in 
Fig. 2.4.

As indicated by the Maxwell approach, the 
primary and secondary energy minima could 
both be the deposition position for colloids due to 
the potential release of negative interaction 
energy [2–4]. However, the secondary energy
minimum is only critical for particles greater 
than approximately 0.5 μm [83], whereas NPs 
generally will not significantly deposit or aggre-
gate in the secondary energy minimum but more 
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likely in the primary energy minimum [84, 85]. 
Thereby, Wen Zhang, et al. proposed to consider 
the role of Eb in aggregation kinetics and esti-
mated the ratio of the number (ΔN) of particles 
with kinetic energy exceeding Eb to the total 
number (N) of particles with kinetic energy rang-
ing from zero to infinity using the Maxwell-
Boltzmann distribution and eventually derived a 
modified attachment efficiency (αm) [77], which 
demonstrated the balanced consideration of inter-
facial energy and Brownian motion in evaluating 
the aggregation kinetics of nanoparticle disper-
sions when compared with the inverse stability 
ratio (1/W).
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where m is the molecular mass, kB is the 
Boltzmann constant (1.38 × 10−23 J/K), T is tem-
perature (K), v is the velocity of random motion 
(m/s), Eb can be obtained from the DLVO theory 
equations, and E is the random kinetic energy 
(kBT) of NPs. Equation (2.21) thus yields the ratio 
of NPs with a minimum velocity of v (or a mini-
mum kinetic energy of Eb) over the total number 
of NPs with the denominator constant (100 % of 
probability). δ is added to the Eq. (2.22) to physi-
cally account for the hydrodynamic damping 
effect (also called the drag effect) on the kinetic 
energy distribution of NPs as well as other poten-
tial discrepancies of the DLVO prediction. This is 
because the Boltzmann velocity distribution 
applies ideally to dilute systems of non-interact-
ing gas molecules [6]. In aqueous phase, solvent 
molecules should dampen (or decrease) the 
kinetic motion of NPs, which is called velocity 
relaxation for Brownian particles [75]. Both the 
collision efficiency and frequency should be 
lower than those in dilute systems (e.g., air) [86]. 
Moreover, the particle concentration and the 
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Fig. 2.4 Comparison between a typical reaction thermo-
dynamics curve with the activation energy (Ea) required 
for the reaction to proceed and a total interaction energy 

curve between two approaching particles with an energy 
barrier (Eb) that prevents two interacting particles from 
approaching each other
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medium viscosity may affect the kinetic energy 
distribution of NPs. To apply the Maxwell-
Boltzmann distribution, the dispersed NPs are 
assumed to be Brownian particles (particles are 
moving continuously in Brownian motion with 
an average kinetic energy of 3kBT/2) in dilute 
systems [87, 88]. Since environmentally relevant
concentrations of most engineered NPs in the 
environment are probably within the range of a 
few ng/L to μg/L [89, 90], the kinetic energy of 
NPs in aqueous phase should fit the Maxwell-
Boltzmann distribution. In Zhang’s study, aggre-
gation experiments with a number of different 
metal oxides, metallic, and carbon-based 
 nanomaterials were used to verify the new the 

attachment efficiency for nanoparticle aggrega-
tion. The equation correctly interpreted the 
effects of ionic strength, natural organic matters 
(NOMs), and temperature on aggregation kinet-
ics. Good agreements with experiment-derived 
attachment efficiency data for various other 
nanomaterial systems were also achieved. 
Overall, the new equation provides an alternative 
and complementary theoretical approach in addi-
tion to 1/W for predicting attachment efficiency.

In addition, based on the von Smoluchowski’s
population balance equation in Eq. (2.6) and the 
EDLVO theory, Kungang et al. established the 
DLA model to describe the aggregation kinetics 
of NPs in the DLA regime [91]:
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The aggregation kinetics in Eq. (2.23) seems 
to be capable of directly describing the growth of 
the aggregate radius over time. However, this
equation is only limited in regimes where the col-
lision efficiency is relatively high or close to 
unity (i.e., in the DLCA regime). In the RLCA 
regime and at other conditions with very low col-
lision efficiencies, a rigorous expression does not 
exist because the collision efficiency is deter-
mined by the aggregate structure in addition to 
the interaction forces [9, 92]. In such regimes, a 
large number of collisions are required to achieve 
a successful aggregation, and the aggregates 
explore many possible mutual configurations 
before they stick together firmly. The aggregation 
rate coefficient in RLCA (KRLA) is then directly 
proportional to the volume of the phase space 
(Vc), over which the center of one aggregate can 
be positioned to reach a bondable contact with 
another aggregate [92]. For two solid spheres
with similar radii (r1 ≈ r2 and both are equal to r), 
Vc is proportional to r2. Vc is expected to be larger 
for fractal aggregates with similar radii than for 
solid spheres because the surfaces of the former 
are rough. In the RLA regime, it is proposed 
that Vc ∝ rdF [92]. In the RLA regime, a rigorous 

expression does not exist because the collision 
efficiency is determined by the aggregate struc-
ture in addition to the interaction forces [9, 92]. 
An empirical aggregation rate constant kRLA was 
incorporated to the RLA model in order to 
describe the aggregation kinetics in the RLA 
regime:
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2.5  Factors Affecting 
Aggregation Kinetics

While colloid science demonstrates that several 
forces with different natures and origins govern 
the kinetics and extent of particle aggregation, 
the following sections will elaborate the inter-
play of different factors presenting a combina-
tion of challenges to two predominant theories 
in colloid science, DLVO and EDLVO theories. 
These challenges include nanoparticle mor-
phology (size or shape), surface characteristics 
(e.g., organic surface coating), composition or 
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crystallinity, solution chemistries such as pH,
ionic strength, valence of electrolyte ions, and 
NOM, and environmental parameters (e.g., 
temperature and light irradiations), which have 
been reported to affect aggregation kinetics [1, 
2, 5, 60, 68, 82, 93, 94].

2.5.1  Size and Shape Effect

Although there is no well-established ratio-
nale for cut-off size for NPs, the most com-
mon definition is that NPs have sizes less 
than 100 nm. The DLVO theory predicts that 
interaction energy barrier decrease as particle 
size decreases according to Eqs. (2.2), (2.3), 
and (2.4); Likewise, the attachment efficiency 
for small NPs will be high accordingly as the 
energy barrier (Eb) becomes small as shown in 
Eq. (2.22). This highlights that smaller particles 
are more susceptible to aggregation at the same 
conditions, which is evidenced by many stud-
ies [82]. As particle decreases in size, a greater 
percentage of its atoms exist on the surface. 
Electronic structure, surface charge behav-
ior, and surface reactivity can be altered as a 
result. For instance, a decrease in size will lead
to a larger relative surface energy that would 
destabilize the system [95]. The smaller the 
particle, the higher the surface energy, thus 
smaller particles aggregate more readily than 
larger particles because aggregation will lower 
the free energy of the system. Furthermore, at
the nanoscale, DLVO predications seem to have 

more sizable discrepancies from experimental 
observations in colloidal behavior [16–19]. 
One of the potential reasons is that the DLVO 
theory treats interacting surfaces as infinite 
smooth and flat ones, which in reality does not 
exist, especially when material sizes decrease 
[10, 30, 96, 97]. Surface heterogeneity greatly
challenges DLVO theory, which must be modi-
fied to account for the size- dependent effects, 
including hydration force [34, 35], surface 
roughness [11, 25], hydrophobic [36], oscilla-
tory [25], osmotic (depletion attraction) [37, 
38], and steric, or Helfrich repulsion (affected
by entropy effect) [39].

In DLVO modeling, particles are modeled as 
spherical. However, in reality, NPs may come in
a variety of irregular shapes, such as nanoplates, 
nanowire, nanotube, or nanorods. Both van der 
Waals and EDL forces are affected by changes in 
shape [56]. The attraction between spheres, rods 
(and cylinders), and platelets varies as h−1, h−2, 
and h−3, respectively, where h is the separation 
distance [98]. EDL forces are theoretically a 
function of the interacting orientation for nons-
perical particles that may exhibit different crys-
tallographic orientations and thus different 
atomic arrangements on the surface. 
Nonconventional theories, such as surface ele-
ment integration (SEI) [11, 99], may account for 
interfacial forces in irregular shapes (e.g., ellip-
soids). With SEI, the particle-plate and plate-
plate interaction energies of van der Waals and 
EDL are expressed in Eqs. (2.25), (2.26), (2.27), 
and (2.28), respectively [11]:
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where the parameters stand for the same physical 
meanings as in Eqs. (2.2), (2.3), and (2.5).

2.5.2  Surface Coating

NPs are typically stabilized with surface coatings 
to enhance the electrostatic, steric, or electrosteric 
repulsive force between NPs and thus to prevent 
aggregation or to provide other intended surface 
functionality [100–105]. Three classes of typical 
surface coatings are surfactants, polymers, and 
polyelectrolytes [106–109]. For instance, Sodium
dodecyl sulfate (SDS) is widely used as a surfac-
tant dispersant in many industries. The interplay 
between the universal Coulombic attraction and 
steric repulsion originating from the surface coat-
ing layers is expected to have a profound impact 
on aggregation kinetics as demonstrated in 
Fig. 2.5. Adsorbed or covalently bound surfac-
tants prevent aggregation and enhance dispersion 
stability of NPs by increasing surface charge and 
electrostatic repulsion or by reducing interfacial 

energy between particle and solvent [110]. For
example, compared with uncoated silver NPs, the 
critical coagulation concentrations of polyvinyl-
pyrrolidone-silver NPs (PVP- AgNPs) and 
citrate-AgNPs are more than fourfold and two-
fold higher, respectively [100]. Surfactant chain
length, molecular weight, types of head groups, 
the affinity of coating molecules to the particle 
surface, repulsion from neighboring molecules, 
loss of chain entropy upon adsorption, and also 
nonspecific dipole interactions between the mac-
romolecule, the solvent, and the surface signifi-
cantly affect the adsorbed surfactant mass and 
layer conformation and hence the ability of a sur-
factant to stabilize NPs against aggregation [111, 
112]. For example, Dederichs et al. found that the
surfactant chain length is linearly related to the 
logarithm of the dispersion concentration, which 
defines the lowest concentration of a surfactant 
necessary to disperse hydrophobic particles 
[113]. Moore et al. reported that at similar molec-
ular weight,  cationic surfactants such as dodecyl-
trimethylammonium bromide (MW = 308 g/mol) 

Electrostatic
repulsion

Steric
repulsion

Electrosteric
repulsion

Fig. 2.5 Three typical interparticle repulsion mechanisms provided by the surface coating molecules
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and cetyltrimethylammonium bromide 
(MW = 364 g/mol) were slightly more effective in 
stabilizing carbon nanotube than anionic sodium 
dodecylbenzenesulfonate (MW = 348 g/mol) 
[114].

Polymers are organic macromolecules con-
sisting of repetitions of smaller monomer chem-
ical units, which are generally of higher 
molecular weight than surfactants discussed 
previously. Synthetic (e.g., polyethylene glycol)
or naturally occurring (e.g., biomacromole-
cules, such as proteins and polysaccharides) can 
be the surface active agents affecting the disper-
sion stability [4, 114]. Polyvinylpyrrolidone 
(PVP) is an environmentally friendly polymer 
that stabilizes NPs via steric repulsion [102, 
103, 105]. Gold NPs (AuNPs) coated with 
bovine serum albumin (BSA) were stable as
colloids at the pH of zero charge of bare AuNPs,
suggesting steric stabilization due to adsorbed 
BSA layers [115].

Polyelectrolytes are charged polymers with 
ionizable groups built into the polymer structure 
(e.g., from –COO−, –SO4

−, or–SO3
− groups). These 

coatings can impart charge to the particles (posi-
tive or negative). poly(diallyldimethylammonium 
chloride) (PDDA) is a positively charged ionic 
polymer that acts as both a reducing and a stabi-
lizing agent that prevents oxidation and agglom-
eration [116, 117]. Steric stabilization, composed
of an osmotic contribution and an elastic contri-
bution [118], is typically more robust than charge 
stabilization alone in preventing aggregation. 
The osmotic contribution is rooted in entropy 
reduction that occurs when hydrophilic polymer 
coating layers on two approaching surfaces inter-
penetrate. The adsorption of charged, high molec-
ular weight species may provide electrosteric 
stabilization, which includes an additional repul-
sion due to the electrostatic interaction between 
the interpenetrating charged polymers.

Clearly surfactant–nanoparticle and polymer–
nanoparticle interactions are extremely complex 
and the colloidal science describing or predicting 
adsorbed mass and adsorbed layer conformation 
is immature. Classical DLVO forces alone are 
not sufficient to accurately predict aggregation 
behavior. Understanding aggregation using a 

XDLVO theory presents potential promise by 
considering the additional forces like steric or 
acid-base forces [119, 120]. Natural aquatic 
environments contain monovalent and divalent 
salts as well as natural organic matter (humic and 
fulvic substances and polysaccharides). The 
aggregation state and fate and transport of nano-
materials in aquatic systems will be greatly influ-
enced by their interaction with NOMs. NOMs 
have been shown to form a surface coating on 
colloids and NPs, enhances their stability via 
electrosteric stabilization mechanism [121]. For
instance, humic acids prevent aggregation of 
NPs in solutions containing monovalent electro-
lytes (e.g., KCl and NaCl), whereas humic acids 
may prevent C60 NPs at low CaCl2 concentrations 
but enhance C60 aggregation at high CaCl2 con-
centrations due to the evolution of predominance 
of different interfacial forces from steric, bridg-
ing, van der Waals, EDL, and acid-base interac-
tions [93].

2.5.3  Composition Effect

Chemical composition affects aggregation 
through changing the Hamaker constant, which
governs van der Waals attraction, hydrophobic-
ity, and surface charge. Particles with a high 
Hamaker constant have greater aggregation ten-
dency compared with particles with a low 
Hamaker constant at the same solution and sur-
face chemistry. The Hamaker constant for inter-
action between particle (1) and particle (2) in 
water (w) can be computed by the method of van 
Oss [27]:
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where γi
LW is the nonpolar Lifshitz-van der Waals 

component of the surface energy and D0 is the 
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minimum equilibrium distance (0.157 nm). γi
LW 

for hematite (α-Fe2O3) NPs is 45.80 mJ/m2 [122]; 
γi

LW for E. coli cells 27.92 mJ/m2 [36]; γi
LW for 

water is 21.80 mJ/m2 [123]. Therefore, the 
Hamaker constants of α-Fe2O3 NPs and E. coli 
cells are 8.2 × 10−18 J and 7.0 × 10−19 J, respec-
tively. van der Waals attraction forces are approx-
imately 12 times stronger for α-Fe2O3 NPs in 
comparison with E. coli bacterial cells.

Furthermore, chemical composition alters sur-
face potential by establishing different ion 
adsorption with surface atoms. Particles with a 
high surface potential have low aggregation ten-
dencies due to the electrostatic repulsion. 
Hydrophobic or hydrophilic interactions also
depend significantly on surface atoms in aqueous 
environments. In XDLVO frameworks, hydro-
phobic Lewis acid–base interactions are quanti-
fied by the polar free energy ∆GHwE D

AB
, 0

 according 
to the Dupré equation [27]:
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where electron-acceptor (γ+) and electron-donor 
(γ−) are the polar surface tension components.

2.5.4  Crystal Structure Effect

Crystal structures like defect positions in the 
crystal lattice can alter surface charge. The sur-
face charge of the same composition with differ-
ent crystal structures may be different. For
example, TiO2, with three phases of crystallin-
ity, has zeta potential of −35 mV for rutile and 
−20 mV for anatase, and brookite at pH 7.5. The
origin of charge heterogeneities are commonly 
attributed to the existence of different crystallo-
graphic planes within each particle, which is 
reported to affect aggregation and deposition 
rates [68]. Different crystallographic planes, 
each with a different atomic density, will estab-
lish different extent of EDL and surface energy 
after interfacing with the aqueous phase and 
forming.

2.5.5  Effect of Solution pH and Ionic 
Solutes

pH and dissolved ionic species (quantified by
ionic strength) affect nanoparticle stability in 
aqueous dispersion, primarily because these two 
parameters determine the surface charge (posi-
tive or negative; charge density and accumula-
tion). Surface charge neutralization and EDL
screening are the two primary modes that pH and
ionic strength promote NP aggregation. Most NP 
surfaces have surface functional groups (e.g., 
hydroxide and oxide groups) that are exchange-
able with aqueous H+ or OH−. Excess of H+ (low 
pH) results in a positively charged particle sur-
face, whereas excess of OH− (high pH) generally
renders a negative surface charge. Thus, the solu-
tion pH shift can largely lead to the charge rever-
sal and destabilization of NP dispersion due to 
the decrease of electrostatic repulsion at the pH
of zero surface charge. Elevated concentrations 
of ionic species can compress the EDL and 
decrease the Debye length (κ−1) as shown in Eq. 
(2.5). At when ionic strength reaches CCC, the 
repulsive energy barrier will be completely 
screened and rapid aggregation occurs. 
Electrostatic destabilization of is strongly influ-
enced by valency (z) of ionic species and mostly 
independent of the individual cation (at constant 
z). The DVLO theory indicates that the CCC can 
be estimated when the potential energy of the 
system U = 0 and dU/dh = 0 [124, 125]:
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where γ is defined by:
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where Ψd is Stern potential. The CCC is predicted
to be inversely proportional to the sixth power of 
the valency of the metal ion [Eq. (2.33)]. This 
relationship, also known as the Shultz Hardy
Rule, is valid for large values of the surface 
potential for which Eq. (2.34) approximately 
equals 1. At low potentials, CCC is proportional 
to ψd

4/z2.
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2.5.6  Temperature Effect

Although it is an important environmental fac-
tor, few studies have investigated the tempera-
ture dependence of NP aggregation kinetics [126, 
127]. Temperatures influences aggregation kinetics 
through affecting the random Brownian motion of 
particles and the collision frequency [22, 128]. The 
high temperature increases the collision frequency 
between particles by increasing random kinetic 
energy of NPs [88, 89]. Thus, increasing the temper-
ature substantially increases the aggregation rates. 
TR-DLS experiment results in Fig. 2.6a–c shows 
that the hydrodynamic diameters of CeO2, hema-
tite, and CuO NPs grew faster when the temperature 
increased from 15 to 45 °C. However, temperature
may have complex impacts on attachment effi-
ciency. At low ionic strength, temperature does not 
affect attachment efficiency. Conversely, at a higher 
ionic strength (25 mM), the attachment efficiency 
decreased significantly at 40 °C compared with 15 
or 30 °C as computed by Eq. (2.22). Moreover, when 
the ionic strength was 50 mM, which is greater than 
the CCC for CeO2 NPs, the experimentally derived 
attachment efficiencies do not vary at all with the 
temperatures as shown previously [77].

At elevated temperatures the interaction energy 
barrier (Eb) was found to decrease (Fig. 2.6d–f), 

which should increase the aggregation rate expo-
nentially [55]. Nevertheless, high temperatures 
also increase the potential disaggregation or the 
detachment, because the increased Brownian 
motion of water molecules could increase the 
hydrodynamic shear on the particle surface and 
possibly destabilize the aggregated clusters of 
NPs [129]. This may explain the decline in attach-
ment efficiency with increasing temperature [77]. 
The other potential causes of temperature depen-
dence of interaction energy is the surface charge 
of NPs that could vary with temperature as dem-
onstrated elsewhere [130]. Some studies indicated
that as the temperature increased, the zeta poten-
tial became less positive [131, 132]. The reason 
could be that increasing temperature favors pro-
ton desorption from the particle surface. The 
lower zeta potential of NPs implies that the elec-
trostatic repulsion force or energy barrier between 
particles is lowered, and thus promotes the parti-
cle aggregation.

2.5.7  Gravity Force

It is also worth noting that despite of the broader 
size distribution, aggregation usually evolves to 
reach a quasi-steady state indicative of the deple-
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tion of the primary NPs. In the quasi-steady state, 
aggregates continued to grow at a slower rate 
than the initial linear growth stage, and the aggre-
gation progress was likely governed by aggre-
gate–aggregate interactions, collisions, and 
sedimentation, which leads to a more randomly 
fluctuating PSD. Thus, differential sedimentation
is often the result of the gravity effect, greatly 
accounting for the random fluctuations in PSD.
One method to determine the role of sedimenta-
tion over random movement is the calculation of 
the Peclet number [133]:

 
Pe

gr

k TB
= 2

3

4p r∆

 
(2.35)

where Δρ is the density difference between dis-
persed NPs and dispersion medium, g is the 
acceleration due to gravity. When Pe ≪ 1 
Brownian motion dominates and aggregation is 
perikinetic, whereas when Pe ≫ 1 aggregation is 
orthokinetic (differential sedimentation occurs). 
Equation (2.35) allows us to determine at what 
size of aggregated NPs could be the critical point 
where gravity may begin to play the dominant 
role compared to the Brownian motion and grav-
ity should be taken into account.

Another alternative method is to estimate the 
sedimentation speed using the Stokes’ equation
and the average movement speed due to the ther-
mal kinetic energy [134–136]:
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where u is the equilibrium settling velocity of 
particles in free sedimentation, ρg is the density 
of particles, ρy is the medium density (for water, 
1 g/cm3 at 25 °C), μ is the medium dynamic vis-
cosity (Pa · s), d is the particle diameter, g is the 
gravity acceleration (9.8 N/kg), v is the average 
velocity of particles undergoing random kinetic 
movement according to the Maxwell velocity 
distribution [137, 138], ζ is friction coefficient, 
mm is the molecular weight of water, and α is 
fraction of water molecules that are reflected 
diffusively and therefore leave the surface in 
equilibrium with surface (α is 0.1 for most cases) 
[139]. Figure 2.7 shows a comparative example 
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of NPs at different sizes. It is obvious that the 
sedimentation speed is far less than the random 
movement speed for the particle sizes up to 
3,000 nm. Sedimentation is likely disturbed by
the thermal motion of NPs.

2.5.8  Light Conditions

The light exposure is another important envi-
ronmental factor affecting the physicochemical 
processes of NPs [104, 105, 140–143]. Light 
irradiation, such as UV, xenon lamp, solar, and 
even fluorescence light, has been shown to pro-
mote surface oxidation, dissolution into ionic 
species, and aggregation as shown in Fig. 2.8 
[104, 141, 143, 145]. Metallic NPs exhibit the 
surface plasmon resonance (SPR) [146–148]. 
AgNPs and quantum dots (QDs) were both 
reported to have detachment of surface coat-
ings under irradiation conditions [103, 143, 
149], leading to simultaneous aggregation and 
dissolution. Among the three types of light 
irradiation conditions, the aggregation kinetics 
consistently followed the order UV-365 > xenon 
lamp > UV-254 for the same type of AgNPs, 
which indicated that the wavelength and pho-
toenergy of the light irradiation influence the 
AgNP aggregation kinetics [144]. The aggrega-
tion of QDs is likely ascribed to oxygen radi-
cal generation and ion release, which promote 

homoaggregation of loosely coated QDs as 
demonstrated below [140].

2.5.9  Dissolved Oxygen

Dissolved oxygen (DO) in the aqueous environ-
ments tend to oxidize metallic NPs such as 
AgNPs and QDs [73, 140, 150, 151]. The oxida-
tion invokes several complex physiochemical 
processes that may occur simultaneously (i.e., 
aggregation, oxidation of NPs, metallic cation 
release, complexation and speciation of metallic 
cations with aqueous components such as 
NOMs). The rapid surface oxidation has shown 
to affect aggregation processes [73, 140, 144]. 
The hydrodynamic sizes of AgNPs increased 
more drastically and randomly in the presence of 
DO probably due to the ion release and particle 
debris formation (see Fig. 2.8), whereas in the 
absence of DO the hydrodynamic sizes increased 
relatively slower and linearly. The destabilization 
of AgNPs and QDs was found to be related to the 
detachment of surface coating, compression of 
EDL and surface energy changes as illustrated in 
Fig. 2.8. In contrast, anoxic and anaerobic condi-
tions exert low redox potentials, which inhibit 
oxidation and consequently lead to different 
aggregation kinetics.

It is presumable that the addition of strong 
oxidizers like H2O2 in the solution should 

Light

Aggregation

Disaggregation

Aggregated clusters

Detached coating
molecules

Released ions

Fig. 2.8 Light irradiation 
induced enhanced nanopar-
ticle aggregation due to 
surface oxidation and 
detachment of surface 
coating [140, 144]
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 substantially increase the redox potential and 
increase the oxidation reaction rates as the oxida-
tion reaction by H2O2 is more thermodynamically 
favorable than that with oxygen (see the follow-
ing reaction energetics).

Net reactions E0 (V)

1/4O2 +H+ + Ag(s) =1/2H2O + Ag+ 0.47
1/2H2O2 +H+ + Ag(s) = Ag+ +H2O 0.98

Accordingly, aggregation should proceed 
faster. However, Fig. 2.9a shows that aggregation 
kinetics of 20-nm AgNPs that apparently were 
unaffected by the increased concentrations of 
H2O2 compared to that in the presence of DO of 
7.8 mg/L. Diffusion coefficients in Fig. 2.9b indi-
cates that with H2O2 at the early stage of aggrega-
tion were lower than those with DO, suggesting 
that AgNPs formed larger aggregates under DO 
addition than they did in the presence of H2O2. 
Clearly, strong oxidizers could possibly promote 
oxidation reactions of metallic NPs but not defi-
nitely increase aggregation kinetics.
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Abstract

Recent advances in nanotechnology have led 
to exciting opportunities in medicine, energy, 
manufacturing, and other fields. Nevertheless, 
it is important to adequately assess the poten-
tial impacts of nanomaterial exposure. This 
chapter focuses on the interactions of nano-
materials with epithelial barriers in the lungs, 
intestine, kidneys, skin, and placenta. 
Methods for determining transepithelial elec-
trical resistance and paracellular permeability 
are described. Effects on cell viability and 
barrier integrity depend on the chemical 
nature of the nanomaterial, nanoparticle size, 
surface coatings, and concentration. 
Disruption of tight junctions can affect per-
meability and interfere with normal regula-
tory processes of the epithelial barrier. Future 
research is needed to better understand the 
possibilities and the limits of novel approaches 
in nanotechnology.

Keywords

Nanomaterials • Nanoparticles • Epithelial
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3.1  Introduction

En route to assist a man suffering from a heart 
attack, the driver of an ambulance failed to nego-
tiate a curve, veered off the road, then crashed 
into a sign and three vehicles on display at a car 
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dealership [1]. Like this ambulance, nanoparti-
cles may offer life-saving medical treatment, but 
it is important that they do not cause any struc-
tural damage along the way.

Due to their unique chemical and physical prop-
erties, nanomaterials are gaining an increasing 
presence and attention in the world. With applica-
tions in several areas, including aerospace, agricul-
ture, cosmetics, energy, textiles, and medicine, 
engineered nanomaterials already constitute a tril-
lion-dollar industry [2]. Concerns have been raised 
regarding potentially detrimental health effects 
upon occupational or environmental exposure to 
certain types of nanoparticles [3]. For particles 
intended for medical diagnostics or drug delivery 
in particular, the impact of nanomaterials on the 
human body needs to be studied in greater detail to 
assess any unintentional effects they may have on 
patients. This chapter will focus on the impact of 
nanomaterials on epithelial barrier functions in the 
intestines, lungs, kidneys, skin, and placenta.

Epithelia represent a diverse group of tissues 
that constitute a major functional structure in 
many organs of the human body. These tissues 
have a few common features, including cellular 
polarity (i.e. an apical and a basolateral surface), a
supporting basement membrane, and specialized 
junctions between cells that may allow for com-
munication between cells or transport between 
the lumenal and interstitial spaces. Typically only 
a few cells thick, these layers serve the critical 
purpose of separating body compartments from 
one another and from the outside world, as well as 
regulating their interaction [4].

Epithelial cells are distinct from other types of 
tissue (i.e., connective, muscle, nervous, and
endothelial tissue) in structure and function. 
Connective tissue is generally considered to 
include cartilage, bone, and fibrous tissue, and is 
composed of cells and their corresponding extra-
cellular matrix. Muscle tissue as well is distinct 
from epithelia in that its primary function is con-
traction in response to specific stimuli. In some 
instances, smooth muscle underlies epithelial 
layers and works with the epithelium to perform 
the function of the organ. For example, in the 
intestine, the epithelium selectively absorbs 
nutrients while smooth muscle layers help to 

mechanically break down food and move it along 
the length of the intestine [5]. Neurons are typi-
cally equipped with dendrites, from which elec-
trical signals in the form of action potentials are 
received, and axons, through which the neuron 
can transmit its own signal based on electrical 
inputs [4]. Endothelial tissue refers to a layer of 
thin cells lining blood vessels and lymphatic ves-
sels. These cells are responsible for regulating 
inflammation and inflammatory cell migration, 
and triggering cascades of hemostasis [6].

A number of proteins, including zonula 
occludens protein 1 (ZO-1), participate in the
establishment of tight junctions, which are an 
important component of epithelial cell barrier func-
tion. The disruption of tight junctions can affect the 
permeability of substances across an epithelial bar-
rier, and barrier dysfunction may contribute to dis-
ease progression [7]. Techniques to assess epithelial 
cell barrier function include measurements of tran-
sepithelial electrical resistance (TEER) and perme-
ability of paracellular tracers, such as mannitol. 
TEER measurements quantify the transport of ions 
across cells, with paracellular ion transport repre-
senting the most substantial contribution to such 
readings [8]. An intact cellular barrier will display 
high TEER values and limit the permeability of 
paracellular markers. Loss of barrier integrity will 
lead to decreased TEER values and increased 
 paracellular permeability. Just as a pocket with 
holes may result in lost coins, the consequences of 
a leaky epithelium could be costly.

3.2  Methodology

As TEER and paracellular transport measure-
ments provide valuable information regarding the 
integrity of an epithelial cell layer, brief instruc-
tions regarding these experimental measurements 
are provided below:

3.2.1  TEER Measurements

 1. Grow epithelial cells on permeable support 
inserts following the standard protocol for the 
cells of interest. TEER measurements are 
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non-destructive, so multiple readings can be 
made on the same cell layer at various time 
points depending on the experimental plans.

 2. The readings can be made with standard vol-
umes of cell culture medium in the apical and 
basolateral compartments. Since TEER mea-
surements are temperature-dependent, it is 
best to take the readings at room temperature 
so that there is no drift between the earliest 
and the latest readings. Take the inserts to be 
measured out of the incubator and set them in 
a sterile hood for about 15 min for equilibra-
tion to room temperature. If the electrodes 
will need to be rinsed between measurements 
of cells exposed to different experimental con-
ditions, prepare a sufficient volume of cell 
culture medium to be equilibrated at room 
temperature for rinsing purposes.

 3. Resistance measurements can be carried out 
using a chopsticks-style electrode pair or a 
specialized chamber. The chopsticks-style 
electrodes are of unequal lengths; the longer 
electrode should touch the bottom of the baso-
lateral compartment while the shorter elec-
trode is suspended in the apical fluid above the 
cells or the blank membrane. The specialized 
chambers are constructed with an electrode in 
the bottom of the chamber (contacting the
basolateral fluid) and an electrode in the 

chamber’s removable lid which will contact 
the apical fluid (without touching the cells or
membrane) when the lid is in place. An exam-
ple of the placement of the chopsticks-style 
electrodes is shown in Fig. 3.1.

 4. Set the volt-ohm meter to read resistance 
(ohms) and position the electrodes for the
measurement.

5. Record the resistance of a blank insert (an
insert without cells). This value is Rblank.

 6. Record the resistance of an insert with cells 
(Rtotal). The resistance of the cells (Rcells) is cal-
culated as follows: Rcells = Rtotal − Rblank.

 7. These resistance values are in Ω. To convert to 
Ω · cm2, multiply the Rcell value by the surface 
area (cell growth area) of the insert.

 8. Return the cells to the incubator or proceed 
with the next steps of the experimental plan.

3.2.2  Paracellular Permeability 
Measurements

 1. Select a paracellular marker. Radiolabeled 
mannitol is one of many options; this example 
will describe the use of Lucifer yellow CH 
lithium salt (a fluorescent compound).

 2. The transport of Lucifer yellow will be deter-
mined across both blank inserts and inserts 

Basolateral compartment

Volt-Ohm Meter

Electrode

Insert

Apical
compartment

Cells

Microporous membrane

Fig. 3.1 Illustration of 
transepithelial electrical 
resistance (TEER)
measurement for a cell layer 
grown on a permeable 
support insert. This diagram 
depicts the placement of a 
chopsticks-style electrode to 
quantify the barrier 
integrity. TEER values are 
expressed as Ω·cm2 by 
multiplying the resistance 
reading by the surface area 
of the cells
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with cells. Aspirate the cell culture medium 
from each insert (using care so as to not dis-
turb the cell layer or damage the membrane) 
and wash the inserts once (both with and with-
out cells) by adding standard volumes of 
warm (37 °C) transport medium (such as
Hanks’ balanced salt solution, HBSS) to the 
apical and basolateral compartments, and then 
aspirating. (The standard volumes depend on
the type of insert used, and should be available 
from the commercial source of the inserts.)

 3. Add the volumes of HBSS again to the inserts 
and allow the inserts to equilibrate in the 
HBSS for 30–45 min. In the meantime, pre-
pare solutions of 60 μM Lucifer yellow in 
HBSS containing 1 % DMSO (dimethyl sulf-
oxide, which is added to help dissolve the 
Lucifer yellow). Prepare a sufficient volume 
of this solution to generate a standard curve 
for fluorescence detection.

 4. Aspirate the HBSS from both sides of the 
inserts and add the standard volume of fresh, 
warm HBSS to the basolateral compartment. 
(In the case of Lucifer yellow, HBSS +1 %
DMSO should be used.)

 5. At time zero, add the standard volume of the 
Lucifer yellow solution to the apical 
compartment.

6. At the desired time point (typically 15, 30, 60, or
120 min), remove a sample from the basolateral 
compartment and analyze it for fluorescence, 
together with a standard curve prepared from 
serial dilution of the same solution that was 
added to the apical compartment at time zero. 
(For Lucifer yellow, λex = 428 nm, λem = 540 nm.)

 7. Calculate the permeability of Lucifer yellow 
across the blank insert membranes (Pm) and 
across the cells on the inserts (Pt) using the 

following equation: P
Q t

A C
=

⋅

∆ ∆/

0

, where ΔQ/Δt 

is the mass flux, A is the surface area of the 
layer, and C0 is the initial concentration on the 
apical side.

 8. Calculate the apparent permeability across the 
cell layer itself (Pe) by the following equation: 

Pe

Pt Pm

=
−

1
1 1

. Pe is usually expressed in cm/s [9].

3.3  Influences of Nanomaterials 
on Epithelial Barriers

3.3.1  Intestinal Epithelial Cells

The intestinal epithelium is the primary site of 
absorption for nutrients or medications adminis-
tered orally. Nanoparticle uptake by M cells may 
also improve vaccine delivery, as M cells interact 
with lymphoid cells and are located around 
Peyer’s patches [10]. All components of the 
intestinal epithelial barrier—including the mucus 
layer, intercellular junctions, follicle-associated 
epithelium, enterocytes, and efflux proteins 
within the epithelial cells—can be affected by 
nanomaterials.

Some nanoparticles cannot penetrate the 
intestinal mucus layer. For example, polymeric 
Eudragit® nanoparticles have been shown to 
become entrapped in a mucus plug and were 
unable to be taken up by the epithelium [11]. 
Mucus penetrating particles must have properties 
that prevent nonspecific adhesion to the mucus 
and are small enough to traverse its porous 
matrix. For example, Norwalk virus, a contagious 
diarrhea-causing agent, can cross the mucus layer 
because of its neutral charge and small size. 
Polymeric nanoparticles coated with polyethyl-
ene glycol (PEG, which is not considered to be
mucoadhesive) have been shown to diffuse more 
readily through the mucus, and can even pene-
trate the more tightly adhered layer of mucus 
close to the epithelium [12]. Mucoadhesive 
polystryrene nanoparticles, on the other hand, 
can increase the pore size of mucus at certain 
concentrations, which may affect the protective 
properties of mucus [12, 13]. If the integrity of 
the mucus layer is compromised, substances such 
as bacteria can translocate more easily to the epi-
thelial cells [11].

Tight junctions in the intestinal epithelial cell 
layer can be altered by a number of nanomateri-
als. For example, single-walled carbon nanotubes 
functionalized with carboxylic acid groups were 
shown to open tight junctions transiently, as con-
firmed by ZO-1 staining, TEER measurements,
and permeability studies with Lucifer yellow, a 
paracellular marker [14]. Poly(amido amine)
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(PAMAM) dendrimers can also open tight junc-
tions, which can be blocked by endocytotic inhib-
itors, indicating an intracellular mechanism 
affecting the tight junctions [15]. Chitosan, a 
polysaccharide, chelates calcium and can interact 
with both F-actin and ZO-1, thus affecting tight
junctions and increasing paracellular permeability 
[10, 16]. Although temporary disruption of tight 
junctions may increase the oral administration of 
therapeutic substances with limited bioavailabil-
ity, such interference may affect the regulation of 
solute transport in the intestine [17, 18].

Nanomaterial effects upon efflux proteins and 
cell viability will also affect the barrier function 
of the intestinal epithelium. Carbon nanotubes 
functionalized with PEG and carboxylic acid 
groups have been shown to inhibit the activity of 
the efflux pump P-glycoprotein [14]. Cobalt fer-
rite nanoparticles reduced cell viability in Caco-2 
cells, and PAMAM dendrimers may be cytotoxic, 
depending on the surface chemistry and concen-
tration [15, 19]. As another example of the impor-
tance of surface modification, it has been shown 
that PEGylation of chitosan nanoparticles may 
reduce the cytotoxic effects of such particles [10]. 
Although silver nanoparticles did not affect 
membrane integrity nor cell viability in a co- 
culture of M cells and enterocytes, the nanopar-
ticle exposure did result in the upregulation of a 
number of genes which are associated with oxi-
dative stress [20].

3.3.2  Pulmonary Epithelial Cells

The epithelial barrier in the lungs includes cells 
in the upper airways which are lined with mucus 
all the way down to the cells in the alveolar sacs 
which are lined with surfactant. Type I alveolar 
epithelial cells make up the primary surface for 
gas exchange and Type II cells secrete surfactant 
[21]. The mucociliary escalator and clearance by 
macrophages represent additional components of 
the pulmonary barrier [22]. Nanomaterial proper-
ties determine their deposition within the lung, 
their interactions with mucus or surfactant, as 
well as their ability to induce an inflammatory 
response or cytotoxicity.

The deposition of nanoparticles in the lung is 
dictated in large part by the aerodynamic diame-
ter, which depends on the size, shape, and density 
of a particle [23]. Although a large fraction of 
submicron particles will be exhaled, particles 
with aerodynamic diameters between 0.8 and 6 
μm are capable of reaching the alveolar space 
[24]. It is important to acknowledge the difference 
between geometric diameter and aerodynamic 
diameter. For example, large porous particles hav-
ing an average geometric diameter of 8 μm had a 
mean aerodynamic diameter of only 4 μm, and 
could therefore reach the central airways and the 
alveolar region [25, 26]. The chemical nature of 
particles, their size, and their surface coatings also 
affect interactions with mucus and the mucocili-
ary transport rate [27, 28].

Pulmonary surfactant prevents alveolar col-
lapse, so any effects of nanoparticles upon the sur-
face tension of this fluid could have an impact on 
the alveolar barrier [24, 29]. High  concentrations 
of polystyrene nanoparticles inhibited the surface 
activity of pulmonary surfactants in vitro, with 
negatively-charged particles having a more pro-
nounced effect [29]. Carbon nanotubes can bind 
to surfactant proteins A and D, which may 
increase susceptibility to certain infections or dis-
ease states [30]. It has been suggested that pre-
coating nanoparticles with surfactant components 
may reduce toxicity [31].

Several types of nanoparticles have been 
shown to cross the blood-air barrier, including 
metal, metal oxide, and organic nanoparticles 
[32]. Exposure to certain types of nanoparticles 
can also lead to cytotoxic effects to components 
of the pulmonary barrier. Cobalt ferrite nanopar-
ticles display some cytotoxic effects on pulmo-
nary cells, and aminated polystyrene nanoparticles 
caused holes in the membrane and reduced cell 
viability with evidence of an apoptotic pathway 
[19, 33]. Respiratory cytotoxic effects of carbon 
nanotubes include genotoxicity and oxidative 
stress [34].

Inflammatory effects can be measured by 
cytokine and chemokine release, as well as 
inflammatory cell migration and expression of 
cellular adhesion molecules. It is evident that 
nanomaterials may—by virtue of their size and 
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surface characteristics—initiate different types of 
inflammatory responses. For instance, aminated 
polystyrene nanoparticles caused interleukin-6 
and interleukin-8 (IL-8) release in alveolar epi-
thelial Type I-like cells, whereas unmodified 
polystyrene nanoparticles caused only IL-8 
release [33]. Smaller polystyrene nanoparticles 
(60 nm) are more pro-inflammatory than larger
(200-500 nm) particles [23]. Carbon nanotubes 
have been shown to cause elevations in TNF-α, 
various pro-inflammatory interleukins, and the 
chemokine CXCL-2. Carbon nanotube exposure 
in the lung has also been associated with granu-
loma formation and fibrosis [34]. In a co-culture 
model of the air-blood barrier employing human 
umbilical endothelial cells and A549 pulmonary 
epithelial cells, titanium dioxide nanoparticle 
exposure to the epithelium caused increased 
expression of E-selectin, intercellular adhesion 
molecule 1 (ICAM-1), platelet endothelial cell
adhesion molecule (PECAM), vascular cell adhe-
sion molecule (VCAM), and nitrous oxide on the
endothelial side, and the increased adhesion of 
promonocytic cells on the endothelial side sug-
gested inflammatory cell migration [35].

3.3.3  Renal Tubular Epithelial Cells

The kidney regulates fluid and electrolyte bal-
ance by glomerular filtration, tubular reabsorp-
tion, and tubular secretion. The renal tubules are 
lined with a single layer of epithelial cells which 
facilitate reabsorption of nutrients and ions, 
osmotic reabsorption of water, and active secre-
tion of certain molecules and ions against a con-
centration gradient out of the blood and into the 
filtrate [36]. Due to effective pore size restric-
tions inherent in the process of glomerular filtra-
tion, proteins having hydrodynamic diameters 
greater than 6 nm are less likely to be filtered in 
the nephrons. A similar size threshold appears to 
exist for xenobiotic nanoparticles, as quantum 
dots only smaller than 5.5 nm were shown to be 
efficiently excreted by murine kidneys [37]. 
While renal tubular epithelial cells are likely to 
encounter only the smallest particles, it is impor-
tant to note that the lack of renal excretion of 

larger particles would result in longer circulation 
times and potential exposure times in other 
tissues.

Following evidence that carbon nanotubes can 
pass through the glomerulus and be excreted in 
the urine [38], the effects of carbon nanotubes 
and fullerene particles upon an in vitro model of 
distal tubule epithelial cells were investigated. 
Upon exposure to low concentrations of these 
carbon nanoparticles, reduced TEER values were 
observed. Such compromised barrier integrity 
could adversely affect normal renal function [39]. 
CdS nanoparticles (size range 2–12 nm) induced
dose-dependent cell death in HK-2 proximal 
tubule epithelial cells. The exposure caused 
increases in reactive oxygen species and 
decreases in total GSH [40].

3.3.4  Skin Epithelial Cells

For a substance to be transdermally absorbed into 
the systemic circulation, it must first pass through 
the stratum corneum, with tightly packed dead 
cells in a lipid matrix that limits paracellular 
transport [36]. Beneath the stratum corneum lie 
the viable epidermis and the dermis, which is 
perfused by the skin’s microvasculature. The 
transfollicular route is another means by which 
certain substances may reach the systemic circu-
lation [41].

Many commercial sunscreen lotions contain 
TiO2 nanoparticles, which led to recent concerns 
regarding the potential effects of systemic expo-
sure to such particles following topical applica-
tion. However, evidence suggests that TiO2 
nanoparticles do not penetrate human skin [42, 
43]. In general, transdermal transport of nanopar-
ticles greater than 10 nm in diameter is negligible 
unless the skin is damaged or disrupted. 
Nevertheless, larger nanoparticles can penetrate 
into hair follicles, and penetration of 40-nm 
nanoparticles into epidermal cells is possible if 
the hair sheath is removed [44]. The follicular 
barrier differs from the stratum corneum by the 
presence of intercellular tight junctions as 
opposed to a lipid matrix. Particles entering the 
follicles might remain there until they are cleared 
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by hair growth or sebum production [43]. It has 
been shown that TiO2 nanoparticles can enter the 
follicles, but do not enter the dermis [45]. Other 
methods to disrupt the barrier to increase the der-
mal absorption of particles may include massage, 
flexed skin, dermabrasion, the use of chemical 
penetration enhancers, laserportation, dermato-
portation, and sonophoresis [43, 45, 46].

The impact of nanoparticle exposure on cell 
viability in the skin epithelium depends on the 
nanomaterial. For instance, studies suggest no 
loss of cell viability following exposure to silver 
nanoparticles, TiO2 nanoparticles, or ZnO
nanoparticles [42, 47]. In fact, silver nanoparticles 
can enhance skin wound healing by accelerating 
re-epithelialization [47]. Carbon nanotubes, on 
the other hand, have been shown in HaCaT cells 
to reduce glutathione and vitamin E levels, which 
are protective against oxidative damage, and these 
nanotubes increase NF-κB activity and the release 
of IL-8 in human epidermal keratinocytes. 
Interestingly, multi-walled carbon nanotubes elic-
ited an increase in IL-1β and a decrease in IL-6 
levels, whereas single-walled carbon nanotubes 
caused an increase in IL-6 release but the release 
of IL-1β was not affected [48]. In separate studies, 
multi-walled carbon nanotubes induced cytotox-
icity in human keratinocytes, but they did not 
affect TEER measurements across reconstructed 
human epidermis, thereby indicating no interfer-
ence with intercellular junctions [49].

3.3.5  Placental Trophoblast Cells

The rate-limiting barrier of maternal-fetal 
exchange within the placenta is the trophoblast 
layer. On the fetal side of the placenta, fetal blood 
vessels branch out from the umbilical cord to 
form villous trees in functional units referred to 
as cotyledons, or placental lobes. These villous 
trees are bathed in maternal blood supplied from 
the maternal spiral arteries entering the maternal 
side of the placenta. The outer surface of the villi 
is surrounded by syncytiotrophoblast cells, which 
are multinucleated cells formed by the fusion of 
the precursor cytotrophoblast cells. Separating 
the maternal blood from the fetal circulation, 

then, are the trophoblast layer, basal lamina, and 
the fetal vascular endothelium [50]. Human 
experimental models to predict any effects of 
nanomaterials upon the fetus in the womb include 
the ex vivo perfused human placenta, villous 
explants, isolated membrane vesicles, and cell 
culture models of trophoblast cells (e.g., BeWo
cells and primary cultured cytotrophoblast cells) 
[9, 51].

Investigations regarding the potential trans-
placental transport of nanomaterials to date have 
included gold nanoparticles, PAMAM den-
drimers, polystyrene nanoparticles, silica 
nanoparticles, TiO2 nanoparticles, fullerenes, sil-
icon nanoparticles, iron oxide nanoparticles, and 
poly(lactic-co-glycolic acid) (PLGA) nanoparti-
cles [52–60]. The transport of these nanoparticles 
has been shown to depend upon size and 
 nanomaterial. In like manner, the impacts of 
these particles upon trophoblast cell viability and 
barrier function also appear to be dependent upon 
the nature of the material. In placental perfusion 
experiments, PAMAM dendrimers did not affect 
placental endpoints measured throughout or after 
the perfusions (e.g., maternal-fetal oxygen trans-
fer and the production of human chorionic 
gonadotropin) [55]. Polystyrene nanoparticles 
reduced BeWo b30 cell viability at high concen-
trations, likely due to pro-inflammatory effects 
[53]. BeWo cell exposure to iron oxide nanopar-
ticles resulted in increased release of LDH, 
increased release of IL-6, and decreased cell via-
bility [54]. PLGA nanoparticles, on the other 
hand, do not affect BeWo cell viability (unpub-
lished results).

At high concentrations, silica nanoparticles 
reduced BeWo cell viability, which may be due to 
lipid peroxidation. However, at low concentra-
tions, TEER values before and after a silica 
nanoparticle transport study did not change, sug-
gesting that the barrier function remained intact 
[57]. When high concentrations of 70-nm silica 
nanoparticles were injected into pregnant mice, 
however, several effects upon the placental bar-
rier were noted: spiral artery canal formation was 
altered, fetal vascular blood flow was reduced, 
the ratio of the spongiotrophoblast layer to the 
total placental area was reduced, apoptotic cell 

3 Influences of Nanomaterials on the Barrier Function of Epithelial Cells



52

death of spongiotrophoblasts was observed, and 
villous lengths in the labyrinth layer were 
reduced. Lower concentrations of the 70-nm sil-
ica nanoparticles did not exert these adverse 
responses. Larger silica nanoparticles and fuller-
ene molecules also did not cause these same 
effects, but both the 70-nm silica particles and 
35-nm TiO2 particles resulted in smaller amnion 
sacs, smaller fetuses, and lower levels of soluble 
fms-like tyrosine kinase-1 (sFlt-1), which partici-
pates in the regulation of placental vasculature 
generation [60]. Changes to placental barrier 
function induced by certain types of nanomateri-
als could lead to serious consequences for fetal 
growth and development.

 Conclusions

As advancements in nanotechnology continue 
to permeate a number of industries, it is 
important to recognize and plan for the poten-
tial impacts of human exposure to nanomateri-
als—whether that exposure is occupational, 
environmental, or intentional (e.g., medical
diagnostics or therapy). Epithelial barriers 
play important roles in regulating the func-
tions of various organs. Disruption of tight 
junctions and barrier integrity may lead to 
adverse effects, as outlined in several exam-
ples above. Although this discussion has 
focused on epithelial barriers in the lungs, 
intestines, kidneys, skin, and placenta, it is 
worth noting that this is not an exhaustive list 
of epithelial barriers within the body. Future 
research regarding the impacts of various 
nanomaterials on the barrier functions of epi-
thelia is vital to better understand the possi-
bilities and the limits of novel approaches in 
nanotechnology.
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    Abstract 

 Nanoparticles hold great promise in cell biol-
ogy and medicine due to the inherent physico-
chemical properties when these materials are 
synthesized on the nanoscale. Moreover, their 
small size, and the ability to functionalize the 
outer nanoparticle surface makes them an 
ideal vector suited to traverse a number of 
physical barriers in the human body. While 
nanoparticles hold great promise for applica-
tions in cell biology and medicine, their down-
fall is the toxicity that accompanies exposure 
to biological systems. This chapter focuses on 
exposure via the oral route since nanomateri-
als are being engineered to act as carriers for 
drugs, contrast agents for specialized imaging 
techniques, as well as ingested pigments 
approved by regulatory agencies for human 
food products. After these nanomaterials are 
ingested they have the potential to interact 
with a number of biologically signifi cant tis-
sues, one of which is the epithelium of the 
small intestine. Within the small intestine 
exists enterocytes whose principal function is 
nutrient absorption. The absorptive process is 
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aided by microvilli that act to increase the sur-
face area of the epithelium. Dense arrays of 
microvilli, referred to as the brush border, 
have recently been shown to undergo disrup-
tion as a consequence of exposure to nanoma-
terials. This chapter aims to set the stage for 
detailed mechanistic studies at the cell biology 
level concerning this newly emerging nano-
toxicity research paradigm, as the underlying 
structural characterization responsible for the 
existence of microvilli have been elucidated.  

  Keywords 

 Nanoparticles   •   NPs   •   Brush border   •   Microvilli   
•   Intestine   •   Methods   •   Caco-2   •   Scanning 
electron microscopy   •   SEM   •   Transmission 
electron microscopy   •   TEM  

4.1         Nanomaterials and Exposure 
to the Human Body 

 This chapter defi nes engineered nanomaterials as 
nanoparticles (NPs) deliberately constructed to 
exploit the unique characteristics of the material 
on the nanoscale (10 −9  m in diameter), and not 
those NPs that exists due to natural environmen-
tal processes. Further, a nanoparticle is defi ned 
within this chapter as materials that have a diam-
eter of 1–100 nm in any external dimension [ 1 , 
 2 ]. In this chapter this defi nition includes NP 
agglomerates as the state of agglomeration can 
change depending on the location in the human 
body, and since the surface free-energy of indi-
vidual NPs may still exist. Engineered NPs can 
take on a variety of geometries, crystal structures, 
or elemental composition(s) depending on their 
intended use. The excitement these NPs encour-
age is highlighted by the fact that the physico- 
chemical parameters can be tailored if the surface 
of the nanomaterials is chemically functionalized 
through conjugation chemistry. That is, a number 
of physical interactions (e.g. covalent or nonco-
valent bonding) can be exploited at the NP sur-
face to chemically “tailor” NPs. Examples for 
the use of engineered NPs include drug delivery 
[ 3 ], tissue contrast enhancement for MRI [ 4 , 
 5 ], wavelength specifi c probes for fl uorescence 

imaging [ 6 ,  7 ], cancer targeting [ 8 ] and ablation 
[ 9 ],  environmental remediation of toxic com-
pounds [ 10 ], and this list is by no means com-
prehensive. It is thus increasingly acknowledged 
that engineered NPs are an integral part of medi-
cal diagnostics, treatments, and consumer goods 
now and in the future. 

 While NPs have summoned considerable 
excitement within the scientifi c community 
because of the aforementioned characteristics, 
concern has been raised since some NPs act as a 
double-edged sword. Arguably the most widely 
known example of such a double-edged sword 
effect was exacted by the nanofi ber, asbestos. 
Because of the material properties inherent to 
this nanofi ber included tensile strength, and resis-
tance to damage, it was ubiquitously used as 
components of construction materials. However, 
those human subjects chronically exposed to the 
nanofi ber asbestos acquired respiratory patholo-
gies such as mesothelioma. As a consequence of 
the aforementioned aftermath of human exposure 
to NPs, investigators have begun to characterize 
potential health-related effects of engineered NPs 
in a variety of in vitro cell culture models [ 11 ]. In 
such models, investigators employ cell systems 
that mimic the major site of tissue exposure for a 
given potential route of exposure, and this has 
lead to a number of insights concerning NPs in 
cell biology and medicine. 

 Due to the small size, three predominant 
routes by which NPs can intentionally or unin-
tentionally enter the human body exist: These 
include inhalation, dermal, and exposure via the 
oral route. Concerning the latter, a great number 
of investigations have focused on understanding 
the uptake and subsequent transport of NPs 
through the gastrointestinal tract to improve bio-
availability of pharmacological drugs, whereas 
few have investigated exposure in an effort to 
understand the response of individual cells in 
their social context. The remainder of this work 
will not address systemic transport of NPs from 
the gastrointestinal tract as systemic transport is 
beyond the scope of this chapter. Rather this 
work will fl ush out some of the unintended health 
effects NPs provoke as ingested components of 
consumer goods or as part of a medical  application 
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with a focus on TiO 2  NPs. First, there is an exten-
sive body of work, at the ultrastructural, bio-
chemical, and molecular levels that set the 
foundation for understanding of effects of NPs on 
the cells of the gastrointestinal tract, and specifi -
cally, on the absorptive enterocytes that pass 
nutrients into the body. These components will 
be briefl y reviewed as they provide key markers 
of assessing both gross and subtle effects of 
nanomaterials taken in by the oral route. Second, 
this chapter will describe an emerging nanotoxic-
ity research paradigm; NP-induced brush border 
disruption. Finally, this chapter provides a 
detailed methods section which lays the basic 
framework for handling the principle model cell 
culture system for the absorptive cells of the gut 
including; (a) proper cell culture and technique, 
and; (b) scanning electron microscopy for the 
human brush border expressing cell line, Caco-2 
BBe1. Inappropriate application of these tech-
niques have resulted in several inconsistencies in 
results reported in the literature and have begun 
to confound the understanding of the system.  

4.2     The Molecular Components 
of the Cytoskeletal 
Apparatus of the Intestinal 
Brush Border 

4.2.1     Intestinal Microvilli 
and the Brush Border 

 When specimens are transversely sectioned 
through the long axis of the polarized enterocyte 
as part of the gut epithelium, the so-called micro-
villi appears as thin, “fi nger-like” projections 
emanating from the apical cell surface. While 
several different eukaryotic cells types assem-
ble microvilli on their apical surface only those 
cells of the digestive tract and the kidney proxi-
mal tubule contain such an abundance of micro-
villi that early morphologists referred to these 
regions as brush borders (or striated borders). 
This cell specialization has captured the attention 
of investigators for decades, and its importance 
is underscored by the morphological and func-
tion redundancy found in mammals including 

humans, to simple invertebrates such as the fruit 
fl y, Drosophila (Fig.  4.1 ).

   Depending on the location within the gut, 
the dimensions of microvilli can vary since an 
increase in the length and number of microvilli 
results in increased cell surface area. For exam-
ple, absorptive cells of the small intestine have 
microvilli with a length of approximately 1–2 μm 
and a diameter of 100 nm. In contrast, those cells 
of the colon have fewer microvilli per cell, and 
the length of each microvillus is around 500–
1,000 nm. Further, within the Crypts of the small 
intestine exist undifferentiated cells that contain 
a sparse number of microvilli at the cellular apex 
[ 12 ]. In light of the fact that microvilli on their 
luminal/apical surface contain integral membrane 
proteins responsible for absorption of complex 
macromolecules (e.g., carbohydrates, peptides, 
etc.) it is not surprising that the small intestine, 
acting as the principal site of nutrient absorption 
contains cells with a robust number of microvilli, 
while the colon functioning to reabsorb water 
contains relatively fewer. The story related to the 
morphometry of microvilli is complicated by the 
fact that dietary changes can result in a decreased 
length of the microvilli [ 13 ], and that some 
molecular components of the microvilli continu-
ously undergo states of assembly and disassem-
bly [ 14 ]. Since microvilli increase the cell surface 
area, it can be deduced that the cells of the small 
intestine have a greater surface area than cells of 
the large intestine. These facts indicate that stud-
ies related to NP-induced brush border disruption 
are complicated by both the anatomical location 
within the gastrointestinal tract, and the cell type 
employed, since these regions are variable. 

 Around the time the transmission electron 
microscope (TEM) became commercially avail-
able for biological samples, investigators cap-
tured the fi rst detailed glances of the brush border 
with high spatial resolution [ 12 ,  15 – 18 ]. Later 
with improved technique in chemical fi xation of 
biological samples McNabb and Sandborn [ 19 ] 
described fi lamentous structures at the core of the 
microvilli. In the early 1970 through the use of 
model organisms such as  Xenopus , salamander, 
and chicken the formation and elongation of 
microvilli of the brush border was examined in 
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detail, a process referred to as brush border mor-
phogenesis. These model organisms were 
employed in part due to their ability to experi-
mentally manipulate brush borders in vitro, and 
the gradual morphogenesis process unique to 
these models. Further, the ability to decorate 
actin fi laments with heavy meromyosin (or the 
S-1 subfragment) enabled investigators to begin 
to identify the polarity of actin fi laments in a 
 variety of cell types [ 20 ]. In a hallmark study, 
Tilney and Mooseker isolated brush borders and 
imaged decorated fi lamentous components of the 
microvilli with heavy meromyosin. Biochemical 
analysis through the use of SDS-PAGE indicated 
that the most abundant protein of isolated brush 
borders migrated in a manner identical to purifi ed 
chicken actin. Together these data were the fi rst 
to indicate unambiguously that actin is the major 
(i.e. the most abundant) cytoskeletal protein com-
ponent of microvilli [ 21 ]. These early studies 
spurred a fl urry of subsequent investigations 
focused on identifying the molecular components 

underlying the process of brush border morpho-
genesis [ 22 – 27 ], which has been the focus of 
exhaustive reviews [ 28 ,  29 ].  

4.2.2     The Microvillar Region 

 Anatomically the brush border is separated and 
historically defi ned as the microvilli and terminal 
web regions [ 29 ], see Fig.  4.2 . Within the micro-
villus core exists ~20 actin fi laments organized as 
parallel bundles in a hexagonal array that extend 
into, and are supported by, the terminal web 
region. The electron-dense tip is the site where 
the addition of actin monomers to F-actin occurs, 
and these fi laments were found to have uniform 
polarity with minus ends enmeshed within the 
terminal web [ 25 ,  30 ,  31 ]. There are a number 
of proteins that secure F-actin bundles to one 
another. The fi rst and most abundant is a 68-kDa 
protein known as fi mbrin [ 32 ], which is also 
referred to in the literature as plastin 1, I-plastin, 

  Fig. 4.1    Transmission electron micrographs comparing the 
morphology of the brush border from intestinal cells of 
mouse and cells of the midgut from Drosophila. ( a ) The 
micrographs were transversely sectioned through the long 
axis of the polarized enterocyte. Note the robust number of 
microvilli, each containing an electron-dense region at the 
apical tip of the microvillus. Furthermore, the individual 
microvilli are of uniform length and diameter despite con-
stant turnover of the proteins within each microvillus. This 
indicates a high degree of organization and control of this 

cell specialization. The  black arrow  points to the center of 
a single microvillus, while the  white arrow  points to the 
electron-dense terminal web region that supports the micro-
villi. The scale bar is 500 nm. ( b ) In comparison to the 
mouse model, Drosophila cells of the midgut have a 
rounded curvature since undulating folds (i.e. plicae) do not 
exists in this model. However, microvilli contain similar 
structural proteins within the microvillus indicating a some-
what universal blueprint across species. The  arrow  ( white ) 
points to a single microvillus. The scale bar is 500 nm       
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or I-fi mbrin. The second most abundant protein 
that bundles F-actin is the 95-kDa protein, villin 
which is stoichiometrically the minor to fi mbrin 
[ 29 ,  33 ]. Finally the 30-kDa splice variant of espin 
acts to further crosslink axial bundles [ 34 ]. Each 
core bundle of actin fi laments is laterally tethered 
in a helical arrangement to the plasma membrane 
by brush border myosin 1 (Myo1A), composed of 
a 110-kDa heavy chain and 4–5 calmodulin light 
chains [ 35 – 37 ]. Another protein that potentially 
fastens the core bundle to the plasma membrane 
is the 80-kDa protein ezrin, although this result 
has been questioned recently through the use of 
molecular modeling techniques [ 38 – 41 ]. In cul-
tured LLC-PK1 cells ezrin was found to interact 
with the Rho-GEF, PLEKHG6, to promote api-
cal rearrangement of the actin cytoskeleton via 
Rho-G [ 42 ]. Furthermore, in an impressive dis-
play of microscopy, Zwaenepoel and cowork-
ers elucidated the role of novel ezrin-interacting 
partners of the Eps8 family responsible for proper 
brush  border morphogenesis [ 43 ]. Through the 

use of a yeast two-hybrid screen the authors 
found the novel protein Esp8L1a that interacts 
with phosphorylated ezrin and is a component of 
the brush border in LLC-PK1 cells. This novel 
component (Esp8L1a) of the porcine absorptive 
brush border was found to regulate microvilli 
length by capping F-actin at the plus tips [ 43 ].

4.2.3        The Terminal Web Region 

 The terminal web is a support structure within 
which the F-actin core rootlets terminate 
(Fig.  4.2 ). Structurally it is composed of the non- 
erythroid spectrins, fodrin and TW260/240 [ 44 ], 
and myosin II that link adjacent core bundles [ 25 , 
 45 ]. The actin bundles are further stabilized along 
the length of core bundles by tropomyosin [ 46 ]. 
Within this meshwork α-actinin, a 95-kDa struc-
tural protein, associates with the microvillar root-
lets and circumferential actin band [ 47 ]. Beneath 
the interconnecting fi ne fi brils within the terminal 
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web region is the intermediate fi lament network, 
which extends from intercellular junctions [ 25 , 
 31 ,  45 ]. Through immunohistochemical analysis 
fi mbrin has also been shown to interact with cyto-
keratin 19, but not cytokeratin 8, in the terminal 
web. Further, in fi mbrin knockout mouse model 
Grimm-Gunter et al. demonstrated a role for fi m-
brin in the terminal web [ 48 ]. Through the use of 
TEM the authors (Grimm-Gunter et al.) showed 
that these knockout mice have shorter microvilli 
with a disorganized and less densely packed ter-
minal web region. The organelle-free zone, a 
region occupied, and extended by the terminal 
web, was signifi cantly shorter in fi mbrin defi cient 
mice. For these reasons the authors suggest that 
fi mbrin, aside from its classical role as a F-actin 
bundling protein in the microvillus core, is an 
essential component of the terminal web that 
may act to stabilize the core actin rootlets to the 
intermediate fi lament network [ 48 ]. In the differ-
entiated enterocyte just beneath the intermediate 
fi lament network exists the microtubule network 
organized as parallel columns from the apical to 
the basolateral domain of the cell [ 49 – 51 ].   

4.3       NP-Induced Brush Border 
Disruption 

4.3.1     Molecular Targets Putatively 
Responsible for Brush Border 
Disruption 

 Several, as of yet, putative targets for the 
NP-induced disruption of the brush border exist. 
One mechanism is dependent on the inherent 
charge of the nanomaterial. The surface of any 
given nonfunctionalized (i.e. naked) NP contains 
large amounts of free energy due to the small 
size of the material. This free energy at the NP 
interface attracts oppositely charged components 
within its immediate environment. When naked 
(i.e. nonfunctionalized) NPs are in solution, this 
region is referred to as the electric double layer, 
and when the solution contains an abundance of 
proteins these layers are referred to as the hard and 
soft coronas (see Chap.   8    ). These corona proteins 

bound to the NPs can elicit a number of biological 
responses [ 52 ] one of which is the ability of NPs to 
reorganize the lipid bilayer [ 53 ]. It is well known 
that under normal physiological conditions the 
concentration of intracellular-free calcium ([Ca 2+ ]
i) in intestinal cells is at least fi ve orders of mag-
nitude lower than that of the extracellular environ-
ment. As a downstream consequence of a “leaky” 
plasma membrane a rapid increase in [Ca 2+ ]i from 
the extracellular milieu could occur and activate 
the calcium-dependent enzyme, villin. Villin is 
a versatile protein that exists exclusively in cells 
that maintain a well-defi ned brush border. When 
[Ca 2+ ]i levels are in the nanomolar concentra-
tions, villin acts as a F-actin bundling protein. 
However, should the [Ca 2+ ]i concentrations reach 
the micro-to millimolar range villin converts to 
an F-actin severing protein. Further, under certain 
circumstances villin assumes the role of capping 
F-actin. It was thus predicted by Koeneman and 
coworkers to be the causal agent responsible for 
the NP-induced brush border disruption accom-
panying exposure to a 70/30 % (anatase/rutile) 
mixture of TiO 2  NPs. This prediction was based 
on the fact that a dose-dependent disruption of the 
microvilli was observed as well as a dose-depen-
dent increase in [Ca 2+ ]i. This prediction may be 
corroborated in part by siRNA disruption of vil-
lin; employing an antisense approach the authors 
(Beaulieu et al.) permanently down-regulated vil-
lin and observed what was referred to as “limp” 
microvilli. That is, the microvilli appeared to fall 
over and become parallel, and not perpendicular to 
the horizontal axis of the plasma membrane. This 
limp morphology was rescued by cDNA encod-
ing a partial sense villin RNA [ 54 ] indicating that 
villin could play a role in the disruption observed 
by Koeneman and coworkers. The report [ 55 ] was 
notable in that it was the fi rst to indicate that TiO 2  
NPs, although classically considered to be rela-
tively inert, have the ability to disrupt microvilli 
of the brush border after exposure to an in vitro 
model of the human intestine (the Caco-2 BBe1 
cell model). This work has since prompted sub-
sequent investigations into the potential effects 
TiO 2  NPs instigate after exposure in the Caco-2 
cell model.  
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4.3.2     Brush Border Disruption 
as a Result of Exposure to NPs 
in Consumer Goods 

 There are number of benefi ts for the use of 
TiO 2  NPs in medicine and consumer goods. 
One example is the addition of TiO 2  NPs in sun 
screens, in part due to the fact that TiO 2  is highly 
refl ective and acts as a protective physical bar-
rier between human skin and the sun. However, 
under certain conditions ultraviolet light can 
interact with the TiO 2  NP surface and results in 
photocatalytic production of oxygen radicals. 
In an effort to reduce the photocatalytic effects, 
TiO 2  NPs that are components of sun screens 
can be encapsulated with aluminum oxide. After 
the aluminum oxide encasing, the NPs can be 
further functionalized to improve hydrophobic-
ity. However, it has also become clear that NPs 
undergo changes thoughout, what is referred to 
as a “life cycle.” The life cycle of NPs is defi ned 
as changes that can occur as the NP is modi-
fi ed by different conditions in the environment 
which can include different parts of the human 
body. The life cycle begins at the time NPs 
are manufactured and can be altered by tem-
perature, pH, and light among other things, as 
their local physical environment is altered—for 
example, NPs in pure neutral water (pH 7.2) do 
not behave the same as they would in the acid 
conditions in the stomach (pH ~1–4). One study 
(Fisichella et al.) set out to investigate the life 
cycle of functionalized TiO 2  NPs that are com-
ponents of these sun screens and subsequently 
the downstream effects in the Caco-2 cell model 
[ 56 ]. The authors treated the NPs with acid in an 
effort to mimic the effects of passage through 
the stomach as well as incubating replicate NPs 
in water while applying ultraviolet light, and 
assessed the physico- chemical changes accom-
panying these treatments. The study found that 
gastric or environmental conditions degraded 
the hydrophobic polydimethylsiloxane (PDMS) 
surface modifi cation such that these NPs became 
hydrophilic and agglomerated over time. After 
degradation of the PMDS organic layer, the 
authors claimed that these TiO 2  NPs are not 

taken up by Caco-2 cells, and further, that they 
do not disrupt the brush border of Caco-2 cells 
at a concentration of 100 μg/mL after a 72 h 
exposure. However, other studies have clearly 
shown that nonfunctionalized TiO 2  NPs are 
internalized in the Caco-2 cell model, and this 
internalization was confi rmed through the use of 
mass balance analysis [ 55 ]. Furthermore, recent 
studies suggest that a change in the NP life cycle 
from human skin to chlorine containing water 
sources such as swimming pools results in a 
rapid degradation of the protective aluminum 
shell [ 57 ]. 

 While the study by Koeneman and colleagues 
was the fi rst, it is not the only study to indicate a 
disruption of the brush border as a result of NP 
exposure. Employing a model iron oxide NP 
(hematite; α-Fe 2 O 3 ) fi rst Zhang et al., and later 
Kalive et al. demonstrated a NP-induced disrup-
tion of the brush border in Caco-2 cells [ 58 ,  59 ]. 
The study by Zhang and coworkers suggested 
that the interaction between the NP surface and 
plasma membrane resulted in adsorption of 
hematite to the cell surface. The authors hypoth-
esized that movement of the brush border micro-
villi permitted access for the NPs to “wedge” 
between individual microvilli. The authors pro-
posed that this wedging caused the arrays of 
microvilli to whorl around a central point at their 
microvillar tips when viewed by scanning elec-
tron microscopy (SEM) after NP exposure [ 59 ]. 
While individual microvilli do not oscillate to 
move materials in the gut under normal condi-
tions, they do contain a number of molecular 
motors that act to stabilize both the microvillar 
and terminal web regions. Studies have shown 
that injection of antibodies directed against myo-
sin II in a brush border expressing porcine cell 
line (LLC-PK1) result in microvilli that appar-
ently became limp [ 60 ]. Through DNA microar-
ray analysis it was found by Kalive et al. that a 
number of genes responsible for the production 
of intermediate fi lament proteins, some of which 
are components of the terminal web, are upregu-
lated. Further regarding the microvillar region it 
was found that the gene responsible for the pro-
duction of the actin capping protein CapZ (typed 
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in their publication as CAPZA) which is a known 
component of the plus tips of the microvilli was 
upregulated [ 58 ]. Unpublished data by Faust 
et al. corroborate upregulation of  CapZ  as a result 
of NP exposure, albeit in an established, brush 
border expressing model of the human placenta. 
Taken together these results suggest at least two 
independent mechanisms by which the NPs dis-
rupt the archetypical organization of the brush 
border. First, structural components integral to 
terminal web continuity are altered at the gene 
level as a result of NP exposure. Since microvilli 
cannot exist without a supporting structure from 
which F-actin bundles exert force to deform the 
apical plasma membrane, it can be predicted that 
gross changes in the organization and composi-
tion of the terminal web at the protein level result 
in brush border disruption. Second, actin capping 
at the plus tips of the microvilli could induce a 
retraction of the brush border since the individual 
actin fi laments continuously undergo a state of 
fl ux with addition of monomers at their plus tips. 

 More recently it has come to the attention of 
investigators that NPs are common additives to a 
number of ingested consumer goods [ 61 ]. The 
study by Weir et al. surveyed a number of food 
products and found P25 and E171 TiO 2  NPs in 
food. The latter is a pigment approved by the 
United State Food and Drug Administration in 
1966 as a color additive for use in human food 
[ 62 ]. The authors (Weir et al.) found that 36 % of 
this pigment contained particles with one external 
dimension <100 nm in diameter. The study subse-
quently calculated dietary exposure and found 
that children under the age of 10 years in the 
United States and the United Kingdom are the 
greatest consumers of ingested TiO 2  NPs at con-
centrations of 1–2 mg TiO 2  per kilogram of body 
weight per day and 2–3 mg TiO 2  per kilogram of 
body weight per day, respectively [ 61 ]. These data 
highlight the need to assess the effects of food-
grade NPs after exposure to models of the human 
gut, since studies indicate that TiO 2  NPs disrupt 
the human enterocyte brush border, and that food-
grade pigments are being consumed as NPs.   

4.4     Procedures to Procure 
Differentiated Brush Borders 
Using the Caco-2 BBe1 
Cell Model  

4.4.1     Introduction to Cell Culture 
and the Caco-2 BBe1 Cell Line 

 The procedures in the proceeding text describe 
routine maintenance of Caco-2 BBe1 cells from 
the date they are purchased, through cell culture, 
and conclude with a protocol to procure publi-
cation quality scanning electron micrographs 
of brush borders. While these methods seem 
straightforward, it is advised that only those 
investigators that have experience with cell 
 culture and cell biology attempt to employ this 
model for studies related to materials science 
and engineering of nanomaterials as slight devia-
tions from routine electron microscopy proto-
cols or careless culture technique result in brush 
borders that appear in poor health. If untreated 
brush borders are in poor health then it becomes 
impossible to determine if NPs have an effect on 
the brush border. As a consequence, investiga-
tors have questioned whether or not these con-
trol brush borders are representative, and some 
have begun to show unhealthy epithelia as con-
trol specimens, albeit employing unorthodox cell 
culture or electron microscopy techniques. These 
differences highlight the need to standardize pro-
tocols to obtain accurate and comparable results 
between investigators. 

 In order to permit adequate resolution of 
brush borders and the subtle changes that may 
accompany brush border disruption, investigators 
commonly employ SEM and image at high mag-
nifi cation. The fi eld of view in a scanning elec-
tron micrograph at high magnifi cation can be the 
diameter of the average Caco-2 BBe1 cell after 
the 17–21 days of differentiation. The Fig.  4.3  
is a representative scanning electron micrograph 
after the 17–21 days of proper aseptic tech-
nique and culture conditions required to permit 
brush border morphogenesis. When viewed as a 
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  Fig. 4.3    The differentiated Caco-2 BBe1 epithelium, 
shown as a scanning electron micrograph demonstrates 
the classic archetypical organization of brush borders. ( a ) 
The low magnifi cation view (originally captured at 
1,500×) demonstrates a great number of cells with well 
defi ned brush borders. In this representative micrograph 
there are apparently 20+ cells within the fi eld of view. The 
 white arrows  outline a single cell which was identifi ed by 

the interdigitation of microvilli near the region of the 
intercellular junctions. The  oval ,  rectangle  and  triangle  
serve as fi duciary markers for the high magnifi cation 
views in (b–d). The scale bar is 10 μm. ( b – d ) Higher mag-
nifi cation views of three randomly chosen regions within 
the epithelium. Note the consistency in number and struc-
ture of the brush borders from these regions. The scale bar 
is 1 μm       
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 scanning electron micrograph the apical surface 
of the Caco-2 BBe1 epithelium decorated with a 
well-ordered array of the fi nger- like projections 
known as microvilli (Fig.  4.3 ). The micrograph 
(Fig.  4.3a ) was captured at a magnifi cation of 
1,500× in an attempt to balance resolution of 
individual microvilli with the number of cells in 
the fi eld of view. At this magnifi cation of 1,500× 
the intercellular borders become diffi cult to see. 
However, the telltale sign of the cell to cell inter-
face is the slight interdigitation of microvilli 
outlined by white arrows (Fig.  4.3a ). The micro-
graphs shows three different regions directly 
surrounded by the oval, square, and triangle in 
Fig.  4.3a  corresponding to three different cells 
imaged as higher (5,000×) magnifi cation views 
(Fig.  4.3b–d ) to illustrate in detail the archetypi-
cal organization of the human enterocyte brush 
border (Caco-2 BBe1 epithelia). It is important 
for the investigator to choose random areas when 
conducting morphometric analysis of brush bor-
ders. Further, the investigator must choose at 
least three random 1 μm 2  regions to count micro-
villi in order to procure statistical analysis from 
three independent experiments. Finally, if control 
specimens do not appear well organized as shown 
in Fig.  4.3 , the entire experiment must be culled 
from analysis as the result from the experimental 
exposure would be ambiguous.

   Details related to basic cell culture and aseptic 
technique are beyond the scope of this methods 
section. However, it is highly recommended that 
the investigator practice cell culture techniques 
as described in the Freshney text [ 63 ]. Historically, 
the parental Caco-2 cell line designated by 
American Type Culture Collection (ATCC) as 
HTB-37™ was employed to study the uptake and 
pharmacokinetics of novel drugs [ 64 ,  65 ]; for the 
fi rst time a simplifi ed model of the human gastro-
intestinal tract could be grown in culture and 
used in high throughput to screen materials. This 
cell line allured investigators as it could be propa-
gated continuously in culture eliminating the 
expense and ethical concerns associated with 
procuring fresh human tissue. Further, a large 
number of cells can be grown for experimental 
analysis and used in standardized assays. While 
HTB-37™ sparked interest for its use as a predic-

tor of small molecule transport, it was limited in 
that epithelia formed from this cell line were 
found to be relatively heterogeneous, and some 
cells within this epithelium did not produce brush 
borders at all. In 1992 Peterson and Mooseker 
subcloned HTB-37™ and called these cell lines 
brush border expressing 1 and 2 (BBe1 and 
BBe2). This was, in part, fi rst due to a need for a 
human cell line that faithfully mimicked the in 
vivo brush borders at the morphological and bio-
chemical levels. And second, the need for an in 
vitro model that sustained gradual morphogene-
sis of the brush border in order to understand the 
molecular events accompanying brush border 
morphogenesis. Since that time there have been 
numerous investigators that have employed the 
Caco-2 BBe1 cell system to exploit the arche-
typical organization of the brush border in vitro 
[ 51 ,  66 – 69 ]. 

 One benefi t of in vitro cell systems is that the 
investigator can screen various NP diameters, 
concentrations, physico-chemical parameters, 
etc., for those NPs that result in relatively few 
toxic effects. For these reasons investigators have 
employed the Caco-2 BBe1 cell model in order to 
understand the effects NPs elicit after exposure 
via the oral route. The use of the Caco-2 cell 
model has been recommended by the International 
Life Science Institute Research Foundation/Risk 
Science Institute (ILSI RF/RSI) Nanomaterial 
Toxicity Screening Working Group as an attrac-
tive option to understand potential deleterious 
effects of NPs after exposure to the human gas-
trointestinal tract [ 70 ], However, recent studies 
indicate that care should be exercised concerning 
interpretation of experimental data procured 
from the use of Caco-2 (HTB-37™) for the afore-
mentioned reasons [ 55 ,  56 ,  71 ]; First, it is essen-
tial that investigators clearly indicate which 
Caco-2 cell line was used during experimentation 
as many fail to report this critical piece of infor-
mation; Second, and most disconcerting are con-
trol images shown by some that are not 
comparable to a plethora of reports in the litera-
ture dating back to 1992. Such results show the 
need for a standardize set of cell culture and 
microscopy preparation techniques, otherwise 
observations will become confounding. 
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 The following text describes routine mainte-
nance of the commercially available Caco-2 
BBe1 cell line (ATCC, CRL-2102™) starting 
from thawing frozen, token ampules, to estab-
lishing user stocks. This methods section is con-
cluded with a procedure that can be employed 
should the investigator wish to produce publica-
tion quality scanning electron micrographs of 
Caco-2 brush borders.  

4.4.2      Procedure for Thawing 
Caco-2 BBe1 Cells from Frozen 
Cryogenic Ampules 

     1.    Purchase 1–3 validated Caco-2 BBe1 cell 
lines from a geographically convenient cell 
repository at a low passage number. It was 
found that the archetypical structure of the 
brush border remains consistent until passage 
number 68 [ 72 ].   

   2.    After placing the order for the cell line, 
begin by preparing sterile complete culture 
medium. The medium of choice for Caco-2 
BBe1 cells is Dulbecco’s Modifi cation of 
Eagle’s Medium (DMEM; Cellgro, 10-013), 
supplemented with 10 μg/mL human trans-
ferrin (Invitrogen; 0030124SA), 10,000 I.U./
mL penicillin, 10,000 μg/mL streptomycin 
and 25 μg/mL amphotericin (Cellgro; 30-004-
CI), and 10 % fetal bovine serum (Biosera; 
FBS2000). Cellgro supplies their medium in 
volumes of 500- or 1,000 mL. The Nalgene ®  
plastic that contains the DMEM permits 
the additional volume of supplements. The 
complete culture medium is inverted in the 
Nalgene ®  plastic three to fi ve times to make 
the mixture uniform and subsequently appor-
tioned (100 mL each) into 125 mL Wheaton 
glass bottles. Under no circumstances should 
the medium come in contact with the tops of 
Wheaton glass bottles as the medium may 
become contaminated. These sterile, pre-
labeled 125 mL glass bottles can be stored at 
4 °C for up to 8 weeks.   

   3.    Upon arrival of the cells immediately warm 
the complete culture medium to 37 °C in a 
recirculating water bath. This commonly takes 

15 min to equilibrate the medium from 4 to 
37 °C. Once equilibrated the closed bottle of 
complete culture medium is sprayed with 
70 % ethanol and placed on the grating of the 
air curtain to dry.  Proceed to the next step 
immediately.    

   4.    Remove the cryogenic ampule containing the 
cells from the packaging, ensure that the cap 
is tightly sealed, and begin to thaw the con-
tents by gently swirling the frozen ampule in a 
pre-equilibrated (37 °C) water bath. Inspect 
the ampule and continue to thaw with swirling 
until there appears a piece of ice that approxi-
mates the diameter of a pen tip. This thawing 
process takes about 2 min and should not be 
prolonged. It is advised that a trained member 
of the laboratory completes the thawing pro-
cess.  Proceed to the next step immediately.    

   5.    Sterilize the external surface of the ampule 
with 70 % ethanol and it place on the grating 
of the air curtain. Situate all necessary materi-
als within the working area of the biological 
safety cabinet only after the 70 % ethanol has 
air dried.  Proceed to the next step immediately.    

   6.    Transfer 9 mL of pre-equilibrated (37 °C) 
complete culture medium to a sterile 15 mL 
centrifuge tube, add the thawed cells, and cen-
trifuge at 125 g for 5 min to pellet the cells. 
 Proceed to the next step immediately.    

   7.    Aspirate the supernatant, gently resuspend the 
cells in 1 mL of complete culture medium, and 
transfer 1 mL into a T-75 culture vessel. Add 
9 mL of additional pre-equilibrated complete 
culture medium and gently rock the culture 
vessel fi ve times to distribute the cells. Label 
the culture vessel with the investigator’s name, 
the date, the cell type (Caco-2 BBe1), and the 
cell passage number. Quickly inspect the cul-
ture with an inverted phase-contrast micro-
scope. The cells should appear as phase- bright 
spheres.  Proceed to the next step immediately.    

   8.    Transfer the culture vessels to a humidifi ed 
cell culture incubator equilibrated to maintain 
a constant temperature of 37 °C with an atmo-
sphere of 5 % CO 2  in air. The following day 
the cells should be inspected and the culture 
medium should be changed to remove nonvi-
able cells.      
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4.4.3       Procedure for Feeding 
and Subculturing Caco-2 
BBe1 Cells  

 For routine maintenance, complete culture 
medium should be replenished every 3 days with 
10 mL per T-75 culture vessel. To remove cell 
culture medium aseptically, aspirate the old 
medium used by the cells and pipet fresh, pre- 
equilibrated, sterile medium.
    1.    Set the culture vessel and pre-equilibrated 

complete culture medium on the air grate of 
the biological safety cabinet while waiting for 
ethanol to dry from gloved hands, and the 
complete culture medium bottle. This typi-
cally takes 2 min.   

   2.    Aseptically aspirate the used cell culture 
medium, and pipet fresh, pre-equilibrated com-
plete culture medium. This typically takes 2 min.   

   3.    Return the culture vessels to the cell culture 
incubator.     
 The number of cells that occupy the percent 

area of the culture vessel surface is defi ned as the 
“percent confl uence.” In other words, if 80 % of 
the culture vessel surface is occupied by cells, the 
culture is said to be 80 % confl uent. Once 80 % 
confl uence is reached the cells should be subcul-
tured to prevent cell differentiation due to over-
crowding of the cells.  

4.4.4     Procedure for Subculturing 
Caco-2 BBe1 Cells 

     1.    Place the following in a recirculating 37 °C 
water bath for 15 min: Ca 2+ /Mg 2+ -free phos-
phate buffered saline (PBS; Cellgro, 20-031- 
CV), complete culture medium, and 0.25 % 
trypsin/2.21 mM EDTA in Hanks Balanced 
Salt Solution (Cellgro, 25-050-Cl).   

   2.    Place all materials including the cell culture 
vessels in the hood as described in the para-
graphs in the text above.   

   3.    Aspirate the complete growth medium from 
the culture vessel.  Proceed to the next step 
immediately.    

   4.    Rinse the cells once with Ca 2+ /Mg 2+ -free PBS 
(3 mL per T-75). Aspirate the PBS.  Proceed to 
the next step immediately.    

   5.    Apply 3 mL of 0.25 % trypsin/2.21 mM 
EDTA in Hanks Balanced Salt Solution, and 
return the T-75 culture vessel to the cell cul-
ture incubator for 5 min.  Proceed to the next 
step immediately.    

   6.    Pipet 3 mL of complete culture medium into 
the T-75 culture vessel to inactivate the tryp-
sin, and transfer the entire volume (6 mL total) 
to a 15 mL centrifuge tube.  Proceed to the 
next step immediately.    

   7.    Centrifuge at 150 g for 5 min to pellet the 
cells. During this 5 min wait, label new sterile 
culture vessels with the appropriate informa-
tion, and add complete growth medium to the 
new culture vessel.  Proceed to the next step 
immediately.    

   8.    Aspirate the supernatant to remove any resid-
ual trypsin, and resuspend the cell pellet in 
1 mL of complete culture medium; gently mix 
to randomize the cells. Transfer 100 μL of the 
suspension to the new culture vessel and gen-
tle agitate to distribute the cells. This results in 
a 1:10 dilution.   

   9.    Return the cells to the cell culture incubator. 
The cells will become adherent within 12 h 
and will require additional subculturing after 
approximately 1 week in culture.      

4.4.5     Procedure for Establishing 
User Caco-2 BBe1 Stocks 

 The procedures described up to this point detail 
the routine culture of Caco-2 cells starting from a 
newly purchased cell line. This newly purchased 
cell line is hereafter referred to as the “token 
stock,” as it is the lowest passage, validated cell 
line. There are four stages of cell lines that should 
be maintained in a cell culture laboratory and 
those include, (1) token stocks, (2) seed stocks, 
(3) distribution stocks, and fi nally (4) user stocks. 
The fi ne details of each of these classifi cations 
are described in the Freshney text [ 63 ]. Under no 
circumstance should the casual user employ 
token, seed, or distribution stocks, as these are 
validated, and lowest in passage number required 
to maintain the cell line.
    1.    Acquire a new cell line (e.g., Caco-2 BBe1). 

Only an experienced laboratory member 
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should thaw and culture these cells as 
described in Sects.  4.4.2  and  4.4.3 .   

   2.    When this token stock is 80 % confl uent, use 
this culture to establish three to fi ve additional 
stocks. To do this subculture the cells as 
described in Sect.  4.4.3  in three to fi ve differ-
ent sterile culture vessels.   

   3.    When these three to fi ve stocks are 80 % con-
fl uent freeze the cell line (as described in 
Sect.  4.3 ), thaw one vial, and subsequently 
validate the cell line as described in the 
Freshney text before creating seed stocks.   

   4.    To create seed stocks, thaw one to two token 
freeze stocks and generate 10–20 cryo-
genic ampules. Cryogenically preserve these 
ampoules (detailed in Sect.  4.3 ).   

   5.    Create distribution stocks by thawing seed 
stocks to generate 20–100 cryogenic ampules. 
One of these seed ampules must be thawed 
and subsequently validated before user stocks 
are generated.   

   6.    One seed stock ampules is given to each user 
in the laboratory and it is the responsibility of 
the user to generate additional backups as user 
stocks. User stocks should be generated at 
10–20 ampules, and only the user that made 
these ampules should culture these cells. User 
ampules are discarded according to institu-
tional biosafety protocols after the user has 
left the laboratory.    

4.4.6       Cryogenically Preserving 
Caco-2 BBe1 Cells 

 There are a number of reasons why cell lines 
should be cryogenically preserved. For starters, 
after cells have been in culture for 2 months 
(approximately 10 subcultures) there is the 
potential of genetic drift and clone variation. 
Furthermore, transformation, dedifferentiation, 
contamination/cross-contamination, and cost all 
corroborate the utility of maintaining cryopre-
served stocks. 

 As a basic outline for the procedure described 
in the text below the investigator will grow the 
cells to late log phase in the desired culture ves-
sel, trypsinize the cells and centrifuge, and resus-
pend the entire cell volume in cryopreservation 

medium. The cells are then immediately trans-
ferred to a cryogenic vial and heat is removed 
(i.e. the temperature is lowered) at 1 °C per min-
ute. The cells are subsequently transferred to liq-
uid nitrogen for long-term storage.
    1.    Only generate at maximum 10 late log phase 

cultures via aseptic technique at a time, as 
manipulating additional culture vessels at the 
same time is diffi cult, and will lead to errors.   

   2.    Cryopreservation medium should be pre-
pared the same day the cells are frozen. 
Cryopreservation medium contains 80 % 
complete culture medium supplemented with 
additional FBS at 10 % and DMSO at 10 %. 
Exercise caution as the addition of DMSO 
will result in an exothermic reaction, which 
raises the temperature beyond 37 °C. This rise 
in temperature will result in reduced viability 
if the cells are exposed to this increased tem-
perature. DMSO should be cell culture tested, 
and can be purchased from sources such as 
ATCC, Sigma Aldrich, etc.   

   3.    Label the cryopreservation vials with a 
solvent- resistant marker and include the fol-
lowing information: The investigators name, 
the date, the cell line, the passage number, and 
the surface area or type of culture vessel used 
to grow the cells.   

   4.    Wash the cultures with PBS, trypsinize the 
cells, centrifuge the cells, and aspirate the 
supernatant as detailed in steps 1–8 of protocol 
4.4.4.  Proceed to the next step immediately.    

   5.    Quickly resuspend the cell pellet(s) in cryo-
preservation medium, and transfer the con-
tents of the centrifuge tube(s) to its own 
cryogenic ampule (Corning 2028). Completely 
tighten the threading of the cryogenic ampule. 
 Proceed to the next step immediately.    

   6.    Quickly place the cryogenic ampule(s) into a 
Nalgene ®  Mr. Frosty unit (Thermo Scientifi c, 
5100-0001), gently tighten the lid of the Mr. 
Frosty unit, and place the entire unit into a 
−70 °C freezer.   

   7.    After 12 h the cryogenic ampules are trans-
ferred to canes labeled for quick identifi ca-
tion, and stored in a liquid nitrogen dewer. 
After 2 days, thaw one cryogenic ampule and 
determine cellular viability by the trypan blue 
exclusion assay.       
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4.5     Growing Caco-2 BBe1 
Epithelia for Morphometric 
Analysis of Brush Borders, 
and a Protocol for Specimen 
Preparation for Scanning 
Electron Microscopy 

 The following text provides a protocol to prepare 
Caco-2 BBe1 epithelia for scanning electron 
microscopy. In this text the investigators employ 
a critical point drier to convert liquid CO 2  to a 
gaseous state. It is advised that the critical point 
drier, in the case described below, a Balzer CPD 
020, contains a stirring apparatus to promote 
exchange between acetone and liquid CO 2 . If the 
investigator does not have a Balzer CPD 020, the 
optimal chamber pressure, solvent exchanges, 
and times may need to be determined empiri-
cally. It is equally important to grow the epithe-
lium on a suitable substrate. Non-compliant 
materials such as glass typically result in epithe-
lia whose junctions appear non-continuous. 
Further, the extracellular matrix protein rat tail 
collagen I permits rapid cell adherence to the 
substrate, but other coating substrates (poly-D- 
lysine, fi bronectin, etc.) should be used with cau-
tion as Caco-2 BBe1 may not adhere to these 
proteins. During this procedure heat is removed 
from the specimen chamber adiabatically and the 
specimens are slowly infi ltrated with liquid CO 2 . 
During the drying process the liquid is vented 
and vaporizes to its gaseous state. Caution: This 
amount of CO 2  gas can result in asphyxiation if 
the surrounding area is not properly ventilated. It 
is advised that the critical point drier has ade-
quate ventilation aided by an exhaust system.
    1.    Caco-2 BBe1 cells are seeded at 2.35 × 10 5  

cells/cm 2  on 6.5 mm (0.33 cm 2 ) Corning 
Transwell® inserts (Corning, 3495), and 
maintained for 17–21 days to promote dif-
ferentiation of the epithelium [ 72 ]. This cell 
system permits optimal differentiation of the 
epithelium as both the apical and basal com-
partments are bathed with 300 μL and 1 mL 
of complete culture medium, respectively. 
The complete culture medium is replenished 
every 24–48 h. Any indication that the pH of 
the medium has changed results in brush 

borders that appear unhealthy (e.g. limp 
microvilli, few in numbers, etc.).   

   2.    Only after 17–21 days of culture are the 
epithelia cytologically fi xed. The primary 
fi xative of choice is electron microscopy 
grade glutaraldehyde (Electron Microscopy 
Sciences, 16020) made 2 % in 100 mM 
sodium cacodylate buffer (pH 7.2). 
Specimens are fi xed for 2 h at room tempera-
ture.  Proceed to the next step immediately.    

   3.    The specimens are washed 10 times each for 
10 min in 100 mM sodium cacodylate buffer 
(pH 7.2). Copious amounts of buffer should 
be used during each incubation, and the 
specimens should be agitated gently at room 
temperature.  Proceed to the next step 
immediately.    

   4.    The epithelia are post-fi xed in 1 % OsO 4  in 
sodium cacodylate buffer (pH 6.4) for 60 min 
at room temperature. During this time the 
specimens are protected from light.  Proceed 
to the next step immediately.    

   5.    The specimens are washed 10 times each for 
10 min in Nanopure® water (18.2 MΩ/cm) 
at room temperature with gentle agitation. 
 Proceed to the next step immediately.    

   6.    The epithelia are dehydrated carefully by 
passing the specimens through an increasing 
graded ethanol series, and subsequently tran-
sitioning the specimens to acetone. It is 
advisable to use 100 % acetone that has been 
dried with molecular sieves for at least 2 
days.  Proceed to the next step immediately.    

   7.    The only method that should be employed 
for drying specimens is with a critical point 
drier (e.g., Balzer CPD020), as all other 
methods will impart a number of structural 
artifacts. Fill the CDP chamber with enough 
anhydrous acetone to cover the specimens. 
The specimens are contained in a compart-
mentalized mesh basket, or solvent resistant 
container that permits infi ltration of liquid 
CO 2  in exchange for acetone. Seal the cham-
ber.  Proceed to the next step immediately.    

   8.    Cool the chamber to 4–6 °C by turning on 
the non-fi ltered liquid CO 2  cylinder to pass 
through the chamber walls.  Proceed to the 
next step immediately.    
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   9.    Slowly begin to fi ll the chamber with fi ltered 
liquid CO 2 . The investigator will note a rise 
in the chamber pressure. Rapidly adding liq-
uid CO 2  will artifactually fracture intracellu-
lar junctions as shown elsewhere [ 73 ], and as 
a consequence, the epithelium will appear 
disrupted when viewed with a scanning elec-
tron microscope. Under no circumstance 
should the pressure exceed 50 bars when 
changing the liquid CO 2  as intercellular junc-
tions will fracture. Turn on the stirring appa-
ratus to mix the acetone and liquid CO 2 . Wait 
5 min for the acetone and the liquid CO 2  to 
mix.  Proceed to the next step immediately.    

   10.    Slowly vent the specimen chamber until the 
volume of the liquid mixture is just above 
the specimens.  Proceed to the next step 
immediately.    

   11.    Slowly fi ll the chamber with liquid CO 2 . 
Once the chamber is fi lled, allow 5 min to 
mix the liquids. As indicated in step 9 the 
chamber pressure should not rapidly fl uctu-
ate.  Proceed to the next step immediately.    

   12.    Repeat step 11 for a total of 9 times.  Proceed 
to the next step immediately.    

   13.    Turn off the cooling and fi lling liquid CO 2  
cylinders, the stirring apparatus, and change 
the temperature controller to 45 °C. It takes 
about 5–7 min (Balzer CPD 020) for the 
specimen chamber to approach the critical 
pressure and temperature of CO 2  as the tem-
perature rises.  Proceed to the next step 
immediately.    

   14.    After the specimens have transitioned 
through the critical point of CO 2 , and the 
temperature is above 42 °C, slowly begin to 
outgas (vent) the gaseous CO 2 . This should 
take approximately 5–10 min at a rate of 
5–10 bars of pressure released per minute. 
 Proceed to the next step immediately.    

   15.    Mount the specimens on an aluminum stub, 
and sputter coat the specimens with approxi-
mately 5 nm of vaporized metal (e.g., Pt/Au). 
After the specimens have been coated with 
metal they are stable for years when stored 
appropriately. The stubs can be housed in a 
small stub holder, and this entire box is stored 
desiccated in a vacuum sealed chamber.    

      Conclusions 

 At present there is a paucity of data regarding 
our understanding of the events that mediate 
disruption of the brush border in vitro. Several 
putative targets exist at a mechanistic level, 
and these clues pave the way to identify a 
potentially unifying mechanism that accounts 
for the disruption of the brush border after 
exposure to engineered nanomaterials. Since 
this nanotoxicity research paradigm is in its 
infancy it behooves investigators to adopt 
standardized cell models appropriate to the 
study of NP-induced brush border disruption. 
Indeed, accurate data that can be compared 
across laboratories encourages forward prog-
ress in the fi eld. 

 How can engineered NPs whose elemental 
composition is different result in morphologi-
cally similar changes (disruption) to the brush 
border? Such a universal event after exposure 
to NPs suggests that a cellular response, and 
not necessarily an inherent physico-chemical 
property of the nanomaterial, may account for 
brush border disruption. It was proposed by 
Zhang and coworkers that adsorption of NPs 
to the cell surface resulted in disruption of the 
brush border [ 59 ]. If this is the case it could be 
predicted that sedimentation of agglomerated 
NPs onto the cell surface exacerbates disrup-
tion of the brush border. However, this hypoth-
esis remains to be examined. The next 
mechanistic clue is derived from scanning 
electron microscopy and microarray data; both 
published [ 58 ] and unpublished results (Faust 
et al., in review) indicate that iron oxide 
(α-Fe 2 O 3 ) nanoparticle exposure results in dis-
ruption of the brush border in Caco-2 and the 
B30 clone of BeWo, the latter is a human brush 
border expressing placenta cell model. Further, 
at the mRNA level the gene responsible for the 
actin fi lament capping protein, CapZ is upreg-
ulated in both cell systems. CapZ is a compo-
nent of the plus tips of microvilli whose role is 
to “cap” the addition end of F-actin such that 
the fi lament cannot elongate. Upregulation of 
 CapZ  might suggest that the protein acts to 
reabsorb microvilli since additional actin 
monomers necessary to maintain the elongated 
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structure would be unable to nucleate at the 
plus ends. Finally, it is intriguing to speculate 
that alterations in the terminal web account for 
a NP-induced brush border disruption, as 
microarray data indicates changes to adhering 
junctions, which are known to be intimately 
connected with the terminal web.  
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    Abstract  

  Understanding the interactions of nanoparti-
cles (NPs) with cells and how these interac-
tions infl uence their cellular uptake is essential 
to exploring the biomedical applications of 
NPs, particularly for drug delivery. Various 
factors, whether differences in physical prop-
erties of NPs or variations in cell- membrane 
characteristics, infl uence NP-cell interactions 
and uptake processes. NP-cell membrane 
interactions may also infl uence intracellular 
traffi cking of NPs, their sorting into different 
intracellular compartments, cellular retention, 
and hence the effi cacy of encapsulated thera-
peutics. A crucial consideration is whether 
such interactions might cause any toxicity, 
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starting with how NPs interact in transit with 
the biological environment prior to their inter-
actions with targeted cells and tissues. 
Understanding the effects of various NP char-
acteristics on cellular and biological processes 
could help in designing NPs that are effi cient 
but also nontoxic.  

  Keywords  

  Polymers   •   Drug Delivery   •   Transport   • 
  Nanocarriers   •   Biocompatibility  

  Abbreviations 

   AFM    Atomic force microscopy   
  AR    Aspect ratio   
  CME    Clathrin-mediated endocytosis   
  CPP    Cell-penetrating peptides   
  CTAB    Cetyltrimethylammonium bromide   
  DMAB    D idodecy ld ime thy l ammonium 

bromide   
  DTAB    Dodecyltrimethylammonium bromide   
  HIV    Human immunodefi ciency virus   
  MTs    Microtubules   
  NPs    Nanoparticles   
  PLGA    Poly ( d, l -lactide co-glycolide)   
  RISC    RNA-induced silencing complex   
  RNAi    RNA-interference   
  siRNAs    Small interfering RNAs   
  SNPs    Silica NPs   
  TAT     trans -activating transcriptional activator   

5.1          Introduction 

 Nanoparticles (NPs) with unique physical charac-
teristics such as size, shape, and surface chemistry 
or that have been modifi ed with different targeting 
ligands are designed and optimized to explore 
their use in various biomedical applications, par-
ticularly for drug delivery [ 1 ,  2 ] or imaging [ 3 ,  4 ]. 
The critical issue is to understand NP-cell interac-
tions: for certain applications (e.g . , gene therapy) 
[ 5 ], it may be desirable that NPs interact more 
effi ciently with cells and more readily become 
internalized, whereas for other applications (e.g . , 
vascular imaging agents), it may be necessary to 

minimize NP-cell interactions [ 6 ]. NP-cell inter-
action is a very dynamic process and depends on 
physical characteristics of NPs, as well as on cell-
membrane properties [ 7 ,  8 ]. Physical characteris-
tics of NPs such as shape, size, surface charge, or 
the presence of cell-penetrating peptides/targeting 
ligands on the NP’s surface may infl uence NP-cell 
interactions. Similarly, cell-membrane properties 
such as membrane fl uidity, type of receptors, 
receptor density, and recycling rate of receptors 
may infl uence NP-cell interactions and internal-
ization [ 9 ]. Furthermore, NP-cell membrane 
interactions could determine the pathway by 
which uptake of NPs occurs, as well as their intra-
cellular sorting into different cellular compart-
ments and retention in the target area, which 
eventually could infl uence the effi cacy of encap-
sulated therapeutics. In other cases, NPs are mod-
ifi ed with hydrophilic polymers to minimize 
NP-cell interactions [ 10 ]. NP-cell membrane 
interactions are also being studied to understand 
NP-mediated toxicity. Therefore, it is timely to 
review parameters that infl uence NP-cell interac-
tions, which could help in designing NPs that are 
effi cient but nontoxic.  

5.2    Mechanisms of Cellular 
Uptake 

 The mechanisms via which NPs enter cells are 
determined to a great extent by physical and 
interfacial characteristics of NPs, their interac-
tions with the biological environment, and cell- 
membrane properties. NP size, shape, and surface 
characteristics (particularly charge and hydro-
phobicity) can infl uence the cellular uptake path-
ways [ 11 ,  12 ]. Furthermore, the interactions of 
NPs with cells may depend on conjugated ligands 
and cell-surface receptors for receptor-mediated 
uptake [ 13 ]. In addition, cell type and the nature 
of the cell’s plasma membrane such as membrane 
fl uidity, receptors, etc . , can infl uence NP-cell 
membrane interactions and hence the uptake 
pathway. Several pathways for uptake may be 
used simultaneously, although with varying effi -
ciency. Below we describe the common pathways 
by which NPs are internalized by cells. 
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5.2.1    Pinocytosis 

 Pinocytosis is the internalization of extracellular 
fl uid and its content by cells and is subdivided 
into micro- or macropinocytosis, depending on 
the size of the cell-membrane invagination that 
traps the extracellular fl uid. This pathway of cel-
lular internalization of NPs can occur without 
direct interaction of NPs with the cell membrane 
because the bulk extracellular fl uid is internalized 
[ 14 ]. However, NPs that interact with cell mem-
branes have higher uptake through this mecha-
nism than NPs that do not. Because of the small 
size of the cell membrane invaginations, pinocy-
tosis is the predominant pathway for the uptake 
of large NPs and microparticles. Micropinocytosis 
occurs in almost all cells, whereas macropinocy-
tosis occurs in specifi c cell types, e.g . , immature 
dendritic cells [ 15 ,  16 ].  

5.2.2    Clathrin-Mediated 
Endocytosis 

 Clathrin-mediated endocytosis (CME) is a cellu-
lar uptake mechanism that involves the formation 
of clathrin-coated endocytotic vesicles that are 
usually ~100 nm in diameter [ 17 ,  18 ]. Also 

known as receptor-mediated endocytosis, this 
uptake process is initiated by the binding of a 
ligand to its receptors on the cell membrane 
(Fig.  5.1 ). CME is the mechanism cells use to 
internalize ligand-conjugated NPs and it can be 
used to target NPs to specifi c cells [ 19 ,  20 ]. CME 
also becomes important when opsonins bind to 
NPs in a biological medium. An example is the 
opsonization of NPs by complement, that is, the 
group of proteins that are recognized by recep-
tors on macrophages [ 21 ]. Another requirement 
to induce endocytosis is the size and amount of 
the cargo. It would take only a few large NPs to 
induce endocytosis, but cluster of many small 
NPs to induce CME [ 22 ].

5.2.3       Caveolae-Dependent 
Endocytosis 

 Caveolae are vesicles formed by cell-membrane 
invaginations that are 50–100 nm in diameter 
[ 23 ]. Caveolar vesicles enclose predominantly 
sphingolipids, cholesterol and caveolin (the pre-
dominant protein in caveolae) and bind to the 
associated protein to form microdomains, which 
dictate the cargo that is transported [ 24 – 26 ] 
(Fig.  5.1 ). These microdomains, which can con-

Pinocytosis

CCF
©2013

Endosome

Caveolin

Clatherin
Cholesterol

Sphingomyelin

Lipid

Nanoparticle

Receptor

Caveolae Clatherin-mediated pit

  Fig. 5.1    Schematic of different cellular uptake mecha-
nisms for NPs. The mechanisms of cellular uptake are 
determined by the physical characteristics of NPs. NPs 
with targeting ligands are generally internalized by 

 clathrin-mediated endocytosis. Caveolae-mediated endo-
cytosis is responsible for internalization of anionic NPs, 
whereas pinocytosis is the mechanism of choice for large 
NPs and microparticles       
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tain cationic lipids like sphingomyelin (whose 
polar domain contains an amine group), can 
interact with and mediate the endocytosis of 
anionic NPs like pegylated gold NPs where NP 
modifi ed with polyethylene glycol [ 27 ,  28 ]. 
Caveolae-dependent endocytosis is the predomi-
nant pathway of uptake of NPs in endothelial and 
muscle cells [ 25 ,  29 ].   

5.3    Interaction of NPs with Cells 

5.3.1    Effect of Size and Shape of 
NPs on Cellular Uptake 

 The size of NPs infl uences their interaction with 
cell membranes and ultimately their intracellular 
uptake. NPs that are about 50 nm in diameter are 
generally taken up more rapidly by cells than 
larger NPs [ 30 ]. This preferential uptake of small 
NPs occurs because of the size of clathrin-coated 
pits and caveolar cell-membrane invaginations 
(50–200 nm in diameter) [ 31 ]. NPs smaller than 
25 nm, on the other hand, may be too small, and 
hence large numbers are required to induce CME 
and caveolae-mediated endocytosis. For NPs 
smaller than 25 nm, pinocytosis is the preferred 
mechanism for uptake. 

 Although the size of NPs infl uences cellular 
uptake, this process is also infl uenced by cell 
type. Embryonic fi broblasts preferentially inter-
nalize single-walled nanotubes and gold NPs that 
are 25 nm rather than larger NPs. Epithelial cells, 
on the other hand, prefer 50 nm gold NPs over 
25 nm or 70 nm gold NPs [ 27 ,  32 ]. These differ-
ences in cellular uptake are dependent on the pre-
dominant pathway for cellular uptake of each cell 
type. Cells in which cellular uptake is predomi-
nantly through macropinocytosis have a greater 
uptake of NPs >200 nm than cells processed via 
CME- or caveolae-dependent endocytosis. 

 Unlike inorganic NPs, which are relatively 
uniform in size, polymeric NPs, dendrimers and 
liposomes are polydisperse, which makes study-
ing the impact of particle size on cellular uptake 
diffi cult [ 33 ]. This inherent polydispersity of 
polymeric NPs also affects our ability to predict 
the behavior of NPs interacting with cells. 

However, even with these NPs, those with smaller 
mean particle size have a higher cellular uptake. 
An example is albumin NPs, where NPs with 
mean hydrodynamic diameters of 40 nm have 
greater cellular uptake than those with diameters 
of 100 nm [ 34 ]. Studies in our laboratory have 
also shown that NPs of <100 nm have greater 
transfection effi ciency than larger (200 nm) NPs 
that were fractionated from the same formulation 
(Fig.  5.2 ). In this study, both NP populations 
showed similar uptake per weight, but the num-
ber of NPs internalized for the same weight 
would be greater for NPs of <100 nm than for 
NPs >200 nm, which could be the reason for 
higher gene expression with small NPs than with 
large ones [ 35 ]. The results thus suggest that NPs 
<100 nm are better for transfection than larger 
sized NPs.

   When analyzing the cellular uptake of NPs on 
the basis of size, it is also important to determine 
the propensity of NPs to aggregate. Although 
most cellular uptake studies assume that cells 
interact with single NPs, some NP formulations 
(particularly those with a cationic surface charge) 
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  Fig. 5.2    Gene expression by small and large NPs frac-
tionated from a single formulation in HEK-293 cells. The 
size of NPs infl uences the extent of gene expression. Cells 
transfected with NPs that are <100 nm in diameter have 
higher luciferase protein than cells transfected with NPs 
>100 nm (Reproduced with permission from Ref. [ 35 ]. 
Copyright 2002, Elsevier Ltd.)       
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aggregate in the presence of protein, making NP 
aggregation an important factor to consider when 
studying cellular uptake [ 36 ]. 

 The shape of NPs infl uences how easily they 
are taken into cells, with rod-shaped gold NPs 
having a lower cellular uptake than spherical 
ones [ 37 ]. Among NPs of similar surface charge 
and diameters, the aspect ratio (AR), which 
defi nes the proportion between width and height 
of NPs, is more signifi cant than size in predicting 
cellular uptake. NPs with an AR of 4 have been 
shown to have lower uptake by cells than those 
with ARs of 1 or 2 [ 27 ,  38 ]. These differences are 
explained by the kinetics of cellular uptake. It 
takes longer for the cell membrane to wrap 
around rod-shaped NPs than spherical NPs, and 
more rod-shaped NPs are required to induce 
endocytosis, in contrast to spherical NPs [ 7 ].  

5.3.2    Effect of Surface 
Characteristics and Charge of 
NPs on Cellular Uptake 

 Surface characteristics of NPs can signifi cantly 
infl uence their interactions with the cell mem-
brane and hence their internalization pathways 
[ 39 ]. Surface characteristics and charge can infl u-
ence (1) NP interactions with an anionic cell 
membrane [ 40 ] and (2) adsorption of proteins 
onto NPs, both of which affect NP-cell mem-
brane interaction [ 3 ,  41 – 43 ]. A cell membrane is 
anionic because of the anionic head group of 
phospholipids and the presence of carbohydrates 
such as sialic acid [ 44 ,  45 ]. Even with their 
anionic surface charge, NPs interact with cell 
membranes and are taken up by different cells. 
This is because of interactions of anionic NPs 
with cationic lipid domains in the cell membrane 
[ 24 ,  46 ]. Because anionic NPs interact with lipid 
domains, their uptake usually involves caveolae- 
mediated endocytosis and not the classical CME 
pathway. 

 Much less studied aspects of cellular uptake of 
NPs are the roles of adsorbed proteins on anionic 
NPs and their role in cellular uptake. Opsonins 
such as complement and immunoglobulins 
adsorb onto anionic NPs and induce cellular 

uptake by CME instead of caveolae-mediated 
uptake [ 47 ]. The surface charge on NPs is con-
ferred by the surface chemistry, and the nature of 
the chemical groups coating the NPs can infl u-
ence NP-cell interaction [ 43 ]. Dimercaptosuccinic- 
and heparin-coated NPs both have anionic surface 
charges but show different interactions with cell 
membrane and subsequent uptake [ 48 ,  49 ]. 

 Neutral NPs exhibit limited cellular uptake 
and are useful in applications where nonspecifi c 
interactions of NPs with cells and their subse-
quent cellular uptake is not desired. Modifying 
NPs with hydroxyl functional groups can attain a 
neutral surface charge [ 50 ]. The use of zwitter-
ions can also impact neutral surface charge onto 
NPs [ 51 ]. These modifi cations decrease the inter-
action of NPs with plasma membrane and ulti-
mately decrease cellular uptake. 

 Unlike anionic NPs, cationic NPs can directly 
bind to a cell’s negatively charged plasma 
 membrane [ 52 ]. This binding can be to the 
anionic head group of lipids or to other nega-
tively charged groups on the cell membrane, such 
as monosaccharide sialic acid. Once they interact 
with the cell membrane, cationic NPs can induce 
internalization by CME. Because of their interac-
tion with cell membranes and rapid endocytosis, 
cationic NPs serve as the basic platform for gene 
delivery and other applications that require rapid 
cellular internalization [ 50 ,  53 ,  54 ]. To obtain a 
cationic charge, positively charged polymers like 
chitosan and cationic emulsifi ers like didodecy-
ldimethylammonium bromide (DMAB) are 
being used in NP formulations [ 55 ,  56 ]. 

 The molecular structure of surface modifi ers 
also plays important roles in cellular interaction 
and uptake of NPs. A classic example is with 
cationic NPs; it is generally thought that it is the 
cationic surface charge of NPs that causes their 
interaction with the cell membrane. However, 
recent studies in our laboratory have shown that 
the molecular structure of the cationic surface 
modifi er also infl uences interactions with the cell 
membrane and NP uptake. NPs modifi ed with 
dichain cationic emulsifi ers, DMAB, or single- 
chain cetyltrimethylammonium bromide (CTAB) 
and dodecyltrimethylammonium bromide 
(DTAB) showed different interactions with model 
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cell membranes. Dichain DMAB-modifi ed NPs 
exhibited greater interaction and cellular uptake 
than single-chain, CTAB- or DTAB- modifi ed 
NPs, although both formulations have a simi-
lar cationic zeta potential (Fig.  5.3 ). It has been 
proposed that DMAB, with its two hydrophobic 

chains, engages in greater interaction with the 
cell membrane than the single chains of CTAB 
and DTAB. Recently, we demonstrated that 
DMAB-modifi ed NPs have greater biophysical 
interactions with prostate cancer cell- membrane 
lipids than normal human umbilical vascular 
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  Fig. 5.3    The molecular structure of surfactants at the 
NP-cell interface infl uences cellular uptake of NPs, which 
is also cell-line dependent. Cellular uptake of unmodifi ed, 
DMAB- and CTAB-modifi ed NPs by human umbilical 
vascular endothelial cells and prostate cancer (PC-3) cells 
after 15 min ( a ) and 30 min ( b ) of incubation. ( c ) Confocal 

microscopy images of human umbilical vascular endothe-
lial cells and PC-3 cells 30 min after incubation, with NPs 
with green and red representing NPs and cell membranes, 
respectively (Reproduced with permission from Ref. [ 59 ]. 
Copyright 2013, Elsevier Ltd.)       
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epithelial cell-membrane lipids. This selectivity 
of interaction leads to greater effi cacy with p53 
gene-loaded DMAB-modifi ed NPs than unmodi-
fi ed NPs in tumor growth inhibition in a prostate 
cancer model [ 57 – 59 ].

5.3.3       Effect of Active Targeting on 
Cellular Uptake 

 To aid cellular internalization of NPs, particu-
larly those with anionic and neutral surface 
charges, several targeting ligands have been used 
[ 60 ]. These ligands, e.g . , transferrin, bind to 
receptors in the cell membrane and induce CME 
[ 61 ]. Because this method depends on the pres-
ence and number of target receptors, effi ciency of 
targeted NPs is cell dependent and allows investi-
gators to target specifi c cells in which receptors 
are overexpressed. In prostate cancer cells that 
overexpress transferrin receptors, transferrin- 
conjugated NPs demonstrate greater cellular 
uptake and are effi cacious at inhibiting the growth 
of prostate tumors. In our studies, transferrin- 
conjugated NPs not only demonstrated greater 
cellular uptake but also showed sustained intra-
cellular retention. Furthermore, direct intratu-
moral injection of paclitaxel-loaded 
transferrin-conjugated NPs demonstrated signifi -
cantly greater tumor growth inhibition compared 
with unconjugated NPs, suggesting a greater 
degree of intratumoral retention of conjugated 
than unconjugated NPs, presumably due to inter-
actions of conjugated NPs with transferrin recep-
tors [ 62 ,  63 ] (Fig.  5.4 ).

   Cell-penetrating peptides (CPPs), which facil-
itate cellular internalization of peptide-modifi ed 
NPs, do not depend on receptors for cellular 
internalization. CPPs are rich in the positively 
charged amino acids arginine and histidine, 
which allows them to directly penetrate the cell 
membrane and become internalized [ 64 ]. 
However, because CPPs do not depend on recep-
tors, they may not be cell specifi c [ 65 ]. An exam-
ple of such CPPs is  trans -activating transcriptional 
activator (TAT) peptide, derived from human 
immunodefi ciency virus (HIV), which has shown 
effi cacy in transporting NPs into different cells 

[ 66 ]. TAT-peptide-conjugated NPs have been 
particularly effective in transporting NPs into the 
brain, as they can cross the blood–brain barrier 
[ 67 ,  68 ]. 

 In a similar manner as untargeted NPs, cellu-
lar uptake of conjugated NPs is affected by the 
size of NPs. Antibody-conjugated NPs of 
25–50 nm in diameter have a higher cellular 
uptake than larger NPs [ 69 ]. For CPP-conjugated 
NPs, which directly penetrate the cell membrane, 
the effect of size becomes particularly signifi cant 
as size increases [ 70 ]. This size limitation is due 
to the size of the clathrin-coated vesicles involved 
in their internalization. 

 Apart from NP size and the number of tar-
geting ligands on NPs, the shape of NPs can 
infl uence their cellular uptake. In breast cancer 
cells that overexpress the  HER2 / neu  receptor, 
nontargeted spherical NPs have been reported 
to show higher cellular uptake than rod- and 
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  Fig. 5.4    Uptake of transferrin-conjugated and -unconju-
gated NPs by prostate cancer (PC-3) cells. Transferrin- 
conjugated NPs show greater cellular uptake than 
unconjugated NPs. Uptake of conjugated NPs is inhibited 
in the presence of an excess of free transferrin ligand, con-
fi rming uptake of transferrin-conjugated NPs is via 
receptor- mediated endocytosis brought about by transfer-
rin receptors that are overexpressed on PC-3 cells 
(Reproduced with permission from Ref. [ 62 ]. Copyright 
2004, John Wiley and Sons)       
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disk-shaped NPs, whereas when modifi ed with 
antibodies to  HER2 / neu , nanodisks and 
nanorods show higher uptake than nanospheres 
[ 71 ]. This and other studies demonstrate that 
the shape of NPs can enhance cellular uptake of 
targeted NPs [ 72 ]. 

 Despite the effectiveness of active targeting, 
NPs can be rendered ineffective when they are 
introduced into a biological medium. Depending 
on the physical characteristics of NPs, their sur-
faces (including conjugated ligands) can be cov-
ered with opsonins, making the ligand ineffective 
at initiating cellular internalization. This draw-
back can be overcome by using a linker to move 
the targeting ligand from the NP surface and 
away from the opsonins. The issue could also be 
overcome by designing NPs that are less opso-
nized [ 73 ].   

5.4    Techniques for Studying 
NP-Cell Interaction and 
Cellular Uptake 

5.4.1    Models for NP-Cell Interaction 
and Cellular Uptake 

 Understanding NP-cell interactions is important 
for designing NPs that either escape cellular 
uptake or are taken up effi ciently by cells, 
depending on their applications. Studying this 
interaction is very diffi cult in whole-cell systems. 
Thus, different techniques using model cell mem-
branes have been developed. 

5.4.1.1    Lipid Monolayer 
 This method involves forming a lipid mono-
layer on an aqueous medium in a Langmuir-
Blodgett instrument. Studies using this 
technique provide information about how 
strongly NPs interact with the head group of 
the lipids. Use of this method also helps deter-
mine if NPs will disrupt the cell membrane to 
enter the cell. When used in conjunction with 
atomic force microscopy (AFM), fi lms from 
Langmuir-Blodgett interactions can identify 
interaction of NPs with lipid domains in the 
cell membrane [ 74 ,  75 ].  

5.4.1.2    Supported Lipid Bilayers 
 A lipid bilayer can be formed with mica or silica 
wafers as a substrate or support to study interac-
tions with NPs and drugs. The interaction 
between the lipid bilayer and drug/NP can be 
analyzed with AFM or other analytical tech-
niques such as Fourier transform infrared reso-
nance and X-ray photoelectron spectroscopy 
[ 76 ].  

5.4.1.3    Liposomes 
 Liposomes are lipid vesicles formed to exclude 
the hydrophobic tails of lipids from aqueous 
phases and can be unilammelar or multilamme-
lar. Multilammelar liposomes with two layers 
best mimic the cell membrane and are useful for 
studying the permeability of different NPs into 
the cell membrane. In conjunction with spectro-
scopic methods, the effi ciency of NPs to cross 
lipid bilayers can be studied systematically [ 77 ].   

5.4.2    Techniques for Studying 
Cellular Uptake 

 Several techniques are used to monitor the cellu-
lar uptake of NPs. Most of these are imaging or 
spectroscopic techniques that determine the cyto-
plasmic localization of NPs. To study the mecha-
nism for uptake of NPs, various inhibitors of 
pathways of uptake have been used. These inhibi-
tors help to elucidate different pathways cells use 
to internalize NPs and how the predominant path-
way can change vis-à-vis the physical character-
istics of NPs. A few of the commonly used 
inhibitors and the pathways/mechanisms they 
block are listed in Table  5.1 . The NP uptake study 
is carried out at 4 °C or in the presence of meta-
bolic inhibitors to determine if the uptake process 
is energy dependent, such as via endocytosis.

5.5        Intracellular Localization 
of NPs 

 Following cellular uptake of NPs, the next impor-
tant question is where the NPs localize within 
cells. Where they fi nally localize affects the ther-
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apeutic/medical function of NPs, as well as cyto-
toxicity. After endocytosis, NPs are typically 
contained within endosomal vesicles, which have 
an internal pH of ~5 [ 82 ]; these vesicles mature 
into late endosomes before fusing with lyso-
somes, at which point they are subjected to diges-
tive enzymes and degradation. This process limits 
the effective delivery of many therapeutic agents 
to intracellular targets, other than the lysosomes. 
Therefore, endosomal escape is often a critical 
step in intracellular traffi cking of NPs and subse-
quent targeting to appropriate subcellular 
compartment(s). Intracellular targets include the 
cytoplasm (to deliver, for example, small inter-
fering RNAs [siRNAs] or glucocorticoids), the 
nucleus (for delivery of DNA and DNA- 
intercalating agents, such as doxorubicin), mito-
chondria (anti-oxidants or mitochondrial DNA), 
or other compartments. 

5.5.1    Strategies for Endolysosomal 
Escape of NPs 

 Mechanisms of endolysosomal escape must be 
strategically designed into NPs. A widely used 
approach takes advantage of the “proton-sponge 
effect,” which involves NPs having a high buffer-
ing capacity and the fl exibility to swell when pro-
tonated. This is the typical mechanism via which 
cationic polymers, such as polyamines (polyeth-
ylenimine and polylysine are among the most 
common) escape the endosomal compartment 
[ 50 ,  54 ,  83 ]. These polymers have a strong buff-
ering capacity, in the pH 5–7 range, and thereby 
prevent acidifi cation of the endosomes by acting 
as “proton sponges.” Protonation induces the 
fl ow of ions (protons and Cl - ) and water (osmotic 

swelling) into the endosome, which subsequently 
causes rupture of the endosomal membrane and 
release of the polymeric complexes/NPs. 

 An extension of the proton-sponge effect is 
the “umbrella effect,” whereby the polymer 
unfolds from a collapsed to an extended state 
upon protonation at low pH (pH 5–6). The result-
ing increase in volume and space contributes to 
endosomal escape of the NP [ 83 ,  84 ]. NPs formu-
lated from cationic lipids (lipoplexes) are able to 
escape from endosomes due to their interactions 
with the anionic phospholipids of endosome 
membranes. When lipoplexes are endocytosed, 
an electrostatic interaction occurs between the 
lipids of the lipoplex and the anionic lipids of 
endosomes facing the monolayer of the endo-
some, which consequently destabilizes the endo-
somal membrane by causing it to fl ip-fl op. The 
cargo of the lipoplex is then released into the 
cytoplasm. This process can be controlled and 
enhanced based on the molecular structure of the 
lipids used in the lipoplex and the presence of lip-
ids that facilitate the adoption of a nonbilayer 
structure (for example, dioleoylphosphatidyleth-
anolamine and cholesterol) [ 83 ]. The use of cat-
ionic NPs is limited by their cytotoxicity, which 
relates to their mechanisms of entry into the cell 
as well as endosomal escape. Cationic NPs cause 
more pronounced disruption of the plasma mem-
brane as well as mitochondrial and lysosomal 
damage compared with anionic NPs [ 50 ]. The 
strategy used by NPs formulated from cationic 
lipids is also employed by anionic NPs capable of 
charge reversal in the acidic endolysosome. In 
our study, we demonstrated that poly ( d, l -lactide 
co-glycolide) (PLGA) NPs, which are anionic at 
physiologic pH (pH 7.4), undergo charge reversal 
in acidic pH of endosomes (pH ~5) and become 

   Table 5.1    Commonly used inhibitors to study mechanisms of NP uptake   

 Name of inhibitor  Pathway inhibited  Uptake mechanism(s) affected 

 Nocodazole  Polymerization of microtubule  Clathrin-mediated endocytosis [ 78 ] 
 Cytochalasin A  Polymerization of actin  Caveolae-mediated endocytosis [ 79 ] 
 Chlorpromazine  Reversible translocation of clathrin from cell membrane  Clathrin-mediated endocytosis [ 80 ] 
 Genistein  Tyrosine kinase inhibitor  Caveolae-mediated endocytosis [ 81 ] 
 Lovastatin  Cholesterol synthesis  Clathrin- and caveolae-mediated 

endocytosis and macropinocytosis [ 22 ] 
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cationic. This selective cationization of NPs in 
endosomes causes NPs to interact with the 
anionic endosomal membrane and escape into 
the cytoplasm. In that study, we demonstrated NP 
localization into the cytoplasmic compartment at 
as early as 10 min following incubation of cells 
with NPs, suggesting their rapid endosomal 
escape [ 85 ] (Fig.  5.5 ).

   Agents that enhance endosomal escape, based 
on those employed by viruses and bacteria, have 
been used by researchers in the formulation of 
NPs. Fusogenic peptides have been incorporated 
onto NPs and used to destabilize the endosomal 

membrane. Membrane fusion plays an important 
role in cellular traffi cking and endocytosis. Many 
viruses have membrane peptides, which undergo 
conformational change in response to a change in 
pH. These conformational changes allow the 
viral membrane to fuse with cellular membranes, 
including the lipid bilayer (for cell entry), as well 
as endosomal membranes (for endosomal 
escape). For example, fusogenic peptides derived 
from the infl uenza virus have been used to 
enhance endosomal escape of lipid and poly-
meric carriers for delivery of nucleic acids 
[ 86 – 89 ]. 
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  Fig. 5.5    Schematic of intracellular uptake and endo-
somal escape of NPs, depicting charge reversal in acidic 
pH (pH ~5) of endosomes. NPs that exhibit a pH-depen-
dent charge reversal, such as poly ( d, l -lactide  co -gly-

colide) (PLGA) NPs, can escape the endosome by charge 
reversal. In the acidic condition of the secondary endo-
somes, anionic PLGA- NPs become cationic and interact 
with endosomal lipids, allowing their escape       
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 Another mechanism inspired by viruses and 
bacteria involves the formation of pores in the 
endosomal membrane. Pore formation is based 
on the interplay between membrane tension, 
which enlarges the pore, and line tension, which 
closes the pore. Peptides that bind to the edges of 
pores loosen the internal membrane tension and 
stabilize pores in the membrane. This process can 
be induced by cationic amphiphilic peptides such 
as melittin and cecropin B [ 90 – 92 ]. HIV utilizes 
the transmembrane protein gp41 and the HIV-1 
TAT gene product protein to facilitate endosomal 
escape, although the exact mechanisms are not 
well understood. The role of gp41 may be fuso-
genic or pore forming [ 83 ]. 

 Photochemicals, either alone or incor-
porated into NPs, can be used to disrupt 
the endosomal membrane upon exposure to 
light. Photosensitizers, such as meso-tetra 
(4- sulfonatophenyl) porphine (TPPS4), disulfo-
nated meso-tetraphenylporphine (TPPS2a), alu-
minum phthalocyanine disulfonate (AlPcS2a), 
and dendrimerphthalocyanine (Dpc), localize 
into the membranes of endosomes and lysosomes. 
After light exposure, these chemicals form short-
lived reactive singlet oxygen, which destroys the 
endosomal/lysosomal membrane and enables the 
contents of the organelles to be delivered to the 
cytosol [ 93 ,  94 ].  

5.5.2    Cytoplasmic Transport of NPs 

 The cell cytoplasm is a crowded molecular envi-
ronment. It contains various macromolecules, the 
mesh-like cytoskeleton, and many embedded 
organelles. NPs and large macromolecules have 
limited diffusion within the cytoplasm. 
Endogenous proteins, organelles, and vesicles 
are actively transported along the cytoskeletal 
network, predominantly via microtubules (MTs) 
[ 95 ,  96 ]. The transport of endocytotic vesicles is 
organized by a network of MTs, which radiates 
from an MT organizing center (MTOC) near the 
nucleus toward the periphery of the cell. Transport 
along a MT is mediated by motor proteins such 
as dynein and kinesin. NPs that incorporate 
mechanisms to facilitate MT transport (for exam-

ple, by using ligands with high affi nity to dynein, 
a molecular motor protein responsible for trans-
porting cargo along cytoskeletal microtubules) 
may be more successful in active transport 
through the cytoplasm.  

5.5.3    Cytoplasmic Targeting of NPs 

 In some cases, the goal may be to deliver NPs to 
the cytoplasm itself because the site of action for 
a given therapeutic (e.g . , glucorcorticoids, such 
as dexamethasone) is located there. 
Glucocorticoid receptors are located in the cyto-
plasm; therefore, by delivering the drug at/near 
its receptor site, a better therapeutic effect may be 
achieved while minimizing undesirable side 
effects. Previously, we have demonstrated a sus-
tained antiproliferative effect of dexamethasone- 
loaded NPs in vascular smooth muscle cells 
compared with dexamethasone alone, which 
showed only a transitory effect. Dexamethasone- 
loaded NPs acted as an intracellular depot, sus-
taining the antiproliferative effect because of 
binding of the drug to glucocorticoid receptors 
present in the cytoplasm [ 97 ]. 

 RNA interference (RNAi) also takes place 
in the cytoplasm. The delivery of siRNAs, for 
example, has been an area of active research 
for silencing the expression of genes associated 
with disease. RNAi oligonucleotides are intro-
duced into cells, cleaved by dicer proteins into 
siRNAs, and incorporated into the RNA-induced 
silencing complex (RISC), which then mediates 
mRNA sequence-specifi c binding and cleavage 
to halt transcription of the mRNA into protein 
[ 98 ]. This process occurs within the cytoplasm, 
although the exact location of the RISC within 
the cytoplasm is not known. NPs, liposomes, 
lipoplexes, and polyplexes have been shown 
to improve the  in vivo  stability, target specifi c-
ity, and cell and tissue uptake of encapsulated 
RNAi oligonucleotides [ 99 ]. After escaping the 
endosomes, the nanocarrier must release the 
siRNA into the cytosol, where it can then inter-
act with the dicer and/or RISC. A better under-
standing of the location of the RISC within the 
cytoplasm may lead to further advancements in 
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intracellular targeting of nanocarriers for RNAi 
technology.  

5.5.4    Nuclear Localization 

 Nuclear localization of NPs is important for the 
delivery of therapeutic genes or drugs whose tar-
get is the nucleus/DNA. NPs that localize in the 
perinuclear region have a greater chance of enter-
ing the nucleus or having the payload diffuse into 
the nucleus. Therefore, ideally, NPs must escape 
from the late endosomes before fusion with the 

lysosomes. NPs that escape from early endosomes, 
close to the cell membrane, have to travel the lon-
gest distance to get to the nucleus. The nuclear 
envelope acts as a barrier to the entry of molecules 
into the nucleus. Entry into the nucleus can occur 
either by passive or active transport through 
nuclear pore complexes (Fig.  5.6 ). Small mole-
cules (<45 kDa) can diffuse freely through the 
nuclear membrane, whereas larger ones require a 
nuclear localization signal (NLS) peptide. NLSs 
are peptides with no general consensus sequence; 
they are mostly comprised of basic amino acids. 
Incorporation of NLSs onto NPs has been some-
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  Fig. 5.6    Intracellular traffi cking of NPs. Depending on 
the physical characteristics or presence of a targeting 
ligand, NPs target different intracellular organelles after 
endosomal escape into the cytoplasm. NPs that are modi-

fi ed with mitochondriotropic agents localize in the mito-
chondria, whereas NPs conjugated with nuclear 
localization signals are transported into the nucleus       
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what successful in improving delivery of NPs to 
the nucleus [ 100 ]. Several NP formulations have 
demonstrated the ability of NPs to localize in the 
perinuclear area [ 101 ,  102 ]. This ability may facil-
itate delivery of the payload to the nucleus, even if 
the NPs themselves do not actually enter the 
nucleus. In some cases, NPs have been visualized 
entering the nucleus [ 103 ], which may be more 
effective for delivery of nuclear targeted drugs/
nucleic acids. Nuclear entry of nanocarriers may 
also be possible during mitosis, when the nuclear 
envelope temporarily becomes disassembled.

5.5.5       Mitochondria and Other 
Organelles 

 Targeting therapeutic agents to the mitochondria 
is a method that is gaining attention for the treat-
ment of diseases such as diabetes, ischemia- 
reperfusion injury, cancer, and neurodegenerative 
diseases. The primary role of mitochondria is 
energy production for the cell via the electron 
transport chain, which is crucial for normal cell 
function and hence body function. Mitochondria 
also play key roles in regulating cell death and 
generating reactive oxygen species (ROS) [ 104 ]. 
Mitochondrial dysfunction contributes to a num-
ber of diseases, including those mentioned above 
[ 105 ]. As a result, there is increasing interest in 
drug/therapeutic targeting to the mitochondria 
for both cytoprotective and cytotoxic applica-
tions. Mitochondrial delivery is possible by 
exploiting some of the inherent characteristics of 
the organelle. The inner membrane of mitochon-
dria is hydrophobic and anionic, with a high 
membrane potential (approximately −200 mV) 
[ 106 ]. As a result, lipophilic cations have a ten-
dency to accumulate inside the mitochondrial 
membrane in response to the membrane potential 
and are referred to as mitochondriotropics 
(Fig.  5.6 ). Triphenylphosphonium (TTP) is one 
example of a mitochondriotropic moiety that has 
been incorporated onto the surface of NPs such 
as liposomes for enhancing mitochondrial accu-
mulation [ 107 ,  108 ]. These systems are under 
investigation for mitochondrial gene therapy and 
for anticancer chemotherapy. 

 In the fi eld of nanocarriers for mitochondrial 
drug targeting, the majority of approaches use 
cationic liposomes prepared from trimethylami-
noethane carbamoyl cholesterol iodide (TMAEC- 
Chol) or dequalinium (DQAsomes), as well as 
branched polyethylenimine (PEI) to delivery 
peptide-DNA conjugates or micelles. Liposomes 
are able to fuse with the mitochondria mem-
branes to deliver their cargo. Dequalinium lipo-
somes have been used to bind or entrap drugs 
such as paclitaxel (a common chemotherapeutic 
agent) and DNA and transport them to the 
mitochondria. 

 Another inherent characteristic of mitochon-
dria that may be used for targeting is their protein 
import machinery. Although mitochondria have 
their own DNA, the majority of proteins required 
by mitochondria are encoded by nuclear DNA. 
The proteins destined for mitochondria possess a 
mitochondrial localization signal or  mitochondrial 
targeting signal, which enables them to be deliv-
ered to the mitochondria via mitochondrial pro-
tein import machinery. It is conceivable that MTS 
conjugated to nanocarriers could facilitate trans-
port into the mitochondria; however, there are 
limits to the size of the cargo or carrier that could 
be delivered via this mechanism. 

 NP surface chemistry has been shown to affect 
intracellular localization of NPs. Carboxylate- 
functionalized polystyrene NPs were found to 
localize to the mitochondria, whereas plain poly-
styrene NPs and silica NPs accumulated at retic-
ular and vesicular structures, as well as in the 
perinuclear region [ 109 ].  

5.5.6    Methods for Studying 
Intracellular Tracking of NPs 

 Evaluating the intracellular location of NPs may 
be done via a number of microscopic techniques. 
NPs labeled with fl uorescent dye can be visual-
ized intracellularly (in live or fi xed cells) using 
confocal microscopy [ 110 ]. Dyes can also be 
used to label intracellular structures to evaluate 
where the NPs are in relation to them. For exam-
ple, LysoTracker Red dye emits red fl uorescence 
in the acidic vesicles of the cell and therefore is 
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used as a marker of late endolysosomes. This dye 
process can therefore be a useful tool for distin-
guishing whether NPs colocalize within the 
endolysosome or whether they are able to escape 
the endolysosome into the cytoplasm [ 110 ]. 
Fluorescence recovery after photobleaching has 
been used to characterize NP transport and 
dynamics within the cell [ 111 ].   

5.6    Cytotoxicity of NPs 

 NP size, charge, surface chemistry, shape, and 
structure (e.g . , porosity, fl exibility) can affect the 
manner in which NPs interact with biological 
environment and ultimately determine the poten-
tial for cytotoxicity. Numerous methods are used 
to evaluate cytotoxicity both  in vitro  and  in vivo . 

 Advantages of the use of  in vitro  systems 
comprising cell lines for studying cytotoxicity 
include (1) the ability to determine the primary 
effects of NPs on target cells in the absence of 
secondary effects caused by infl ammation; (2) 
the ability to identify primary mechanisms of 
toxicity in the absence of physiological and com-
pensatory factors that may confound interpreta-
tion in whole animals; (3) effi ciency, rapidity, 
and cost-effectiveness; and (4) facilitation/
improvements in the design of subsequent whole- 
animal studies [ 112 ].  In vitro  assays include the 
following: (1) Assays for cell viability/prolifera-
tion (e.g . , thiazoylyl blue (3-[4,5-dimethylthiazol- 
2-yl]-2,5- diphenyltetrazolium bromide); (2) 
Mechanistic assays (generation of reactive oxy-
gen species/oxidative stress, apoptosis, necrosis, 
DNA damage); (3) Microscopic evaluation of 
intracellular localization (scanning or transmis-
sion electron microscopy, video-enhanced differ-
ential interference contrast microscopy, AFM, 
fl uorescence spectroscopy, magnetic resonance 
imaging); (4) Gene expression analysis (high- 
throughput systems); (5) Hemolysis (evaluates 
the impact of NPs on human red blood cells by 
quantifying the release of hemoglobin); and (6) 
Genotoxicity assays. 

 Although most cytotoxicity studies for NPs 
are conducted  in vitro , they are limited in their 
ability to recapitulate the complexity of the  in 

vivo  environment. Acute toxicity studies are con-
ducted to identify the “maximum tolerated dose” 
and “no observable effect level” of NP dosage. 
The following parameters are typically moni-
tored in experimental rodent models:
•     Response to administered dose : Shortly 

after administration of NPs (<30 min), hema-
tological, cardiac, and neurological responses 
can occur.  

•    Weight change : This simple and feasible out-
come measure is a sensitive indicator of over-
all animal health, although it is not specifi c. 
Further investigation of weight loss is required 
to determine cause of toxicity and target tis-
sues/organs involved.  

•    Clinical observation : The functioning of 
organ systems may be evaluated based on 
clinical changes. For example, cardiovascular 
system function can be evaluated by the pres-
ence of cyanosis of tail, mouth, or footpads; 
vasodilation can be assessed by redness of 
skin and vasoconstriction by coldness of body. 
Respiratory effects manifest as dyspnea 
(shortness of breath). Gastrointestinal func-
tion may be assessed by amount of food con-
sumed and quality of droppings. Imaging 
procedures, such as ultrasound, X-ray, com-
puted tomography, and magnetic resonance 
imaging, may also be used to evaluate specifi c 
organ toxicity.  

•    Mortality : To ensure humane and ethical use 
of animals, animals should be euthanized if 
severe side effects are observed and the ani-
mal is not recovering.  

•    Clinical pathology : Analysis of blood and 
plasma to check blood counts and functioning 
of liver, kidney, heart, and the endocrine and 
exocrine systems.  

•    Gross necropsy : This step includes gross 
examination of each major organ and determi-
nation of organ weights, followed by histopa-
thology for signs of toxicity.    
 Subacute toxicity studies are an extension of 

acute toxicity evaluation and are generally tai-
lored to detect adverse effects that develop over 
4–5 weeks (vs .  2 weeks for acute studies). NPs 
have distinct pharmacokinetic patterns compared 
with classic small-molecule drugs. NPs tend to 
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have longer blood circulation times and tend to 
localize in the liver and spleen. Understanding the 
pharmacokinetics of NPs is important to assess-
ing toxicity. Quantifi cation of NPs in organs of 
the reticuloendothelial system (liver, spleen, bone 
marrow, lymph nodes, and intestinal Peyer’s 
patches) is of particular importance, due to the 
tendency of NPs to accumulate in these tissues.  In 
vivo  tracking of NPs is commonly done using 
radiolabelling, although other methods such as 
optical imaging are also used [ 6 ,  33 ,  113 – 115 ]. 

 NPs that are not biodegradable, including 
metal oxides such as gold, carbon, and silica 
NPs, require longer periods of observation for 
subchronic (~13 weeks) and chronic toxicity 
(18–30 months). Such studies typically involve 
repeated exposures of the NPs under investiga-
tion. In addition to the parameters already dis-
cussed, ophthalmological examination, cardiac 
function, neurotoxicology, and immunotoxicol-
ogy are also evaluated. 

 The following section describes the impact of 
NP properties on  in vivo  toxicity. Size and sur-
face charge impact the cytotoxicity of NPs. 
Amine-terminated poly (amidoamine) den-
drimers demonstrated greater  in vivo  toxicity (as 
determined by maximum tolerated dose) com-
pared with carboxyl- and hydroxyl-terminated 
poly(amidoamine) dendrimers [ 116 ,  117 ]. The 
observed toxicity was related to an intravascular 
coagulation-like condition and hemolysis [ 118 ]. 
In addition, amine-terminated dendrimers were 
found to accumulate almost entirely in the liver, 
while carboxyl- and hydroxyl-terminated den-
drimers demonstrated greater circulation time 
and renal clearance. Toxicity was not size depen-
dent; therefore, it was likely related to increased 
protein opsonization. Size, however, did affect 
the toxicity of silica NPs (SNPs). For example, 
50 nm SNPs were well tolerated  in vivo ; how-
ever, 200-nm SNPs with similar surface chemis-
try were six times less tolerated [ 116 ]. In this 
case, toxicity was determined to be due to embo-
lization in the lungs, which occurred to a greater 
extent with larger SNPs. These studies indicate 
that the inherent material properties of the NPs 
used determine their size-related toxicity. 
Dendrimers are more fl exible nanostructures 

with hollow spaces that offer less resistance to 
blood fl ow compared with silica NPs. This char-
acteristic may also explain why mesoporous 
SNPs are better tolerated than nonporous SNPs. 
The response of the biological environment and 
protein interactions to NPs may vary greatly with 
the porosity of the NP, since pores allow for dif-
ferent molecular arrangements.  

5.7    Concluding Statement 

 Making generalizations about NP-cell membrane 
interactions and their potential therapeutic impact 
or toxicity is diffi cult because of the use of differ-
ent NPs, each one with unique features, and varia-
tions in cell membrane properties, which differ 
between tissues and depending on disease condi-
tions. In addition, the same NPs could be used for 
different applications. It is quite clear that there 
cannot be a single NP formulation that would 
work for all applications or in many disease condi-
tions. In this regard, computer simulation and 
models are being developed that can help in mak-
ing certain predictions on NP-cell interactions and 
NP effi cacy and potential toxicity. It is also impor-
tant to correlate the  in vitro  fi ndings to translation 
 in vivo . With better understanding and background 
knowledge on NP-cell interactions, one could 
more confi dently develop a strategy in designing 
effective NPs for biomedical applications.     
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Abstract

The interaction between nanoparticles (NPs) 
and DNA plays an important role in the geno-
toxicity of NPs, and it is imperative to charac-
terize the nano/DNA interactions and explore 
the underlying chemical mechanisms. In this 
chapter, we demonstrated systematic experi-
mental approaches based on atomic force 
microscope (AFM), coupled with modeling 
computation to probe the binding activity of 
NPs with DNA and the putative genotoxicity. 
Using quantum dots (QDs) as a model NP, we 
examined the binding kinetics, binding iso-
therm, binding specificity, and binding mech-
anisms of NPs to DNA with the application of 
AFM. We further assessed the binding affinity 
between NPs and DNA by calculating their 
interaction energy on the basis of Derjaguin-
Landau-Verwey-Overbeek (DLVO) models. 
The modeling results of binding affinity were 
validated by the NPs/DNA binding images 
experimentally derived by AFM. The investi-
gation of the relationship between the binding 
affinity of five NPs ((QDs (+), QDs (−), silver 
NPs, hematite NPs, and gold NPs) for DNA 
with their inhibition effects on DNA replica-
tion indicated that NPs with a high binding 
affinity for DNA molecules exhibited higher 
inhibition on DNA replication. The methodol-
ogy employed in this study can be extended to 
study the interaction of other NPs with DNA, 
which is anticipated to benefit the future 
design of safe NPs, as well as the toxicologi-
cal investigations of NPs.
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6.1 Introduction

Rapid growth in nanotechnology has raised con-
cerns of their environmental toxicity, as the same 
properties that make nanoparticles (NPs) useful 
in a variety of applications can potentially make 
them toxic and harmful to the environment. For 
instance, the extraordinarily small size of NPs 
not only contributes to their usefulness in indus-
trial and biomedical applications, but also favors 
their entry into cells and may subsequently result 
in adverse effects for intracellular structures. 
Given their potential nanotoxicity such as DNA
mutation, metabolism variation, gene regulation, 
and even population shift [1, 2], the interaction of 
NPs with biological systems should be carefully 
characterized.

At the interface between NPs and biological 
systems, the “nano-bio” interaction shaped by a 
variety of forces could determine key biophysio-
chemical processes such as particle wrapping at 
cell surfaces, endocytosis and intracellular bioca-
talysis [3]. Among the interaction of biomole-
cules (e.g., DNA, proteins, or polysaccharides) 
with engineered NPs, DNA-NP interactions 
through their molecular bindings and biochemi-
cal reactions can lead to significant impacts on 
DNA stability, DNA reactivity, gene regulation, 
and the activities of DNA-associated enzymes 
and metabolism in biological cells [2, 4]. The 
understanding of interactions between NPs and 
DNA not only contribute to the rational design of 
nanocomplexes in biomedical research, but also 
provide information for evaluating the toxic 
effects of NPs on intracellular DNA upon their 
entering into living biological cells. Therefore, it 
is imperative to develop experimental approaches 
to probe these nano-bio interface interactions by 
examining the structure of NPs-DNA bioconju-
gates and evaluating the particular response of 
DNA in the presence of NPs.

These bio/nano interactions can be addressed 
by atomic force microscopy (AFM) approaches. 
AFM is advantageous over many other sophisti-
cated microscopy techniques in its capability to 
observe samples in liquid, which makes it excep-
tionally suitable for biological molecule imaging 
and thus it plays a major role in exploring nano- 
bio interactions. However, most of the recent 
AFM studies in this field focus on DNA-protein 
interactions [5–10], while very little research has 
been conducted using AFM to probe how NPs 
interact with DNA [2, 11–13]. DNA aggregation 
was observed when examining the DNA interac-
tion with carbon nanoparticles (CNPs) [2]. 
Because DNA carries genetic information and
regulates the synthesis of enzymes and other pro-
teins, the deformation of DNA could potentially 
lead to the initiation of disease. Notwithstanding, 
the exploration of underlying mechanisms respon-
sible for the observed binding activity are hin-
dered by the fact that local identification of 
individual NPs and DNA molecules has not been 
achieved. Our group recently explored the use of 
Kelvin force microscopy (KFM), an electric mode 
of AFM, in characterizing the surface potential of 
NPs, which can serve as a complementary tool in 
revealing the interfacial biophysicochemical 
interactions between NPs and biological system 
at the nano scale. We hypothesized that different 
type of interactions with DNA from that of hydro-
phobic CNPs might occur on hydrophilic NPs
such as QDs and metal oxide NPs. Hence, one of 
the research focuses in our group is to explore the 
use of AFM for direct imaging of NP-DNA inter-
actions with a broad range of NPs, and the 
research results are purportedly to fill this knowl-
edge gap in field.

The universal occurrence of aggregation of 
most NPs in aqueous media has raised concern 
about whether the observed toxicity and related 
mechanisms in those published studies are 
unequivocally associated with the real nanosized 
material, but not the aggregate/agglomerate. We 
are particularly interested in unaggregated NPs, 
i.e., monodisperse NPs, at the interface between 
NPs and biological systems, which is hypothe-
sized to have unique local effects and might exert 
different toxicity mechanisms distinct from their 
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aggregates. To date, these mechanisms are not 
well documented yet.

The interaction of NPs with DNA has been 
mostly studied for the NPs commonly used in 
medical biotechnology such as gold, silver, 
and carbon nanotubes [1], and are rather lim-
ited compared with studies for the use of NPs in 
industrial applications and commercial products 
such as metal oxide nanomaterials. Therefore, 
a more comprehensive list of NPs is studied in 
our current research. The goal of our current 
research is to explore the nanotoxic mechanisms 
of “real” NPs, by developing systematic experi-
mental approaches based on AFM to assess the 
effect of unaggregated NPs on single cells or 
biomolecules at the local scale. This chapter 
will discuss our research work in the applica-
tion of AFM imaging techniques in character-
izing nanoparticle- DNA binding and exploring 
its associated molecular interaction mechanisms 
as well.

6.2 Atomic Force 
Microscopy (AFM)

6.2.1 Overview of AFM

Atomic force microscopy (AFM), a force-based 
scanning probe microscopy, has emerged as a 
powerful technique for probing both physico-
chemical and mechanical properties of bio- 
colloid surfaces on a sub-molecular scale 
[14–16]. In AFM, a sharp tip microfabricated 
from Si or Si3N4 with a radius of a few to 10’s of
nm, is scanned over the sample surface, which 
allows near-field interactions (physical, chemi-
cal, or biological) between the tip and the sample 
to be sensed and high-resolution images to be 
generated. Most AFMs use a laser beam deflec-
tion system, where a laser is reflected from the 
back of the reflective AFM cantilever and to a 
position- sensitive detector (photodiode) 
(Fig. 6.1). In detail, the AFM tip rasters in the x 
and y directions in the horizontal plane activated 
by the piezo scanner and scans the sample line by 
line. When the tip is brought into the proximity of 
a sample surface, forces between the tip and the 

sample lead to the cantilever deflection according 
to Hooke’s law. The deflection is subsequently
measured using a laser spot reflected from the top 
surface of the cantilever into an array of photodi-
odes. The position of the laser spot on the detec-
tor reflects angular deflections of the cantilever.

There are mainly two AFM-imaging modes in 
terms of the way the tip moves over the sample 
surface: contact mode and tapping mode. In con-
tact mode, the cantilever is “dragged” across the 
surface of the sample and the contours of the sur-
face are measured directly using the deflection of 
the cantilever. In tapping mode, the cantilever is 
externally oscillated near its resonance frequency 
and scanned over the sample surface. The oscilla-
tion amplitude and phase are modified by tip- 
sample interaction forces. These changes in 
oscillation with respect to the external reference 
oscillation provide information about the sam-
ple’s characteristics.

AFM not only provides high-resolution topo-
graphic images, but also enables the interaction 
force measurement as a force spectroscopy 

Line scan

Tip atoms
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Fig. 6.1 Schematic illustration of AFM working princi-
ples (Ref. http://www.home.agilent.com)
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(Fig. 6.2). By measuring the cell-surface interac-
tion forces, AFM could assess the surface physical 
properties of a cell such as hardness, elasticity, and 
adhesiveness which are implicated in cellular 
motility, adhesion to surfaces, and stability. In the 
investigations of nano-bio interactions, the interac-
tion between NPs and living cells were examined 
by AFM in contact mode and the interaction forces 
between immobilized E. coli cells and immobi-
lized NPs was measured during the cycle of 
approach-contact-retract from the cell surface 
[17]. In addition, Kelvin force microscopy (KFM), 
the electric mode of AFM has been proven to be an 
effective tool in the investigation of interfacial 
nano-bio interactions. KFM is capable of charac-
terizing nanomaterials by examining the nanoelec-
trical properties during their interfacial interaction 
with biomolecular matrices which is complemen-
tary to the topography and phase image generated 
by standard AFM. The measured surface poten-
tials and electrostatic interactions with the applica-
tion of KFM, are fundamental to biological 
processes at the molecular and cellular levels, and 
the improper generation or sensing of electric sig-
nals can indicate significant deviations in biologi-
cal function [18]. The surface electrical properties 

(e.g. surface heterogeneities and surface charge 
distribution) of E. coli cells and metallic NPs were 
quantified by KFM [19, 20], which can serve 
locally to identify and differentiate  individual NPs 
and to map the surface heterogeneities of NPs and 
biological cells. Our research group has advanced 
the application of KFM in studying nano-bio inter-
actions. Zhang et al. [13, 17] determined the mor-
phological and electrical changes in DNA in in 
vivo and in vitro experiments after exposure to 
Quantum dots (QDs), and also successfully 
detected single QD-DNA binding for the first time 
[13]. Furthermore, Zhang et al. [21] also demon-
strated the effectiveness of KPFM in imaging and 
quantifying the surface potentials of E. coli cells 
after being exposed to Hematite [21]. Taken 
together, AFM has demonstrated itself as an effec-
tive tool in understanding surface interactions of 
NPs with biological systems.

6.2.2 Comparison with Other 
Microscopic Techniques

A variety of methods are available for the charac-
terization and imaging of nanoparticles, and the 
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Fig. 6.2 AFM-based nanoscopy of living cells (a) Unlike 
other microscopy techniques, AFM works by sensing the 
tiny forces between a sharp tip and the cell surface. (b) In 
the (a) imaging mode, the AFM tip is scanned across the 
cell (arrows) to contour its surface topography (dashed 
line). (c) In force spectroscopy techniques, the AFM tip is 
used to measure cell-surface interactions to single-mole-
cule resolution. Examples (from left to right) show a tip

functionalized with a ligand to probe interactions with its 
cognate receptor, a tip coated with chemical groups to 
detect chemical interactions, and a tip carrying cell-adhe-
sion molecules to probe homo- or heterophilic interactions 
towards other cell-adhesion molecules. (d) Most force-
spectroscopy applications imply functionalizing the AFM 
tip or cantilever to specifically probe biological, chemical 
or cellular interactions [22]
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most commonly used high-resolution imaging 
microscopes are scanning electron microscopy 
(SEM), transmission electron microscopy
(TEM), and AFM. Different advantages and limi-
tations are associated with each technique as 
summarized in Table 6.1. Electron microscopy is
the simplest and widely used technique in deter-
mining the size and morphology of NPs, but one 
major drawback is that it requires samples to be 
present in a dry form and it fails to measure sam-
ples in dispersion, which restricts its use in imag-
ing the biological molecules [23]. AFM can 
achieve atomic resolution of samples on flat sur-
faces with a high signal-to-noise ratio on a nano-
meter scale. Also, AFM does not require any 
additional sample pretreatment. Another distinc-
tive attribute associated with AFM is it allows 
measurements in both gaseous and liquid envi-
ronments, which makes AFM an ideal tool for 
biological imaging and has drawn some attention 
in the field of nano-bio interaction research.

6.2.3 AFM Imaging the Binding  
of NPs with DNA

The potential for binding between nanoparticles 
and DNA was probed by the application of AFM 
imaging. Using AFM, it is possible to determine 
extent of binding of NPs to DNA as well as to 
determine where the NPs are bound on DNA. 
AFM has been extensively used to study DNA- 
protein interactions, but its application in study-
ing the interaction of DNA is relatively limited 
and the tested NPs are mostly biomedically used 
NPs such as gold, silver, and carbon nanotubes 
[2, 4, 24]. Our research has employed QDs as 
model NPs in the investigation of interfacial 
interactions of DNA with NPs. The associated 
unique photophysical properties and ultra-small 
sizes of QDs (similar to proteins and other bio-
macromolecules), not only allows versatile appli-
cations in biological sensing, imaging, and 
detection [25–28], but also renders a higher ten-

Table 6.1 Comparison of AFM with SEM and TEM

Technique and 
Measurement principles

Application in nano-bio 
interaction study Advantages

Limitations

AFM Characterizes surface
morphology, surface 
potential, elasticity and 
other properties of NPs and 
biological components; 
measures forces at the 
nano-bio interfaces; probes 
the effect of NPs on the 
surface properties of 
biological components (e.g. 
cell penetrating processes of 
NPs)

High resolution (typical 1 nm 
to ~0.2 nm); capable of
imaging in liquids; 3-D
topographical images 
possible; non-destructive to 
samples; simple and 
cost-effective sample 
preparation; capable of 
probing mechanical and 
electrical properties of 
samples

Small field of view (2 μm); 
slow scanning speed; 
possible large image 
artifacts caused by types, 
sizes, and angles of probes, 
edge overshoot, and drift of 
scanners, errors during 
image processing, floor and 
acoustic vibrations, and 
other sources such as 
surface contamination

Deflection angle from 
cantilever probe

SEM Determination of surface 
morphology of NPs and 
biological components; 
determination of the 
intermolecular and 
biological interactions of 
NPs (e.g., adsorption of NPs 
onto cell surface)

Large field of view (~20 μm); 
fast imaging speed; simple 
sample preparation; ability to 
image the cross-section of 
samples; compositional 
information can be obtained 
with energy dispersive 
spectroscopy (EDS)

Low resolution (typical 
1–10 nm); conductive
samples required; 
destructive to samples 
(particularly at high 
voltage); generally must be 
performed under vacuum

Scattered electrons and
X-rays

TEM Determines the nanoscale 
structure, crystallinity, and 
chemical components of 
NPs; elucidates interactions 
of NPs with biological 
components (e.g. cellular 
uptake of NPs)

High resolution (typical 
1 nm~0.2 nm); fast imaging
speed; compositional and 
crystallographic information 
can be obtained

Small field of view (~2 μm); 
expensive and complicated 
sample preparations; 
requires thin samples 
(<100 nm); destructive to
samples;

Absorption and 
diffraction of electrons

2-D images only; must be
performed under vacuum
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dency for nano-bio interactions which govern 
their cytotoxic and genotoxic effects. There is a 
lack of visualization of QD-DNA interactions 
though molecular dynamic modeling calcula-
tions indicate QDs could cause DNA damage and 
nick supercoiled DNA [29].

Our research group reported the outstanding 
performance of KFM in visualizing in vitro and 
in vivo binding between homopolymer DNA and 
QDs [13]. The binding of QDs caused the 
 morphological change of two types of homopoly-
mer DNAs from tangled networks to pearl-like 
particles, but no sequence-dependent binding 
was observed. Here, we report our recent work in 
the successful imaging of binding of QDs with 
DNA in air and liquids with AFM with our sam-
ple preparation method. This is the first study 
probing the interaction of NPs and DNA in liq-
uids with AFM. In the subsequent section, the 
same sample preparation method and AFM imag-
ing techniques were also applied to a DNA bind-
ing study with other class of NPs.

6.2.3.1 DNA
A SacI-linearized plasmid DNA pGMEX-1 with
3,993 base pairs (Promega Corporation, Madison,
WI) was diluted to 5 μg/mL with sterile Tris- 
EDTAbufferandwith10mM4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES) buffer
for imaging in air and liquids, respectively.

6.2.3.2 Imaging Substrate
Mica is the commonly used substrate for DNA 
studies in liquids because DNA can retain its near 
-native conformation [30]. As both DNA and 
mica surfaces carry negative charges under physi-
ological conditions, the binding of DNA onto 
mica was facilitated either with the aid of divalent 
ions (e.g. Mg2+ and Ni2+) [31] or by modifying the 
mica surface (e.g. 3-aminopropyltriethoxysilane
(APTES) modified mica) [32].

6.2.3.3 DNA Imaging
Slightly different sample preparations were
applied for imaging the binding of NPs to DNA 
in air and liquid, respectively. For imaging in the 
air, DNA stock solution was diluted to 1 nM with 
sterile Tris-EDTA buffer. Mg2+ was added to a 
final concentration of 5 mM. 2.5 μL of the DNA 

solution was deposited on a freshly cleaved mica 
substrate that was placed in a small covered petri 
dish, and incubated for 30 min. The mica surface
was rinsed thoroughly with MilliQ water and 
then blown dry with ultrapure nitrogen gas. For 
imaging in the liquid, DNA stock was diluted to 
0.1 nM with sterile 10 mM HEPES buffer
(pH 7.4). MgCl2 was added to a final concentra-
tion of 4 mM. 5 μL of the DNA solution was 
spotted onto a freshly cleaved mica substrate and 
incubated for 30 min. The sample was then rinsed
with 1 mL of DNA imaging buffer (10 mM
HEPES pH 7.4, 4 mM MgCl2, 2 mM NiCl2).

6.2.3.4 DNA and NP Binding Imaging
DNA of final concentrations of 0.2 and 0.1 nM
for imaging in the air and in liquids, respectively, 
was mixed with NPs at a certain molar ratio and 
incubated for 1 h. The buffer solutions were the 
same as those used in the absence of NPs. 2.5 μL 
of the mixture was applied to mica substrates fol-
lowing the same procedures as the above- 
mentioned DNA immobilization methods, except 
that the incubation time on the substrate was 
45 min to achieve an optimal imaging quality.

6.2.3.5 AFM Images
AFM images were collected at room temperature 
in the air or in liquid using the tapping mode. 
Rectangular silicon cantilevers and triangular sili-
con nitride cantilevers (BudgetSensors, Bulgaria)
were used for imaging in the air and in the liquid, 
respectively [8]. The deflection amplitude was 
2.5 V and the scanning speed was 1–2 μm/s.

A typical AFM topographical image of SacI- 
linearized pGMEX-1 DNA molecules in air and
water are shown in Fig. 6.3 and the single DNA 
molecules in contour shape are clearly visualized. 
The height of DNA molecules in liquid is higher 
than that in air, which is attributed to the mitigated 
compression of DNA in liquid by the tip. The 
binding of NPs onto DNA is indicated by the 
simultaneously obtained topography image and 
phase image, as shown in Fig. 6.4 with QDs as an 
example. When binding with DNA, the local 
heights of a DNA fragment along the surface of a 
substrate apparently varied. The binding activity 
is further corroborated by the phase image, which 
differentiate the NPs from the DNA based on their 
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different material properties even with a higher 
signal-to-noise ratio in comparison to topography 
images especially at a fast scanning rate [33]. 
DNA conformation also appeared to change, the 
details of which are discussed in later Section.

6.3 Quantifying the Binding 
Characteristics of NPs to 
DNA Using AFM

Association constants and binding specificities of 
NPs onto DNA are the primary thermodynamic 
properties for understanding DNA-NPs interac-
tions. Several macroscopic methods, such as
spectroscopic [34, 35] and electrochemical [36] 
techniques, were employed to investigate the 
thermodynamic equilibrium constants and bind-
ing specificities of NPs to DNA. Although pow-
erful, these methods cannot determine the binding 
affinity of NPs for specific sites on DNA and are 
limited by assuming that the change in the instru-
mental signal like absorbance is directly propor-
tional to the extent of binding [37]. However, the 
advantage of AFM (as will be described) is that it 
can overcome the limitations exhibited by con-
ventional macroscopic methods by directly 
examining single molecules [6–9].

Using QDs as model NPs, we hereby demon-
strated the methodology to determine the binding 

characteristics of NPs to DNA with AFM. We 
first developed theoretical modeling for charac-
terizing the binding kinetics and binding iso-
therms of NPs with DNA, then fit the 
experimentally acquired QDs-DNA binding 
images into the developed models. Subsequently,
the binding number and the binding positions of 
QDs on each DNA were counted and examined 
on a large number of single molecules, and the 
QDs-DNA binding constants and specificities 
were determined by conducting statistical analy-
sis. This study is anticipated to benefit the future 
investigation of the interaction of NPs and DNA 
and thus the genotoxicity assessment of NPs as 
well as the rational design of NPs for medical and 
therapeutic applications.

6.3.1 Binding Kinetics and Binding 
Isotherms

Binding kinetics describe the average number of
bound NPs per DNA molecule as a function of 
incubation time and is given in Eq. (6.1).

 

NP
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C ebind

eq
kt[ ]

[ ] = −( )−1
 

(6.1)

where Ceq represents the average number of 
bound NPs per DNA at equilibrium, and k is the 

Fig. 6.3 AFM topographical images of DNA (a) in air, and (b) in liquid
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overall rate constant taking into account both 
adsorption and desorption.

Binding isotherms describe the equilibrium of
the binding of NPs onto DNA. A Langmuir-type 
binding isotherm equation was derived and given 
in Eq. (6.2).
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(6.2)

where N and Nmax are the binding number and the 
maximum binding number of NPs per DNA 

 molecule, respectively; K is the equilibrium bind-
ing constant; [NP] represents the number concen-
tration of NPs.

The average number of bound QDs on DNA 
progressively increased as time elapsed, and finally 
reached a plateau (Fig. 6.5). The experimental 
observations fit the developed kinetics model very 
well with the least squared method. The average 
number of bound QDs is approximately five at 
equilibrium, and the rate constant is 0.40 s−1, which 
is comparable to a previous binding kinetic study 
on protein-DNA interactions [38].

a b

c d

Fig. 6.4 (a, b) Are AFM topographical and correspond-
ing phase images of QDs binding on DNA in the air, 
respectively. (c, d) Are AFM topographical and corre-

sponding phase images of QDs binding on DNA in the 
liquid, respectively. Black arrows indicate representative 
binding sites of QDs on DNA
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The binding isotherm (Fig. 6.6) characterizes 
the number of QDs per DNA molecule as a func-
tion of the free QDs concentration. As the 
DNA:QDs molar ratio increased from 1:1 to 
1:20, the average binding number of QDs on
DNA increased from approximately 0.4–7. The
derived Langmuir-type equation fits the experi-
mental data very well. The maximum binding 
number per DNA is approximately 14. The equi-
librium binding constant K is approximately 0.23
nM−1, which is close to previously reported bind-
ing constants of proteins onto DNA [39].

The binding specificities of QDs to DNA were 
determined by examining the binding positions of 
QDs on DNA. We defined the position of a QD as 
the ratio of the distance from its center to its clos-
est DNA terminus to the contour length of DNA, 
as the two DNA ends are indistinguishable in 
AFM images. By examining a large number of
QDs, the position histograms were plotted with 

the position ranging from 0 to 0.5 (Fig. 6.7). We 
performed Kolmogorov-Smirnov tests to check
whether the position distribution conforms to a 
uniform distribution or a Gaussian distribution.
The results show the position distribution is gen-
erally uniform and no specific affinity of QDs to 
some sites were detected. Therefore, the specific 
binding cannot explain the existence of the maxi-
mum binding number of QDs on a DNA. We pro-
pose that the binding of a QD on DNA will prevent 
another QD from binding onto nearby positions 
because of the electrostatic repulsive force exist-
ing between two positively charged QDs.

In summary, using QDs as a model NP, a 
single- molecule imaging method based on AFM 
demonstrated its capability in examining the 
binding characteristics of NPs on DNA. We fur-
ther proposed that a QD bound on DNA will pre-
vent the binding of another QD onto its 
neighboring sites owing to the electrostatic repul-
sion between the two QDs. This single-molecule 
technique can be further extended to investigate 
the binding of other types of NPs on DNA, which 
potentially benefit research on the genotoxicity 
assessment of NPs as well as the design of func-
tionalized NPs for biomedical applications.

6.4 Exploring the DNA-Binding 
Mechanisms of NPs

High-quality AFM imaging allows us to examine 
the fine conformation of QDs-DNA binding sites 
(Fig. 6.8a). By examining hundreds of DNA
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molecules with AFM, four representative QDs-
DNA binding mechanisms were suggested and 
are illustrated in Fig. 6.8b–e respectively: (1) QDs 
could externally bind to the DNA backbone via 
electrostatic interaction with the phosphate groups 
or through other interactions; (2) QDs likely gen-
erate DNA loops by simultaneously binding to 
two different sites on a DNA molecule; (3) QDs
could bind to two or more DNA molecules and 
subsequently act as the intermolecular bridging 
agent; (4) DNA may wrap around the QDs, which 
play the similar role of histones in nucleosomes. 
This observation provides experimental valida-
tion about the NPs- DNA binding mechanisms 
proposed previously [12].

We statistically examined over 300 DNA mol-
ecules to count the frequency of each binding 

mechanism. As shown in Fig. 6.9, approximately 
63 % of DNA-QDs interactions belong to mecha-
nism (1), namely, QDs directly binding onto the 
DNA backbone. In addition, approximately 16 %
of QDs binding to DNA would bridge two or 
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Fig. 6.8 Binding mechanisms of QDs to DNA observed
by AFM. (a) AFM topographical images of DNA mole-
cules binding with QDs. (b) QDs externally bind to the 
backbone of a single DNA and result in one binding site. 
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more DNA molecules. The remaining 20 %
almost equally belong to mechanisms (2) and (3).

To explore the underlying fundamentals on 
the unequal frequency of each binding mecha-
nism, we further computed and analyzed the 
interaction energy between QDs and DNA mole-
cules. The interaction between spherical NPs and 
DNA can be described with the Derjaguin-
Landau-Verwey-Overbeek (DLVO) theory by 
treating the NP as a sphere and DNA as a uni-
formly charged cylinder because the dimension 
of the DNA is significantly larger than the separa-
tion distance between its neighboring charges 
(~0.17 nm) [40]. As shown in the net energy pro-
files (Fig. 6.10), no energy barrier exists for the 
interaction of QDs and DNA, indicating that the 
binding of QDs to the DNA backbone (i.e. mech-
anism (1)) was thermodynamically favourable. 
On the contrary, all of the other three mecha-
nisms involve the approach of one section of 
DNA to another, which can be viewed as two 
negatively charged cylinders approaching each 
other, as the double-stranded DNA is a rigid 
polyelectrolyte with a persistent length of 
approximately 50 nm [41] remarkably larger than 
the separation distance between neighboring 
charges (~0.17 nm) [40]. The net interaction 
energy profiles for two parallel and crossed DNA 
molecules are presented in Fig. 6.10 from which 

we can see that an energy barrier exists between 
two interacting DNA molecules regardless of 
their configuration. Hence the QDs-DNA 
configurations formed by mechanisms (2), (3)
and (4) is less energetically favorable than by 
mechanism (1), which is consistent with the 
experimental observations that mechanism (1) 
dominated the QDs-DNA binding mechanisms.

6.5 Predicting the Binding 
Affinities of NPs for DNA and 
Comparison with AFM 
Observations

The binding affinities of NPs with DNA were 
predicted by computing the interaction energy 
between NPs and DNA molecules based on 
DLVO models, which describe the interfacial 
interactions between charged objects in liquid 
and is widely applicable in colloidal systems 
[42–44]. The interaction between spherical NPs 
and DNA can be described with the DLVO theory 
by treating the NP as a sphere and DNA as a uni-
formly charged cylinder and the total interactions 
were determined by the combination of van der 
Waals (vdW) and electrostatic double layer 
(EDL) interactions [45–48].

A number of parameters are required by the 
model including the size and the surface poten-
tial of both NPs and DNA molecules, and the 
Hamaker constant for NP-DNA interactions. The 
size of the five types of tested NPs was measured 
using AFM by examining at least 100 randomly
picked particles. The determined radii of QDs 
(+), QDs (−), gold NPs, silver NPs, and hema-
tite NPs are 8.54±2.46, 7.80±2.05, 2.76±0.54,
6.41±3.19, and 8.14±1.44 nm, respectively.
Here, the QDs (+) and QDs (−) refer to CdSe/ZnS
core/shell QDs coated with polydiallydimethyl-
ammonium chloride (PDDA) and poly (ethylene 
glycol) (PEG) with a carboxylic acid terminal end
group, respectively, as the electrophoresis experi-
ments showed the former carried positive surface 
charge while the latter carried negative charge. A 
high energy barrier suggests low binding affinity 
of the NP for DNA. The computed energy barri-
ers between tested NPs and DNA are 0.18 kT for
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QDs (−)-DNA, 0.08 kT for silver-DNA, 0.06 kT
for gold-DNA, 0.02 kT for hematite-DNA, and
0 kT for QDs (+)-DNA. The results indicate that
QDs (−) are least likely to bind to DNA compared 
with the other NPs, owing to the highest com-
puted energy barrier between the QDs (−) and 
DNA molecules among the tested NPs. In con-
trast, the low determined energy barrier between 
QDs (+)-DNA will lead to the highest binding 
tendency. The modeling predictions on binding 
affinity are consistent with the experimental AFM 
imaging observations. As shown in Fig. 6.11, the 
QDs (+), silver NPs, hematite NPs, and gold NPs 
were observed to bind to DNA, while no binding 
was observed between the QDs (−) and DNA.

A number of databases have shown that 
nanoparticle binding to DNA has a significant 
impact on the bioactivities of DNA and DNA 
associated enzymes. Gold, silver, and carbon
nanoparticles can enhance the specificity and 
sensitivity of the polymerase chain reaction 
(PCR), while at excess dosage these nanoparti-
cles can inhibit DNA amplification [4, 49, 50]. 
Pre-occupation of DNA by NPs in the binding 
sites of proteins that are requisite for DNA repli-
cation, transcription, and repair processes (e.g. 
DNA polymerase/RNA polymerase and sigma 
factor) will likely disturb the biological activities 
in which these proteins are involved.

The AFM images in Fig. 6.11 have also indi-
cated that the binding of NPs to DNA would dra-
matically change the DNA conformation, which 
may interfere with normal DNA functions. In 
contrast, DNA molecules incubated with QDs (−) 
did not show conformational changes, which 
supposedly maintained normal functions. 
Thereby, we employed the PCR method to probe
the effect of NPs on DNA replication. The aga-
rose gel electrophoresis results (Fig. 6.12) 
showed how the five types of NPs over a range of 
concentrations affected DNA replication. The 
quantity of PCR amplified DNA products were
significantly reduced after silver NPs exposure at 
0.03 nM. DNA replication was completely inhib-
ited by silver NPs at 0.05 nM. QDs (+) com-
pletely inhibited DNA replication at 0.15 nM.
Hematite NPs showed an obvious inhibition of 
DNA replication at 0.1 nM and a complete

inhibition at 0.2 nM. Gold NPs affected DNA
replication at 0.3 nM and completely impeded
the replication process at the concentration of 0.5
nM. In contrast, QDs (−) did not show any inhibi-
tion at a concentration as high as 1.6 nM.

The relation between the concentration of 
tested NPs to inhibit DNA replication and the 
computed binding affinity of NPs with DNA was 
also investigated. As shown in Fig. 6.13, NPs that 
were predicted to have a high binding affinity 
(i.e., low energy barrier) for DNA molecules also 
had a high potential to inhibit DNA replication. 
Exceptionally, the Ag NPs have a higher inhibi-
tion ability compared with the model prediction. 
We speculate this could be attributed to Ag+ 
released from Ag NPs which are documentarily 
detrimental to DNA replication [51]. Overall, the 
demonstrated relation between the inhibition 
ability of NPs toward DNA replication and their 
binding affinity with DNA implied that (1) the 
binding of NPs to DNA is likely an important 
mechanism for causing the genotoxicity of NPs, 
and (2) the DLVO model may act as a simple and
effective tool for predicting the genotoxicity of 
NPs induced by the direct binding activity of NPs 
with DNA. It is worth noting that the measured 
size of all the tested DNA are no bigger than their 
nominal size, indicative of the absence of aggre-
gation among the tested NPs. This validated the 
applicability of our developed predictive model 
for the genotoxicity of unaggregated NPs. 
Furthermore, the methodology in this study can 
help researchers screen NPs and prioritize their 
genotoxicological testing.

6.6 Summary and Future 
Perspectives

There are no simple ways of probing the interac-
tions occurring in the nano-bio interface in real 
time or in situ provided the complexity of the bio-
logical system. Research findings acquired start-
ing with DNA and/or proteins and then with cells 
will provide essential information for the devel-
opment of eventually a comprehensive view of 
the environmental implications of NPs on bio-
logical systems.

K. Li et al.
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Fig. 6.11 AFM topographical images of (a) DNA mole-
cules, (b) DNA binding with QDs (+), (c) DNA binding 
with silver NPs, (d) DNA binding with hematite NPs, (e) 
DNA incubated with QDs (−), and (f) DNA incubated 

with gold NPs. The black arrows indicate representative 
binding sites of NPs on DNA molecules. QDs (−) and 
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Research work from our lab together with oth-
ers has proven the effectiveness of the AFM 
microscopic technique for both the quantitative 

and qualitative measurements in the exploration of 
nano-bio interactions. As being exemplified in our 
research work, the combination of experimental 

Silver
NPs

1 2 3 4 5 N P

QDs (+)

Hematite
NPs

Gold
NPs

QDs (−)

Fig. 6.12 Effects of NPs on DNA replication in vitro by 
quantification of PCR products. 50 ng of Linearized pGE-
MEX-1 was used in each reaction to amplify a 180 bp
PCR fragment except for negative control. Each type of
NPs was tested under a range of concentrations. From 
lane 1–5, the final concentrations of silver NPs were 0.05,
0.03, 0.02, 0.01, 0.002 nM, QDs (+) were 0.2, 0.15, 0.1,

0.05, 0.01 nM, hematite NPs were 0.5, 0.2, 0.1, 0.05, 0.01
nM, gold NPs were 0.5, 0.03, 0.2, 0.01, 0.05 nM, and QDs
(−) were 1.6, 0.8, 0.16, 0.08, 0.016 nM. N and P respec-
tively represent the negative and positive controls for the 
PCR experiment. N negative control without DNA tem-
plate and NPs, P positive control using 50 ng of DNA
template without NPs
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measurement mainly derived from AFM imaging 
techniques with the classic modeling computation 
of binding energy barrier extrapolated from col-
loid science, was proven to be a success in the 
development of predictive models for the genotox-
icity of environmentally present NPs. Given the
limitation of computation efficiency and the 
capacity of conventionally used computation sim-
ulation techniques such as molecular dynamic 
simulations, the methodologies developed in this 
study is considered to be a more practical alterna-
tive for this purpose. The methodology employed 
in this study with a short list of NPs can be 
extended to study the interaction of other NPs with 
DNA, which is anticipated to benefit the future 
investigation of the structure of NPs-DNA biocon-
jugates, and the toxicological perspectives of NPs-
DNA interactions. Future studies may also include 
using AFM to investigate the NP-RNA interac-
tions, and the effect of NPs on DNA transcription.
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    Abstract  

  A thorough understanding of the interactions 
of nanomaterials with biological systems and 
the resulting activation of signal transduction 
pathways is essential for the development of 
safe and consumer friendly nanotechnology. 
Here we present an overview of signaling 
pathways induced by nanomaterial exposures 
and describe the possible correlation of their 
physicochemical characteristics with biologi-
cal outcomes. In addition to the hierarchical 
oxidative stress model and a review of the 
intrinsic and cell-mediated mechanisms of 
reactive oxygen species (ROS) generating 
capacities of nanomaterials, we also discuss 
other oxidative stress dependent and indepen-
dent cellular signaling pathways. Induction of 
the infl ammasome, calcium signaling, and 
endoplasmic reticulum stress are reviewed. 
Furthermore, the uptake mechanisms can be 
of crucial importance for the cytotoxicity of 
nanomaterials and membrane-dependent sig-
naling pathways have also been shown to be 
responsible for cellular effects of nanomateri-
als. Epigenetic regulation by nanomaterials, 
effects of nanoparticle- protein interactions on 
cell signaling pathways, and the induction of 
various cell death modalities by nanomaterials 
are described. We describe the common trig-
ger mechanisms shared by various nanomate-
rials to induce cell death pathways and 
describe the interplay of different modalities 
in orchestrating the fi nal outcome after nano-
material exposures. A better understanding of 
signal modulations induced by nanomaterials 
is not only essential for the synthesis and 
design of safer nanomaterials but will also 
help to discover potential nanomedical appli-
cations of these materials. Several biomedical 
applications based on the different signaling 
pathways induced by nanomaterials are 
already proposed and will certainly gain a 
great deal of attraction in the near future.  

  Keywords 

   Signaling   •   Nanotoxicology   •   Nanomedicine   • 
  Oxidative stress   •   Protein interaction   •   Cell 
death   •   Physico-chemical characteristics  

  Abbreviations 

   AP-1    Activator protein 1   
  CB    Carbon black   
  CNT    Carbon nanotubes   
  LPS    Lipopolysacchrides   
  MWCNT    Multi-walled carbon nanotubes   
  NP    Nanoparticle   
  NADPH    Nicotinamide adenine dinucleotide 

phosphate   
  NF-κB    Nuclear factor-kappa B   
  Nrf-2    Nuclear factor (erythroid-derived-

2)-related factor 2   
  QD    Quantum dots   
  ROS    Reactive oxygen species   
  SWCNT    Single walled carbon nanotubes   
  UPR    Unfolded protein response   

7.1         Introduction 

 The increasing utilization of nanomaterials in 
consumer products, environmental sectors and 
nanomedicine has led to increased consumer, 
occupational and environmental exposures to 
these materials. The study of possible adverse 
health effects is thus warranted for the develop-
ment of safe and consumer friendly nanotechnol-
ogy. Many nanomaterials have indeed been 
shown to be toxic  in vitro  and  in vivo , inducing 
infl ammation, genotoxicity and cell death in vari-
ous organ systems. Understanding the underlying 
cellular and molecular mechanisms is of crucial 
importance to design safer nanomaterials. 
Shvedova and colleagues have proposed that 
nanotoxicology must be defi ned as a discipline 
studying the interference of engineered nanoma-
terials with the function of cellular and extracel-
lular nanomachineries [ 1 ]. This defi nition 
emphasizes not only the description of specifi c 
responses that are directly related to the nanoma-
terial size, but also the understanding of the 
underlying mechanisms. Furthermore it is impor-
tant to analyze the consequences of nanomate-
rial-protein interactions on signal transduction. 
Finally, the establishment of common features of 
nanomaterials, which are responsible for the 
observed effects, is essential to predict possible 
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adverse health effects of new materials. A better 
understanding of signal modulations induced by 
nanomaterials will also help to discover potential 
biomedical applications of these materials. 

 This chapter reviews the current understand-
ing of cellular effects (anti-oxidant defense, 
infl ammation, apoptosis) induced by nanoparti-
cles (NP) with focus on the underlying mecha-
nisms and signal modulations. We discuss 
oxidative stress dependent mechanisms as well as 
signaling pathways which are independent of 
reactive oxygen species (ROS) production. We 
emphasize the role of NP-protein interactions in 
the effects induced and describe the physico- 
chemical characteristics of nanomaterials respon-
sible for the cellular effects.  

7.2    Hierarchical Oxidative 
Stress Model  

 One of the major biological effects of nanomate-
rials is the production of ROS within the cells. 
Controlling the level of the cellular redox status 
is crucial for normal cell function and is a fi nely 
regulated process. The production of cellular oxi-
dants is counterbalanced by the presence of anti- 
oxidants which allow maintaining a low level of 
ROS to prevent cell damage. An imbalance of 
this equilibrium leads to oxidative stress which at 
sustained high levels may result in an oxidative 
attack on cellular molecules including membrane 
constituents, proteins and the genomic DNA 
leading to cell death. On the other hand, during a 
transient induction of oxidative stress, ROS can 
act as second messengers in redox sensitive sig-
naling pathways through reversible and transient 
protein oxidations, regulating their activity. 
Indeed, ROS can activate transcription factors 
such as NF-κB (nuclear factor- kappa B) which 
induces the expression of genes involved in pro-
infl ammatory responses and apoptosis whereas 
activation of the transcription factor AP-1 (acti-
vator protein 1) by ROS leads to proliferation and 
differentiation. At lower levels of oxidative 
stress, ROS induce an antioxidant defence by 
activating the nuclear factor (erythroid- derived-
2)-related factor 2 (Nrf-2). This transcription 

factor binds to the antioxidant responsive ele-
ments (ARE) to induce the expression of phase II 
detoxifying and antioxidant enzymes such as glu-
tathion  S  transferase (GST), γ glutamyl cysteine 
synthetase (GCS), nicotinamide adenine dinucle-
otide phosphate quinone oxidoreductase (NQO1), 
and heme oxygenase-1 (HO-1). A hierarchical 
cellular response to oxidative stress is thus 
observed, inducing an anti- oxidant defense at 
low levels, pro-infl ammatory responses and pro-
liferation at higher levels and fi nally cell death at 
very high oxidative stress levels. This three tiered 
oxidative stress model was proposed by Nel et al. 
to account for the toxicity of nanomaterials [ 2 ]. 
Several studies have since confi rmed the central 
role of ROS production in the toxicity of numer-
ous nanomaterials. 

7.2.1    Mechanisms of Reactive 
Oxygen Species Production 
by Nanomaterials 

 Nanomaterials can generate and induce the pro-
duction of ROS through different mechanisms 
(Fig.  7.1 ). The nanomaterial surface could pres-
ent surface bound radicals such as O 2 ° − , OH°, 
SiO° or TiO° which may react with O 2  to form 
O 2 ° − radicals which in turn could generate other 
ROS. Structural defects on the particle surface 
could also lead to the formation of reactive 
groups. Finally, the nanomaterial surface may 
also include transition metals which could gener-
ate ROS through Fenton-type and Haber-Weiss- 
type reactions. Furthermore, environmental 
oxidants such as ozone, semiquinones and NO 
could adsorb onto the nanomaterial surface and 
enter cells through the so called “Trojan Horse 
Effect”. In addition to these inherent ROS 
 generating properties, nanomaterials could also 
indirectly enable ROS production by triggering 
cellular mechanisms. Damage or activation of 
mitochondria could lead to the release of ROS 
produced by the mitochondrial electron transport 
chain. Another source of intracellular ROS is the 
nicotinamide adenine dinucleotide phosphate 
(NADPH) oxidase which could be activated by 
nanomaterials as shown for ZnO NPs [ 3 ]. This 
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membrane bound enzyme is highly expressed in 
neutrophils and macrophages to ensure the respi-
ratory burst for killing invading microorganisms 
through ROS production. Under physiological 
conditions this enzyme complex is latent in 
phagocytic cells. However, nanomaterials can 
activate the infl ammatory cells inducing a respi-
ratory burst in the absence of bacteria [ 4 ,  5 ]. 
NADPH oxidase is abundant in “professional” 
phagocytes but this protein is also present in non 
infl ammatory cells where it contributes to cell 
signaling. Involvement of NADPH oxidase in 
CeO 2  and CoCr NP toxicity has for instance been 
demonstrated in fi broblasts [ 6 ,  7 ]. Other enzymes 
also generate ROS as by-products of their activity 
such as cytochrome P450, xanthine oxidase, 
lipoxygenase, cyclooxygenase as well as 
enzymes within the peroxisome complex. 
Activation of macrophages is an especially 
important mechanism of ROS production by high 
aspect ratio nanomaterials (HARN) as long, thin 
and biopersistent fi bres could lead to “frustrated 
phagocytosis”. This mechanism leads to the per-
sistent release of oxidants and pro-infl ammatory 
mediators and has been fi rstly described to 
account for the toxicity of asbestos but it has 
since been observed also for carbon nanotubes 
(CNT) [ 8 ]. A further indirect mechanism of 

 oxidative stress induction by nanomaterials is the 
depletion or inhibition of anti-oxidants leading to 
an imbalance of the redox homeostasis of the 
cell. Interference of nanomaterials with the scav-
enging properties of anti-oxidants and metallo-
proteins or inhibition of the synthesis of 
enzymatic or non enzymatic anti-oxidants by 
nanomaterials will indirectly trigger oxidative 
stress. For instance, Pl/Au nanorods have been 
shown to reduce the ability of ascorbic acid to 
scavenge radicals [ 9 ]. Nanomaterials may also 
inhibit repair mechanisms which eliminate mol-
ecules damaged by ROS potentiating their toxic-
ity. On the other hand, some nanomaterials could 
also scavenge radicals on their surface or exert 
anti-oxidant properties (e.g. Au, Ag, CeO 2  and Pl 
NPs). CeO 2  NPs have oxygen buffering capaci-
ties which are attributed to the valence state of 
cerium and to defects in the crystal structure 
which are increased at the nano-scale. The anti- 
oxidant properties of CeO 2  NPs thus depend on 
the nanocrystal diameter [ 10 ] and the ratio of sur-
face Ce 3+ /Ce 4+  [ 11 ]. This interesting anti-oxidant 
property of some nanomaterials is intended to be 
used in nanomedical applications [ 12 ,  13 ].

   There are thus at least two major mechanisms of 
oxidative stress induction by nanomaterials. The 
cell mediated ROS production and ROS generation 
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  Fig. 7.1    Overview of ROS 
production mechanisms by 
nanoparticles. Nanoparticles 
can induce ROS production 
either (1) through their 
intrinsic ability to catalyze 
oxidation reduction reactions 
through their surfaces or (2) 
through interaction with 
cellular components and 
normal ROS production 
mechanisms (e.g. mitochon-
dria and NADPH oxidase 
system) or by decreasing the 
cellular anti-oxidant defense 
mechanisms (e.g. savaging/
inactivation or decreased 
production of anti-oxidants)       
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in acellular conditions based on the intrinsic oxi-
dant potential of the particles. Overall, nanomateri-
als with or without such oxidative properties may 
however also produce oxidants  via  cell-mediated 
mechanisms. It has for instance been shown that 
TiO 2  NPs have a low intrinsic capacity to produce 
oxidants compared to carbon black (CB) NPs but 
have been shown to induce the same level of intra-
cellular ROS in bronchial epithelial cells [ 14 ] this 
implies that the oxidative stress potential of nano-
materials cannot solely be deduced by their cell-
free oxidant generating properties.  

7.2.2    Paradigm of the Graduated 
Oxidative Stress Responses 
Induced by Nanomaterials 

 ROS production induced by nanomaterials has 
been shown to orchestrate various cellular effects 
through different signaling pathways dependent 
on the level of oxidative stress induced. Many 
nanomaterials (CNT [ 15 ], Ag [ 16 ,  17 ], SiO 2  [ 18 ], 
CuO [ 19 ], and tungsten carbide Co [ 20 ]) have 
been shown to induce the activation of the tran-
scription factor Nrf-2 leading to an increase of 
the expression of phase II detoxifying as well as 
antioxidant enzymes  in vitro . The involvement of 
Nrf-2 in inducing an anti-oxidant defense to pro-
tect cells against nanomaterials was confi rmed 
using Nrf-2 knockdown cells [ 19 ]. Activation of 
this signaling pathway and antioxidant defense 
has also been demonstrated  in vivo  for TiO 2  NPs 
[ 21 ]. ROS-dependent infl ammatory responses 
are also very common nanomaterial effects 
induced through MAPK signaling and activation 
of NF-κB dependent infl ammatory cytokine gene 
expression and have recently been reviewed [ 22 ]. 
The activation of the transcription factor AP-1 by 
nanomaterials has been reported less frequently 
but it has been shown to be induced  in vitro  and 
 in vivo  by CuO [ 19 ], CB [ 23 ], CNT [ 24 ], Co 
[ 25 ], WC-Co [ 26 ], Al 2 O 3  [ 27 ] and iron oxide 
NPs [ 28 ]. High levels of oxidative stress may 
fi nally lead to cell death and nanomaterials have 
been shown to induce different apoptotic or 
necrotic signaling pathways which are discussed 
in Sect.  7.3 . 

 Nanomaterials have thus been shown to induce 
different ROS dependent signaling pathways in 
accordance with the oxidative stress paradigm 
proposed by Nel et al. [ 2 ]. Activation of these 
signaling pathways by nanomaterials may thus 
induce an anti-oxidant defense at low levels of 
oxidative stress, proliferation and pro- 
infl ammatory responses at higher oxidative stress 
levels and fi nally cell death at deleterious levels 
of ROS. High throughput analysis of signaling 
pathways, protein and gene expression have con-
fi rmed the induction of these cellular responses 
 in vitro  as well as  in vivo . Gene expression pro-
fi les have shown that nanomaterials induce 
mostly expression of mRNAs associated with 
cell signaling, metabolism, and stress, but also 
cytoskeleton and vesicle traffi cking or cell mem-
brane proteins. Depending on the nanomaterials 
and concentrations the induced mRNAs or pro-
teins were related to infl ammation, cell cycle, 
apoptosis or DNA repair [ 21 ,  29 – 35 ]. High 
throughput screening of signaling pathways 
induced by several metal oxide NPs in macro-
phages have been performed and the use of Self 
Organizing Map (SOM) analysis revealed two 
cluster groups of sub-lethal pro- infl ammatory 
responses and of lethal genotoxic responses [ 36 ] 
confi rming the hierarchical  cellular response to 
NPs. These approaches may also allow develop-
ing quantitative structure- activity relationships 
(QSAR). Some papers have compared the protein 
expression, gene expression and protein phos-
phorylation within the same study such as Ge and 
colleagues allowing the establishment of protein-
interacting networks and upstream signaling 
pathways of toxicity responses but also detoxifi -
cation pathways of TiO 2  in bronchial epithelial 
cells [ 37 ]. These cellular effects may have several 
pathophysiological consequences such as infl am-
mation or fi brosis.   

7.3     Other Cellular Mechanisms 
Induced by Nanomaterials 

 Beyond this graduated oxidative stress response 
paradigm other mechanisms could also induce cel-
lular responses. Some of these effects are directly 
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or indirectly linked to oxidative stress but others are 
ROS-independent mechanisms. These mecha-
nisms could however sometimes lead to intracellu-
lar ROS production and it is therefore often not 
easy to distinguish whether ROS are the cause or 
the consequence of cellular signaling pathways. 

7.3.1    Oxidation of Biomolecules 

 The induction of high levels of oxidative stress by 
nanomaterials can lead to oxidation of cellular 
molecules. Oxidative DNA damage has been evi-
denced for many nanomaterials using several 
techniques such as the Fpg (formamidopyrimi-
dine-DNA glycosylase) modifi ed comet assay or 
detection of 8-hydroxydeoxyguanosine by immu-
nohistochemistry or HPLC. This genotoxic insult 
can either be repaired or induce apoptosis but fail-
ure of these protection mechanisms could lead to 
mutagenesis. Protein oxidation could also be a 
consequence of oxidative stress which could lead 
to their inactivation as well as activation. The 
redox proteome (reversible and irreversible cova-
lent protein modifi cations) links redox metabo-
lism to biological structure and function. Lipid 
peroxidation on the other hand can induce lyso-
somal damage and this mechanism has been 
shown to be responsible for TiO 2  induced apopto-
sis [ 38 ] and can lead to infl ammasome activation.  

7.3.2    Infl ammasome Activation 

 Infl ammatory responses could not only be induced 
by NF-κB signaling but also through activation of 
the infl ammasome. This multiprotein complex 
promotes the maturation of proinfl ammatory cyto-
kines IL-1 beta and IL-18 and could be activated 
by ROS but also by other cellular mechanisms. 
For instance cathepsin B, which could be released 
after lysosome rupture induced by ROS depen-
dent as well as ROS independent mechanisms can 
activate the infl ammasome. A cathepsin B depen-
dent activation of the infl ammasome has been 
shown to be responsible for TiO 2  induced pro-
duction of IL-1beta by macrophages [ 39 ]. TiO 2  
NPs have also been shown to induce lipid peroxi-
dation leading to lysosomal destabilisation with 

subsequent release of  cathepsin B in bronchial 
epithelial cells [ 38 ]. Conversely, amino-function-
alized polystyrene NPs induced lysosomal desta-
bilisation through a ROS independent mechanism 
due to proton accumulation within the lysosomes 
of macrophages due to the so-called “proton 
sponge” effect of these NPs [ 40 ]. Interestingly, 
iron oxide NPs induce lysosomal permeability 
but could suppress the lipopolysacchrides (LPS) 
induced production of IL-1 beta by decreasing the 
activity of cathepsin [ 41 ]. This inhibitory effect 
was however not observed for SiO 2  or TiO 2  NPs 
which increased the LPS induced infl ammation 
through activation of the infl ammasome [ 42 ,  43 ]. 
Mano et al. have also shown that TiO 2  NPs induce 
infl ammatory responses by interaction of the NPs 
with Toll Like receptor 4 (TLR4) which is known 
to induce the infl ammasome [ 44 ]. The cell death 
receptor P2X7 could also induce infl ammasome 
activation through effl ux of K +  and SiO 2  and TiO 2  
NPs have been shown to activate P2X7 leading to 
IL-1 beta secretion [ 45 ]. Others have also shown 
that NLRP3 infl ammasome activation by TiO 2  
involves K +  effl ux but did not require NP uptake 
leading to neutrophil recruitment  in vivo  through 
IL-1 alpha secretion [ 46 ]. The activation of the 
infl ammasome could not only lead to infl amma-
tion but also to cell death through pyroptosis as 
observed for CB NPs [ 47 ] or induction of matrix 
metalloprotease 1 as shown for TiO 2  NPs in pul-
monary fi broblasts [ 48 ]. Recent studies have 
shown that in synergy with toll-like receptor 
ligands, certain CB NPs could promote the acti-
vation of the NLRP3 infl ammasome. This activa-
tion was shown to depend on the chemical surface 
functionalization [ 49 ]. However, it remains to be 
clearly determined which CB NP-dependent sig-
nals trigger this activation.  

7.3.3    Calcium Signaling 

 Nanomaterials could also induce calcium signaling 
by increasing intracellular concentrations of Ca 2+ . 
TiO 2  NPs have for instance been shown to induce 
the opening of L-type Ca 2+  channels on mast cells 
as well as non specifi c infl ux of extracellular Ca 2+  
by permeation of the plasma membrane through an 
oxidative stress dependent  mechanism [ 50 ]. 
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A  sustained elevation of Ca 2+  was achieved by 
inducing the release of Ca 2+  from the endoplasmic 
reticulum leading to histamine secretion. TiO 2  NPs 
also stimulate mucin secretion in epithelial cells by 
inducing extracellular Ca 2+  infl ux and calcium 
release from the endoplasmic reticulum [ 51 ]. 
Intracellular Ca 2+  increase is also involved in the 
inhibition of cell proliferation by Ag NPs [ 52 ].  

7.3.4    Endoplasmic Reticulum Stress 

 Induction of endoplasmic reticulum stress and 
signaling by certain nanomaterials has recently 
attracted interest [ 53 ]. The endoplasmic reticu-
lum fulfi lld multiple cellular functions and many 
disturbances cause accumulation of unfolded 
proteins in the endoplasmic reticulum, triggering 
an evolutionarily conserved response, termed the 
unfolded protein response (UPR). The UPR is a 
signaling pathway, which is activated to regulate 
protein synthesis and restore normal equilibrium, 
in case of increased protein load or accumulation 
of unfolded or malformed proteins. The UPR 
leads to decreased protein synthesis and produc-
tion of chaperons do facilitate protein folding. 
Once activated, UPR can either result in recovery 
or activate a cascade of reactions leading to 
infl ammation through NF-κB and proeasome 
activation or ultimately to apoptosis. In a recent 
study, Christen and Fent have shown that Ag and 
silica NPs could induce the UPR pathway. 
Interestingly, induction of ER stress was not 
directly linked to the formation of ROS. This 
endoplasmic reticulum stress led to a subsequent 
decrease of cytochrome P450 1A activity, an 
important xenobiotic-metabolizing enzyme [ 54 ]. 
Co-exposure of these NPs with other pollutants 
such as the carcinogenic polycyclic aromatic 
hydrocarbons may thus lead to enhanced toxicity 
due to altered detoxifi cation mechanisms.  

7.3.5    Endocytic Pathways 

 Uptake mechanisms could also infl uence the 
 toxicity of nanomaterials. Depending on the size, 
surface coating and their chemical nature, 
 nanomaterials could enter cells by phagocytosis, 

macropinocytosis, clathrin-dependent endocyto-
sis, caveolin dependent endocytosis or crossing 
of membranes by diffusion. The size dependent 
toxicity of TiO 2  NPs has thus been suggested to 
be due to the use of different endocytic pathways 
[ 55 ]. The cellular localization of nanomaterials 
may be particularly important in determining 
their toxicity. For instance, iron oxide NPs may 
exert catalase-like activities at cellular pH but in 
acidic environments like lysosomes they have 
peroxidase-like activity, resulting in the catalysis 
of H 2 O 2  into hydroxyl radicals [ 56 ]. Furthermore, 
lysosomes present acidic pH conditions which 
could favor nanomaterial dissolution and even 
low-solubility NPs such as SiO 2  have been shown 
to dissolve over time within cells [ 57 ]. This solu-
bilization is particularly important for nanomate-
rials releasing toxic ions such as Zn 2+  or Ag 2+  or 
transition metal ions, able to generate ROS 
through Fenton reactions. The effect of ZnO NPs 
has been shown to be greater than Zn 2+  ions [ 58 ] 
which could be explained by the easy uptake of 
nanomaterials through classic endocytic mecha-
nisms which facilitate the entry of toxic ions by 
the so-called “Trojan Horse Effect”, circumvent-
ing the cellular protection mechanisms. 
Nanomaterials present within the lysosmes could 
also lead to their destabilization and release of 
lysosomal enzymes and cellular acidifi cation. 
Lysosomal rupture by nanomaterials could for 
instance induce the release of the pro-apoptotic 
protein cathepsin ( see  Sect.  7.5 ) which could also 
activate the infl ammasome. The uptake mecha-
nism could thus have great importance for the 
toxicity of nanomaterials as it determines the 
capacity to enter the cells and the intracellular 
fate of the nanomaterial. As mentioned earlier, 
the use of classic phagocytic pathways by macro-
phages to capture CNT could also lead to frus-
trated phagocytosis due to the high- aspect ratio 
of these nanomaterials [ 8 ].  

7.3.6    Membrane Dependent 
Signaling Pathways 

 Nanomaterials could increase lipid mediators such 
as leukotrienes and prostaglandins, which have 
pro- and anti-infl ammatory effects as shown for 
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CB NPs in allergic animals [ 59 ]. Nanomaterials 
could also induce membrane receptor signaling 
such as shown for TiO 2  NPs which interact with 
toll-like receptors [ 44 ]. Furthermore, CB NPs acti-
vate the epidermal growth factor receptor (EGFR), 
due to ceramide accumulation in lipid rafts [ 60 ]. 
This lipid raft signaling induced by CB NPs has 
been shown to be dependent on oxidative stress 
induction. Interestingly, the compatible solute 
ectoine prevented effi ciently the ceramide-EGFR 
signaling and the subsequent infl ammation  in vivo  
[ 60 ]. Lipid raft formation is also necessary for the 
induction of IL-1 beta secretion by TiO 2  [ 39 ] and 
CB NPs can induce integrin mediated signaling 
[ 61 ]. Ag, Au and iron oxide NPs on the other hand 
could disrupt EGFR signaling through mecha-
nisms dependent on the NP type [ 62 ]. Nanomaterials 
could also alter receptor-ligand interactions. For 
instance, Pan et al. have shown recently that Au 
NPs can inhibit the interaction of VEGF165 (a 
splice variant of vascular endothelial growth factor 
A) with its receptor (VEGFR2), leading to 
decreased Akt phosphorylation and subsequently 
anti-angiogenic effects [ 63 ].  

7.3.7    Epigenetic Regulations 

 MicroRNAs, small non-protein coding RNAs 
which regulate gene expression, have been shown 
to be upregulated by nanomaterials. Au NPs 
upregulated miR-155 leading to the down- 
regulation of its target gene [ 64 ] and WC-Co NPs 
induced miR-21 signaling [ 65 ]. Citrullination of 
proteins was also reported for several nanomate-
rials [ 66 ]. This post-translational modifi cation 
converts arginine residues into citrulline and is 
involved in gene expression modulation through 
histone modifi cation.   

7.4    Interaction of Nanomaterials 
with Proteins and Impact on 
Cell Signaling 

 In addition to the mechanisms described above, 
“alteration” (activation or inhibition) of cell sig-
naling pathways by nanomaterials may also rely 

on NP-protein interactions [ 67 ]. It is now well 
known that when nanomaterials enter a physio-
logical environment, they rapidly adsorb biomol-
ecules [ 68 ]. In particular, proteins bind to the 
surface of nanomaterials to form a “biological 
coat” around the nanomaterial which is known as 
the protein corona [ 67 ,  69 ]. Several studies have 
been conducted to understand how nanomaterials 
can infl uence the structural properties of bound 
proteins and how “coated-proteins” infl uence the 
physical properties of the nanomaterials [ 68 ]. 
The protein corona is increasingly recognized as 
playing a major role in the biological effects of 
nanomaterials [ 70 ]. For instance, binding of pro-
teins to nanomaterials may impair their functions 
by alteration of their structure [ 68 ]. More impor-
tantly, as the protein corona is what interfaces 
with the cell, surface-bound proteins can drive 
cell-specifi c uptake as well as  activation/impair-
ment of cell signaling events [ 68 ]. Recent studies 
with silica and polystyrene NPs confi rm that a 
NP-corona forms rapidly and can drive NP 
uptake, thrombocyte activation and endothelial 
cell death [ 70 ]. 

 As stated above, binding of proteins to nano-
materials can impair protein functions through 
alteration of their structures. In addition, changes 
in protein structure can lead to the exposure of 
amino acid regions that are normally buried 
within the folded protein. These newly exposed 
regions can interact with other macromolecules 
such as cell surface receptors and hence infl uence 
nanomaterial uptake, biodistribution, receptor 
activation and signaling. These mechanisms have 
been well exemplifi ed by studies conducted by 
the Minchin group (Fig.  7.2 ) [ 71 ]. These authors 
have shown that certain negatively charged NPs 
(poly-acrylic acid-conjugated Au NPs) are able 
to bind and unfold plasma fi brinogen in a way 
that leads to the exposure of a cryptic sequence in 
the C-terminus of the α-chain of fi brinogen. This 
“new epitope” interacts specifi cally with Mac-1 
receptor in human monocytic cells. Activation of 
the receptor induces the NF-κB signaling path-
way with subsequent release of infl ammatory 
cytokines. Interestingly, these effects were 
observed only with 5 nm NPs but not with 20 nm 
NPs. Whereas the pro-infl ammatory properties of 
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different NPs have mostly been linked with their 
ability to induce oxidative stress, this study indi-
cates that other mechanisms involving NP- pro-
tein interactions may also be at play [ 71 ].

   Other studies have recently underlined that 
certain biological effects of nanomaterials can be 
driven by activation/inactivation of receptor- 
dependent signaling that in turn regulates cellular 
properties such as viability, proliferation, differ-
entiation or cell cycle. Rosso et al. [ 72 ] have 
shown that plasma vitronectin bound to certain 
nanomaterials (maleic anhydride/alkyl vinyl 
ethers-based NPs) triggers activation of the 
vitronectin- integrin receptor. This activation 
leads to increased phosphorylation of ERK1/2 
and FAK kinases and increased proliferation and 
cell cycle progression. In addition, the authors 
found that the NPs were internalized by cells 
through a direct interaction between the NPs and 
the vitronectin-integrin receptor [ 72 ]. 

 Interactions of nanomaterials in cells with 
intracellular proteins with subsequent biological 
consequences have been reported previously [ 73 ]. 
Chen and von Mikecz have reported that SiO 2  NPs 
could enter the cell nucleus and contribute to the 
formation of nucleoplasmic protein aggregates 
similar to those found in certain neurodegenerative 
diseases. Such protein aggregation could be due to 
interaction of nanomaterials with intracellular/
nuclear proteins, the nanomaterials acting as pro-
tein aggregation anchors [ 74 ]. More recently, it 
was suggested that alteration of cell cycle, DNA 
repair and infl ammatory responses in human lung 
fi broblast cells by exposure to Ag NPs could also 
be due to the capability of these NPs to adsorb 
cytosolic proteins on their surface [ 75 ]. 

 Overall, these studies underline the important 
role that protein-nanomaterial interactions and 
protein corona may play in the biological out-
come of nanomaterial exposure.  
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  Fig. 7.2    Plasma fi brinogen is able to interact with nega-
tively charged poly(acrylic acid) gold NP. With 5 nm NPs 
the binding of fi brinogen induces unfolding which 
exposes an amino acid sequences of the g chain. This new 

epitope interacts with MAC-1 receptor of monocytes, 
activates the NF-κB pathway which leads to pro-infl am-
matory cytokine release (Modifi ed from Deng et al. [ 71 ])       
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7.5     Nanomaterials and Cell 
Death Signaling 

 Complex molecular mechanisms that govern the 
fate of cells are becoming increasingly well 
understood. It is now well established that the 
mode of cell death dictates the homeostasis and 
sometimes even fate of the organism. Studies 
have confi rmed the important role of different 
cell death modalities in human diseases like sep-
sis, neurodegenerative disorders, stroke and can-
cer [ 76 ,  77 ] and therapeutic strategies based on 
the modulation of cell death signaling are cur-
rently being tested for treatment purposes. 
Nanomaterials can induce cell death through dif-
ferent modalities depending upon their physico-
chemical characteristics. A detailed description 
of how changes in physico- chemical characteris-
tics infl uence the toxicity of nanomaterials is dis-
cussed later in this chapter. Various nanomaterials 
can induce either programmed cell death path-
ways (apoptosis, autophagy, pyroptosis, and pro-
grammed necrosis) or non-programmed death 
pathways (accidental necrosis etc.). 

7.5.1    Different Modes of Cell Death 
and Their Physiological and 
Pathological Signifi cance 

 First defi nitions of different forms of cell death 
came from Schweichel and Merker in 1973 [ 78 ]. 
They classifi ed cell death into type 1 cell death 
(heterophagy), type II cell death (autophagy), and 
type III cell death (not associated with any type 
of digestion), defi nitions that corresponds to the 
more modern concepts of apoptosis, autophagy, 
and necrosis, respectively. Since the fi rst descrip-
tion of cell death mechanisms in 1960s, the most 
commonly used criteria to defi ne different forms 
of cell death are based on morphological charac-
teristics [ 78 ,  79 ]. However, the presence of par-
ticular morphology is not suffi cient to establish a 
cause-effect link between given process and cell 
death [ 80 ]. The nomenclature Committee on Cell 
Death (NCCD) has published recommendations 
on defi ning various sub- routines of cell death and 
has encouraged the use of specifi c measureable 

biochemical events [ 80 – 82 ]. Cell death can be 
defi ned either based on morphological criteria 
(apoptosis, necrosis, autophagy), enzymatic cri-
teria (with or without involvement of nucleases 
and proteases), functional aspects (programmed 
vs. accidental, pathological vs. physiological) or 
immunological characteristics (immunogenic vs. 
non-immunogenic) [ 77 ]. 

 Although there are more than 10 cell death 
modalities that can occur under physiological or 
pathological conditions, only few have been 
reported to occur after nanomaterial exposures. A 
brief description of cell death mechanisms 
induced by various nanomaterials with their 
physiological and pathological signifi cance is 
given below. 

  Apoptosis  was originally defi ned by Ker as a 
type of the cell death that occurs with rounding up 
of cell, reduction in cell volume (pyknosis), con-
densation of chromatin, fragmentation of nucleus 
(karyorhexis), plasma membrane blebbing, and 
maintenance of plasma membrane till late stages 
of the process [ 83 ]. Apoptosis can be broadly 
classifi ed as extrinsic apoptosis (due to extracel-
lular signals transmitted through transmembrane 
receptors) or intrinsic apoptosis (due to a plethora 
of intracellular events/damages). Intrinsic apopto-
sis is further divided into caspase dependent and 
caspase independent intrinsic apoptosis. 
Apoptosis refers to a controlled/programmed pro-
cess of removal of individual cells inside the body 
without destruction or damage to the organism. 
During embryogenesis apoptosis serves an impor-
tant function in organ and tissue development/
remodeling. Apoptosis of host cells occurs as a 
defense strategy in bacterial and viral infections 
to control the spread of infection. Moreover, 
apoptosis plays an important role in maintaining  
homeostasis and terminating an immune response 
(by removal of activated immune cells) [ 76 ]. 
Various pathological situations occur in case of 
deregulated apoptosis e.g. insuffi cient apoptosis 
occurs in cancers and autoimmune diseases while 
excessive apoptosis contributes to damage caused 
by neurodegenerative diseases, sepsis, stroke and 
myocardial infarction. 

 TiO 2  NPs induced apoptosis has been reported 
in a variety of cellular systems either through 
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extrinsic or intrinsic pathways. Hussain et al. 
reported the comparative toxicological mecha-
nisms induced by titanium dioxide and CB NPs 
in human bronchial epithelial cells [ 38 ]. Authors 
dissected signaling events leading to similar out-
come (apoptosis) and found a signifi cant contri-
bution of chemical composition in downstream 
signaling events. TiO 2  NPs were shown to induce 
cell death through ROS dependent extrinsic and 
intrinsic pathway in human lung fi broblast and 
breast epithelial cells [ 84 ]. Moreover, TiO 2  NPs 
induced cell death in BECs was shown to involve 
caspase 8/Bid pathway [ 85 ,  86 ]. Lipid peroxida-
tion, p53 mediated DNA damage and caspase 
activation were observed after TiO 2  nanotubes 
exposure in neuronal stem cells at ≥150 μg/mL 
doses [ 85 ,  87 ]. This discrepancy in the observed 
mechanisms is most likely due to use of TiO 2  
NPs of different crystal structure, differences in 
cell types and dose/duration of exposures. Other 
metal oxides like CeO 2 , ZnO and NiO were also 
shown to induce apoptosis. Nano CeO 2  was 
shown to induce ROS and caspase independent 
apoptosis through the release of AIF in human 
peripheral blood monocytes at relatively realistic 
exposure concentrations (10 μg/mL) [ 88 ]. ZnO 
nanorods induced apoptosis in A549 cells 
through a p53 survivin, mitochondrial pathway 
through oxidative stress [ 89 ]. Nickel oxide NPs 
induce classic intrinsic apoptosis in human air-
way epithelial and breast cancer cells in contrast 
to Ni NPs which induce apoptosis through an 
extrinsic pathway [ 90 ,  91 ]. Various metal NPs 
have also shown abilities to induce apoptosis 
including Ag, Au, and Cu. Ag NPs induce ER 
stress dependent apoptosis [ 53 ] and Tsai et al. 
reported that Au NPs induce apoptosis in K562 
through ER stress [ 92 ]. Nano copper induces 
both extrinsic and intrinsic apoptosis in mice 
kidney tissue [ 93 ]. 

 Many biodegradable nanomaterials also 
induce apoptosis. Polyamidoamine (PMAM) 
dendrimer exposure leads to lysosomal damage 
induced apoptosis in KB cells [ 94 ]. Moreover, 
PMAM dendrimers induce mitochondrial toxic-
ity in human lung cells [ 95 ] and polystyrene NPs 
(60 nm) exhibited charge dependent toxicity and 
lysosomal damage in RAW264.7 cells [ 96 ]. 

 Many carbon based nanomaterials also induce 
apoptosis. CB NPs were shown to induce apopto-
sis through the mitochondrial pathway depending 
on ROS production and caspase activation [ 38 ]. 
Both single walled carbon nanotubes (SWCNT) 
and multi-walled carbon nanotubes (MWCNTs) 
have the ability to induce cell death. Multiple 
studies have shown apoptosis inducing properties 
of SWCNTs both  in vitro  and  in vivo  [ 1 ,  97 ,  98 ]. 
Recently, Fujita et al. reported that the toxicity of 
SWCNTs depends on size and length of the bun-
dles of dispersed nanotubes resulting in differen-
tial responses even for the same bulk SWCNTs. 
They reported that SWCNT were not toxic to 
A549 cells and the residual metals may not be a 
defi nitive parameter for intracellular ROS gener-
ation [ 99 ]. 

  Autophagy  is an evolutionary conserved cata-
bolic process, which is a slow and spatially 
restricted phenomenon. It involves sequestration 
of parts of cytoplasm in double membrane bound 
vesicles and digestion of these components by 
lysosomal hydrolases [ 82 ]. Autophagic cell death 
refers to cell death occurring with autophagy and 
should not be confused with cell death through 
autophagy [ 77 ]. Autophagy may either contrib-
ute to cell death or may constitute a cellular 
defense against nutrient or growth factor depriva-
tion induced stress. Autophagy is characterized 
by lack of chromatin condensation and huge 
increase in the number of double membrane vac-
uoles (autophagic vacuoles) in the cytoplasm. It 
has been shown that autophagy not only plays an 
important physiological role in removal/recy-
cling of damaged cellular organelles but also 
helps in defense against bacterial infections and 
in immune response against viruses (through 
antigen presentation) [ 100 ,  101 ]. The role of 
autophagy in cell death during ischemia/reperfu-
sion injury and in HIV-1 induced CD4+ T lym-
phocyte cell death has also been demonstrated. 

 An excellent review about autophagy induc-
tion and lysosomal impairment by nanomaterials 
has been recently published [ 102 ]. Various 
mechanisms are described in this manuscript 
through which nanomaterials interact with the 
autophagy pathways and include overloading of 
lysosomes, inhibition of lysosomal enzymes and 
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disruption of cytoskeleton-mediated vesicular 
traffi cking leading to a state of autophagy dys-
function. Bare-Fe NPs induce oxidative stress 
and activation of ERK pathway in association 
with autophagic vesicle accumulation in 
RAW264.7 cells [ 103 ]. Au, iron core-Au shell 
NPs and iron oxide NPs show cell death associ-
ated with autophagic vesicle accumulation [ 104 –
 106 ]. Au NPs induce size dependent lysosomal 
impairment and autophagic vesicle formation 
[ 107 ]. ZnO NPs induce apoptosis and necrosis in 
RAW264.7 macrophages through p47phox- and 
Nrf2- independent manner [ 3 ]. CeO 2  NPs were 
shown to induce autophagy in human peripheral 
blood monocytes that contributed to the cyto-
toxic effects of nano ceria [ 88 ]. A highly purifi ed 
form of MWCNTs (vapor-grown carbon fi ber, 
HTT2800) was shown to induce LC3b expres-
sion in human bronchial epithelial cells [ 108 ]. 
Fullerenes were shown to induce concentration 
dependent toxicity and induced necrosis at high 
doses while autophagy was observed at low 
doses [ 109 ]. Quantum dots (QD) induce autoph-
agy in human mesenchymal stem cells in a size 
dependent manner [ 110 ] and CdSe QDs were 
shown to induce autophagy in porcine kidney 
cells [ 111 ,  112 ]. PMAM dendrimers promote 
acute lung injury  in vivo  and autophagic cell 
death through Akt-TSC2-mTOR signaling [ 113 ]. 
The induction of autophagy by nanomaterials is 
also intended to be exploited for therapeutic pur-
poses (review of [ 102 ]). 

  Pyroptosis  is a caspase-1 dependent cell death 
leading to release of infl ammatory mediators (IL- 
1β and IL-18). It can be effectively blocked by 
the use of specifi c inhibitors of caspase-1or its 
genetic knockout [ 80 ]. Pyroptosis protects from 
infection and induces pathological infl ammation 
[ 114 ]. Pyroptosis occurs in various pathophysio-
logical situations like stroke, bacterial and viral 
infections [ 115 ,  116 ]. This phenomenon can 
affect the homeostasis in multiple ways (local tis-
sue damage and released infl ammatory mediators 
cause the infl ux of infl ammatory/immune cells) 
and contributes to the pathogenesis of different 
diseases like asthma and COPD. CeO 2  nanorods 
and wires, at lengths ≥200 nm and aspect ratio 
≥22, have been shown to induce progressive 

 pro- infl ammatory effects (IL-1β release) and 
cytotoxicity of THP-1 cells [ 117 ]. CB NPs were 
shown to induce infl ammasome dependent 
pyroptosis in RAW274.6 cells. Cell death induc-
tion and infl ammatory responses were shown to 
be effectively modulated by using caspase-1 
inhibitor or pyroptosis inhibitor [ 47 ]. We have 
observed that MWCNT exposure leads to signifi -
cant infl ammasome dependent pyroptosis in pri-
mary human bronchial epithelial cells which in 
turn activates a pro-fi brotic response in human 
fi broblasts (Hussain, unpublished data). 

  Necrosis  was originally defi ned as cell death 
which does not present characteristics of apopto-
sis and autophagy. For decades it was assumed 
that necrosis is an accidental form of cell death, 
however recently many researchers have con-
fi rmed the existence of programmed necrosis 
[ 118 ]. Nanomaterials that induce necrosis include 
Au, Ag, TiO 2 , and fullerenes [ 109 ,  119 ,  120 ]. 
Unfortunately, no specifi c biochemical test exists 
for the confi rmation of necrosis per se but another 
specifi c type of regulated necrosis (necroptosis) 
can be identifi ed by the ability of RIP-1 kinase to 
inhibit it [ 121 ]. Nano graphene oxide was shown 
to induce Toll-like Receptor 4 (TLR4) dependent 
necrosis in macrophages [ 122 ]. Go induced mac-
rophage cell death was partially attributed to 
RIP1-RIP3 complex- mediated programmed 
necrosis downstream of TNF-α induction.  

7.5.2    Cell Type Specifi city 
and Sensitivity 

 Cell type specifi city/sensitivity has been observed 
in cell death mechanism induction by many dif-
ferent nanomaterials. Polystyrene NPs were 
shown to be toxic in RAW macrophages and 
BAES-2B epithelial cells but fail to induce a 
toxic response in endothelial cells at comparable 
doses [ 123 ]. Similarly, palladium NPs were 
shown to be toxic in bronchial epithelial cells but 
no toxicity was observed in case of A549 cells 
[ 124 ]. Au NPs demonstrate higher toxicity in 
K562 leukemia cells but are non-toxic in mono-
nuclear cells [ 92 ]. Alili et al. [ 125 ] demonstrated 
that ceria NPs preferentially killed SCL-1 
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squamous carcinoma cells through ROS produc-
tion and oxidation of proteins at the same con-
centrations (150 μM) which were not toxic to 
dermal fi broblasts [ 125 ]. Ceria NPs, which 
induce apoptosis and autophagy in human periph-
eral blood monocytes are non-toxic to primary 
human bronchial epithelial cells at comparable 
doses (Hussain, unpublished data). Moreover, we 
also observed cell differentiation stage depen-
dence in the toxicity of nano ceria in human 
peripheral blood monocytes and monocyte- 
derived macrophages. This resistance appears to 
be related to the higher capacity of macrophages 
to resist mitochondrial damage (Hussain, unpub-
lished data). The differential sensitivity of vari-
ous cell types could also be attributed to the 
differences in uptake mechanisms and differ-
ences in the ability to handle with oxidative insult 
(total anti-oxidant capacity).  

7.5.3    Shared Mechanisms and 
Identifi cation of Key Triggers 

 A review of the literature indicates that the lyso-
somal compartment plays an important role in 
the toxicity of various groups of nanomaterials. 
This range from the pH dependent dissolution of 
soluble metal oxides (e.g. ZnO NPs) and physi-
cal damage to the lysosomal membrane by the 
nanomaterials (e.g. CNTs) to the ROS depen-
dent damage to the lysosomal membrane (e.g. 
TiO 2  NPs). These events lead to the release of 
lysosomal proteases resulting in diverse out-
comes ranging from infl ammasome activation 
and pyroptosis to caspase activation and 
necrosis. 

 Another main pathway involves mitochon-
drial damage resulting in either caspase- 
dependent (through activation of caspase 3/7 
and caspase 9) or caspase-independent apopto-
sis (through the release of apoptosis inducing 
factor, AIF). Mitochondrial damage can take 
place either due to ROS generated on the surface 
of nanomaterials or due to physical damage to 
the mitochondrial membrane. The disturbed 
oxidant balance can occur either through the 
increased ROS production or through a defec-

tive antioxidant defense in response to persistent 
nanomaterial exposure (as postulated in case of 
ceria NPs). 

 Taken together, these results indicate that 
nanomaterial induced cell death signaling occurs 
through the classical cell death pathways and any 
“nano specifi c” cell death modality has not yet 
been discovered.  

7.5.4    Interplay Between Various 
Cell Death Modalities 

 Various nanomaterials can induce distinct cell 
death pathways in the same cell type depending 
upon their various physicochemical factors 
including chemical composition, size etc. [ 38 , 
 120 ]. Some nanomaterials have been shown to 
induce multiple cell death modalities after single 
exposure [ 88 ,  126 ]. This question of interplay 
between different pathways is very complex as 
one mechanism might be the result of other 
mechanisms or a defense strategy of the body. 
One particular pathway that has both pro-survival 
and pro-death roles is autophagy. It has always 
been intriguing to establish the exact role of 
autophagy in a particular exposure. The most 
important question in case of autophagy is to 
clarify whether cells are dying due to autophagy, 
due to some process that induces autophagy in 
parallel, or is autophagy a pro-survival mecha-
nism. Moreover, studies have shown that cell 
death with autophagic vesicle detection may be 
completely independent from autophagic vesicle 
accumulation in the cells [ 127 ]. For more details 
the reader is referred to an excellent publication 
that reviewed this topic [ 128 ]. Various biochemi-
cal and genetic approaches can help dissect this 
issue in detail.   

7.6    Role of Physico-Chemical 
Characteristics in 
Nanomaterial Toxicity 

 Biological responses to nanomaterial exposure 
are determined by a large diversity of factors 
linked to the various physico-chemical character-
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istics of the nanomaterials: size, surface area 
(taking into account the porosity and roughness 
of the particle), shape, bulk chemical composi-
tion (including the crystal structure), surface 
chemistry (including lipophilicity as well as sur-
face charge or coatings) and surface reactivity 
which is linked to the two preceeding factors 
(surface area and surface chemistry). Various 
experimental studies have demonstrated the sig-
nifi cance of these characteristics as determinants 
of nanomaterial biological activity/toxicity [ 14 , 
 38 ,  129 – 131 ]. Some excellent reviews and expert 
opinion about this can be found elsewhere 
[ 132 – 135 ]. 

7.6.1    Size 

 It has been postulated that most nanomaterials 
have a critical size of 30 nm below which they 
show their typical nano characteristics as the 
number of atoms on the surface exponentially 
increases below this cutoff [ 136 ]. Studies have 
confi rmed the higher toxic potentials of NPs 
compared to micrometer sized particles or larger 
size NPs [ 129 ,  137 – 139 ]. However, some studies 
demonstrate that an actual increase in size in the 
nanometer range is associated with higher toxic-
ity. This stands particularly correct while study-
ing the hemolytic potentials of nanomaterials 
(e.g. silica (both amorphous (2–335 nm) and 
mesoporous (100–600 nm)) [ 140 ,  141 ]. It was 
postulated that larger particles attach to the larger 
surface of the red blood cells leading to mem-
brane damage and deformity. Coradeghini [ 142 ] 
demonstrated size dependent toxicity on mouse 
fi broblasts and degradation of clathrin heavy 
chain after exposure to Au NPs [ 142 ]. Size is also 
a determining factor for the mode of entry into 
the cells as it has been shown that smallest NPs 
enter the cells  via  caveola, clathrin coated pits or 
lipid raft mediated uptake [ 133 ,  143 ,  144 ]. 
Similarly, QDs show size dependence in co-
localization with different organelles [ 145 ]. Size 
not only determines the uptake of nanomaterials 
but also the interaction with proteins and the 
translocation potential from the site of deposi-
tion. Indeed it has been shown that Au NPs show 

size dependent translocation potentials (1.4 vs 
18 nm) [ 146 ].  

7.6.2    Surface Area and Porosity 

 The surface area of nanomaterials is not only 
dependent on the size but also on their porosity. 
It was shown that mesoporous Si NPs show 
higher biocompatibility and less hemolytic 
potentials as compared to the particles of same 
size but different porosity [ 147 ]. For the equal 
mass of particles with same chemical composi-
tion and crystalline structure, a greater toxicity 
was found for NPs than for larger particles. This 
led to the conclusion that infl ammatory effects of 
nanomaterials depend upon the surface area 
[ 148 ]. A surface area dependent infl ammatory 
response after inhalation or instillation has been 
shown for various nanomaterials including CB, 
TiO 2  or Ni [ 138 ,  149 ,  150 ]. It has been found that 
21 nm TiO 2  was 43 fold more potent to induce 
pulmonary infl ammation than 250 nm particles 
[ 150 ]. It was demonstrated that titanium dioxide 
NPs instilled at same surface dose but different 
mass exert similar toxic responses fi tting the 
same response curve. Hussain et al. [ 14 ] showed 
a direct correlation between the particle surface 
area and potentials to induce pro-infl ammatory 
and oxidative responses in bronchial epithelial 
cells exposed to CB or TiO 2  NPs. Some studies 
contradicted the signifi cance of surface area dose 
metric [ 151 ,  152 ]. Wittmaack [ 152 ] analyzed the 
data already published by Stoeger et al. [ 131 ] 
and Oberdorster et al. [ 134 ] and suggested that 
particle number seemed to be the best dose met-
ric rather than surface area. Furthermore, Warheit 
and colleagues concluded that smaller and larger 
NPs respond in a similar manner in cytotoxicity 
testing [ 151 ].  

7.6.3    Crystalline Structure 

 Nanomaterials of same chemical composition 
can have different crystalline structures, which 
can potentially infl uence the toxicity of the mate-
rial. The most widely used example to elaborate 
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such effects is TiO 2 , which has many crystalline 
forms out of which anatase, rutile and brookite 
are most actively studied. Sayes et al. [ 153 ,  154 ] 
demonstrated that the anatase form of titanium 
 dioxide is 100 times more toxic than the same 
mass of rutile form and that the ROS production 
after UV illumination follows a similar trend as 
the biological activity [ 154 ]. However, another 
literature report contradicted these results and 
demonstrated that the rutile TiO 2  induces oxida-
tive DNA damage in the absence of light but ana-
tase NPs of same size did not [ 155 ]. Jiang et al .  
[ 156 ] did a comprehensive study on model TiO 2  
NPs. Different sizes (3–200 nm) of anatase, rutile 
or anatase/rutile mixtures of different ratios and 
amorphous TiO 2  were compared with regard to 
their ability to produce ROS in a cell-free phos-
phate buffer assay. Based on their experimenta-
tion they ranked NPs from highest to lowest 
reactivity as amorphous > anatase > anatase/
rutile mixture > rutile [ 156 ]. Furthermore, they 
normalized the ROS-producing abilities to NP 
surface area and found striking size dependence. 
They observed that NPs between 3 and 10 nm 
have about the same ROS production abilities per 
unit surface area followed by a steep increase 
between 10 and 30 nm and a constant but still 
higher ROS production capacity per unit surface 
area between 50 and 200 nm. The authors sug-
gested that this fi nding is due to higher number of 
defects per unit surface area in larger anatase NPs 
as compared to smaller ones.  

7.6.4    Chemical Composition 

 Particle chemistry is critical for determining the 
toxic potential of nanomaterials. Although it was 
suggested that size is more important than chemi-
cal composition in the toxicity of nanomaterials, 
the extrapolation of the results showing similar 
extent of infl ammation from different chemical 
compositions is not possible [ 157 ]. Hussain et al. 
[ 38 ] showed that chemical composition dictates 
the nature of intracellular cell death signaling as 
CB and TiO 2  NPs of comparable sizes induce dis-
tinct cell death pathways. Wang et al. showed that 
the toxicity of QD depend upon their composi-

tion as CdSe QD are more toxic than CdTe 
whereas ZnS-AgInS2 QD were much less toxic 
[ 158 ]. This cytotoxicity was attributed to the 
leakage of highly toxic cadmium ions. Indeed, 
the solubility of the nanomaterials is a critical 
feature for their toxicity. The biological effects 
could either be increased by insolubility leading 
to biopersistance of the material or in contrast by 
dissolution as also observed for ZnO and CuO 
NPs which toxicity could be attributed to leach-
ing of Zn or Cu ions [ 159 ]. However, particle 
associated toxicity was also observed in other 
studies using ZnO NPs [ 160 ]. It is important to 
note that dissolution kinetic is size-dependent 
and therefore an important factor to be consid-
ered for nanomaterial toxicity though several 
other physico-chemical characteristics infl uence 
dissolution kinetics: particle surface characteris-
tics such as roughness or curvature infl uence the 
kinetics of dissolution and adsorbed molecules 
could either slower solubility or serve to catalyse 
dissolution. The aggregation state of the particles 
needs also to be considered as a hindering factor 
of solubility [ 161 ]. It is interesting to note that 
acidity could favor dissolution and thus preferen-
tial uptake of nanomaterials into lysosomes or the 
less acidic caveolar compartment could thus 
infl uence the fate of the particles as shown for 
ZnO and CeO NPs [ 123 ].  

7.6.5    Aggregation and 
Concentration 

 The concentration dependency of nanomaterial- 
induced effects is not clear enough. One impor-
tant factor, which is usually ignored while 
interpreting these results is the state of aggrega-
tion of the nanomaterials, which is important in 
determining the extent of internalization and 
clearance of the nanomaterials. Indeed, aggrega-
tion is dependent on the concentration of the test 
substance and higher nanomaterial concentra-
tions have been shown to promote aggregation 
[ 144 ,  155 ,  162 ]. This results in reduced toxicity 
as compared to that observed at lower concentra-
tions [ 163 ]. It is postulated that aggregation 
depend upon surface charge, material type, size 
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etc. [ 148 ]. Most of the times the observed aggre-
gates are larger than the threshold limit for the 
biological responses and thus result in no 
toxicity. 

 The agglomeration state not only increases the 
size of the nanomaterial infl uencing its lung pen-
etration, deposition and cellular uptake but also 
the solubility of the material [ 161 ]. This factor 
also determines the extent of translocation across 
cellular barriers and biokinetics inside the body. 
The physico-chemical surface properties of the 
material such as charge and hydrophobicity are 
the main determinants for the degree of aggrega-
tion but characteristics of the suspending media 
(pH, viscosity, ionic strength etc.) also play a 
role. Thus coatings of derivative groups as well 
as dispersants may allow the stabilization of 
nanomaterials by preventing the formation of 
aggregates which has an effect on toxicity. For 
instance dispersion of SWCNT by the use of sur-
factant [ 164 ] or by adding functional groups 
[ 153 ] reduces effectively the cytotoxicity.  

7.6.6    Aspect Ratio 

 A direct relationship exists between aspect 
ratio and toxicity. CNTs are classical examples 
of engineered long aspect ratio nanomaterials. 
These materials have many similarities with 
asbestos but untill now there is no agreement on 
the toxic potential of these nanomaterials. These 
materials exist in a multitude of morphologies, 
sizes and surface/end functionalizations which 
make their risk evaluation increasingly diffi cult. 
Typically CNTs have diameters between 0.4 and 
100 nm and lengths from a few nanometers to 
several centimeters. It has been shown that when 
administered in similar doses, CNTs have higher 
toxic potentials as compared to spherical par-
ticles (CB, silica). In this study authors demon-
strated that SWCNTs induce granuloma, alveolar 
wall thickening, acute infl ammation and progres-
sive fi brosis and these effects were attributed to 
their physicochemical properties and fi brous 
nature [ 165 ]. High aspect ratio nanomaterials 
(HARN) can indeed induce frustrated phagocy-
tosis leading to infl ammation [ 8 ]. CeO 2  nano-

rods and wires, at lengths ≥200 nm and aspect 
ratio ≥22, have been shown to induce progres-
sive pro-infl ammatory effects (IL-1β release) and 
cytotoxicity of THP-1 cells [ 117 ]. These  fi ndings 
suggested that both, length and diameter compo-
nents of aspect ratio, should be considered while 
addressing the toxic effects of high aspect ratio 
nanomaterials.  

7.6.7    Surface-Coating/
Modifi cations 

 As described earlier the surface of nanomaterials 
is an important determinant for their toxic poten-
tial. A thorough understanding of nanomaterial 
surface composition helps in defi ning the 
 interactions of nanomaterials with biological sys-
tems. Such surface modifi cations can be either 
deliberate or unintended. Unintended surface 
modifi cations arise from the interaction of nano-
materials with their environment (air/liquid) 
resulting in the attachment of environmental com-
ponents. Presence of oxygen, ozone, oxygen free 
radicals and metals on the surface of nanomateri-
als can lead to enhanced potentials to produces 
ROS. Absorption of LPS and bacterial endotoxins 
to nanomaterials is a common problem as these 
are ubiquitous in nature and can play an important 
role in the biological responses to nanomaterials 
[ 166 ]. Surface modifi cations of engineered nano-
materials during the production process lead to 
surface functionalization and infl uence their tox-
icity. Acid treatment of MWCNT leads to more 
carboxyl, carbonyl and hydroxyl groups and thus 
increases the cytotoxicity [ 167 ] but on the other 
hand functionalization  that increases the water- 
solubility of SWCNT leads to decreased cytotox-
icity [ 153 ]. Functionalization dependent decrease 
in toxicity of MWCNT was also observed [ 168 ]. 
It has been shown that surface oleic acid modifi -
cations infl uence iron oxide and nickel ferrite par-
ticle cytotoxicity [ 169 ]. Recently it has been 
shown that uptake and toxicity of sub-10 nm 
cerium oxide depend upon the surface coating 
with citrate coated NPs having higher potentials 
of internalization than polymer-coated NPs [ 170 ]. 
Moreover, it has been shown that toxicity of QD 
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can be mitigated by appropriate functionalization 
[ 171 ]. Agglomeration of the NPs occurring con-
comitant with ageing may be a contributing factor 
to this decrease in toxicity. Moreover, structural 
defects on the surface of MWCNT are mainly 
responsible for the pulmonary toxicity observed 
 in vivo  and  in vitro . Indeed, annealing structural 
defects and elimination of metal contaminants by 
heating reduces the lung responses after intratra-
cheal instillation but further grinding of the mate-
rial restored their toxic potential [ 172 ].  

7.6.8    Interplay 

 Beside these inherent properties of the nanoma-
terials the interaction between particles or mol-
ecules will also determine their toxicity. 
Interactions between particles of different com-
position could have unexpected biological con-
sequences as seen for cobalt tungsten carbide 
particles known to induce hard metal lung dis-
ease. It is the contact between the particles 
which causes the release of ROS involved in the 
pathogenic response as pure cobalt or carbide 
particles are inert and soluble cobalt salts in con-
tact with carbide particles have no effect [ 173 ]. 
Recently the same effect has been observed for 
co-exposure to CB and Fe 2 O 3  NPs leading to 
oxidative effects whereas exposure to either par-
ticle type alone has no effect [ 174 ]. This syner-
gistic effect is probably due to intracellular 
redox reactions between CB and Fe 3+  solubilized 
within the lysosomal compartment leading to 
the generation of Fe 2+ .   

   Conclusions 

 The diversity and complexity of the factors 
involved makes nanotoxicology a very challeng-
ing fi eld. Several parameters could infl uence 
the fi nal biological response to nanomateri-
als and it is thus diffi cult to predict the human 
health hazard after exposure. A thorough physi-
cochemical characterization of the tested nano-
material prior to  in vitro  or  in vivo  biological 
evaluation is needed to allow the comparison of 
data and to draw general or specifi c conclusions 
on toxicity of nanomaterials for public health 

risk assessments. Nanomaterials have the abil-
ity to induce either oxidative stress dependent 
or independent mechanisms and acellular ROS 
production potentials may not accurately pre-
dict the biological activity of nanomaterials. 
The complex interactions of nanomaterials with 
proteins could also impact on signaling path-
ways. Nanomaterials have shown the ability to 
induce classical cell death signaling pathways 
in ROS dependent or independent manners and 
this ability can also be correlated to different 
physico-chemical characteristics of nanoma-
terials. Taken together it becomes evident that 
nanomaterials are capable of either inducing 
complex cellular signaling mechanisms or 
modifying existing signaling pathways result-
ing in adverse/unanticipated outcomes. It is 
therefore essential that a mechanistic approach 
with detailed elaboration of cellular signaling 
events is adopted for the safety evaluation of 
nanomaterials as well as for the development of 
safer and consumer friendly nanotechnology.     
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    Abstract  

  Colloidal nanoparticles designed for the inter-
actions with cells are very small, nanoscale 
objects usually consisting of inorganic cores 
and organic shells that are dispersed in a buf-
fer or biological medium. By tuning the mate-
rial properties of the nanoparticles a number of 
different biological applications of nanomate-
rials are enabled  i.e.  targeting, labelling, drug 
delivery, use as diagnostic tools or therapy. For 
all biological applications of nanoparticles, it 
is important to understand their interactions 
with the surrounding biological environment 
in order to predict their biological impact, in 
particular when designing the nanoparticles 
for diagnostic and therapeutic purpose. Due 
to the high surface-to-volume ratio, the sur-
face of nanomaterials is very reactive. When 
exposed to biological fl uids, the proteins and 
biomolecules present therein tend to associate 
with the nanoparticles’ surface. This phenom-
enon is defi ned as biomolecular corona forma-
tion. The biomolecular corona plays a key role 
in the interaction between nanoparticles and 
biological systems, impacting on how these 
particles interact with biological systems on a 
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cellular and molecular level. This book chapter 
describes the nature of the interactions at the 
bio-nano interface, shows the design  strategy 
of nanoparticles for nanomedicine, and defi nes 
the concepts of biomolecular corona and bio-
logical identity of nanoparticles. Moreover, 
it describes the interaction of functionalised 
nanomaterials with cell organelles and intra-
cellular fate of nanoparticles and it shows 
therapeutic application of gold nanoparticles 
as dose enhancers in radiotherapy.  

  Keywords  

  Gold nanoparticles   •   Biomolecular corona   • 
  Bio-nano interactions   •   Radiotherapy dose 
enhancers  

8.1        Introduction 

 Engineering nanoparticles for biomedical appli-
cations is one of the fastest growing fi elds of 
research nowadays. Due to their small size, at the 
nanoscale, materials behave differently than 
those present in bulk, which gives them unique 
physical and chemical properties that can be 
exploited for many different applications. Key 
applications of nanoparticles include cancer 
treatments such as hyperthermia or radiotherapy 
cancer treatments, using nanoparticles as drug 
carriers, and biolabeling through single particle 
detection by electron microscopy and resonance 
light scattering or photothermal microscopy. For 
all biological applications of nanoparticles, it is 
important to understand their interactions with 
the surrounding biological environment and tar-
get cells, in order to predict their biological 
impact; particularly when designing nanoparti-
cles for diagnostic and therapeutic purposes. 
Understanding of the bio-nano interactions is key 
to maximising the particle’s effi cacy. 

 One example is the striking difference in 
colour between bulk gold and gold nanoparticles 
that testifi es to the dramatic change in material 
properties. The colour change is due to a system-
atic shift to lower energy of the plasmon reso-
nance of nanoparticles as the particle size 
decreases on the nanoscale. This property has 

resulted in gold nanoparticles being used as visi-
ble/near infrared diagnostic tools in the rapidly 
emerging fi eld of nanomedicine/diagnostics [ 1 ]. 

 Nanomaterials possess specifi c intrinsic reac-
tivity due to increased surface area, compared to 
bulk materials. The choice of materials for devel-
opment of nanomedical tools is very important in 
order to advance the nanoparticle-based thera-
peutics as an alternative to the traditional ones 
[ 2 ]. In spite of fruitful on-going research in the 
recent years, hitherto only a few types of parti-
cles, e.g. liposomes and albumin nanoparticles 
have been FDA-approved as nanoparticle-based 
therapeutics and are present worldwide in clini-
cal practices impacting the medicine and health-
care [ 3 ]. Because of their ease of preparation, 
surface modifi cation, size and shape tuneability 
and unique optical properties there is a particular 
attention to research on metal nanoparticles. 
Metal nanoparticles, specifi cally the ones made 
of gold, have been proven versatile agents in 
diverse biomedical applications,  i.e.  diagnostic 
assays [ 4 ], delivery [ 5 ] of drugs and genes and 
radiotherapy enhancement [ 6 ,  7 ]. The number of 
properties associated with the particle size in 
addition to material related properties used in 
biological applications makes nanoparticles ideal 
platforms for the development of new biomedical 
tools. 

 Nanoparticles designed for biomedical appli-
cations are generally smaller than target biologi-
cal entities, which gives them unique capability 
to interact with biomolecules present on the sur-
face of the cells and those present inside the cell 
cytoplasm and in cell organelles. This makes 
nanoparticles an ideal class of nano-vehicles use-
ful to target/detect diseases at an early stage of 
development [ 8 ,  9 ] or act as intracellular report-
ers [ 10 ]. 

 Depending on their surface functionalities, 
particle size and shape, and state of aggregation, 
presence or absence of the biomolecular corona, 
nanomaterials can interact with biological sys-
tems in many ways, by impacting the cell integ-
rity, utilising different uptake routes or targeting 
different organelles, depending on the cell type. 
Nanoparticle design may affect the interaction of 
particles within the human body in their ability to 
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overcome diverse biological barriers [ 3 ]. This 
process can often be very complex, as it involves 
direct interaction of nanomaterials with biologi-
cal fl uids that in many cases leads to the forma-
tion of a biomolecular corona and ultimately 
impacts the particle uptake route, biodistribution 
and fate of nanoparticles. There is increasing evi-
dence of a range of possible interactions with 
biological systems and health effects of manufac-
tured nanoparticles. All these effects depend on 
the nanoparticles’ fate and distribution in the cell/
organism. It is thus of great importance to keep in 
mind key properties while designing and manu-
facturing nanoparticles for biomedical applica-
tions, that is: extreme control of reproducibility, 
high monodispersity of colloidal systems, excel-
lent stability in biological fl uids and low toxicity 
to healthy cells. 

 This book chapter explores the interactions of 
engineered nanomaterials at the bio-nano inter-
face. Moreover it shows the importance of the 
surface chemistry properties of nanoparticles in 
bio-nano interactions and biological impacts to 
cells. Herein we describe interactions of 
nanoparticles with the plasma membrane of 
cells, both specifi c and non-specifi c. Key fea-
tures concerning the design of nanoparticles for 
nanomedicine are outlined. Moreover, we pro-
vide a comprehensive state of the art update of 
the biomolecular corona that in many cases con-
fers the biological identity of nanoparticles and 
describe how the biomolecular corona impacts 
the nanoparticles. Following, we describe the 
effects and control of the biomolecular corona 
and interactions of functionalised nanoparticles 
with cell organelles. Particular attention is given 
to receptor-mediated endocytosis, as the primary 
route of cellular uptake of the nanoparticulate 
materials leading to accumulation in acidic com-
partments called lysosomes. Examples of lyso-
somal rupture depending on specifi c nanoparticle 
surface chemistry are described, as well as the 
effect of nanoparticle load dilution during cell 
division. Importantly, this book chapter shows 
successful examples of organelle targeting by 
engineered nanoparticles, gives examples of 
nanomaterials capable of crossing biological 
barriers and explores the intracellular fate of 

nanoparticulate matter. The role of gold nanopar-
ticles as dose enhancers in radiotherapy, result-
ing from specifi c organelle localisation is 
highlighted as an example of application in 
nanomedicine.  

8.2    Interactions at the Bio-Nano 
Interface 

 In order to assess the impact of nanoparticles 
originated from industrial or consumer products, 
or when designing nanoparticles destined to be 
administered to an organism or a cell and fulfi l 
specifi c diagnostic/therapeutic activity, it is 
important to know their interactions with biologi-
cal systems. These interactions can often be pre-
dicted by their surface chemistry. Additionally it 
is also important to know how the cell machinery 
operates. One of the key criteria for assessing the 
nanoparticle toxicity and addressing the health 
and safety of nanomaterials is the ability to cross 
the cell membrane. 

 Nanoparticles interact with individual cells 
and living organisms in a fundamentally differ-
ent manner than small molecules,  i.e.  drugs. 
Small neutral molecules, e.g. CO 2  and O 2  can 
freely pass through cell membranes [ 11 ,  12 ]. 
However, larger organic molecules such as sug-
ars, amino acids, and ions similar to the nanopar-
ticles require an energy dependent transport 
mechanism in order to gain access to the cell, 
and overcome the protective barrier,  i.e.  the cell 
membrane. Often, when presented to a cell in a 
biological medium non- functionalised nanopar-
ticles have a dynamic biomolecular protective 
layer known as the  biomolecular corona, in addi-
tion to absorbed surface ions, lipids and other 
stabilising ligand molecules [ 13 ]. More detailed 
description of the biomolecular corona and its 
effects can be found in Sect.  8.4  of this book 
chapter. In this section, we describe how in the 
case of particles bearing the biomolecule corona, 
the cell recognises this layer on the particle sur-
face and establishes a number of specifi c or non-
specifi c interactions [ 14 ]. 

 Before we describe the mechanisms used by 
nanoparticles to cross the cell membrane, we fi rst 
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need to take into account the concept of bio-nano 
interface. The term ‘bio-nano interface’ refers to 
the interface where the artifi cial engineered nano-
materials or nanoparticle systems, interact with 
biological systems at the nano-scale level. Here 
the organic and synthetic worlds merge into a 
new class of science concerned with the safe use 
of nanotechnology and design of nanomaterials 
for biomedical applications. 

 As nanotechnology products are increasing in 
the environment and consumer products so too is 
the likelihood of exposure of humans coming in 
contact with nanomaterials, which may lead to 
unknown effects on human health. At a bio- nano 
interface, nanoparticles can interact with compo-
nents of biological fl uids, such as proteins or 
phospholipids, components of cells such as mem-
branes, nucleic acids, endocytotic vesicles and 
other organelles, to establish a number of inter-
faces that depend on colloidal forces as well as 
dynamic biophysicochemical interactions, kinet-
ics and thermodynamic exchanges between 
nanomaterial surfaces and the biologically rele-
vant surfaces. These interactions often lead to 
formation of biomolecular coronas, intracellular 
uptake and biocatalytic processes that can have 
either biocompatible or bioadverse outcomes. 
Biomolecules available in biological fl uids may 
induce phase transformations, release of free 
energy, restructuring and dissolution at the 
nanoparticle surface. For the safe use of nano-
technology in nanomedicine, probing the diverse 
interfaces allows the investigator to develop and 
predict relationships between structure and activ-
ity that are determined by properties of nanoma-
terials such as size, shape, surface chemistry, 
roughness and surface coatings. However, it may 
be very diffi cult and perhaps impossible to 
describe all the biophysicochemical interactions 
happening at the bio-nano interface, but it is an 
area ripe for investigation and implementation of 
nanotechnology in nanomedicine. 

 Before a nanoparticle is presented to biologi-
cal fl uids, there is a need to fi rst assess key 
nanoparticle characteristics such as the chemical 
composition, size, shape, porosity, surface func-
tionalisation and hydrophilic/hydrophobic prop-
erties [ 15 ]. By understanding these fundamental 

properties we can defi ne the ‘naked nanoparti-
cles’ surface properties in complex interactions at 
a bio-nano interface [ 16 ]. 

 When unfunctionalised nanoparticles (‘naked 
nanoparticles’) are dispersed in a biological 
media, their surface is exposed to a very different 
environment than the one created by chemical 
synthesis. Some nanomaterials allow formation 
of stable colloids known as ‘naked particles’ 
(such as SiO 2 , polystyrene, Fe 2 O 3 ),  i.e.  particles 
that contain no foreign stabiliser at the surface 
other than the core particle material or water spe-
cies and are presented as stable colloidal disper-
sions. These particles are important for the study 
of biological interactions between biomolecules 
and plain inorganic surfaces. When in contact 
with biological media or fl uids, surface proper-
ties of these particles affect physicalchemical 
characteristics such as zeta potential, colloidal 
stability and particle agglomeration state, among 
others [ 17 ]. Therefore, the medium in which the 
nanoparticles are dispersed determines the stabil-
ity of the nanoparticle dispersion according to 
parameters such as pH, ionic strength, detergents, 
temperature and importantly, protein concentra-
tion [ 18 ]. Moieties present on the particle’s sur-
face are responsible for the interactions between 
the nanoparticle and the surrounding medium, 
and infl uence the dispersion properties and 
adsorption/desorption of biomolecules. 

 After the bio-molecular corona has formed on 
the surface of ‘naked’ particles, it is considered a 
key feature in shaping nanoparticle-cell membrane 
interactions that may lead to either specifi c ligand-
mediated nanoparticle uptake or non- specifi c 
nanoparticle uptake (Fig.  8.1 ) [ 13 ,  17 ,  19 ].

8.2.1      Nanoparticle Interactions 
with the Cell Surface 
Environment 

 The heterogeneous nature of the nanoparticle’s 
bio-molecular corona is given by the presence of 
different surface ions, proteins, lipids that can 
infl uence interactions of cells when in contact 
with nanoparticles, but how is the cell surface 
contributing to the interactions? The cell 
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 membrane represents a robust biological barrier 
to most molecules, allowing the cell to maintain 
homeostasis,  i.e.  conditions that are very differ-
ent from those in the extracellular space. 
Naturally, the surface of cell membranes differs 
signifi cantly from that of the surface of nanopar-
ticles,  i.e.  it is a non-rigid compliant heteroge-
neous structure that can re-adjust due to its 
fl uidity or thermodynamics of the membrane. 
However, even though the cell membrane surface 
is non-rigid, the same physical forces apply to the 
membrane as to the nanoparticle dispersions 
[ 20 ]. This non-rigid cell membrane provides 
intelligent and robust protection to the cell  via  
rigorous selection of what molecules may gain 
access to the cell’s interior [ 21 ]. 

 In addition to its protective function, the 
plasma membrane accomplishes a regular 
exchange of ions, building blocks for proteins, 
lipids and signalling molecules with the sur-
rounding environment and neighbouring cells, 
selectively allowing the transport of material 
across the membrane in both directions. This 
transport is generally regulated by a number of 
carrier proteins and ion channels existing within 
the membrane structure, which perform key roles 
in nanoparticle uptake mechanisms and cross 
membrane transport. 

 The cell membrane is made of glycerophos-
pholipids, which are single molecules consisting 
of two main units, a hydrophilic head and a hydro-
phobic tail, forming a robust phospholipid bilayer 
[ 22 ]. This unique primary structure of individual 
glycerophospholipids allows for a self-organis-
ing, energy-free aggregation of these lipids into 
bilayers. The formation of a  phospholipid bilayer 

is a spontaneous process that results in the hydro-
phobic tails aligning inwards (inside the bilayer) 
and the hydrophilic heads facing both outside the 
cell and inside the cell’s cytoplasm. 
Glycerophoslipids are the most abundant lipids 
present in the cell membrane. However, 20 % of 
the lipid content of cell membrane is made up of 
cholesterol [ 23 ]. Glycerophospholipids form the 
main structure of the cell’s bilayer while choles-
terol regulates and provides stiffness to the cell 
membrane. Other less abundant lipids play impor-
tant roles in cell signalling pathways. In addition 
to the lipid structure, cell membranes are embed-
ded with trans-membrane proteins which account 
for half the mass of the total membrane. These 
proteins contain hydrophobic domains that insert 
in the lipid bilayer linking the extracellular region 
to the cytoplasm and allowing highly regulated 
signal transduction across the plasma membrane; 
transmembrane proteins are very important for 
traffi cking of nanoparticles through regulated 
mechanisms of endo- and exocytosis. 

 The plasma membrane or cell surface pre-
sented to nanoparticles and other macromol-
ecules displays a heterogeneous distribution of 
proteins embedded in the lipid membrane. Such a 
distribution is very highly organised in functional 
clusters so that surface receptors do not function 
individually, but assemble into multimeric units 
to perform their function, e.g. clusters of growth 
factor receptors and adhesion molecules exist 
which form a pro-survival signalling platform 
[ 24 ] or clusters receptors can initiate the forma-
tion of endocytotic vesicles [ 25 ]. These mem-
brane receptor clusters are reported to have a size 
of 10–50 nm in diameter, suggesting an important 

Nanoparticle

Endosome

Lysosome

  Fig. 8.1    Nanoparticle-cell 
membrane surface adhesion is 
dependent on the material and 
bio-molecular surface identity 
of the nanoparticle       
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relationship between size and uptake of nanopar-
ticles by cells. Such relationship would imply 
that a single 50 nm nanoparticle with a favour-
able bio-molecular composition could interact 
with a receptor-rich region or patch and would 
be more favourably internalised; whereas, in the 
case of a 500 nm nanoparticle, it would have to 
interact with multiple surface receptor patches at 
the same time and therefore make nanoparticle- 
cell receptor interactions less favourable [ 26 ], 
Smaller nanoparticles have been reported to have 
higher uptake rates, which supports our hypoth-
esis of a more favourable size for nanoparticle 
uptake [ 27 – 29 ]. They may not be able to recruit 
the necessary receptors in order to create a 
favourable invagination to perform nanoparticle- 
receptor mediated uptake resulting in lower 
nanoparticle uptake  via  this pathway but allow-
ing alternative routes of uptake and as a conse-
quence, unexpected intracellular localisation.  

8.2.2    Specifi c and Non-specifi c 
Nanoparticle-Cell Membrane 
Interactions 

 As it will be described more extensively in the 
next section of this chapter, biomolecules that 
are adsorbed on the surface of nanoparticles have 
the potential to interact with their respective 
receptors on the plasma membrane of cells. This 
phenomenon can be exploited and controlled by 
functionalising the surface of nanoparticles with 
specifi c functional ligands capable of targeting 
specifi c cell receptors. 

 Nanoparticles functionalised with ligands 
such as an antibody, protein or aptamer specifi c 
to a cell membrane-bound receptor are capable of 
targeting cells of interest for diagnostic purposes 
[ 30 ,  31 ]. To enable the nanoparticle-ligand- 
receptor binding, nanoparticles are required to 
locate receptor-rich areas on the cell membrane 
and gain the correct adhesion interactions for 
internalisation [ 32 ]. After the primary contact has 
been made between the ligand located on the par-
ticle’s surface and the receptor present on the cell 
membrane, more cell receptors are required to 
diffuse to the site of adhesion and aid in the 

invagination of the receptor-bound nanoparticle 
[ 33 ]. This receptor patch interaction plays an 
important role in the kinetics of nanoparticle 
uptake,  i.e.  once a nanoparticle has overcome the 
resistive forces (electrostatic, steric repulsion and 
Van der Waal’s forces) that prevent particle-cell 
membrane interactions, the nanoparticle must 
then recruit enough cell surface receptors in order 
to create suffi cient thermodynamic energy to 
overcome the membrane elastic recoil force and 
therefore allow membrane wrapping to become 
favourable [ 33 ,  34 ]. Once membrane wrapping is 
favourable, the membrane forms a vessel  via  
engulfi ng the site of adhesion for specifi c-ligand 
binding [ 35 ]. As implied, this process would 
result in receptor mediated endocytosis and thus 
the internalisation of the nanoparticulate material 
 via  the endocytosis mechanisms [ 35 ]. 

 However common the route of internalisation 
of extracellular materials is  via  endocytosis and 
this is not a trivial process, as increasing the com-
petition of a system by increasing the protein con-
centration to physiological-like levels can inhibit 
nanoparticle-ligand-receptor binding. For exam-
ple, it has been demonstrated that nanoparticles 
with conformational linked transferrin proteins 
bound to the nanoparticle surface can specifi cally 
target a transferrin cell membrane receptor and 
perform receptor mediated nanoparticle uptake in 
A549 cells, in serum free conditions. However, 
when the protein concentration of the medium was 
increased to  physiological- like levels, the ability 
of the transferrin- functionalised nanoparticles to 
bind the receptor was inhibited [ 36 ]. This suggests 
that in protein rich environments, with increased 
competition, the nanoparticle-receptor interaction 
may be masked, therefore preventing the nanopar-
ticle from identifying its target molecule. 

 Nonspecifi c attractive forces, intrinsic to the 
nanoparticle surface characteristics, hydropho-
bicity and surface smoothness can also lead 
to nanoparticle-membrane interactions and 
nanoparticle uptake. The zeta potential values of 
nanoparticles’ dispersions can create a favourable 
charge interaction with phosphate head groups 
on the membrane surface and even with the pro-
tein receptors to initiate nanoparticle-membrane 
adhesion [ 37 ]. Cationic nanoparticles [ 38 ], 
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 interact more favourably with the cell membrane 
surface when compared to anionic nanoparticles 
[ 39 ]. Furthermore, the hydrophobicity of the 
nanoparticles plays a role in surface membrane 
adhesion and penetration. It has been suggested 
that nanoparticles that have more hydropho-
bic character than the cell membrane itself, can 
embed themselves in the membrane and there-
fore gain access to the cell interior through this 
alternative pathway. Additionally, less hydropho-
bic particles are less likely to be taken up by the 
cell  via  this nonspecifi c adhesion pathway, than 
more hydrophobic nanoparticles of the same 
size. Furthermore, nanoparticle-cell interactions 
may be more favourable if surface protrusions 
or blemishes are present as hydrophilic and elec-
trostatic repulsive forces are greatly reduced, 
increasing the chances of surface adhesion. 
Therefore, a designed nanoparticle with a collec-
tion of attributes such as hydrophobicity, cationic 
nature and with surface protrusions would repre-
sent ideal candidates for non-specifi c-cell mem-
brane interactions and uptake [ 32 ]. 

 Specifi c and nonspecifi c nanoparticle-cell 
membrane interactions are both avenues for 
potential applications in future nanoparticle cell 
targeting as both harness different physico- 
chemical properties in order to navigate across 
the cell membrane. Both specifi c and non- specifi c 
ligand binding in many cases would perform 
membrane wrapping and internalisation although 
 via  different nanoparticle-membrane surface 
interactions [ 33 ].   

8.3    Design of Nanoparticles 
for Nanomedicine 

 There are many properties leading to the adop-
tion of gold nanoparticles in medicine/life 
science applications which include their bio-
compatibility, ease of functionalization [ 40 ] and 
the related historical use in treating rheumatoid 
arthritis [ 41 ]. A key point regarding the develop-
ment of stable biofunctional nanoparticles for 
applications in biomedicine is their potential for 
non-specifi c interactions with molecules in the 
biological environment [ 42 ]. 

 Because of the potential disruption of the 
 particle surface properties resulting from the 
formation of a biomolecular corona, biological 
and biomedical applications of nanoparticles 
notably require highly stable nanoparticles in 
physiological conditions while maintaining their 
physical and chemical properties. Importantly, 
the stability from a biological point of view 
means solubility/dispersion in physiological 
environments, as well as the absence of nonspe-
cifi c interactions. 

 Stability of the particles can be successfully 
achieved by means of a formation of a ligand 
shell which passivates the surface energy of a 
particle. Recent strategies involved the use of 
thiol ligands with hydrophilic functional groups 
that are capable of forming a self-assembling 
monolayer (SAM) at the surface of gold nanopar-
ticles [ 43 – 46 ] or using polymeric stabilisers, e.g. 
functionalised (amino/mercapto) dextrans [ 47 ]. 
Forming a self-assembling monolayer of ligand 
molecules on the surface of gold nanoparticles 
provide several advantages over using polymers 
for particle capping. The use of SAMs provides 
minimal changes in hydrodynamic diameter of 
particles that is of crucial importance for many 
biomedical applications. It avoids steric hin-
drance of nanoparticle probes that prevents 
molecular interactions as well as the proper pen-
etration of the nano-objects in constrained bio-
logical spaces e.g. cell junctions or synapses. The 
most useful SAMs range from PEGylated alka-
nethiols to peptides. 

 The design of SAMs for gold particle stabili-
sation in aqueous solutions involves the follow-
ing strategy starting at the surface of the gold 
nanoparticle and extending outward: a thiol (or 
dithiol) [ 48 ] group for covalent linkage to the 
metal core of the particle [ 49 ], followed by a 
hydrophobic region that allows robust close 
packing of the monolayer, and a hydrophilic ter-
minus which is exposed to the surrounding aque-
ous solution that ensures excellent particle 
solubility and overall particle stability in physio-
logical environments. Ideally, a specifi c func-
tional group is available at the end of the ligand 
(e.g. –COOH, -OH, -NH 2 , -NTA, -biotin, -N 3  
etc.) to allow grafting of proteins, biomolecules, 
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antibodies, dyes creating a functional 
 nanoparticle. This design strategy is represented 
schematically in Fig.  8.2 .

   The most successful example of SAMs are 
PEGylated alkanethiols, that can be used to form 
mixed monolayers,  i.e.  creating particles with 
diverse functionalities available on the surface 
in a desired ratio and peptides, such as CALNN 
[ 44 ]. The CALNN peptide is a very good example 
of a ligand capable of protecting silver nanopar-
ticles from oxidation when dispersed in aqueous 
solutions containing electrolytes and generally 
prevent electrolyte-induced aggregation of both 
gold and silver nanoparticles [ 50 ]. Moreover, 
it can serve as a starting sequence (with func-
tion of binding to the particle core) in order to 
create extended peptide sequences bearing a 
specifi c biomolecular function, e.g. cell penetrat-
ing peptide TAT (CALNNAGRKKRRQRRR) 
Pntn (CALNNGRQIKIWFQNRRMKWKK) 
or nuclear localization sequences (NLS) 
(CALNNGGFSTSLRARKA) [ 51 ]. In particular, 
SAM of functional ligands can be designed to 
present biomolecular recognition functions that 
are readily accessible at the particle surface and 
that may be incorporated in a controlled valency 
[ 52 ]. As described, this artifi cial rationally 
designed pentapeptide system provides a simple 
means to produce nanoparticles carrying a single 
biomolecular recognition function [ 53 ]. 

 In spite of progress in developing ligands that 
are able to form SAMs on nanoparticle surfaces, 
the general problem regarding the non-specifi c 
binding of nanoparticles has been often over 
looked. Indeed, complex biological environments 
contain high concentrations of biological macro-
molecules (typically 200–400 mg/mL nucleic 
acids, proteins, carbohydrates, lipids). These can 
often contain a variety of functional groups (e.g. 
amines, carbonyl, thiols) some of which can 
potentially bind to the metal nanoparticle itself or 
to the matrix protecting the particle. Thus, non- 
specifi c binding and/or subsequent exchange of 
ligands leading to the changes in the passivating 
particle ligand shell of the particles can cause 
loss of the particle recognition function, disabling 
the ability to recognize a specifi c target for label-
ling applications. Clearly, it is very important to 
prevent both non-specifi c interactions of the par-
ticles and ligand exchange, by creating robust 
ligand shells for nanoparticle stabilisation. 

 Summarising, while designing nanoparticles 
for biomedical applications, the following crite-
ria should be followed: (i) providing a compact 
and robust protective monolayer of stabilizing 
ligands that ensures maximum surface coverage; 
(ii) provide high stability in physiological solu-
tions (both in chemical and biological terms) 
and (iii) maintain control of the particle sur-
face. Moreover, it is important to identify 

Au –Linker–S

Au

–F—

  Fig. 8.2    Design strategy for manufacturing function-
alised nanoparticles destined for interacting with biologi-
cal systems. ( Left ) Monolayer ligand shells containing a 
functional ligand molecule on the surface of the gold 
nanoparticle that is providing covalent linkage through 
thiolated ligands, water soluble linker (e.g. PEG units), 
bearing diverse functional ends ( F ) to which a biomole-

cule can be readily attached  via  a number of grafting and 
click chemistry routes. ( Right ) Functional ligands are 
enabling attachment of potentially any kind of biomole-
cules and different applications: DNA for gene therapy, 
drugs for drug delivery, dyes for intracellular reporting 
and/or sensing, toxins for cancer therapy, antibodies/pro-
teins/receptors for targeting and bio-nano interactions       
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a  concentration of ligands that is suffi ciently 
high to obtain a compact matrix. The stability 
of capped nanoparticles in complex biological 
environments can not be predicted solely on their 
resistance to electrolyte- induced aggregation. 
Indeed, biological environments are extremely 
complex, due to their dynamic contents, some of 
which will bind to metal nanoparticles in a non-
specifi c way, if special attention is not taken to 
prevent this. Therefore, both non-specifi c inter-
actions of the particles and subsequent exchange 
of ligands must be prevented, in order to engage 
the engineered nanoparticles as useful probes for 
biological and biomedical applications. 

 Gold nanoparticles are very versatile, easy to 
prepare in a range of sizes [ 54 ] and shapes [ 55 ] 
with a range of functionalising strategies avail-
able, thanks to the thiol chemistry. These strate-
gies are important since they involve the addition 
of biologically relevant moieties to confer spe-
cifi c biological function(s) to the nanoparticles.  

8.4     Biomolecular Corona 
and Biological Identity 
of Nanoparticles 

 The study of the effects of nanoparticles on com-
plex biological systems is a constantly evolving 
fi eld of research, where a number of parameters 
need to be considered involving both the physical 
and chemical properties of nanoparticles and also 
their biological counterparts. Focussing only on 
one of these aspects could be misleading and 
could generate scientifi c fi ndings that are out of 
context. Because of their high surface-to-volume 
ratio, the surface of nanomaterials is very reac-
tive. Such high reactivity translates into very 
complex and dynamic interactions with the sur-
rounding environment, as the nanoparticle 
attempts to reduce its surface energy. In this sec-
tion, the aim is to describe how nanoparticles dis-
persed in biological matrices containing complex 
mixtures of biomolecules settle to a low surface 
energy state, by adsorbing biomolecules from the 
surrounding environment. This process, which 
may appear relatively simple at fi rst instance, is 
in fact very dynamic and complex, and dependent 

on specifi c properties of the nanoparticles exam-
ined, such as surface charge, shape, curvature and 
material, but also specifi c properties of the bio-
logical mixture, including the composition of the 
biomolecules and their relative concentrations. 

8.4.1    The Concept of Biomolecular 
Corona 

 Owing to their size alongside other properties, 
nanoparticles have high surface energies. Whilst 
this is an important consideration when design-
ing stable nanoparticle dispersions, capable of 
avoiding agglomeration, it also has a signifi cant 
impact on their biological interactions. When 
nanoparticles are exposed to biological fl uids 
(e.g. blood plasma, cerebrospinal fl uid, lung lin-
ing fl uid) the proteins and biomolecules present 
therein tend to associate with the nanoparticles’ 
surfaces in order to passivate their high surface 
energy [ 17 ]. 

 Biological fl uids, by their very nature, are 
highly complex systems. For example, human 
blood plasma contains over 3,700 proteins [ 56 ] 
with a dynamic protein concentration range span-
ning 10 orders of magnitude. When ‘naked’ 
nanoparticles are exposed to biological fl uids, 
a huge variety of biomolecules present therein 
will combine to form this “corona” on the parti-
cle surface. It has been established that the types 
of biomolecules that comprise this corona depend 
on relative concentration of protein species pres-
ent in the exposed fl uid and a range of different 
parameters describing the nature of the nanopar-
ticles including material, size [ 57 ], surface curva-
ture [ 58 ], and surface chemistry. 

 The signifi cance of this paradigm is that the 
biological machinery,  i.e.  the cell, is not able to 
‘see’ a bare particle surface, but instead interact 
with an arrangement of proteins and biomole-
cules present on the particle’s surface with which 
it can interact [ 14 ]. The biomolecular corona 
therefore plays a key role in the interaction 
between nanoparticles and biological systems, 
impacting on how these particles interact with 
biological systems on a cellular and molecular 
level [ 59 ]. 
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 Since the conceptualisation of the biomo-
lecular corona a great deal of work has been 
performed to understand how it forms, evolves 
and subsequently impacts nanobiotechnology 
and nanomedicine [ 13 ]. Within the biomolecule 
corona, proteins and other biological species 
interact with the surface of nanoparticles with 
different affi nity, where species with low affi nity 
are dynamically exchanged from the surface this 
is referred to as the “dynamic corona”. Species 
with higher affi nities reside for longer times 
on the nanoparticle surface, this “hard corona” 
is typically stable for at least several hours 
(Fig.  8.3 ) [ 60 ,  61 ]. This means that due to the 
long term stability of some proteins, nanopar-
ticles can retain a ‘protein memory’ of locations 
where they have been, and potentially transport 
and drag some biomolecules into compartments 
normally inaccessible.

   The dynamic corona denotes proteins and bio-
molecules which are loosely associated with the 
nanoparticle. This layer is under constant reno-
vation, where proteins and other biomolecules 
are free to exchange between the nanoparticle 

 surface and the rest of the free biomolecules 
available in solution. As a result, the dynamic 
corona is not stable for long periods of time, and 
can be easily disturbed by dilution or removal 
of the biological fl uid. This makes the dynamic 
corona  experimentally diffi cult to study.  

8.4.2    Impact of the Biomolecular 
Corona on the Dispersion 
and Biological Effects of 
Nanoparticles 

 The adsorption of biologically relevant molecules 
on the surface of nanoparticles may completely 
change the nature of the nanoparticles’ surface 
properties. Not only does it increase the overall 
size of the particle, but it also alters the surface 
chemistry of the particle. In essence, this means 
that cells almost never see a naked nanoparticle 
surface, in fact cells exposed to nanoparticles in 
serum-free conditions, for example, with no pro-
teins present, exhibit cell death as the high sur-
face energy of the nanoparticle is able to interact 
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with the cell  membrane essentially by punching 
holes in it while impacting the cell integrity in an 
attempt to lower its surface energy [ 62 ,  63 ]. The 
presence of a biomolecular corona protects the 
cell from this damage which would not refl ect a 
real biological situation.  

8.4.3    Effects and Control 
of the Biomolecular Corona 

 In many cases, the biomolecular corona is con-
sidered a side effect, which must be avoided. 
This is because, by covering the surface with a 
biomolecular layer the intrinsic functions of the 
nanoparticles are often masked. This is particu-
larly important for functionalised nanoparti-
cles,  i.e.  nanoparticles designed to carry specifi c 
functional groups and/or payload that is rele-
vant for drug delivery [ 2 ]. If a biomolecular 
corona is formed around functionalised parti-
cles, or it impacts the particle stability, func-
tional groups present therein are covered by a 
layer of biomolecules from the media, render-
ing the particles invisible for subsequent 
 biological interactions. 

 To avoid this, several attempts have been made 
to control the composition of the biomolecular 
corona. One approach involves surface modifi ca-
tion of the nanoparticles in order to render them 
less favourable for proteins to bind. The most 
widely used methods involve utilising the anti- 
fouling properties of hydrophilic polymers, most 
commonly polyethylene glycol (PEG) [ 64 ]. 
Depending on the amount and length of the poly-
mer grafted onto the particle surface it is possible 
to create different conformations of PEG, most 
notably brush conformation (close packed) and 
mushroom (more mobile) [ 65 ]. It should be noted 
that the presence of these polymers drastically 
reduces the association of proteins and other bio-
molecules however, it does not impede it com-
pletely [ 66 ]. 

 PEGylated particles [ 67 ] have an important 
effect on the enhanced permeability and retention 
(EPR) effect. This EPR effect, discovered by 
Maeda et al., is mostly observed in cancerous or 
infl amed tissues [ 68 ]. 

 In targeted drug delivery, the surface of 
nanoparticles is modifi ed and functionalised in 
such a way to cause particles to target and/or 
enter preferentially specifi c biological regions 
and locally treat exclusively the affected areas. 
The most common targets in nanomedicine are 
cancerous cells, whose targeting favourably 
reduce side effects and increase the effi cacy of 
cancer treatment. One of the approaches to facili-
tate targeted treatment involves grafting or 
 modifying the surface of the nanoparticle with 
molecules or biological ligands for plasma mem-
brane receptors that are overexpressed on cancer 
cells compared to the normal tissue. Examples of 
this approach could include growth factors or 
antibodies for members of the Epidermal Growth 
Factor receptor family (Her2) in breast cancer or 
Hepatocyte Growth Factor Receptor in liver 
cancer. 

 When these modifi ed nanoparticles are intro-
duced into biological fl uids there is a potential for 
other proteins to associate with them. In fact it 
has been shown that the presence of serum pro-
teins can reduce targeted nanoparticle specifi city, 
rendering certain targeting approaches ineffec-
tive [ 36 ]. 

 On the other hand, the arrangement and orien-
tation of the biomolecules on the surface of a 
nanoparticle can be quite different to what is seen 
typically by biological systems. For example, the 
surface of nanoparticles can cause unfolding or 
denaturation of the proteins, exposing portions of 
the specifi c amino acid sequence presented in a 
way that does not occur naturally. One instance 
of this shows how PAA (polyacrylic acid) coated 
gold nanoparticles of diameters smaller than 
20 nm are able to unfold the protein fi brinogen, 
exposing a specifi c epitope involved in the 
recruitment of macrophages. This process causes 
activation of Mac-1 receptors, resulting in cyto-
kine release and infl ammation [ 69 ]. 

 The biomolecular corona has negative impli-
cations for some applications however, for many 
others it provides a useful function. In one case 
the adsorption of proteins and controlled agglom-
eration of gold nanorods was used to trap drugs 
in a protein-particle matrix. The release of the 
drug could be achieved by local heating of the 
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nanoparticles, taking advantage of specifi c plas-
monic properties of these particles, which 
involves irradiation of the nanorods with an infra-
red laser [ 70 ].   

8.5    Interaction of Functionalised 
Nanomaterials with Cell 
Organelles 

 The complex and dynamic relationship between 
surface properties of nanomaterials and their inter-
actions with biomolecules has the potential to gen-
erate novel and unexpected impacts on biological 
systems, some of which could be further exploited 
for diagnostic and therapeutic purposes. A system-
atic approach has been employed to investigate 
how nanoparticles interact with cells  in vitro , 
which are the modalities used to cross the plasma 
membrane and utilise cell specifi c pathways to 
reach subcellular organelles. These pathways dif-
fer between nanoparticles with different surface 
chemistry and functionalisations, and the biologi-
cal outcomes also are infl uenced by the sub- 
cellular localisation and the surface properties of 
nanoparticles. The formation of a biomolecular 
corona could be exploited to allow for highly toxic 
nanoparticles, which in absence of a protein 
corona would cause non-regulated necrotic cell 
death, to be delivered inside the cell and only 
release their toxic potential in form of controlled 
apoptotic cell death once the protein corona is 
degraded by the lysosomal enzymes. On the con-
trary, fi nely tuned custom engineering of the 
nanoparticle surface components is highly desired, 
if intended to deliver the nanoparticles to a specifi c 
target organelle or sub-cellular compartment by 
escaping the endo-lysosomal pathway. 

8.5.1    Receptor Mediated 
Endocytosis Leading 
to Lysosomal Accumulation 
of Nanoparticles 

 It has been widely recognised that mammalian 
cells in culture can internalise large amounts of 
the cell membrane in an invagination pit to engulf 

and accept nanoparticles through a process called 
endocytosis [ 21 ]. Endocytosis is an umbrella 
term pertaining to clathrin-dependent and clath-
rin-independent receptor mediated endocytosis, 
pinocytosis and phagocytosis [ 71 ]. The best 
described nanoparticle-ligand-receptor mediated 
uptake is  via  a clathrin-dependent endocytosis 
mechanism by which a high density region of 
trans-membrane high affi nity receptors bind to 
their complimentary ligand and form a invagina-
tion pit on the cell membrane surface using cyto-
plasmic membrane coating proteins called 
clathrin [ 72 ]. The newly formed clathrin coated 
vesicles, called early endosomes, and their con-
tents are now completely engulfed inside the cell, 
and present in the cell’s cytoplasm (Fig.  8.4 ). The 
nanoparticle containing endosome tends to fol-
low the endo-lysosomal internalisation pathway, 
and further mature into acidic lysosomes, 
designed to degrade unwanted material for fur-
ther use in protein synthesis, using lysosomal 
enzymes called cathepsins (Fig.  8.5 ). It has been 
suggested that lysosomes are the ‘grave yard’ of 
nanoparticles, as cells rarely show nanoparticle 
exocytosis or nanoparticle recycling back to the 
cell surface, which is common in the case of pro-
tein receptor recycling processes post endocyto-
sis [ 73 ]. In rare cases, nanoparticles were shown 
to escape the lysosomal pathway and access recy-
cling pathways of the endocytotic process [ 74 ]. 
Additionally, it has also been suggested that some 
nanoparticles irrespective of physical dimen-
sions, shape and surface modifi cations can avoid 
this fate and be stored in non-lysosomal organ-
elles [ 75 ].

8.5.2        Lysosomal Rupture as a 
Consequence of Nanoparticle 
Surface Chemistry 

 Nanoparticles, irrespective of specifi c or nonspe-
cifi c uptake tend to accumulate in lysosomal 
compartments after navigating the endo- 
lysosomal pathways. However, it has been dem-
onstrated that cationic nanoparticles can cause 
lysosomes to swell and eventually rupture fol-
lowing uptake [ 39 ]. It is believed that positively 
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charged amine groups on the surface of polysty-
rene nanoparticles are involved in this event. The 
swelling and rupture of lysosomes was shown by 
labelling the biomolecular corona on the surface 
of the cationic particles [ 76 ]. The fl uorescently 
labelled corona was monitored in its evolution 
during uptake of nanoparticles and was observed 
to be colocalised with the nanoparticles once they 
reached the lysosomes. Over time, the intensity 
of the labelled corona decreased, consistently 
with observed increased cathepsin activity, 

 suggesting that the lysosomal enzymes began to 
degrade the bio-molecular corona exposing the 
amino groups on the particle’s surface. 

 This implies that highly positive polystyrene par-
ticles can enter cells by using the strongly bound 
protein corona biomolecules and can gain access to 
the lysosomal pathway, at which point the lysosomal 
enzymes degrade the bio- molecular protective layer 
uncovering the amino groups on the particle surface. 
The protonated amino groups on the surface of the 
nanoparticles, once exposed, result in lysosomal 
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tion pit and becoming internalised forming a clathrin-
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compartment rupture which releases enzymes and 
other lysosomal contents in the cytoplasm, causing 
cell death by apoptosis [ 39 ,  77 ,  78 ].  

8.5.3    Nanoparticle Load Dilution 
Due to Cell Division 

 Recent studies have investigated the relation-
ships between nanoparticle internalisation and 
load volume with the different phases of the cell 
cycle [ 73 ]. The cell cycle consists of four con-
secutive phases, G1, S, G2 and M, each poten-
tially contributing differently to nanoparticle 
uptake and carrying load. In the phase subse-
quent to cell division, known as G1 phase, cells 
have a high metabolic rate due to demand for 
structural proteins post mitosis. The G1 phase 
is followed by the S phase, where DNA synthe-
sis occurs in order to replicate existing DNA 
previous to mitosis. The G2 phase is character-
ised by intense protein synthesis to allow the 
cell to prepare for mitosis or cell division and 
is characterised by high metabolic rate. In the 
fi nal phase, the M phase, the cell divides into 
two daughter cells. Using fl uorescently labelled 
carboxy- functionalised polystyrene nanopar-
ticles, it was demonstrated that cells that had 
just performed mitosis had the lowest nanopar-
ticle load, followed by cells in S phase and 
fi nally the cell population with the largest load 
of nanoparticles was in G2/M phase. The cell 
cycle phases have different duration, revealing 
that the uptake of nanoparticles is not infl uenced 
or affected by specifi c phases of the cell divi-
sion. Furthermore, because exocytosis of car-
boxy-functionalised polystyrene nanoparticles 
in A549 cells was shown to be negligible, it was 
concluded that when the cell performs mitosis, 
the load of nanoparticles was divided between 
the newly formed daughter cells [ 73 ].  

8.5.4    Organelle Targeting by 
Engineered Nanoparticles 

 One of the main goals when designing nanopar-
ticles for drug delivery and therapeutic 

 applications is the targeting of specifi c 
 intracellular organelles. We have described so far 
how non- functionalised nanoparticles mainly fol-
low the endocytotic cell uptake pathway and 
accumulate in the lysosomes, which may be a 
viable approach if the intention is to cause apop-
tosis in cells. However, this route of internalisa-
tion is not effective in the attempts to deliver a 
specifi c payload e.g. blocking peptides or siRNA 
directly to the cytoplasm or the nucleus. In order 
to maximise this effect, a targeting system needs 
to be tailored in order to deliver the nanoparticle 
to the desired sub-cellular compartment. 

 Targeting approaches are available to deliver 
nanoparticles to specifi c organelles by using 
functional ligands located on the nanoparticle 
surface, leading to delivery of the particles to a 
specifi c location. Current obstacles with utilising 
the lysosomal pathway for drug delivery reside 
on the fact that drugs entering the cell  via  the 
endo-lysosomal pathway remain trapped in lyso-
somal compartments and are degraded resulting 
in a fraction of the intended drug reaching the 
cells cytoplasm [ 79 ]. This lysosomal degradation 
renders drugs that show promising results  in vitro  
to have poor bioavailability  in vivo . It is now con-
ceivable to perform drug delivery to specifi c 
organelles, enhancing the drug load delivery to 
the location of interest by potentially bypassing 
the lysosomal degradation pathway which 
nanoparticles tend to utilities as their main 
method of entry. Partially, this can be achieved by 
some alternative methods, e.g. electroporation, 
microinjection, laser irradiation, lysosomal rup-
ture post uptake. The main target of gene therapy 
approaches is the cell nucleus, the organelle that 
stores and ensures correct transcription and repli-
cation of the genetic information. 

 The cell nucleus is surrounded by a membrane 
with different composition from the plasma 
membrane,  i.e.  the nuclear membrane contains 
pores of few nanometre in size that are utilised 
for the protein signalling involved in regulations 
of all the cellular processes. Additionally, the 
nuclear membrane only disassembles during the 
mitotic phase of the cell division. All these fac-
tors contribute to limited access of nanoparticles 
to the nucleus and therefore additional efforts are 
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required to direct the nano-vehicles to the cell 
nuclei. 

 One of the promising approaches utilises anti-
cancer ligands targeting proteins such as nucleo-
lin [ 80 ]. Nucleolin is a nuclear phosphoprotein 
that is abundant in the nucleus of healthy cells but 
is overexpressed and translocated to the plasma 
membrane in metastatic cells. By targeting the 
overexpressed nucleolin protein on the cell mem-
brane, nanoparticles can be traffi cked directly to 
the nucleus. Aptamers containing a peptide 
sequence specifi c to bind nucleolin were grafted 
onto the surface of gold nanostars and success-
fully shuttled directly to the cell nucleus avoiding 
the cells lysosomal degradation pathways. This 
pathway has potential to be used in drug delivery 
and gene therapy approaches by utilising 
nanoparticle’s ability to transport high drug loads 
to the nucleus. 

 While nanoparticles can not directly be used 
in many cases to target the nucleus, they have a 
great potential for targeting of cancer cells. 
Nanoparticle can carry the anticancer drugs and 
high loads of pro-apoptotic drugs in order to tar-
get the mitochondria and deliver the drugs spe-
cifi cally to the site of activation,  i.e.  mitochondrial 
membrane. Polymeric particles with various sur-
face modifi cation have been shown to evade the 
endosomal compartment vesicles soon after 
invagination of the particle at the cell membrane, 
long before the vesicle has maturated into a lyso-
some [ 81 ]. This example of endosomal escape 
enables the nanoparticle delivery of the drugs to 
the cytoplasm, while preventing the degradation 
in the acidic lysosome. A high dose of a pro- 
apoptotic drug released in the cytoplasm is capa-
ble of causing assembly of pro-apoptotic Bcl-2 
proteins, formation of Permeability Transition 
Pores on the mitochondrial membrane and result 
in the release of cytochrome C, which activates 
the downstream caspase proteolytic cascade and 
leads to execution of apoptotic cell death [ 82 ]. 

 Using the high dose bearing capabilities of 
nanoparticles to deliver drugs to specifi c tissues 
or cell compartments is vastly increasing the drug 
effi ciency. Current drug delivery systems also 
rely on diffusion to deliver drugs into cells. It is 
important to note that these current systems do 

not allow the delivery of the intended drug in a 
targeted manner, causing side effects to the 
patient, in a lot of cases severe, resulting from 
healthy organs being exposed to the drug. 
Moreover, once the drug has diffused into cells, it 
may be metabolised or actively pumped out of 
the cell before it can exert its activity.   

8.6     Intracellular Fate 
of Nanoparticles 

 Despite advancements in nanoscience, relatively 
little is known about the intracellular fate and 
function of nanoparticles post uptake. In general, 
the fate of any particulate matter taken up by a 
cell is the endo-lysosomal system, a number of 
vesicular bodies the content of which is physi-
cally and chemically isolated from the remainder 
of the cytoplasm, where it is either digested enzy-
matically or eventually removed from the cell by 
exocytosis [ 83 ]. 

 Nanoparticle fate is related in some cases with 
the kinetics of nanoparticle–protein association 
and dissociation that has important roles in deter-
mining the particle’s interactions with biological 
surfaces and in particular with the receptors. The 
main obstacle to be overcome in order to fully 
realise the potential of any of the exciting appli-
cations of nanoparticles in nanomedicine is that 
particles taken up by a cell  via  endocytosis usu-
ally remain confi ned to the endocytic vesicles 
and are thus not available to report on or even 
participate in metabolic events that take place 
outside this confi nement. This imposes severe 
limitations to the usefulness of nanoparticles as 
intracellular agents and probes. 

 Advancement of bionanotechnology implies 
challenging this internalisation pathway in order 
to achieve the uptake routes that circumvent 
endocytotic mechanisms  via  the so-called direct 
uptake. Some reports on the attempt of direct 
uptake include the delivery of nanoparticles 
directly to the cytoplasm. The most effective of 
these is microinjection [ 84 ] where the particles 
are directly injected mechanically into individual 
cells. Other methods are either based on tem-
porarily debilitating the cell membrane, e.g. by 
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application of electric fi elds (electroporation) 
[ 85 ], or on rapid mechanical expansion of the 
cells that leads to uptake of particles adsorbed 
to the outer cell membrane (osmotic shock treat-
ment) [ 86 ]. Naturally, these approaches are lim-
ited to research applications  in vitro  and thus not 
suitable for upscaling to use in tissues or entire 
organisms  in vivo . 

 To date, the most effective strategies in 
avoiding endocytosis include the modifi cation 
of nanoparticle surface chemistry. Recent 
reports show how modifi cation of the particle 
surface and specifi c surface chemistry design 
may play a role in circumventing endocytotic 
routes. This includes the use of cell penetrating 
peptides (CPPs) and specifi c peptides with 
nuclear localisation sequences (NLSs) to guide 
particles in the cell interior that may end up in 
diverse organelles, including the cell nuclei 
[ 87 ]. There are also other functional moieties or 
enzymes that may facilitate direct transfer of the 
cell membrane, or specifi c structures of the 
ligand shell as suggested by Stellacci and co-
workers [ 88 ]. 

 Other ways rely on the typical endocytotic 
uptake with subsequent release of the particles 
from the endosome into the cytoplasm. While 
this may also be possible by combinations of 
CPPs that lead to the disruption of the endosome 
[ 87 ] it can also be done by exploiting externally 
triggered photochemical or photothermal effects 
caused by laser irradiation that can be used to 
perforate the endosomal membrane, in particu-
lar, if the respective vesicle contains metal 
nanoparticles [ 89 ]. It was shown that laser-acti-
vated gold nanoparticles can kill a cell even 
when the laser energy is insuffi cient to trigger an 
increase in temperature causing the hyperther-
mia effects [ 90 ]. This photothermal therapy 
approach does not cause any thermal effects, but 
the photoemission of electrons from the gold 
generates damage inducing free radicals. 
Electron microscopy studies showed that the 
subcellular damage infl icted by the laser, follow-
ing endocytotic uptake, released the particles 
from the endocytotic vesicles to the cytoplasm 
 via  specifi c endosomal damage; in particular, 
dissolution of the membrane of endosomes fi lled 

with fewer particles was observed while endo-
somes fi lled with more particles remained intact 
or suffered only minor damage. Another effect 
observed was the escape of nanoparticles into 
the cytoplasm after surgical rupture of the endo-
somal membrane. 

 Cell-penetrating peptides (CPPs) are a class 
of peptides capable of crossing the cell mem-
brane and are widely used to transport cargo 
into cells. Importantly, depending on their par-
ticular amino acid sequence, they are capable 
of reaching different cell organelles in the cyto-
plasm, such as mitochondria and cell nuclei. 
Gold nanoparticles labelled with CPPs have the 
ability to cross the cell membrane, and can be 
found initially in the cytoplasm, but are then 
concentrated into vesicular structures [ 51 ]. 
Moreover, evidence was observed of intracellu-
lar membrane penetration occurring over time. 
It was found that the TAT peptide, originally 
extracted from the HIV virus, was best able to 
facilitate uptake of gold nanoparticles and sub-
sequent particle roaming. In particular, after a 
2 h incubation, nanoparticles were found dis-
persed in the cytoplasm. After 10 h, aggrega-
tion was observed, with evidence of membrane 
rupture occurring, presumably as part of the 
translocation process. After 24 h, very dense 
assemblies were observed, leading to exocyto-
sis of the particles. Interestingly, nanoparticles 
were observed initially in the mitochondria and 
nucleus, but no particles were observed after 
24 h, even after the cells were incubated with 
fresh particles. This behaviour could suggest 
that the cells are adapting to the presence of the 
nanomaterials and developing strategies to pro-
tect crucial regions from these particles. 

 Direct uptake, if substantiated, may become 
relevant to drug delivery, intracellular probes, 
some viral infections, transfection, protein traf-
fi cking and to the manifestation of the potential 
toxicity of engineered nanoparticulate objects. 
The latter, in particular, is very topical since the 
current implementation of nanoparticles in a 
broad range of applied technologies is expected 
to cause a signifi cant increase in the exposure 
of humans and the environment to such 
materials.  
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8.7    Nanoparticles as Dose 
Enhancers in Radiotherapy 

 As outlined in Sect.  8.6  generally nanoparticles 
are taken up by cells  via  endocytosis. Broader 
application of nanotechnology in medicine 
strictly depends on the progress of the fi eld of 
research dealing with the design of multimodal 
nanoparticles that can fulfi l different tasks and in 
some cases overcome formation of the biomo-
lecular corona. 

 One promising route of application of 
nanoparticles in radiotherapy cancer treatment is 
the novel use of gold nanoparticles as dose 
enhancers in radiation therapy. Radiotherapy is a 
widely utilised effective therapeutic tool in the 
treatment of forms of cancer refractive to 
chemotherapy. 

 In general, radiotherapy seeks to achieve local 
tumour control by delivering doses high enough 
to effectively kill all of the target cells in a tumour 
mass, preventing progression or recurrence. 
Typically, this involves the use of doses on the 
order of 50–100 Gy, depending on the tumour 
location. Moreover, this approach is aided by dif-
ferences in the biology of healthy and cancerous 
cells. Cancerous cells are highly proliferative by 
their nature, dividing rapidly and often with lack 
of control. Thus they are genetically less stable, 
as they have less time to repair induced damage 
before their division, and tend to have less effec-
tive cell cycle regulation when compared to 
healthy cells. This makes cancerous cells more 
sensitive to the effects of ionising radiation. 

 However, the doses needed to effectively erad-
icate the tumour are still dramatically larger than 
those typically encountered from background 
radiation. Moreover, the radiation must be deliv-
ered with great care in order to balance the ben-
efi ts of killing cancerous cells with the potential 
toxicity in the surrounding healthy ones. Several 
techniques are used to maximise the therapeutic 
benefi t of radiation therapy. This includes frac-
tionation and spatial conformation of radiation. 
To improve this treatment, modern radiation ther-
apy is delivered using a diverse sophisticated 
techniques, e.g. 3D Conformal Radiotherapy 
(3DCRT), Intensity Modulated Radiotherapy 

(IMRT) and Volumetric Modulated Arc Therapy 
(VMAT) which are able to spare the healthy tis-
sue by delivering multiple fi elds of radiation to 
the patient from different directions which only 
overlap within the target volume, while deliver-
ing lower doses to healthy tissue and only deliv-
ering full doses to the tumour volume. Despite 
the advancement of these techniques, toxicity of 
the healthy tissue remains a signifi cant limiting 
factor for delivery of radiotherapy, due to the dif-
fi culties associated with delivering the dose 
solely to the target volume. 

 To address this problem and advance the 
radiotherapy cancer treatment, the use of heavy 
charged particle therapies have been developed 
involving beams of protons or heavy ions. In this 
way most of the energy of the particles is depos-
ited at a characteristic depth, which can be tuned 
in order to target the tumour mass more precisely, 
reducing the dose to the healthy tissues. 

8.7.1    Gold Nanoparticle 
Radiosensitisation 

 Development of improved modalities of radiation 
therapy involves the idea of using a small amount 
of high atomic number (Z) material preferentially 
localised within tumours in conjunction with 
carefully tailored x-ray radiation. The enhanced 
absorption of the high atomic number material 
results in increased dose delivery localised at the 
tumour mass alone. 

 Early studies of gold nanoparticle radiosensi-
tisation were carried out using a mouse model, 
where mice with implanted tumours were treated 
with radiation with and without gold particles as 
contrast agents to enhance X ray imaging and 
radiotherapy The experiments showed signifi cant 
improvements in overall survival, with over 70 % 
of mice being fully recovered from their tumours 
after a combination treatment of gold nanoparti-
cles and radiotherapy. This research demon-
strated a clear potential for the application of 
gold nanoparticles as a radio-sensitiser [ 91 ]. 
When using gold nanoparticles as radio- 
sensitizers, it is important to keep in mind the 
amount of gold required to yield signifi cant 

8 Nanomaterials: Impact on Cells and Cell Organelles



152

 sensitisation, and the energy dependence of this 
sensitisation. 

 Another important aspect for this therapy 
application to work effi ciently is that the particles 
designed for this application need to be of very 
small size (below 15 nm) and need to be targeted 
to the cells’ nuclei or in their close proximity 
(Fig.  8.6 ). When gold nanoparticles interact with 
radiation, they compress the distance over which 
the dose is deposited in the neighbouring biologi-
cal environment from centimeters to 10s of nano-
meters [ 6 ]. Effectively they act to replace a single 
long-range photon with several shorter-range 
electrons. Associated with this process is a mas-
sive increase in the local dose (e.g. from a few Gy 
to 100,000 Gy) [ 7 ].

   Since most cancer patients, particularly in the 
case of glioblastoma, die within 2 years after 
diagnosis, novel therapeutic strategies for the 
treatment of therapy-refractory astrocytomas are 
desperately needed. The response to radiation is 
highly non-linear, therefore the local dose escala-
tion produces a large enhancement to the cell 
killing in the case of cells that have taken up 
nanoparticles. The enhancement manifests itself 
as an increase in the relative biological 

 effectiveness (RBE) of radiation and is under-
pinned by the mechanism which increases the 
RBE in ion beam therapy [ 92 ]. The means of tar-
geting proposed by use of gold nanoparticles is 
thus different from that in ion beam therapy,  i.e.  
drug delivery approaches can be used alongside 
the traditional means of targeting in radiotherapy 
through the use of multiple collimated radiation 
fi elds. Compared to common mechanisms of 
drug action, in this model, toxicity is less pro-
nounced,  i.e.  the nanoparticle remains inert until 
triggered by the radiation. This approach offers 
the benefi ts of ion beam therapy, associated with 
the advantages of reduced cost and direct com-
patibility with many existing radiotherapy 
centres. 

 Thus, in combination with ionising radiation, 
gold nanoparticles offer great potential for thera-
peutic benefi t in treatments of cancer.   

   C onclusions 

 Nanotechnology holds great potential in 
many different applications – ranging from 
industrial devices, sensor and microchip 
technology, consumer products, food addi-
tives and food packaging and biomedical 

X rays

X rays

  Fig. 8.6    X-ray dose enhancement of intracellular gold nanoparticles. Maximised effects are observed when gold 
nanoparticles are located in close proximity ( left ) of the cell nucleus or in the cell nuclei ( right )       
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devices, diagnostics and therapeutics. The 
appropriate design and engineering of par-
ticle surface functionalities is the key to 
controlling the cellular and sub-cellular 
transport of nanoparticles as well as their 
biodistribution. 

 Understanding how nanoparticles interact 
with (complex) biological systems is para-
mount to ensure their safe use associated with 
the environment and human health. Moreover, 
for biomedical applications, it is necessary to 
understand the particle interactions with the 
biological machinery in order to optimise 
their design and effi cacy. 

 The interactions that result from nano-
materials contacting biological matrices and 
living organisms are governed by complex 
and dynamic physical, chemical, biochemi-
cal and molecular processes. By investigating 
the interactions of nanoparticles with bio-
logical fl uids we gain important information 
that are useful in further understanding of the 
even more complex inter- relationships with 
simple biological systems e.g. cells cultured 
 in vitro . These fi ndings are the foundation to 
study of nanoparticle interactions with more 
complex systems, such as tissue or animal 
models, adding the complex relationships 
between cells within a tissue, among tissues 
in the same organ, and among different organs 
in the organism, to the bio-nano interactions 
equation. 

 One of the ways forward certainly includes 
modelling and system biology approaches to 
predict bio-nano interactions and biological 
outcomes and develop a paradigm of nanopar-
ticles “safer by design”. By combining the 
knowledge on the molecular mechanisms 
responsible for many diseases, with the oppor-
tunities offered by the tuneability of the sur-
face of nanomaterials and the knowledge on 
their interactions with target cells we are aim-
ing to exploit the cell machinery to carry diag-
nostic, therapeutic or theranostic nanoparticles 
to the desired sub-cellular compartments and 
thus achieving successful targeting, maxi-
mised effi cacy and minimal side effects for the 
future patient.     
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    Abstract 

 Nanomaterials have the potential to solve 
some of the toughest challenges facing 
modern medicine. Their unique optical, 
magnetic and chemical properties at the 
nanoscale make them different from their 
macroscale counterparts. Successful appli-
cation of nanomaterials can revolutionize 
therapeutics, diagnostics and imaging in 
several biomedical applications. Self-
assembled amphiphilic polymeric nanopar-
ticles have been employed to carry poorly 
soluble chemotherapeutic drugs. Loading 
of anticancer chemotherapeutic drugs into 
self assembled polymeric nanoparticles 
have shown to increase their circulation 
time, tumor localization and therapeutic 
potential. This book chapter provides an 
introductory discussion to organic nano-
technologies for drug delivery. Promising 
advances in the field of nanomedicine will 
be discussed and an outlook to the future 
will be provided.  
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  NP    Nanoparticle   
  PEG    Poly (ethyleneglycol)   
  QD    Quantum Dots   
  μL    Microliters   
  μm    Micrometer   

9.1          Introduction 

 Biological processes at molecular and nanoscale 
levels give rise to complex cellular and organ 
functions which constitute the life we see around 
us. Alteration in molecular and nanoscale-level 
processes often leads to disease. Molecular and 
nanoscale-level interactions play a central role in 
the activity of disease-causing agents including 
viruses or bacteria, mutated cells, and altered 
gene or amino acid sequences. For example, 
mutation of one 0.24 nm nucleotide in codon 
sequence G A G to G T G, can result in exchange of 
the resultant amino acid from glutamic acid to 
valine in the heamoglobin beta protein chain, 
causing sickle cell anaemia [ 1 ]. 

 The National Nanotechnology Initiative 
(NNI), a U.S. Government research and develop-
ment (R&D) initiative, defi nes nanotechnology 
as the science, engineering and technology con-
ducted at the nanoscale, a scale from 1 to 100 nm 
(1 nm = 10 −9  m) [ 2 ]. Engineering at the nanoscale 
is ~10,000 times smaller than what a human eye 
can see. Initial concepts of nanotechnology were 
fi rst described in the visionary talk of Professor 
Richard Feynman entitled “There is plenty of 
Room at the Bottom” on December 29, 1959, in 
which he envisoned how scientists could manipu-
late matter at the molecular and atomic level 
one day [ 3 ]. The visionary talk came a decade 
before the term nanotechnology was coined by 
Professor Norio Taniguchi [ 2 ]. New develop-
ments are aimed at harnessing the powers of nan-
otechnology in therapeutic applications for 
betterment of the human condition [ 4 ]. 

9.1.1    Nanomaterial Properties 

 At the nanoscale, materials have multiple distinc-
tive and rather unexpected properties when com-
pared to observations at the macroscale [ 5 ]. 

Important material properties including color of the 
particles in dispersions [ 6 ], fl uorescence [ 7 ], elec-
trical conductivity [ 8 ], magnetic permeability [ 9 ], 
chemical reactivity [ 10 ], and melting point [ 11 ] are 
drastically different at the nanoscale. For example, 
gold nanoparticles absorb different wavelengths of 
light depending on their size and generate differ-
ently colored dispersions [ 6 ]. Nanoscale character-
istics that give rise to such important material 
properties can be broadly divided into three groups 
(1) increase in surface area to volume ratio of these 
materials as they approach the nanoscale [ 12 ], (2) 
quantum confi nement of electrons at the nanoscale, 
and (3) propensity of some molecules to self-
assemble into different structures and shape, 
including emulsions, polymeric micelles and lipo-
somes [ 13 – 16 ]. This book chapter focusses on the 
self- assembly property of polymeric nanomateri-
als, and describes the preparation, functionalization 
and delivery of self-assembled organic nanomateri-
als for therapeutic drug delivery. Information on 
inorganic nanomaterials for drug delivery can be 
found elsewhere [ 17 ,  18 ].  

9.1.2    Nanomaterials in 
Therapeutics 

 Successful translation of new therapeutic drugs 
from the laboratory to the clinic faces daunting 
challenges including the need to target the dis-
ease and reduce any systemic side-effects, with-
out compromising function and/or stability. 
Drugs injected intravenously are often eliminated 
by the liver, spleen and kidneys. Studies have 
shown that <5 % of the delivered chemothera-
peutic drug reaches the tumor site when injected 
intravenously in tumor-bearing mice [ 19 – 21 ]. 

 Nanomaterials have generated signifi cant 
interest as possible solutions to some of these 
pressing challenges. Concepts from nanotechnol-
ogy have been investigated for improving tar-
geted drug delivery [ 22 ], enhancing the stability 
of poorly soluble drugs in the blood [ 22 ],  in vitro  
antigen detection [ 23 ], highly sensitive diagnos-
tics kits [ 24 ], enhanced contrast agents for bio-
medical imaging [ 25 ,  26 ], and dual delivery of 
contrast agents and therapeutic molecules [ 27 ]. 
One key goal of nanomaterial-based drug  delivery 
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systems is to modulate the pharmacokinetic pro-
fi le of therapeutic drugs so as to achieve targeted 
accumulation of the drug mainly in the diseased 
tissue. Nanomaterials have also been utilized in 
many emerging fi elds of medicine including tis-
sue engineering [ 28 ,  29 ], regenerative medicine 
[ 30 ], and theranostics [ 31 ,  32 ]. Table  9.1  lists the 
advantages and disadvantages of different organic 
and inorganic nanoparticles currently in use for 
therapeutic drug delivery.

9.2        Self-Assembled Organic 
Nanoparticles for Drug 
Delivery 

 Organic nanomaterials broadly consist of lipo-
somes, micelles, nanoemulsions, nanocombs, 
polymeric nanofi bres and hydrogel nanoparticles 
(nanogels). Formation of organic nanoparticles 
depends on self-assembly of the constituent mol-
ecules in aqueous media; for example, formation 
of polymeric micelles [ 33 ], poly-ion micelles [ 34 ], 
nanoemulsions [ 35 ] is governed largely by the 

hydrophobic effect, electrostatic attraction, and 
reduction in interfacial tension in surfactant stabi-
lized water-in-oil (W/O) systems, respectively. 

 Loading of anticancer drugs into organic 
nanoparticles results in signifi cant improvement 
of their  in vivo  activity [ 36 ]. Organic nanoparti-
cles protect their drug cargo from the host 
reticulo- endothelial system (RES), which con-
sists of macrophages and monocytes in liver, 
spleen and in the blood stream [ 37 ]. Their hydro-
philic polyethylene glycol (PEG) shell acts as a 
non-adhesive barrier preventing adsorption of 
serum proteins such as opsonins [ 38 ]. Upon 
adsorption by serum proteins, nanoparticles can 
be removed from the blood stream [ 39 ]. Premature 
release of loaded drugs from nanoparticles has 
also been reported upon serum protein adsorption 
[ 40 ]. The PEG shell protects and inhibits this RES 
mediated removal of drug loaded nanoparticles. 

 Most solid tumors often contain leaky vascula-
ture, and delivery of drugs using liposomes and 
micelles has been shown to increase their retention 
at the tumor site [ 41 ]. This retention has been art-
tributed to the enhanced permeation and retention 

   Table 9.1    Various nanoparticles currently used in nanomedicine   

 Nanosystem  Type  Application  Advantages  Disadvantages 

 Liposomes  Long circulating 
liposomes 

 Drug, gene and 
protein delivery 

 PEGylation improves 
circulation and half life in 
blood, ability to load high 
amounts of drug via 
gradient generation. 

 Larger size might 
inhibit deeper 
penetration into 
the tumors 

 Immunoliposomes  Drug, gene and 
protein delivery 

 Improved targeting 

 Long circulating 
immunoliposomes 

 Drug, gene and 
protein delivery 

 Long circulation with 
improved targeting 

 Micelles  PEGylated micelles 
(passive accumulation) 

 Drug/gene delivery  Long circulation of cargo 
and tumor accumulation. 
Deeper penetration of 
micelles below 30 nm 
possible in poorly 
vascularized tumors. 

 Targeted drug 
delivery 

 Antibody grafted drug 
loaded micelles (active 
delivery) 

 Drug/gene delivery  Targeted drug delivery  Amount of drug 
loaded/micelle 

 PLGA 
nanoparticles 

 Drug loaded and 
PEGylated 

 Drug/gene delivery  Biocompatibility and 
biodegradability 

 Multifunctional 
nanomedicine 

 Gold nanorods + drug 
loaded 
immunoliposomes 

 Cooperative and 
communicating 
nanomedicine 

 Synergistic response 
between gold nanorods and 
drug loaded 
immunoliposomes in tumor 
ablation 

 Limited tissue 
penetration of NIR 
light. 
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effect (EPR effect) [ 42 ]. Leaky vasculature and 
reduced lymphatic drainage frequently occurs due 
to rapid and random growth of solid tumors due to 
demands of high amounts of nutrients, metabolites 
and oxygen [ 43 ]. These leaky vasculature sites 
contain large gaps (>400 nm [ 44 ]) between endo-
thelial cells lining blood vessels. These large gaps 
allow nanoparticles to escape the bloodstream and 
accumulate in the tumor tissue (Fig.  9.1 ) [ 45 ,  47 ]. 
Drugs loaded within organic nanoparticles dem-
onstrate retarted renal clearance due to increase in 
the overall size and macromolecular weight of the 
delivered therapeutic formulation. Taken together, 
organic nanoparticles improve the half-life of 
hydrophobic chemotherapeutic drugs [ 41 ], which 
can lead to higher theeapeutic effi cacies.

9.2.1      Liposomes 

 Liposomes are membrane-enclosed vesicles 
which contain aqueous core surrounded by bilay-
ered lipid shells [ 48 ]. The lipid bilayer usually 
consists of amphiphilic phospholipids containing 
hydrophobic lipid tails attached to hydrophilic 
head groups. In aqueous solutions, these amphi-
philic phospholipids self-assemble to form bilay-
ered structures consisting of an aqueous core 
and a phospholipid shell. Phospholipid arrange-
ment in these bilayer structures is similar to the 
lipid bilayer membrane surrounding mamma-
lian cells. Liposomes can be classifi ed based on 

their size (nm) and the number of bilayered lipid 
shells surrounding the aqueous interior. Single 
Unilamellar Vesicles (SUVs) are small 25–50 nm 
vesicles containing an aqueous core surrounded 
by a single lipid bilayer shell, whereas Large 
Unilamellar Vesicles (LUVs) contain larger vesi-
cles of size 100–1,000 nm [ 49 ] with a single lipid 
bilayer coat. Multilamellar vesicles (MLVs) con-
sist of multiple concentric lipid bilayers (analo-
gous to an onion) separated from each other by 
aqueous solution. The most commonly used 
phospholipids for liposomal formulation include 
phosphatidylcholine, phosphatidylenolamine and 
phosphatidylserine [ 50 – 52 ]. 

 In aqueous solutions, single hydrocarbon 
chain amphiphiles (e.g. detergents) usually form 
micelles whereas double hydrocarbon chain 
amphiphiles form bilayers. The single hydrocar-
bon chains cannot stabilize the bilayer structure 
and hence produce micellar structure, whereas 
double hydrocarbon chain containing lipids can 
self-assemble to form stable bilayer structure in 
water. The choice of phospholipids can govern 
the fl uidity of the resulting bilayer within the 
liposomes. Phospholipids with fully saturated 
hydrocarbon lipid chains such as distearolylphos-
phatidylcholine (DSPC) usually produce bilayers 
with high rigidity. Presence of unsaturation such 
as double bonds within the lipid hydrocarbon 
chains produces a kink in the structure of the 
bilayer, leading to an increase in overall fl uidity 
of the liposome. Increased fl uidity of liposomes 

  Fig. 9.1    Extravasation of fl uorescent-PEG-liposomes 
(~126 nm diameter) from microvasculature is shown. 
( a ) Increased extravasation can be seen in tumor micro-
vasculature due to discontinuous endothelial layer and 

EPR effect. ( b ) No extravasation is seen in normal vascu-
lature; fl uorescent spots can be seen only inside the blood 
vessel (Reprinted (adapted) with permission from 
Unezaki et al. [ 45 ] and Danhier et al. [ 46 ])       
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can modulate its transition temperature (T c ), 
which is the temperature required to induce phys-
ical change in the state of lipids from ordered gel 
to disordered state [ 53 ]. Presence of unsaturation 
can also reduce the transition temperature of the 
overall lipid bilayer, whereas addition of choles-
terol is known to improve it [ 54 ,  55 ]. Thus, lipo-
some fl uidity can be controlled by the ratio of 
saturated: unsaturated lipids added to generate 
the liposome. 

 Although single phospholipid species can 
spontaneously form liposomes, several additional 
compounds are added to enhance the overall sta-
bility of liposomes. Single phospholipid lipo-
somes have been shown to be unstable in the 
blood stream due to their interaction with high 
density lipoprotein [ 56 ]. Hence, various stabiliz-
ing agents are added in order to avoid disintegra-
tion of the liposomal structure during delivery 
through the blood stream. For example, choles-
terol has been shown to greatly improve the lipo-
some stability  in vitro  and  in vivo . Kirby et al. 
[ 57 ] reported that the retention of fl uorescent dye 
6-carboxyfl uorescein within neutral, negatively 
and positively charged SUVs composed of egg 
phosphatidylcholine, cholesterol and, when 
appropriate, phosphatidic acid (negative charge) 
or stearylamine (positive charge) was added as a 
function of the amount of cholesterol added. 
Cholesterol rich liposomal formulations (egg 
phosphatidylcholine/cholesterol, 7:7 molar ratio) 
remained stable in the blood for up to 400 min 
irrespective of the surface charge of liposomes 
whereas cholesterol- poor (egg phosphatidylcho-
line/cholesterol, 7:2 molar ratio) and cholesterol-
free SUVs were lost in 2 min [ 57 ]. Cholesterol 
has also been shown to stabilize liposomes by 
preventing penetration of water into the bilayer 
structure [ 58 ,  59 ]. Other biomolecules such as 
carbohydrates have also been used to stabilize the 
phospholipid bilayers of the liposomes [ 60 ]. 

 Due to their unique structure, liposomes can 
simultaneously load hydrophilic cargoes such 
as DNA/peptides/drugs in their aqueous core 
and lipophilic drugs in the lipid bilayer [ 61 ]. 
Liposomes have been used for delivery of mul-
tiple therapeutically important biomolecules 
such as genes [ 62 ,  63 ], proteins, peptides [ 64 ], 

 fl uorescent imaging agents [ 65 ], drugs [ 66 ], con-
trast agents for MRI [ 67 ] and quantum dots [ 68 ]. 
Chemotherapeutic drugs encapsulated within 
liposomes have longer circulation times in the 
blood, reduced systemic toxicity and enhanced 
delivery to the target site. In addition, polyethyl-
ene glycol (PEG) grafting on the bilayer of drug- 
loaded liposomes has shown to greatly extend its 
circulation times in the blood by preventing its 
removal by the reticuloendothelial system (RES) 
of the liver and spleen, resulting in ‘stealth’ 
liposomes [ 69 ]. Further, antibody grafting on 
liposomes (‘immunoliposomes’) have improved 
targeting potential to the desired diseased cells 
of interest [ 70 ]. The relatively large size of lipo-
somes also allows their retention in solid tumors 
due to the EPR effect, thus improving the overall 
profi le of drug delivered through the blood [ 71 ]. 

9.2.1.1    Preparation of Drug Loaded 
Liposomes for Delivery 

 Monodispersed, stable liposomal systems which 
can support high drug loading capacities are most 
desired for drug delivery. One method of liposo-
mal preparation involves sonicating multilamel-
lar vesicles (MLVs) in order to generate single 
unilamellar vesicles (SUVs). Hydrated solution 
of phospholipids containing multilamellar vesi-
cles (MLVs) is sonicated using a bath or a probe 
sonicator to generate single unilamellar vesicles 
(SUVs). Although cheap and quick, this tech-
nique suffers from incomplete conversion of 
MLVs to SUVs, metal contaminants from the 
sonicator tip and possible degradation of the lip-
ids. Another technique of generating monodis-
persed SUVs from multilamellar vesicles is by 
extrusion. Also called as French pressure cell 
press, it involves extrusion of a solution of multi-
lamellar vesicles through a small orifi ce [ 72 ] to 
generate monodispersed SUVs. The resulting 
solution can be repeatedly passed through the 
orifi ce, if necessary. This technique, although 
laborious is very useful for handling sonication 
sensitive biomolecules such as proteins loading 
into liposomes. 

 Other methods of liposome preparation include 
ether vaporization method [ 73 ], thin fi lm hydra-
tion method and ethanol injection method [ 74 ].

9 Design   , Synthesis, and Functionalization of Nanomaterials for Therapeutic Drug Delivery



162

Ether vaporization method involves gradual 
injection of lipids dissolved in diethyl ether- 
methanol mixture into aqueous solution at high 
temperature or reduced pressure leading to for-
mation of liposomes [ 73 ]. To generate liposomes 
using thin fi lm hydration method, lipids are fi rst 
solubilized in organic phase which is removed 
using a rotary evaporator. The resulting thin lipid 
fi lm left behind, is hydrated with appropriate buf-
fer to generate liposomes. Ethanol injection 
method involves rapid injection of lipid solution 
in ethanol into appropriate aqueous solution in 
order to obtain multilamellar vesicles [ 74 ]. The 
disadvantages of these systems include poor con-
trol over the size of liposomes formed and the 
need of an organic phase, which may not be suit-
able for all biomolecules. 

 Generation of large aqueous space within the 
liposome for LUVs (large unilamellar vesicles) 
preparation was fi rst proposed by Szoka and 
Papahadjopoulos [ 75 ] in 1978 using reverse 
phase evaporation method. Large aqueous cavity 
could allow higher loading of desired cargo in the 
hydrophilic core. The method involves genera-
tion of reverse micelles using phospholipids sur-
rounding an aqueous solution in an organic 
solvent. Gradual removal of organic solvent leads 
to conversion of inverted micelles to viscous gels. 
In the process, some of the inverted micelles 
break and contribute to the completion of the 
lipid bilayer forming large unilamellar vesicles. 
This technique was found to have very high cargo 
encapsulation effi ciency (~65 %) [ 75 ] and 
reduced the exposure of biomolecules to the 
organic phase. These formulation techniques are 
often combined to achieve high loading of desired 
biomolecules into monodispersed liposomes. 

 Drug loading into liposomes can be broadly 
classifi ed into two categories, namely active and 
passive, based on the mode of loading. Passive 
loading of drug involves random entrapment of 
aqueous drug solution into the hydrophilic cavity 
of the liposomes. The amount of drug inside the 
liposome generated via passive loading cannot be 
changed after their formation in the solution. 
Aqueous drug solutions, when used to hydrate 
lipid fi lms, can give rise to passive drug loaded 
liposomes. Passive drug loading can be carried 

out in all cases of liposome preparation methods 
described above. In a different method of passive 
drug loading into liposomes, phopsholipids, cho-
lesterol and the drug of interest were dissolved in 
an organic solvent or a mixture of organic sol-
vents, removed under reduced pressure to leave a 
thin crust/lipid cake which was further hydrated 
with an appropriate buffer to yield passively drug 
loaded liposomes [ 76 ]. Crosasso et al. [ 77 ] used a 
combination of sonication and extrusion tech-
niques to load paclitaxel in sterically stabilized 
liposomes. Chloroformic solution of paclitaxel 
was mixed with egg yolk phosphatidylcholine, 
phosphatidylglycerol, cholesterol and polyethyl-
eneglycol- dipalmitoylphosphatidylethanolamine 
(DPPE) (ePC/PG/CHOL/PEG5000–DPPE) in a 
molar ratio of 9:1:2:0.7, respectively, and dried 
under vacuum (1 mol drug: 30 mol lipid). The 
lipid fi lm was hydrated using TES buffer 
(140 mM NaCl and 0.1 mM EDTA, pH 7.4) to 
produce multilamellar vesicles (MLVs). To obtain 
SUVs of ~100 nm, the MLVs were fi rst sonicated 
for 2 min using bath type sonicator followed by 
12 cycles of extrusion through a 100 nm pore 
polycarbonate fi lters [ 77 ]. The technique resulted 
in ~78 % encapsulation effi ciency of paclitaxel 
into the sterically stabilized liposomes. 

 Active or remote mode of drug loading has 
been proposed over passive loading in order to 
improve drug loading capacity within the lipo-
somes and to retain more drugs within the vehi-
cle. Active mode of drug loading takes advantage 
of the amphiphilic nature of certain hydrophobic 
amine containing anticancer chemotherapeutic 
drugs (e.g. doxorubicin, daunorubicin, adriamy-
cin, and mitoxantrone), and forces higher 
amounts of loading by creating an artifi cial ion or 
pH gradient across the lipid bilayer of the lipo-
some. These amphiphilic anticancer chemothera-
peutic drugs are highly membrane permeable 
when neutral, but become impermeable when 
charged. Maintenance of lower pH inside the 
liposome, compared to the solution outside, 
allows free entry of the drugs into the liposome, 
but inhibits their escape by converting them into 
charged species within the liposome. This method 
allows for higher drug/lipid ratios in the liposome 
than the theoretically predicted drug aqueous 

T.S.P. Grandhi and K. Rege



163

solubility. Mayer and co-workers [ 78 ] reported 
the uptake of adriamycin into LUVs composed of 
egg-yolk phosphatidylcholine (egg PC) and egg 
PC-cholesterol (1:1) in response to a pH gradient. 
A pH gradient of 2.9 units (pH 4.6 interior) was 
generated by forming LUVs in 150 mM 
KOH/175 mM glutamic acid (pH 4.6) and subse-
quently exchanging the interliposomal buffer for 
150 mM KOH/125 mM glutamic acid/30 mM 
NaCI (pH 7.5) using Sephadex G-50 desalting 
columns. This method resulted in drug loading of 
up to 100 mM and trapping effi ciencies of ~98 % 
within liposomes. Using this technique, Mayer 
et al. [ 79 ] reported the active loading of doxoru-
bicin (~98 % trapping effi ciency, Drug/Lipid 
~0.3 w/w) into egg phosphatidylcholine/choles-
terol liposomes when a proton gradient was gen-
erated by transferring 300 mM citrate buffer 
(pH 4.0) liposomes to 20 mM Hepes buffer 
(pH 7.5). The trapped anthracyclines formed 
citrate salts and precipitated inside the liposome 
thus inhibiting their escape/release [ 80 ]. 

 The ammonium sulphate method of pH gradi-
ent generation is another technique for loading 
drugs (e.g. doxorubicin) within phospholipid 
liposomes, and was fi rst proposed by Haran 
et al. [ 81 ]. This technique provides a much more 
stable gradient when compared to others and 
thus increases the stability of the anthracyclines 
accumulated inside the liposome for a prolonged 
period of time [ 82 ]. The increased stability is 
provided by the low permeability of the sulphate 
counter-ion which helps to maintain the gradient 
for longer periods of time. In a typical experiment, 
liposomes are usually preparaed in a solution of 
300 mM ammonium sulphate (pH 5.5), and trans-
ferred to a buffer (pH 7.4), therefore generating a 
pH gradient. The higher concentration of ammo-
nium ions inside the liposome causes the diffusion 
of neutral ammonia into the bulk liquid (perme-
ability coeffi cient 1.3×10 −1  cm/s), which leaves 
behind one proton for every ammonia molecule 
left. The proton gradient generated causes a drop 
in the pH of  solution inside the liposome. The 
permeability of the sulphate counterion across 
the membrane is very low (~10 −13  cm/s) [ 52 ], 
indicating that the lipid bilayer is almost imper-
meable to the sulphate ion. Doxorubicin enters 

the liposome due to the proton gradient, gels and 
fl occulates inside due to its poor solubility in 
presence of sulphate. For example, solubility of 
doxorubicin sulphate in the pH range 4.0–7.5 is 
~1.7–2.3 mg/mL, which is approximately three 
times lower when compared to the solubility of 
doxorubicin citrate at the same pH [ 83 ]. This 
lower solubility of doxorubicin sulphate also 
affects its release and leakage rates  in vivo  at the 
site of the disease. Although poor drug-liposome 
stability and fast leakage of drugs from the lipo-
some in the blood can be addressed by creating 
very stable pH gradients, low drug leakage can 
also cause decreased availability of the drug at 
the target site. To resolve this, stimuli-sensitive 
smart chemistries have been incorporated within 
the architecture of liposomes in order to trigger 
the release of drugs loaded via ammonium sul-
phate gradient method at the site of disease.  

9.2.1.2    Stimuli-Responsive ‘Smart’ 
Drug Loaded Liposomal 
Formulations for Targeted 
Drug Delivery 

 Smart stimuli sensitive immunoliposomes have 
been synthesized in order to improve liposo-
mal drug delivery to the tumor site. Liposomes 
responsive to stimuli, e.g. low pH within the 
endosomes and near the site of tumors [ 84 ], tem-
perature increase associated with infl ammation 
and hyperthermia [ 85 ], proteases [ 86 ], magnetic 
fi elds and ultrasound [ 87 ], have been generated 
to ensure release of the drug at the site of dis-
ease. These smart chemistries have been coupled 
with targeting agents such as antibody/peptide/
aptamer [ 88 – 90 ] and stealth polyethylene glycol 
(PEG) coatings to create long circulating, targeted 
and stimuli sensitive liposomal drug nanocarri-
ers. These long circulating, targeted and stimuli 
sensitive liposomes have been used to carry mul-
tiple different types of cargoes within their com-
partments [ 91 – 94 ]. Saul et al. [ 95 ] enhanced the 
targeting selectivity of liposomal doxorubicin by 
utilizing a dual targeting approach in which, lipo-
somal nanocarriers were loaded with doxorubicin 
via the ammonium sulfate gradient and surface 
conjugated with ligands targeted to both folate 
and epidermal growth factor (EGF)  receptors. 
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Dual-targeting of the liposome allowed ~10 fold 
and ~4 fold reduction in off- target effects of the 
formulation when compared to folate and epi-
dermal growth factor receptor (EGFR) single-
ligand formulations respectively. Yang et al. 
[ 96 ] used a dual approach of combining high-
intensity focused ultrasound trigger with inter-
leukin-4 receptor-targeted liposomal doxorubicin 
to enhance the delivery and antitumor effect of 
doxorubicin in intracranial brain- tumor model in 
NOD-scid mice. Application of focused sonica-
tion allowed a two-fold increase in the amount 
of doxorubicin accumulated inside the brain 
when compared to controls without the target-
ing and ultrasound application. Meng et al. [ 97 ] 
showed enhanced antitumor effect of paclitaxel 
loaded PC/CHOL/mPEG2000-DSPE (90:10:5) 
liposomes targeted towards both, alpha V inte-
grins and neuropilin-1 markers for angiogenesis 
and new vessel growth. Paclitaxel in these for-
mulations signifi cantly suppressed the growth 
of HUVEC and A549 cells, when compared to 
controls of untargeted liposomes and free drug. 
The IC 50  value of the drug in these dual targeted 
liposomes reduced to almost half from ~6–7 mg/
mL for the free drug to ~1–2 mg/mL for A549 
cell line, indicating increased effi cacy. (IC 50 , or 
inhibitory concentration 50, is the concentration 
of drug required to achieve 50 % inhibition of 
cell viability). 

 In addition to targeted delivery to cancer cells 
at tumor, it is often necessary for drugs to avoid/
bypass the degradative endolysozomal com-
partments inside cells. Drugs and biomolecules 
released in the endosomal space during internal-
ization encounter low pH values (pH 4.5–5.5), 
which can adversely affect their stability [ 98 ]. 
Hence, endosomal escape of such pH sensitive 
cargoes becomes essential in order for the drug 
to maintain its intracellular therapeutic action 
[ 99 ]. Fusogenic liposomes fuse with the lipid 
bilayer of cells or intracellular endosomes, and 
subsequently releases their cargo into the cell 
[ 100 ,  101 ]. This activity facilitates direct delivery 
of therapeutic cargo to the cytoplasm of a cell, 
thereby avoiding the exposure to low endosomal 
pH altogether. Kunisawa et al. [ 102 ] reported 
direct delivery of nanoparticles to cytoplasm 

when encapsulated within fusogenic liposomes. 
This activity was not seen in case of conventional 
liposomes, which were prepared by dissolv-
ing phosphatidylcholine,  l -α-dimyristoyl phos-
phatidic acid, and cholesterol (4:5:1 mol ratio) 
in a solution containing chloroform, methanol 
and water (65:25:4). Conventional liposomes 
were mixed with UV-inactivated Sendai virus 
and incubated with vigorous shaking for 2 h at 
37 °C and purifi ed by centrifugation (77,000 × g, 
2 h, 4 °C) in order to generate fusogenic lipo-
somes; hemagglutinating virus of Japan (HVJ) 
or Sendai virus imparted the fusogenic activity 
to the liposomes. LLCMK2 cells were incu-
bated with conventional liposomes and fusogenic 
liposomes loaded with (Fluorescein isothiocya-
nate) FITC-labelled-nanoparticles in presence 
of endocytosis inhibitor cytochalasin B or cyto-
chalasin D (Cytochalasin D has been shown to 
inhibit actin dependent endocytosis pathways 
[ 103 ]). Nanoparticle uptake effi ciency was mea-
sured using fl ow cytometry. Under endocytosis 
inhibition, fusogenic liposomes delivered equal 
amounts of nanoparticle cargo as the control 
whereas conventional liposomes delivered only 
30–40 % of the nanoparticles delivered in case of 
the control. In these cases, control experiments 
involved liposomal delivery of nanoparticle cargo 
under no endocytosis inhibition. Similar results 
were obtained when cells were treated with other 
inhibitors such as 2,4-dinitrophenol, nocodazole 
or colchicines. These results clearly indicated the 
benefi ts of fusogenic liposomes in delivering sen-
sitive cargo to the cell cytoplasm. 

 Simoes et al. [ 104 ] showed that addition of 
stealth PEG coating on pH sensitive phospha-
tidylethanolamine (PE)-containing liposomes, 
intended for enhancing circulation time and 
stability, may also inhibit its pH sensitivity. 
However, the PEG coating did not affect its abil-
ity to deliver cargo to the cytoplasm, indicat-
ing that intracellular delivery is not dictated by 
destabilization of the liposomes alone. Although 
addition of the stealth PEG coating can increase 
stability and circulation time of liposomes, it 
might inhibit the interaction between the stealth 
liposome and target of interest. In order to cir-
cumvent this issue, research has focused on the 
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preparation of stimuli-responsive, sheddable 
PEG coatings [ 105 ]. These pH-responsive lipo-
somes work by shedding their stealth PEG coat 
below a specifi c pH, therefore exposing bare 
liposome for further delivery. pH sensitive link-
ers such as hydrazone and diorthoester linkages 
have been used to shed PEG coating at low pH 
[ 105 ]. Guo and Skoza [ 106 ] used diorthoester 
linkages to selectively shed PEG coating at 
a pH range of 5–6, resembling the pH region 
within the endosomes. Liposomes prepared 
from 10 % pH-sensitive poly(ethylene glycol)-
diortho esterdistearoyl glycerol conjugate 
(POD) and 90 % of a fusogenic lipid, dioleoyl 
phosphatidylethanolamine (DOPE) and loaded 
with 8-Aminonaphthalene-1,2,3-trisulfonic acid 
(ANTS) and p-Xylenebis(pyridinium) bromide 
(DPX) were used to study pH dependent leak-
age of cargo. POD/DOPE liposomes were stable 
for over 2 weeks under conditions of alkaline 
pH (pH 8.5). However, signifi cant loss in sta-
bility was observed within 10–100 min under 
conditions of acidic pH (pH 5–6), resembling 
extensive aggregation and content leakage at the 
endosomal pH range. In addition to pH-sensitive 
stimuli, matrix metalloproteinase (MMP) sensi-
tive cleavage of PEG shell has also been investi-
gated [ 107 ,  108 ].  

9.2.1.3    FDA-Approved Liposomal 
Formulations 

 Extensive advances in the fi eld of liposomal drug 
delivery over the last fi ve to six decades have con-
tributed to noticeable benefi ts in the clinic. Multiple 
liposomal drug formulations have been approved 
by the FDA for therapeutic interventions in the 
clinic. Doxil®, a liposomal formulation of antican-
cer drug doxorubicin, was the fi rst nano-drug 
approved by the FDA in 1995 for AIDS-related 
Kaposi’s sarcoma. Since then, its use has been 
approved for recurrent ovarian cancer, metastatic 
breast cancer and multiple myeloma [ 109 ,  110 ]. 
Liposomal formulation of doxorubicin was created 
in order to overcome the extreme side effects, 
including chronic cardiotoxicity, caused by free 
doxorubicin [ 111 ,  112 ]. In addition, the liposomal 
drug formulation Doxil ®  resulted in increased cir-
culation times of the drug in the bloodstream. 

 In order to prepare Doxil ® , doxorubicin is 
loaded via ammonium sulfate gradient into 
the liposomal formulation of phospholip-
ids N-(carbonyl-methoxypolyethylene glycol 
2000)-1,2-distearoyl-sn-glycero-3- phosphoe-
thanolamine (DSPE-mPEG 2000), fully hydro-
genated soy phosphatidylcholine (HSPC), and 
cholesterol (39:56:5 molar ratio). The presence 
of PEG as the outer coating helps in long circula-
tion of the liposome in the blood stream. Long 
circulation in the blood stream allows Doxil ®  
to extravasate to the tumor sites for therapeutic 
action [ 113 ]. Encapsulation of doxorubicin in 
the liposomal formulation Doxil has shown to 
signifi cantly alter its pharmacokinetic distribu-
tion, confer longer plasma half-life and reduce 
its cardiotoxic impact in patients [ 110 ]. Since 
its approval, Doxil has benefi tted hundreds of 
patients worldwide and generated global rev-
enues upwards of ~600 million dollars. 

 Other liposomal formulations that have been 
approved by the FDA include AmBisome for 
intravenous injections of amphotericin B targeted 
towards severe fungal infections (visceral leish-
maniasis) [ 114 ], DaunoXome a intravenous lipo-
somal formulation of Daunorubicin for treatment 
of blood tumors [ 115 ], Depocyt a liposomal for-
mulation of cytarbine for the treatment of 
Neoplastic meningitis and lymphomatous menin-
gitis [ 116 ] etc. Till date, approximately 12 
liposome- based drugs have been approved for 
clinical use, and more than 20 others are in vari-
ous stages of clinical trials [ 117 ].   

9.2.2    Micelles 

 A typical micelle is a supramolecular nanoparti-
cle (10–200 nm) containing a water-loving shell/
corona protecting a core [ 118 ], which may or 
may not be hydrophobic. Micelles can be spheri-
cal, cylindrical or hexagonal in shape [ 119 ]. 
Micelles form via the self-assembly of multiple 
individual units. These units can be amphiphilic 
block co-polymers, oppositely charged ionic 
polymers linked to a hydrophilic shell [ 34 ] or 
hydrophobic tethers linked to a hydrophilic poly-
mer [ 120 ]. 
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 Amphiphilic block copolymers are made up 
of a core-forming hydrophobic segment attached 
to a shell forming hydrophilic tail in a single 
monomer unit [ 121 ]. In aqueous solutions, these 
monomers self-assemble into nanosized supra-
molecular structures with hydrophobic cores 
which remain protected by a hydrophilic shell. 
The driving force for the formation of such 
micelles is usually the hydrophobic effect [ 122 ]. 
In aqueous solutions, hydrophobic segments of 
these amphiphilic block copolymers cannot 
establish hydrogen bonding with adjacent water 
molecules. Hence, their addition into aqueous 
solutions results in aggregation of these segments 
into supramolecular structures. The resultant 
decrease in free energy of the system drives this 
self-assembly process [ 123 ]. The minimum con-
centration required for attaining micellization or 
aggregation into micelles is called critical micelle 
concentration (CMC), which is an indicator of 
stability of micelles upon dilution [ 124 ]. Lower 
values of CMC, indicate better stability of 
micelles, particularly upon dilution. 

 Availability of a hydrophobic core region 
within these micelles allows for stable loading of 
poorly soluble hydrophobic drugs during 
micellization. In aqueous solutions, mutual repul-
sion of hydrophobic cores and hydrophobic drugs 
towards water molecules allow them to aggregate 
together into assemblies of drug loaded micelles. 
Once formed, the stability of the aggregate also 
depends on the compatibility between the hydro-
phobic core and hydrophobic drug (which is 
given by the Flory-Huggins and Hansen solubil-
ity parameters) [ 125 ]. Apart from stability within 
the hydrophobic core, these drugs are further sta-
bilized by the hydrophilic corona of the shell 
region. Improving solubility of poorly soluble 
drugs using excipients such as amphiphilic block 
polymers prolongs their half life in the blood and 
signifi cantly enhances their bioavailability 
[ 126 – 128 ]. 

 Commonly used hydrophobic core forming 
segments are polypropylene oxide (PPO) [ 129 ], 
polycaprolactone (PCL) [ 130 ], poly lactic acid 
(PLA) [ 131 ], long hydrocarbon chains such as dis-
tearoyl, dioleyl, dipalmitate groups [ 132 ] and 
polyamino acid groups including poly-( l -lysine). 

Most common hydrophilic shells used are polyeth-
ylene oxide or polyethylene glycol groups. Apart 
from PEG, poly acrylic acid (PAA), poly (N-vinyl-
2-pyrrolidone) (PVP),poly[N-(2- hydroxypropyl) 
methacrylamide] (pHPMA), thermosensitive poly 
(N-isopropylacrylamide) (pNIPAAm), oligonu-
cleotides and oligopeptides have also been used as 
hydrophilic shells in micelles [ 133 ,  134 ]. 

9.2.2.1    Preparation of Drug Loaded 
Micelles for Delivery 

 Loading of hydrophobic chemotherapeutic drugs 
in the core of the micelles allows them to be sta-
bly encapsulated and transported to their target 
organ in the blood stream. Multiple techniques 
have been used for loading hydrophobic drugs 
into micelles. Solvent casting/solution casting 
involves solubilizing the drug and the polymer in 
an organic solvent or a mixture of solvents which 
can dissolve both the components [ 135 ]. Once 
mixed well, the solvent mixture is evaporated 
using a rotary evaporator leaving behind a thin 
polymer-drug crust. Once the organic solvent is 
completely removed, the fi lm is hydrated with an 
appropriate buffer resulting in the formation of 
the micelles in solution. Upon hydration, the 
hydrophobic drug molecules associate with the 
hydrophobic core of the micelles giving rise to 
drug-loaded micelles. Chemotherapeutic drugs 
including doxorubicin [ 136 ,  137 ], paclitaxel 
[ 138 ], docetaxel [ 139 ], and camptothecin [ 140 ] 
have been successfully loaded into micelles using 
this technique. Recently, our group has used this 
technique to load anticancer anthracenedione 
drug mitoxantrone into PEG-DSPE micelles in 
order to exploit its synergy with TNF-alpha 
Related Apoptosis Inducing Ligand (TRAIL) in 
inducing enhanced cancer cell death [ 141 ]. 
Although the technique of solvent casting pro-
vides a versatile tool for drug loading into the 
micelles, compatible organic solvent mixtures 
are required to solubilize both, the drug as well as 
the polymer. 

 Dialysis-based methods have been investi-
gated in order to overcome the above challenges 
with micelle loading. These involve solubilizing 
the drug and polymer in a water miscible solvent 
such as dimethyl sulfoxide (DMSO)  followed 
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by its slow injection into buffer solution [ 142 ]. 
Upon dialysis of the mixture against the aque-
ous solvent, the gradual removal of DMSO trig-
gers micellization. Another similar approach 
known as solvent displacement method [ 143 ] 
involves slow addition of a mixture of organic 
solvent such as chloroform and the drug into 
aqueous solution of the polymer under constant 
stirring. The resulting solution forms an oil-in-
water emulsion. The drug is incorporated into 
the micelles as the organic solvent evaporates 
or is dialyzed out [ 144 ]. The choice of micelle 
preparation can impact the loading capacity of 
the drug into the micelles. La et al. [ 145 ] studied 
the impact of micelle preparation on the load-
ing of the drug indomethacin into poly(ethylene 
oxide) − poly(β-benzyl  l -aspartate) (PEO-b- 
PBLA) block copolymer micelles. Dialysis and 
oil-in-water emulsion methods of drug loading 
were compared. Higher loading of drug was 
recorded when oil-in-water emulsion method of 
drug loading was used [ 145 ]. 

 Core-drug compatibility is another important 
factor that determines stable loading of drug into 
the core of micelles [ 146 ]. Hydrotropy involves 
solubilizing a lipophilic organic compound of 
interest by addition of large amounts of a second 
organic compound, the hydrotrope [ 125 ]. These 
hydrotropes can drastically increase the aqueous 
solubility of the organic compounds of interest. 
Lee et al. [ 147 ] identifi ed hydrotropic agents for 
solubilizing anticancer drug paclitaxel. Two 
hydrotropes, N,N-Diethylnicotinamide (DENA) 
and N-Picolylnicotinamide (PNA) were identi-
fi ed to enhance the solubility of paclitaxel to ~39 
and ~29 mg/mL respectively when compared to 
its native solubility in water of 0.30 ± 0.02 μg/mL. 
Lee et al. [ 148 ] further used DENA and PNA as 
hydrophobic cores in micelles to load paclitaxel. 
They synthesized a hydrotropic polymer micelle 
containing a PEG shell and a 2-(4-(vinylbenzyloxy)-
N,N- diethylnicotinamide) (VBODENA) core to 
solubilize paclitaxel in aqueous solutions to a 
concentration of 38.9 mg/mL. Interestingly, the 
formation of drug-loaded micelles occurred by 
mere addition of paclitaxel to the PEG-b- 
VBODENA hydrotropic polymer solution, indi-
cating its ease of preparation. 

 Chemical conjugation and crosslinking of the 
drug into the micelle is another popular method 
of loading drugs into the micelles. Physical 
encapsulation of drug into micelles may be desta-
bilized upon dilution below CMC of the micelle 
unimers. Chemical cross-linking of drug-loaded 
micelle cores has been investigated as an alterna-
tive to circumvent the issue. Such chemically 
cross-linked cores do not dissociate even upon 
extensive dilution and thus enhance stability of 
the particle [ 149 ,  150 ]. Xu et al. [ 143 ] developed 
a core-surface cross-linked amphiphilic copoly-
mer system containing poly (ε-caprolactone) 
(PCL) hydrophobic cores and poly(ethylene gly-
col) (PEG) or poly(2-(N,N-dimethylamino)ethyl 
methacrylate) (PDMA) shells. The resultant 
crosslinked micelle was ~100 times more stable 
than micelles generated from corresponding 
amphiphilic block copolymers. Further, micelle- 
encapsulated cisplatin demonstrated enhanced 
anti cancer activity (approximately four-fold) 
against SKOV-3 ovarian cancer cells in vitro, 
when compared to free cisplatin. 

 Yokoyama and colleagues undertook an 
elaborate study on the impact of drug conju-
gation to micelle cores [ 151 ]. The anticancer 
drug adriamycin was conjugated to the core of 
micelle formed using poly(ethylene oxide)-
poly(aspartic acid) block copolymers (PEG-
PAsp). Adriamycin- conjugated PEG-PAsp 
micelles (PEG- P(Asp(ADR) micelles) demon-
strated a signifi cant increase in  in vivo  antican-
cer activity of the drug against murine leukemia 
[ 152 ] and adenocarcinoma tumors [ 153 ], when 
compared to the free drug. PEG-P(Asp(ADR) 
micelles prolonged the median survival of 
murine leukemia infl icted mice from 2.7 days 
(drug administered with micelles without conju-
gation) to more than 47 days at equal doses of 
200 mg equivalent ADR/kg weight. However, the 
PEG-P(Asp(ADR) micelles required a greater 
load of drug molecules to achieve therapeu-
tic effect as the drug cross-linked micelles had 
very slow degradation and release. Although 
the slow release of the drug meant more drug 
molecules were needed, side effects such as 
loss of body weight associated with the drug 
were signifi cantly reduced with the use of these 
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 drug-conjugated micelles [ 152 ]. Another study 
by the same group [ 154 ] compared the perfor-
mance of the same adriamycin drug when it was 
physically entrapped vs. chemically conjugated 
to the PEG-PAA micelles. Both drug formula-
tions were studied for their  in vivo  therapeutic 
activity against mouse colon adenocarcinoma C 
26 tumors. Micelles with physically entrapped 
drug showed signifi cantly higher  in vivo  activity 
due to the slow release of drug from the drug-
complexed micelles. Although chemical conju-
gation of drug to the core of micelles may lock 
the drug in the core and reduce its unwanted side 
effects, it is important that the drug be released at 
the site of action. Thus, it is important to trigger 
release the drug at the site of action while keep-
ing it encapsulated during transport through the 
blood stream.  

9.2.2.2    ‘Smart’ Micelles for Targeted 
Drug Delivery 

 Passive targeting of drug-loaded nanoparticles to 
tumors is based on their enhanced accumulation 
at the tumor site due to the EPR effect (Fig.  9.2 ). 
Although passive targeting can signifi cantly 
increase tumor localization of the drug, some 
limitations exist [ 155 ]. Drug targeting via pas-
sive accumulation is highly dependent on the 
extent of vascularization in tumors [ 156 ]. Cabral 
et al. [ 157 ] showed that particle size dictates the 
accumulation of sub-100 nm micelles in poorly 
vascularized tumor sites of pancreatic cancer. 
Tumoricidal agent 1,2-diaminocyclohexane- 
platinum(II) (DACHPt) loaded PEG–b-
poly(glutamic acid) (PEG–b-P(Glu)) micelles 
were prepared. PEG–b-poly(glutamic acid) 
(PEG–b-P(Glu)) micelles were prepared by mix-
ing PEG–b-poly(glutamic acid) copolymer and 
the poly(glutamic acid) (P(Glu)) homopolymer 
in water. The size of micelles increased with 
increasing ratio of (P(Glu)) in the homopolymer: 
copolymer resulting in micelles with diameters 
of 30, 50, 70 and 100 nm. Signifi cant reduction in 
passive accumulation was observed for micelles 
above 30 nm in the poorly vascularized BxPC3 
pancreatic cancer cells nests (shown in Fig.  9.3 ). 
Elevated interstitial fl uid pressure in tumors also 
prevents homogenous distribution and uptake of 

the nanoparticles within the tumor [ 158 ,  159 ]. 
The polyethylene glycol (PEG) shell can also 
prevent interactions between cell surface and the 
nanoparticles [ 160 ].

    Active targeting of drug-loaded nanoparticles 
to the tumor site has been proposed to overcome 
the shortcomings of passive accumulation [ 161 ]. 
Active targeting involves conjugation of specifi c 
targeting molecules such as monoclonal antibod-
ies, aptamers, or peptides, to the surface of 
nanoparticles. These molecules can specifi cally 
bind to tumor associated surface receptors/anti-
gens, and interfere with their signal transduction 
pathways [ 46 ]. Upon binding, they usually induce 
receptor-mediated endocytosis and allow tar-
geted intracellular delivery of conjugated drug. 
For example, overexpression of folic acid recep-
tor (FR) in ovarian, cervical and breast cancer has 
been utilized to target drug loaded, folic acid con-
jugated micelles to those tumors [ 162 ,  163 ]. 
Overexpression of epidermal growth factor 
receptor (EGFR) on the surface of breast and 
lung cancers has also been utilized for similar 
purposes [ 164 ]. Han et al. [ 165 ] used folic acid 
conjugated PEG-DSPE micelles in order to 
deliver 9-nitro-camptothecin (9-NC) to cancer 
cells  in vitro . A signifi cant reduction in the IC 50  
value of the drug was observed in folate- 
expressing HeLa cells, 48 h after administration 
of the drug-loaded micelles. The lethality of the 
drug in folic acid-conjugated micelles was 
enhanced by ~304 fold, when compared to the 
free drug indicating the advantages to targeted 
drug delivery. Wei et al. [ 166 ] targeted drug- 
loaded nanoparticles to neuropilin-1, a trans-
membrane receptor glycoprotein that specifi cally 
binds to peptides carrying a C-terminal R/
KXXR/K motif (CendR motif). Overexpression 
of neuropilin-1 receptor has been found in tumor 
vessels, carcinoma cells and has been targeted via 
tumor penetrating peptides. Wei et al. [ 166 ] con-
jugated a novel CendR peptide ligand, CysArg-
Gly- Asp-Lys (CRGDK) in order to target 
doxorubicin loaded PEG-DSPE nanomicelles 
(TPFM-Dox) to tumor vasculature. A 15-fold 
improvement in penetration distance into the 
tumor tissue from the tumor vasculature was seen 
in case of TPFM-Dox micelles, when compared 
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to the untargeted micelles. The targeted micelles 
also showed signifi cant improvement in the 
amount of drug delivered to the tumor when com-
pared to untargeted micelles. 

 In addition to active antibody/aptamer/pep-
tide based targeting, smart and stimuli sensitive 
micelles have been employed to selectively tar-
get drug loaded cargo to tumors. Specifi c stimuli 
such as lower pH in the endosomes of the targeted 
cancer cells [ 167 ], elevated temperatures due to 
infl ammation [ 168 ], and increased concentration 
of matrix metalloproteinases (MMP) [ 169 ] have 
been investigated. Bae et al. [ 170 ] conjugated 
adriamycin to the core of folate- poly(ethylene 
glycol)-poly(aspartate) (FA-PEG- PAA) micelles 
via a pH degradable hydrazone linker to  generate 

folate-poly(ethylene glycol)-poly(aspartate-
hydrazone-adriamycin) or FA-PEG-PA-AD 
micelles. Folate-conjugated drug-micelles showed 
lower systemic toxicity and higher antitumor activ-
ity when compared to the free drug in CD-1 nude 
mice bearing human pharyngeal cancer. Almost 
5 times the effective dose (ED 50 ) (dose that can 
induce 50 % of tumor volume suppression without 
reducing body weight less than 20 % during the 
treatment) was possible when the drug was deliv-
ered in the specifi c micellar formulation. Safe dose 
of free adriamycin was 3.96 mg/kg body weight 
in contrast to 20.03 mg/kg body weight for drug-
in-micelles (~5 times increase). Gao et al. [ 171 ] 
showed anti- metastatic activity of doxorubicin 
when loaded in a pH-sensitive micelle prepared by 
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  Fig. 9.2    ( a ) Passive and ( b ) 
active targeting and delivery 
of chemotherapeutic 
drug-loaded vectors 
(Reprinted (adapted) with 
permission from Danhier 
et al. [ 46 ])       
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mixing poly( l - lactide ) (PLLA)-b-poly(ethylene 
glycol) (PEG)-folate and poly( l -histidine) (PHis)-
b-PEG. Prevention of metastasis was shown in 
subcutaneously implanted 4 T1 murine breast 
cancer cell model, one of the most aggressive 
metastasis cancer cell lines. Metastasis to lung, 
heart, liver, kidney and spleen was not seen in a 
single mouse (0 in 5), when the group was treated 
with doxorubicin- loaded mixed micelles; the free 
doxorubicin in PBS control showed metastasis to 
lungs, heart and kidney.  

9.2.2.3     Micellar Formulations 
in Clinical Trials 

 Multiple micellar formulations are currently 
under different stages of clinical trials after suc-
cessfully completing pre-clinical studies. These 
include NK012, NK105 [ 172 ], SP1049C [ 173 ], 
Nanoplatin, and Genexol-PM. Genexol PM is a 
micellar formulation of hydrophilic PEG shell 
and hydrophobic poly( d , l -lactic acid) (PDLLA) 
core loaded with paclitaxel, and is currently 
undergoing phase IV clinical trials for patients 
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  Fig. 9.3    Microdistribution of fl uorescently labeled drug 
loaded micelles of different sizes in vascularized (C26) and 
poorly vascularized (BxPC3) tumors is shown. 
Hematoxylin and Eosin (H&E) staining of ( a ) C26 and ( c ) 
BxPC3 tumors is shown.  Dashed area  in (c) represents the 
cancer cells nests in BxPC3 tumors. ( b ,  d ) Show the fl uo-
rescent microscopic image sections of ( b ) C26 and ( d ) 
BxPC3 tumors 24 h after intravenous administration of 

fl uorescent- micelles ( red ) of different sizes. Blood vessels 
were labeled with PECAM-1 and Alexa 488 secondary 
antibody ( green ). Scale bar: 50 μm. Minimal amount of  red 
color  was observed in poorly vascularized BxPC3 tumor 
sections when mice were injected with micelles above 
30 nm diameter. C26 tumor sections showed no such 
changes (Reprinted (adapted) with permission from Cabral 
et al. [ 157 ]; only (a–d) of the original image are shown)       
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with taxane-pretreated recurrent breast cancer. 
Genexol-PM was well tolerated by patients suf-
fering from advanced pancreatic cancer and met-
astatic breast cancer in Phase II clinical trials 
[ 174 ,  175 ]. Phase II clinical trials of Genexol-PM 
have recently been completed in patients with 
advanced urothelial cancers previously treated 
with gemcetabine and platinum, and in patients 
with advanced non-small-cell lung cancer. The 
results for these trials are still awaited. 

 A phase III clinical trial of NK105 in patients 
with breast cancer is currently underway. NK105, 
a micellar formulation of paclitaxel loaded in 
PEG-Poly aspartate polymer, was developed as 
an alternative to overcome the adverse side- 
effects produced by Cremophor EL and ethanol 
additives in commercial paclitaxel formulations. 
Presence of solubilizers such as Cremophor EL 
and ethanol caused hypersensitivity reaction in 
2–4 % of its users [ 176 ], which motivated the 
investigated of a micellar formulation. In addi-
tion, free paclitaxel is also known to produce 
multiple serious side effects including neutrope-
nia and peripheral neuropathy [ 177 ]. In a phase I 
clinical trial, patients suffering from pancreatic 
and colon cancers showed less hypersensitivity 
reactions to NK105 compared to commercial for-
mulation [ 172 ]. 

 In summary, micellar drug formulations pro-
vide a promising tool in accelerating advances 
towards targeted drug delivery. Although signifi -
cant strides have been made, concerns regarding 
limited drug loading capacity in micelles, prema-
ture drug release before reaching the target tis-
sue, and the need for compatible cores for new 
hydrophobic drugs need to be addressed.    

9.3    PLGA Nanoparticles 

 Poly (lactide-co-glycolide) (PLGA) is a co- 
polymer made by polymerization of lactic acid 
and glycolic acid. Biodegradability due to hydro-
lysis of ester linkages, and biocompatibility has 
resulted in wide acceptance, FDA approval, and 
use of the polymer in multiple areas of drug and 
gene delivery. PLGA is usually prepared by ran-
dom ring-opening copolymerization between 

cyclic dimers of glycolic acid and lactic acid in 
presence of tin (II) alkoxides or aluminum isop-
ropoxide catalysts [ 178 ]. 

 PLGA nanoparticles are most often prepared 
using single or double-emulsion-solvent evapo-
ration method. The single emulsion method 
involves generation of stable oil/water (O/W) 
emulsion, widely used to encapsulate hydropho-
bic drugs and steroids. Double-emulsion-solvent 
evaporation method requires stable generation of 
water/oil/water (w/o/w) emulsion loaded with 
hydrophilic drugs. Polyvinyl alcohol is the most 
commonly used emulsifi er to stabilize the emul-
sion as it produces particles of small size 
(~100 nm) with uniform distribution [ 179 ]. 
Biodegradable ester linkages in PLGA allow 
degradation of the nanoparticles in the body. 
Stealth polyethylene glycol (PEG) coatings have 
been employed for extending circulation of 
PLGA nanoparticles in the blood [ 180 ]. 

 Yoo et al. [ 181 ] used folate-conjugated, 
doxorubicin- PLGA-PEG micelles (Dox-PLGA- 
PEG-Fol micelles) to deliver the chemothera-
peutic drug to folate-expressing KB carcinoma 
cells. Dox-PLGA-PEG-Fol micelle formula-
tion (110 nm) was more effective when com-
pared to free doxorubicin, suggesting that folate 
mediated- endocytosis was likely responsible for 
increase in doxorubicin uptake and cytotoxicity. 
A signifi cant reduction volume in KB cell tumor 
xenografts were observed in a nude mouse model 
when Dox-PLGA-PEG-Fol micelles were used, 
and this activity was greater than that observed 
with free doxorubicin. Antibody/aptamer-based 
targeting of drug-loaded PLGA nanoparticles 
has also been shown [ 182 ]. In a study by Dhar 
et al. [ 183 ], targeted delivery of Cisplatin Pt(IV) 
prodrug (intracellularly reducible) was shown 
using PSMA-targeted aptamer functionalized 
prodrug- PLGA–PEG nanoparticles. The biode-
gradable nanoparticle formulation was able to 
reduce the IC 50  value of free drug from 0.13 to 
0.03 μM in PSMA-expressing LNCaP prostate 
cancer cells. 

 Possibility of drug delivery via FDA approved 
biodegradable polymers is promising and is 
likely to accelerate translation of therapeutics 
from the bench to the bedside [ 178 ].  
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9.4    Multifunctional Nanomedicine: 
Nanomaterials of the Future 
for Drug Delivery 

 Multifunctional nanomaterials utilize properties 
of both, organic as well as inorganic nanoparti-
cles, and can lead to improved loading capacities, 
targeting effi cacies and delivery of therapeuti-
cally active drugs. Huang et al. [ 184 ] reported a 
novel drug loaded gold nanorod based plas-
monic matrix to synergistically administer photo-
thermal therapy and chemotherapy to cancer 
cells. Crosslinked elastin-like polypeptide-gold 
nanorod (ELP- GNR) matrix was passively loaded 
with the heat shock protein inhibitor 17-AAG. 
17-AAG inhibited heat shock protein mediated 
cell death resistance in cancer cells when exposed 
to laser induced gold nanorod (GNR) photother-
apy. Signifi cant reduction in cell viability was 
reported (~80 %) when cancer cells were exposed 
to laser irradiation in presence of the plasmonic 
nanocomposites loaded with 17-AAG [ 184 ]. 

 Park et al. [ 185 ] reported a novel coopera-
tive nanosystem in which, hyperthermia induced 
by PEGylated gold nanorods (GNRs) aug-
mented higher doxorubicin liposomal delivery to 
MDA-MB-435 human melanoma tumors in mice. 
Thermally responsive sterically stabilized liposo-
mal formulation of doxorubicin was prepared using 
a mixture of  dipalmitoylphosphatidylcholine/
hydrogenated soy phosphatidylcholine/choles-
terol and polyethylene glycol derivatized distearo-
ylphosphatidylethanolamine at 100:50:30:6 mol 
ratio. To perform the synergistic treatment, 
PEGylated GNRs (10 mg Au kg −1 ) were fi rst 
injected followed by liposomal doxorubicin for-
mulation (3 mg Au kg −1 ) after 72 h. Tumors were 
then irradiated with a (near infrared laser) NIR 
laser (810 nm, 0.75 W/cm 2 ) for 30 min, while 
maintaining an average tumor surface tempera-
ture of 45 °C. As shown in Fig.  9.4 , irradiated 
tumors treated with thermally sensitive liposomes, 
showed signifi cant reduction in tumor sizes when 
compared to all the other formulations. Gold 
nanorods accumulated within the tumor raised the 
temperature to ~45 °C, which caused blood vessel 
dialation and triggered drug release from the heat 
sensitive liposomal carriers, leading to signifi cant 
cell death and tumor shrinkage.

   Maltzahn et al. [ 186 ] showed for the fi rst time 
the possibility of using communicating nanoparti-
cles in vivo to amplify tumor targeting and drug 
release from doxorubicin loaded liposomes. 
PEGylated gold nanorods (PEG-GNRs) (10 mg 
Au kg −1 ) accumulated at the tumor site were irradi-
ated with NIR light (1 W/cm 2 ). Irradiation with 
NIR light generated a focal tumor surface tempera-
ture of ~49 °C and locally disrupted MDA-MB-435 
tumor vessels to initiate extravascular coagulation 
in mice. Local coagulation induced by hyperther-
mia was then used as a tool to specifi cally target 
drug loaded liposomes to the site of tumor. 
Doxorubicin loaded liposomes were conjugated 
with peptide (thiol-maleimide conjugation chemis-
try) substrate for the coagulation transglutaminase 
Factor XIII, to allow their accumulation and incor-
poration into the regions of active coagulation in 
the tumor. This technology resulted in ~40 times 
higher accumulation of the chemotherapeutic drug 
at the tumor site, when compared to non-commu-
nicating controls (doxorubicin loaded liposomes 
without the peptide) (Fig.  9.5 ).

   Ashley et al. [ 187 ] reported a novel protocell 
that synergistically combines high surface area 
and liposomal lipid bilayers to target human 
hepatocellular carcinoma with an effi cacy of 
~10,000 more than hepatocytes, endothelial cells 
or immune cells. The protocell, owing to its 
extensive surface area of the nanoporous struc-
ture, could simultaneously carry a combination of 
multiple therapeutic drugs including doxorubicin, 
5-fl uorouracil and cisplatin. The resulting proto-
cell, when targeted to human hepatocellular carci-
noma was effective for cancer cell ablation, with 
minimal damage seen in normal hepatocytes. 

 Multistage nanoparticle delivery for deep tumor 
penetration was proposed by Wong et al. [ 188 ] for 
delivering drugs to the tumor site away from the 
leaky vasculature. Rigid ~100 nm drug liposomes 
effectively accumulate at the site of tumor due to 
EPR effect, but fail to go deeper due to diffusional 
limitations. To overcome this limitation, Wang 
et al. proposed a drug delivery system which can 
shrink from 100 to ~10 nm after extravasation from 
the leaky vasculature in presence of cues from the 
tumor microenvironment. The reduced size was 
hypothesized to facilitate diffusion into the deeper 
regions of the tumor. The nanoparticle contained a 
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gelatin core and shell loaded with ~10 nm 
(9.7 ± 0.3 nm) neutral quantum dots. The gelatin 
was cleaved by matrix metalloproteinases (MMP2 
and MMP9) at the tumor site, which released the 
quantum dots deep into the tumor tissue. QDGelNPs 
(~100 nm) were compared to 105.6 ± 0.8 nm 
SilicaQDs to understand the impact of this multi-
stage delivery on diffusional profi les. QDGelNPs 

and SilicaQDs were coinjected intratumorally into 
dorsally implanted HT-1080 (MMP2 rich) tumor in 
severe combined immunodefi cient (SCID) mice. 
Six hours after the injection, nanoparticles from 
QDGelNPs had penetrated up to 300 μm from the 
site of injection, whereas SilicaQDs control did not 
disseminate. In addition, QDGelNPs had a longer 
blood half life of ~22 ± 3.4 h when compared to 
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  Fig. 9.4    Tumor therapy using cooperative nanosystems 
of gold nanorods and doxorubicin loaded thermally sensi-
tive nanomaterials is shown. ( a ) Relative tumor volume in 
mice bearing bilateral MDA-MB-435 human melanoma 
tumors after different treatments is being measured. 
Tumor-bearing mice were injected with PEGylated GNRs 
at a concentration of 10 mg Au kg −1 . After 72 h of the 
injection, a single dose of the saline, free DOX, or other 
therapeutic experimental formulations (3 mg DOX kg −1 ) 
was administered via tail vein injection. One tumor was 
irradiated with a NIR laser (810 nm, ~0.75 W cm −2 ) for 
30 min, while maintaining an average tumor surface tem-
perature of ~45 °C. Results show maximum effi cacy when 

the PEGylated gold nanorods loaded tumors were irradi-
ated with laser in presence of thermosensitive liposomes. 
( b ) Mouse mass (in grams) as a function of days post-
treatment is being shown for the indicated treatment 
groups. L+ and L- indicate NIR irradiation or no irradia-
tion after 72 hours of GNR delivery. Normal growth was 
observed among all groups after 21 days post-treatment. 
 TSL  doxorubicin loaded thermosensitive liposome,  NSL  
doxorubicin loaded non-thermally sensitive liposome, 
 TSM  doxorubicin loaded thermosensitive micelles, 
 L  laser,  GNR  Gold nanorods. Scale bar: 1 cm (Reprinted 
(adapted) with permission from Park et al. [ 185 ])       
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  Fig. 9.5    Amplifi ed tumor therapy via communicating 
nanoparticles is shown. ( a ) PEGylated gold nanorods 
( NRs ) initiate local coagulation signal after photother-
mal response, which is detected by receiver molecules-
doxorubicin-loaded liposomes conjugated with substrate 
for the coagulation transglutaminase Factor XIII ( FXIII-
LPs ). ( b ) Quantifi cation of FXIII-doxorubicin-loaded 
liposomes homing to the irradiated vs. contralateral 
non-irradiated tumors. Over 40-fold amplifi cation in 
drug loading at tumor site was noticed when PEGylated 
gold nanorods in tumors were irradiated followed by 

the delivery of  FXIII-doxorubicin-loaded liposomes. 
( c ) Histopathological analysis of tumor sections after drug 
delivery through FXIII-LPs. FXII-LPs were observed to 
form a broad interstitial mesh in GNR-heated tumors 
( green ), with released doxorubicin fl uorescence ( red ) 
emanating from the nuclei of surrounded tumor cells, 
indicating the delivery and release of active doxorubicin 
within mice tumor tissues. Scale bar: 100 μm. Increased 
tumor ablation using communicating nanoparticles can 
be seen in ( d ,  e ) ( Black dots ) (Reprinted (adapted) with 
 permission from Von Maltzahn et al. [ 186 ])       
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SilicaQDs, which had a blood half life of 
~12.9 ± 2.4 h. This proof-of-concept study showed 
the importance of bigger size of nanoparticles for 
successful accumulation via EPR effect, and subse-
quent  reduction in size for deeper penetration. 

 Mitragotri and Barua [ 189 ] recently reported 
synergistic targeting of cell membrane,  cytoplasm 
and nucleus of BT-474 breast cancer cells by 
using pure camptothecin (CPT) drug nanorods 
coated with monoclonal antibody against HER2/
neu receptor trastuzumab (TTZ), and DNA inter-
calating doxorubicin (DOX). The CPT-TTZ- 
DOX nanoparticle was able to lower the IC 50  
10–10,000 fold when compared to the individual 
drugs alone. Pure drug nanoparticles provide an 
attractive alternative for the delivery and 
improved bioavailablilty of hydrophobic drugs in 
cases when other excipients may demonstrate 
undesirable toxicity [ 190 ]. 

 Schroeder et al. [ 191 ] reported remotely acti-
vated production of proteins from nanoparticles 
on demand in mice, thus mitigating the trouble of 
protein delivery. Therapeutic protein production 
near the site of disease can be highly benefi cial if 
effi cient delivery options do not exist. 
1,2-dimyristoyl- sn-glycero-3-phosphocholine 
(DMPC) phospholipid vesicles were loaded with 
minimal E. coli S30 extract and luciferase encod-
ing plasmid DNA caged with 1-(4,5-dimethoxy- 
2- nitrophenyl) diazoethane (DMNPE) to block 
transcription. Uncaging of DNA was prompt fol-
lowing irradiation with 365 nm UV rays. The 
resulting vesicle was highly tunable in size based 
on the fi lter used for extrusion. Mice, locally 
injected with particles encoding luciferase, were 
irradiated with UV (400 mW/cm 2 ), followed by 
whole body bioluminescent imaging showed a 
signifi cant presence of luminescent signal at the 
site of injection compared to the rest of the body.  

9.5    Summary 

 Nanotechnology has the potential to treat diseases 
and overcome multiple barriers that reduce the 
effi cacy of drug/biomolecule delivery. Advances 
in polymeric, liposomal and micelle based drug 
delivery systems have resulted in numerous 
advances and breakthroughs resulting in FDA 
approval of nanoformulations such as Doxil and 

DaunoXome. These carriers can effectively mod-
ulate drug pharmacokinetics and biodistribution 
in the body, and help selective accumulation at 
the site of the disease. The next decade in nano-
medicine is likely to see continued and sustained 
growth in targeted drug and biomolecule delivery 
via application of interdisciplinary knowledge 
from inorganic nanomaterials, biology, chemistry 
and engineering, leading to translation of these 
systems from the lab bench to bedside.  

9.6    Detailed Experimental 
Protocols for Preparation 
of Nanomaterials for Drug/
Gene Delivery 

9.6.1    Micelles: Preparation of 
Mitoxantrone Loaded PEG- 
DSPE Micelles via Solvent 
Casting 

     (a)    In a 20 mL scintillation vial weigh 10 mg of 
PEG-DSPE polymer (Avanti Polar Lipids) 
add 5 mL of methanol to the polymer and 
shake it thoroughly to dissolve it completely.   

   (b)    In another 20 mL scintillation vial, weigh 
1 mg of mitoxantrone (free base form) and 
dissolve it completely in 15 mL of 
methanol.   

   (c)    Mix the methanolic solutions of mitoxan-
trone and PEG-DSPE in one single scintilla-
tion vial.   

   (d)    After mixing it thoroughly for 5–10 min, 
carefully remove the methanol using rotary 
evaporator at a temperature of around 30 °C.   

   (e)    Continue the process until methanol is 
removed under pressure. Once the methanol is 
removed, continue the rotary evaporation for 
another 5 min to remove all traces of metha-
nol leaving behind a blue lipid crust/cake.   

   (f)    Cover the blue lipid cake with aluminium foil 
and keep it in vacuum desiccator for 12 h.   

   (g)    After 12 h of vacuum desiccation, add 1 mL 
of 10 mM HEPES buffer (pH 7.4) to the blue 
lipid cake and stir at 200 rpm for 20 min.   

   (h)    Following the stir, sonicate the liquid for 
20 min.   

   (i)    Prepare a PD-10 column (GE healthcare) to 
perform size exclusion chromatography to 
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purify the drug loaded micelles from the free 
drug.   

   (j)    Wash the PD-10 column with 25 mL of nano-
pure water followed by 25 mL of 10 mM 
HEPES buffer (pH 7.4) and introduce 1 mL 
of mitoxantrone loaded PEG-DSPE micelle 
solution carefully at the top of the column.   

   (k)    Elute the drug-loaded micelles using addi-
tional HEPES buffer (pH 7.4) from the PD-10 
column. Drug-loaded micelles being bigger 
in size elute much faster than the free unin-
corporated drug.   

   (l)    The amount of drug incorporated can be 
measured by checking the absorbance of 
mitoxantrone- loaded micelles in DMSO at 
680 nm.      

9.6.2    Poly(lactide-co-glycolide) 
(PLGA) Nanoparticles: 
Preparation of Drug-Loaded 
Poly(lactide-co-glycolide) 
(PLGA) Nanoparticles 

     (a)    In a 20 ml scintillation vial, prepare a 3 % 
poly(lactide-co-glycolide) (PLGA) solution 
in dichloromethane (DCM), by dissolving 
90 mg PLGA in 3 ml DCM.   

   (b)    In another 20 ml scintillation vial, prepare the 
model drug solution by dissolving 5 mg of a 
model drug in 0.5 ml of 2 % PVA solution.   

   (c)    Mix the PLGA and drug solution into one of 
the 20 ml scintillation vials, and sonicate in 
an ice bath using a probe sonicator. Sonicate 
at 65 W for 90 s to form primary (W1/O) 
emulsion.   

   (d)    Split the primary emulsion into two parts, 
mix each with 10 ml of 2 % PVA solution and 
sonicate over ice at 75 W for 90 s to form sec-
ondary (W1/O/W2) emulsions.   

   (e)    Pour the two secondary emulsions together 
in one 250 ml glass beaker. Evaporate DCM 
by stirring overnight at 4 °C to form nanopar-
ticles (NP).   

   (f)    Pour the NP into a centrifuge tube. Centrifuge 
at 15,000 rpm for 30 min. After pellet has been 
formed, remove the supernatant and dispose it 
into a waste container. In order to remove 

residual PVA, resuspend pellet in nanopure 
water by vigorous vortexing. Centrifuge at 
15,000 rpm for 30 min. Repeat twice.   

   (g)    Resuspend the NP in water and lyophilize in 
10 % sucrose if required. 

  Notes :   
   (h)    For preparing control NPs simply repeat 

above procedure without the drug.   
   (i)    For preparing dye-loaded NPs add <0.5 mg 

of dye (e.g. Nile red) to the PLGA solution.   
   (j)    Use a 3 mm probe for preparing the primary 

emulsion and 6 mm probe for secondary 
emulsion.   

   (k)    Lyophilize particles at a concentration of 
10–20 mg/ml. Lyophilized NPs can be stored 
at 20 °C for long-term storage. NPs in sus-
pension should be stored 4C.   

   (l)    Model drug – (water soluble) 
mitoxantrone.2HCl, doxorubicin. HCl etc.      

9.6.3    Preparation of Liposomes 
for Drug Delivery 

     (a)    Prepare solutions of 5 mg/mL of the lipid and 
co-lipid (DOPE and DOPC) using chloro-
form as the solvent.   

   (b)    From these solutions place the volumes cor-
responding to 1:1 molar ratios of the cationic 
lipid and the colipid (DOPC or DOPE) in a 
glass vial.   

   (c)    Remove the solvent by bubbling moisture 
free nitrogen gas through the organic solu-
tion, and keep the dried lipid fi lm under high 
vacuum overnight.   

   (d)    Add deionized water (1 mL) to the vacuum- 
dried lipid fi lm, and allow the mixture to 
swell overnight.   

   (e)    Vortex the vial for 2–3 min at room tempera-
ture and sonicate in a bath sonicator in order 
to generate multilamellar vesicles (MLVs). 
Sonicate the MLVs in an ice bath until clarity 
using a Branson 450 sonifi er at 100 % duty 
cycle and 25 W output power.   

   (f)    The resulting clear aqueous liposomes can 
now be used in multiple delivery applications.   

   (g)    Note: Compatible drugs can be added in the 
chloroform step of the preparation.          
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    Abstract 

 Advances in preparation technologies for 
nanomedicines have provided novel formula-
tions for pulmonary drug delivery. Application 
of drugs via the lungs can be considered as 
one of the most attractive implementations of 
nanoparticles for therapeutic use due to the 
unique anatomy and physiology of the lungs. 
The colloidal nature of nanoparticles provides 
important advantages to the formulation of 
drugs, which are normally diffi cult to admin-
ister due to poor stability or uptake, partly 
because nanoparticles protect the drug from 
the physiological milieu, facilitate transport 
across biological barriers and can offer con-
trolled drug release. There are numerous meth-
ods for producing therapeutic nanoparticles, 
each with their own advantages and suitable 
application. Liquid atomization techniques 
such as spray drying can produce nanoparticle 
formulations in a dry powder form suitable for 
pulmonary administration in a direct one-step 
process. This chapter describes the different 
state-of-the-art techniques used to prepare 
drug nanoparticles (with special emphasize on 
spray drying techniques) and the strategies for 
administering such unique formulations to the 
pulmonary environment.  

  Keywords 

 Aerosol   •   Cell culture models   •   Isolated lung 
technique   •   Nano-embedded microparticles   • 
  Nanoparticles   •   Pulmonary drug delivery   • 
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10.1        Introduction 

 Recent progress in nanomedicine and nanotech-
nology has re-established an interest in the lungs 
as an attractive route for both local and systemic 
delivery of drugs. The lungs provide an excellent 
portal of entry for drugs to the body, as they bear 
a large (~100 m 2 ) but also thin (down to 0.1 μm) 
absorptive surface area, allowing for both effi -
cient and fast mass transport from the air to the 
blood side, and consequently rapid onset of the 
desired pharmacological effect [ 1 ,  2 ]. Pulmonary 
drug administration is particularly attractive for 
local treatment of pathophysiological conditions 
affecting the lungs, such as chronic obstructive 
pulmonary disease (COPD), asthma and cys-
tic fi brosis. These diseases lack effective treat-
ment with high specifi city to the lungs. By going 
directly via the airways one avoids fi rst- pass 
metabolism by the hepatic system presumably 
achieving higher bioavailability and avoiding 
side effects that may result from systemic drug 
administration. Even for systemic drug admin-
istration the pulmonary route presents a rapid 
pathway in comparison with oral administration 
with fewer barriers for drug uptake and possibly 
higher bioavailability for drugs with low perme-
ability such as biomacromolecules [ 3 ]. 

 The lungs can be accessed using a variety of 
formulations in liquid or solid state in combina-
tion with administration devices including nebu-
lizers, metered dose and dry powder inhalers. 
Here, nanoparticles and other nano-sized carri-
ers can provide certain advantages compared to 
conventional milled powders at the micro-scale 
[ 4 ]. Many drugs are poorly water-soluble and 
may not dissolve well once deposited on the lung 
lining fl uid (LLF). Nanoparticles dissolve much 
faster due to their higher surface area-to-volume 
ratio. Some drugs also benefi t from being pro-
tected from the external environment and from 
being transported into or through the cells via 
nanocarriers to perform their intended effect in 
the lung tissue or elsewhere in the body. This typ-
ically necessitates that the vehicles are as small 
as possible, as the cellular internalization of par-
ticulate matter is inversely related to its diameter 
[ 5 ]. An overview of therapeutic  nanoparticles for 

systemic and local application is given in com-
prehensive reviews by Sung et al. [ 4 ] and Yang 
et al. [ 6 ]. 

 Many preparation techniques have been sug-
gested and investigated for the preparation of 
pure drug and drug-loaded nanoparticles. 
Furthermore, pulmonary administration of dry 
powder formulations is considered advantageous 
as dry powder inhaler devices can be used, but 
especially due to the higher stability of the solid 
state form. In order to produce a dry powder for-
mulation of the nanoparticles, they must be either 
dried via lyophilization or produced in dry condi-
tions. Production of dry nanoparticle powder can 
be achieved via different atomization processes 
including the spray drying process [ 7 ]. 

 This chapter will elucidate the key points in 
pulmonary delivery of drug nanoparticles by 
introduction to the lung physiology and resulting 
biopharmaceutical challenges, describe various 
techniques for preparing drug nanoparticles and 
drug loaded nanoparticles, the deposition pattern 
of inhaled particulate matter and the production of 
aerosols comprising both individual and embed-
ded nanoparticles. Moreover, common preclini-
cal models (i.e. cell culture and organ models) to 
evaluate the potential lung-delivered nanoparticu-
late formulations will be briefl y discussed.  

10.2     Morphology 
of the Human Lungs 

 An illustrative approach to understand the macro-
scopic anatomy and structure of the lungs is to 
compare this organ to an inverted tree: where the 
trachea and bronchi can be compared to the trunk 
and branches, and the sac-like structures at 
the end of the airways, i.e. the alveoli, represent 
the leaves. The main functions of the lungs are 
the exchange of oxygen against carbon dioxide, 
and the regulation of the systemic pH. To fulfi ll 
this pivotal role, the lungs can be divided into two 
functional parts: a conducting and a respiratory 
zone (Fig.  10.1 ).

   The conducting zone – also referred to as the 
airways – comprises the tubular trachea, the 
bronchi, and the bronchioles, which consist of 
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many generations of bifurcations. The main func-
tions of this region are acceleration, heating, 
humidifi cation, and fi ltration of the inspired air, 
in which the nose contributes importantly to the 
latter function. The trachea (generation 0) bifur-
cates into two main bronchi, which enter the right 
and left lung lobe. The main bronchi then bi- and 
also trifurcate into smaller bronchi and bronchi-
oles, until the terminal bronchioles appear to 
show sac-like structures (approximately genera-
tion 16–17). With these so-called respiratory 
bronchioles begins the gas-exchanging respira-
tory zone (generation 17–23), which mainly 
comprises the alveolar ducts and alveolar sacs 
(i.e. alveoli; approximately 500 million per adult 
lung). 

 Whereas the cross-sectional surface of the air-
ways (generation 0–16) is only a few square 
meters, the surface area increases exponentially 
in the alveolar region (generation 17–23) to about 
75–140 m 2  [ 8 ]. Via the conducting zone, the 
inspired air is rapidly transported from the cen-
tral to the peripheral lung by turbulent and lami-
nar fl ow, while it is decelerated to diffusive 
movement in the transition to the respiratory 
zone to facilitate the gas exchange [ 9 ]. The 23 
bifurcations from the trachea down to the alveoli, 

combined with the changing air velocities, repre-
sent a very effi cient system to fi lter out inhaled 
particulate matter. These barriers need to be over-
come in order to effi ciently administer particulate 
drug formulations to the respiratory tract. 

 Along the bronchial tree, the morphology of 
the epithelial barrier that lines the pulmonary sur-
faces changes signifi cantly. In the airways, the 
lung epithelium represents a pseudostratifi ed 
columnar epithelium, mainly consisting of cili-
ated epithelial cells, but also goblet cells and 
other secretory cells, as well as basal cells, which 
are considered as progenitor cells of the afore 
mentioned cell types. Further down towards the 
deep lung, the epithelium gradually becomes 
thinner. In the small airways (bronchioles, and 
terminal bronchioles), the cell layer has a thick-
ness of about 2–10 μm, while the epithelial is less 
often ciliated and more of a cuboidal shape. 
Furthermore, club cells (formerly known as 
Clara-cells) are present in the region of the lungs, 
which can be considered as non-ciliated secre-
tory cells, whose function is secretion of protec-
tive proteins, detoxifi cation as well as regeneration 
of the airways epithelium [ 1 ,  10 – 12 ]. 

 In the alveolar region, the pulmonary epithe-
lium becomes as thin as 0.1 μm, and is mainly 
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  Fig. 10.1    Airway structures and morphology of the 
human lung. ( a ) From trachea to the alveoli, the bronchi 
and bronchioles bifurcate approximately 23 times, result-
ing in an increase of the surface area from 2–3 m 2  to 
~100 m 2 . This surface enlargement causes the previously 
accelerated inspired air (conducting zone) to slow down 
until diffusion only (respiratory zone) in order to facilitate 

the gas exchange. ( b ) From the central (i.e. airways) to the 
peripheral lung (i.e. alveoli), the lung epithelium changes 
not only in the type of cells that form the air-blood-barrier, 
but also becomes ultra-thin. Due to the large surface area 
and the ultra-thin epithelial barrier, the alveoli are the main 
region to target in pulmonary drug delivery (Reproduced 
with permission from Patton and Byron [ 1 ])       
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formed by alveolar type I cells. Although these 
ultra-thin cells cover more than 90 % of the 
alveolar surface area, they account for less than 
10 % of the alveolar cell population. Besides 
type I there are also type II cells, which resemble 
only about 7 % of the surface area, but are almost 
twice as numerous, compared to type I cells 
(approximately 16 % of the cell population) [ 11 , 
 13 ]. Although type II cells can be considered the 
progenitor of type I cells and can replace them, 
their main function is the secretion of pulmo-
nary surfactant, a complex lipo-protein mixture, 
whose main function is to reduce the surface ten-
sion at the air-liquid interface in order to prevent 
the alveoli from collapsing [ 14 ]. 

 Besides immobilized epithelial cells, there are 
also mobile cells such as macrophages present, 
which patrol the pulmonary surfaces and phago-
cytize foreign materials that are deposited. The 
alveolar macrophage is probably the most impor-
tant surface macrophage in the lungs and approx-
imately 12–14 alveolar macrophages can be 
found per alveolus. These highly active phago-
cytic cells can effi ciently sequester biological or 
non- biological foreign (particulate) matter that 
deposits in the alveolar region of the lungs. 
Hereby, they represent the most important clear-
ance mechanism of the deep lungs, and contrib-
ute to the sterility of the respiratory zone [ 15 ,  16 ]. 

10.2.1     Biopharmaceutical Challenges 
for Inhaled Therapeutics 

 The air-blood-barrier does not only consist of 
cellular elements, but features also non-cellular 
elements, which especially play an important role 
for the fate of inhaled particulate matter. Overall, 
the pulmonary surfaces are covered with a liquid 
layer (the LLF), which however, differs signifi -
cantly depending on the lung region. 

 Nevertheless, the components of the LLF are 
the fi rst biological matter an inhaled particle 
interacts with after deposition, and can therefore, 
tremendously infl uence its biological fate in the 
lungs. It could be shown that particles that deposit 
on the LLF will be immersed into the  liquid 

phase due to surface forces, regardless of their 
surface chemistry [ 17 ,  18 ]. There is no way for 
deposited particles to circumvent the interaction 
with the LLF and its components, for which rea-
son this system will be discussed here in more 
detail. 

 In the airways, the bronchial epithelium is 
covered by pulmonary mucus, a several microm-
eter thick viscoelastic complex fl uid, which is 
produced and secreted by goblet cells and mainly 
consists of water and hydrated glycoproteins 
(mucins). According to current models and opin-
ions, the mucus layer rests on a less viscous peri-
ciliary layer [ 3 ,  19 ]. The ciliated cells underneath 
the mucus blanket beat in a coordinated man-
ner with a frequency of 3–12 Hz, resulting in a 
directed and ascending transport of the mucus [ 1 , 
 20 ]. This mucociliary clearance (also referred to 
as the mucociliary escalator) is a very effi cient 
system to transport most of the particulate matter 
that deposits in the airways out of the respiratory 
tract, and therefore, represents the second impor-
tant clearance mechanism (besides macrophage 
clearance) that plays an important role in the fate 
of inhaled particles. 

 In this regard, the available liquid volume 
plays an important role: as LLF only has a total 
volume of about 15–70 ml, the dissolution kinet-
ics of a particle affect whether it can be absorbed 
by the epithelium, or is cleared as a non-dissolved 
particle. If a particle dissolves immediately upon 
deposition, the molecules can of course diffuse 
along the water pores towards the epithelial sur-
face following a concentration gradient [ 5 ,  21 , 
 22 ]. If trapped on the mucus layer, the particles 
will be transported out of the lungs within 
24–48 h, and eventually swallowed and pro-
cessed in the gastro-intestinal tract [ 6 ,  22 ]. Hence, 
one of the challenges in particle engineering is 
the design of mucus-penetrating systems that can 
at least partially circumvent this clearance mech-
anism. In this respect, nanoparticles are a most 
promising technological approach, as they can be 
produced in a size-range smaller than the aque-
ous pores of mucus, allowing them to penetrate 
this barrier towards the epithelial surfaces. 
However, recent studies demonstrated that the 
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success of mucus-penetration signifi cantly 
depends on the surface properties of the used 
nanoparticles, in order to assure minimal interac-
tion with the mucin network [ 23 – 25 ]. 

 In the alveolar region of the lungs, the epithe-
lium is covered by the alveolar lining layer, which 
is profoundly different from mucus, as it is con-
tinuous (different from mucus, which has a rather 
patch-like appearance) and much thinner (aver-
age thickness of 0.02–0.08 μm) [ 26 ]. The major 
component of the alveolar lining layer is pulmo-
nary surfactant, which consists of about 90 % lip-
ids (mainly phospholipids), and 10 % protein of 
which four specifi c surfactant proteins (SP) are 
known (SP-A, -B, -C, and -D) [ 14 ,  27 ]. Due to its 
localization at the air-liquid interface, the pulmo-
nary surfactant system reduces the surface ten-
sion and essentially contributes to the maintenance 
of the alveolar architecture, and is therefore 
essential for proper lung function. However, 
besides this biophysical function, some pulmo-
nary surfactant components – namely SP-A and 
SP-D – act as opsonins and help alveolar macro-
phages to phagocytize foreign materials. 

 As mentioned before, alveolar macrophages 
account for the main clearance pathway of par-
ticles from the alveolar region of the lungs. 
Undissolved particles are effi ciently seques-
tered in alveolar macrophages and phagocytosis 
takes place for particles in the size range 
between 0.2 and 5–6 μm [ 6 ,  15 ]. A fact that is 
often neglected is the complex interplay between 
pulmonary surfactant and alveolar macro-
phages. While some SP enhance the uptake of 
particulate matter by alveolar macrophages, 
phospholipids (the major constituent of surfac-
tant) are able to counterbalance these effects 
[ 28 ]. As recent studies have demonstrated, the 
immunological functions of SP appear to play a 
key role also in the clearance of nanoparticles 
by alveolar macrophages [ 29 ,  30 ]. Nevertheless, 
nanoparticles (below 200 nm) are internalized 
by alveolar macrophages in a rather non-specifi c 
manner compared to larger particles in the 
micron range [ 15 ]. Therefore, nanoparticles are 
an attractive strategy to circumvent macrophage 
clearance by size exclusion.   

10.3     Atomization Techniques 
for Producing Nanoparticles 

 There are generally two routes for prepar-
ing nanoparticles, a top-down and bottom-up 
approach. In the top-down route the nanoparticles 
are formed from fractioning of larger structures 
such as with the milling process [ 31 ]. With bottom-
up approaches the nanoparticles are formed from 
the molecular level of the compounds such as in a 
solution, where small droplets can be formed and 
dried to produce nanoparticles. Further, among 
the bottom-up approaches nanoparticles can either 
be formed in the liquid phase or in the gas phase. 
Approaches employing the liquid route include 
nanoprecipitation, emulsifi cation-solvent evapora-
tion, polyelectrolyte complexation and sol-gel for-
mation, which all generally require a large amount 
of solvent, are labor intensive and can result in 
introduction of impurities. Preparation of particles 
in the gas phase, also known as aerosol formation, 
typically takes place via atomization of a liquid in 
a gas [ 32 ]. These methods may allow the produc-
tion of nanoparticles in a one-step process, with 
medium to high yield and enable a scalable, con-
tinuously operated manufacturing process. Further, 
they directly result in particles in the solid state in 
powder form, which are physically more stable 
compared to liquid state formulations. This elimi-
nates the need for lyophilization and other post 
processing of the formulations, which would typi-
cally be necessary with liquid nanosuspensions. 

10.3.1     Principles of Spray Drying 

 Spray drying represents a platform technology 
for the transformation of liquid samples into a 
dry particulate form [ 33 – 36 ]. This technique is 
well-established in many relevant branches such 
as the chemical, food and pharmaceutical indus-
try. Spray drying is a continuous, one-step pro-
cess, which consists of four separate phases, 
namely (1) sample atomization, (2) mixing of the 
generated droplets with the drying gas, (3) sol-
vent evaporation from the droplets, and (4) sepa-
ration of the dried product (Fig.  10.2 ).
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   The main goal of the atomization step is to 
create a maximal surface area between the drying 
gas and the fl uidic sample in order to favor an 
effi cient and rapid solvent evaporation. Therefore, 
the fl uidic sample is transported to an atomiza-
tion system, which breaks-up the liquid feed into 
a fi ne aerosol consisting of small droplets by 
applying a force. The atomization step may be 
conducted by means of centrifugal, pressure, 
kinetic or ultrasonic energy. Frequently employed 
devices include rotary wheel or disc confi gura-
tions, pressure, pneumatic, and ultrasonic noz-
zles. Naturally, the choice of suitable atomizer 
device depends on the physicochemical charac-
teristics of the fl uidic feed and the desired proper-
ties of the fi nal product. 

 Subsequently, the atomized feed is mixed with 
a conditioned drying gas, which initiates the dry-
ing phase. Atomizer emplacement and fl ow 
direction of the drying gas determine whether the 
atomized droplets are dried in co-current or 
counter-current manner. Mostly established co- 
current design indicates that the spray and gas 

fl ow pass the instrument in the same direction, 
where the emerged droplets contact the highest 
temperature drying gas. Consequently, solvent 
evaporation occurs immediately and dried parti-
cles will be exposed to moderate temperatures 
while passing the spray dryer. During counter- 
current drying the spray and drying gas enter at 
opposite ends of the instrument. Counter-current 
spray drying results in dried product exposure to 
high temperatures, an application, which is pre-
ferred for processing of polymeric products, 
which are often of “sticky” nature. 

 Upon droplet contact with the conditioned 
drying gas thermal energy is transferred from the 
heated gas to the atomized droplets, whereas sol-
vent transfer is initiated in the opposite direction. 
Just after the contact, the temperature of droplets 
increases to a constant value, which advances 
solvent evaporation and an accompanied drop-
let shrinkage. Finally, when the concentration 
of dissolved materials inside the droplet reaches 
a critical value, the suspended droplets form a 
continuous network, which rapidly decreases 
the drying rate. The solvent evaporation process 
is theoretically fi nished when the particle tem-
perature rises to that of the surrounding drying 
gas. Usually, droplet drying is fi nished within 
10–50 ms. 

 The fi nal step of the spray drying process 
comprises the separation of the dried product 
from the stream of the drying gas. Particle collec-
tion from the carrier gas phase is often conducted 
using inertial phenomena. Therefore, cyclones 
are installed after the drying chamber, which 
allow for a very effi cient particle separation. As 
the gaseous phase containing the dried particles 
enters the cyclone, the mixture is subjected to an 
accelerating fl ow fi eld (rotating vortex), which 
forces the particles to impact on the walls of the 
cyclone. 

 A number of process and formulation param-
eters determine the fi nal characteristics of the 
spray-dried product (e.g. particle size and mor-
phology) (Fig.  10.3 ). Understanding the interplay 
of the diverse factors is crucial for the reproduc-
ible preparation of specifi ed materials.

   Process parameters which need to be consid-
ered during spray drying include the method of 

1

2

3

4

  Fig. 10.2    Schematic of a conventional spray-dryer oper-
ating in co-current manner ( 1  sample atomization,  2  mix-
ing of the generated droplets with the drying gas,  3  solvent 
evaporation from the droplets, and  4  separation of the 
dried product within a cyclone)       
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atomization (rotary wheel or disc confi gurations 
result in fi nal particle diameters up to 200 μm, 
while two-fl uid nozzles lead to fi nal particle sizes 
below 10 μm), feed rate (fi nal particle size is 
directly proportional to the feed rate), inlet dry-
ing gas temperature and fl ow (slow/fast solvent 
evaporation leads to the formation of smaller/
larger particles) and type of employed particle 
collector. Formulation parameters with impact of 
the fi nal product quality comprise the feed com-
position (solvent type and solids content, which 
impact dynamic viscosity and surface tension of 
the drying formulation; the size of particles 

increases upon elevation of dynamic viscosity 
and surface tension). Morphological modifi ca-
tions of the spray-dried particles (i.e. compact or 
hollow in nature) are related to the drying condi-
tions of the atomized droplets. Here, solvent 
evaporation rate, as well as diffusivity of the dis-
solved solids are the most prominent parameters 
which account for the fi nal particle morphology. 
It is well-known, that the particle morphology is 
qualifi ed by the ratio between the convection 
time required for droplet drying and the diffusion 
coeffi cient of the employed solids, known as the 
Peclet number. In general, fast drying (Peclet 
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number <1, “rush hour effect”) of atomized drop-
lets causes the formation of large hollow particles 
with a thin solid shell, whereas slow droplet dry-
ing (Peclet number >1, “Tetris effect”) leads to 
denser particles (with deformed character). 

 Overall, modeling of the fi nal product prop-
erties during the spray-drying process remains a 
considerable challenge due to a large number of 
parameters which intervene during drying, such 
as droplet break-up and droplet/particle collision 
and coagulation/aggregation. Thus, spray-dry-
ing processes are still largely based on experi-
ence and trial & error. Moreover, to expand the 
spray- drying process to the nanoscale, effi cient 
atomization systems (e.g. “vibrating-membrane 
nozzles”) combined with highly effi cient particle 
collectors (e.g. “electrostatic precipitators”) need 
to be utilized [ 7 ,  38 ]. 

10.3.1.1     Büchi B-90 
 Spray drying is known to be a convenient one- 
step process for the continuous conversion of 
 fl uidic samples into dry powder formulations. 
Moreover, a tailored manipulation of particle 
properties (e.g. size and morphology) is techni-
cally feasible by an adjustment of the formu-
lation and spray drying process parameters. 
Unfortunately, conventional spray-dryers lack 
suffi cient fl uid atomization and particle collec-
tion to reach sub-micrometer particle sizes. 

 As a strategy to extend the spray drying tech-
nique down to the nanoscale, a new generation of 
spray-dryers (Nano Spray Dryer B-90, Büchi) was 
recently made commercially available [ 39 ]. The 
unique construction of the instrument conquers 
the main shortcomings associated with conven-
tional spray-dryers. Here, the fl uidic feed break-
down is accomplished by vibrating- membrane 
technology, while an electrostatic particle collec-
tor ensures highly effi cient precipitation of dried 
particles on a collecting electrode (Fig.  10.4 ).

   Vibrating-membrane nozzles have become the 
focus of increasing interest for the generation of 
droplets of ~1–10 μm. The principle of droplet 
generation is accomplished by liquid fl ow through 
a piezoelectric-actuated (~60 kHz) aperture con-
taining micro-scale perforation (Fig.  10.5 ).

   The membranes used for fl uid atomization 
feature an array of precise micro-scale tapered 
holes with large cross-sections on the reservoir 
side (Fig.  10.6a ) and narrow cross-sections on the 
droplet delivery side (Fig.  10.6b ). The mem-
branes are most likely fabricated by a laser- 
drilling technique.

   Naturally, for an accurate function of vibrating- 
membrane nozzles, it is essential to attenuate the 
operating principle (e.g. vibrating amplitude and 
frequency) to its technical construction (e.g. noz-
zle morphology and dimension). 

 Following sample atomization the drying step 
is carried out in a laminar fl ow of heated gas (co- 
current sample drying) (Fig.  10.4 ). The fi nal step 
of particle separation within the Nano Spray 
Dryer B-90 is accomplished by an electrostatic 
particle collector, where the collection effi ciency 
is independent of the inertial behavior of the par-
ticles. The electrostatic particle collector consists 
of a grounded star-shaped electrode (cathode) 
and a cylindrical particle collecting electrode 
(anode) (Fig.  10.7 ).
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  Fig. 10.4    Schematic of the Nano Spray Dryer B-90 
(Reproduced with permission from Lee et al. [ 40 ])       
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   The high voltage (kV) applied between the 
two electrodes charges the dried sub-micrometer 
particles, which accelerates their movement and 
deposition on the inner wall of the cylindrical 
particle collecting electrode. 

 Besides the choice of specifi ed hole dimen-
sion, a number of formulation parameters affect 
the fi nal characteristics of collected powder (e.g. 
particle size). A lower surface tension (Tate’s 
law) and higher dynamic viscosity (Hagen- 
Poiseuille’s law) of the employed formulation 
would favor detachment of smaller droplets from 
the aperture. Moreover, the applied feed concen-
tration is another important variable which deter-
mines the fi nal particle size of the spray-dried 
product.   

10.3.2     Alternative Methods for 
Producing Nanoparticles 

 Although spray drying is the most widely studied 
method for solid particle production, there are 
other liquid atomization methods available, 
which have demonstrated potential for prepara-
tion of nanoparticles and nano-embedded mic-
roparticles (NEM). 

10.3.2.1     Spray Freeze Drying 
 Spray freeze drying is a modifi ed spray drying 
process, and as the name suggests, it is a com-
bination of the spray drying and freeze drying 
processes. In freeze drying the drug and carrier 
are dissolved and the solution is fi rst frozen, 
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Vibrating mesh or
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Vibrate downwardsVibrate upwards

Aerosol droplets

  Fig. 10.5    Schematic of the 
piezoelectric-driven 
vibrating-membrane nozzle 
implemented inside the spray 
head of the Nano Spray Dryer 
B-90 (Reproduced with 
permission from 
Lee et al. [ 40 ])       

a b

  Fig. 10.6    Representative scanning electron microscopy images of membranes implemented inside the spray head of 
the Nano Spray Dryer B-90 (reservoir side: ( a ), droplet delivery side: ( b ))       
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and the solvent is subsequently removed through 
 sublimation by applying a vacuum in the given 
compartment (Fig.  10.8a ). A dry, porous mass 
with approximately the original size and shape 
would result from this drying process and it has 
proven a good method for drying nanoparticles 
produced in the liquid phase. With spray freeze 
drying the solution containing the drug mol-
ecules is atomized from a nozzle into a stream 
of cold air (around −60 ºC) at atmospheric pres-
sure. The small droplets produced quickly freeze 
and then their solvent sublimates in the cold air 
stream resulting in dry particles in the collection 
chamber [ 44 ]. Spray freeze drying is mainly used 
to produce microparticles but similar to the con-
ventional spray drying process it can be modifi ed 
to produce nanoparticles. Cheow et al. [ 45 ] have 
used spray freeze drying to atomize nanosuspen-
sions into dry powders.

10.3.2.2        Spray Pyrolysis 
 Spray pyrolysis is a mechanical atomization 
process similar to spray drying but in which the 
droplets are dried at higher temperature using 
a furnace or a fl ame resulting in fast evapo-
ration. Compared to spray drying and spray 

freeze drying, spray pyrolysis allows reactions 
to take place within the particles as well as aid-
ing the fragmentation of particles into small 
droplets that are rapidly evaporated. Particles 
below 100 nm have been produced using spray 
pyrolysis. Additionally, the process can be 
done under low pressure conditions at which 
higher solvent evaporation rates are achieved 
and small particles can be produced. This tech-
nology is, however, limited to materials that 
can tolerate very high heat without chemical 
degradation [ 32 ].  

10.3.2.3     Ultrasonic Atomization 
 With ultrasonic atomization small droplets 
are formed from the break-up of a liquid using 
ultrasonic vibration at the air-liquid interface 
(Fig.  10.8b ). The size of the droplets produced 
is partly controlled by the frequency of the 
vibration as well as the properties of the liquid 
atomized. Droplets produced with ultrasonic 
atomization typically have a narrow size distribu-
tion due to the controlled break-up process but 
it is diffi cult to achieve particles of sizes below 
2 μm, even with dilute solutions [ 32 ]. However, 
there are studies that have demonstrated the 
direct production of nanoparticles using ultra-
sonic atomization and a study by Forde et al. [ 46 ] 
showed that a 1.65 MHz piston could be used to 
prepare poly(caprolactone) nanoparticles with a 
mean size of 186 nm and a narrow size distribu-
tion. In addition to its application in the direct 
preparation of nanoparticles it has been used in 
numerous studies in combination with a pneu-
matic atomization process to achieve smaller and 
more monodisperse particles [ 47 ].  

10.3.2.4     Supercritical Fluids 
Technology 

 Supercritical fl uids are liquids and gases at tem-
peratures and pressures above their critical point, 
a phase area in the liquid/gas pressure curve. 
These fl uids have lower viscosities and higher 
diffusivities of solutes than general liquids [ 48 ]. 
The drug compound is fi lled into a vessel either 
alone or together with a carrier material and a gas 
is added into the system. The gas is pressurized 
via a compressor before entering the vessel and 
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  Fig. 10.7    Schematic of the electrostatic particle collector 
implemented inside the Nano Spray Dryer B-90 
(Reproduced with permission from Lee et al. [ 40 ])       
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becomes a supercritical fl uid, which dissolves 
the drug and carrier within the vessel. Particles 
are then formed from the dissolved mixtures and 
are collected on a fi lter at the outlet of the vessel 
until the system is de-pressurized and the pow-
der can be collected. With supercritical fl uids 
technology nonvolatile solvents can also be dis-
solved. Carbon dioxide (CO 2 ) is the most widely 
used supercritical fl uid, due to its low criti-
cal temperature and pressure (T critical  = 31.1 ºC, 
P critical  = 73.8 bar) [ 49 ]. Furthermore, CO 2  is 
inexpensive, non-toxic and non-fl ammable and 
is well suited for pharmaceutical processing. 
Supercritical fl uids technology typically results 
in particles that are relatively small (0.5–10 μm) 
depending on the setup used but several recent 

setups have been shown to  produce even smaller 
particles. Griseofulvin nanocrystals of 130 nm 
have been prepared as well as lysozyme parti-
cles of around 190 nm and it is predicted that the 
supercritical fl uids technology will draw more 
attention for nanoparticle preparation in the 
coming years [ 50 ].  

10.3.2.5     Electrospraying 
 Electrohydrodynamic atomization is another 
technology that allows the formation of small 
droplets down to the nanoscale. Essentially, a liq-
uid is passed through a concentric nozzle at a con-
tinuous fl ow rate and a high voltage is applied on 
the nozzle, thereby charging the fl owing liquid. 
When the liquid passing through is exposed to a 
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  Fig. 10.8    Principles of the spray freeze drying process 
( a ), ultrasonic atomization ( b ), schematic overview of 
electrospraying process ( c ) and image of electrospraying 

in cone-jet mode ( d ) (Reproduced with permission from 
Wang et al. [ 41 ], Topp [ 42 ] and Yurteri et al. [ 43 ])       
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suffi ciently strong electric force, it can cancel out 
the surface tension at the liquid to air interface. 
This then creates instability of the drop at the tip 
of the nozzle, resulting in a thin jet propagating 
from a cone-shaped meniscus (Fig.  10.8d ), which 
breaks up into small, charged droplets [ 51 ]. As 
with other atomization methods solvent evapo-
ration takes place and the droplets become solid 
particles. 

 Different spraying modes exist depending on 
the voltage applied, the geometry of the electric 
fi eld and the properties of the liquid atomized, 
but in order to achieve small particles with the 
lowest polydispersity the cone-jet mode is used. 
Certain scaling laws may also be used to deter-
mine the operational conditions required to 
achieve nanoparticles of a certain size [ 52 ]. 
Advantages of electrospraying over some of the 
other atomization methods include the near- 
monodisperse size distribution of particles pro-
duced and the self-dispersing property of the 
charged droplets, which prevents agglomeration 
of particles. Further, it allows control over the 
movement of droplets via the electric fi elds mak-
ing particle deposition more effi cient [ 53 ]. The 
main challenge with electrospraying is the scale-
 up and commercialization of the process due to 
low fl ow rates required to maintain a stable 
cone- jet, although effort is being made in this 
area [ 7 ]. 

 Several studies have demonstrated that it 
is possible to produce nanoparticles down to 
a size of 10 nm with a narrow size distribution 
using electrospraying although this has mainly 
been shown using metal nanoparticles [ 43 ]. It 
is more diffi cult to produce nanoparticles using 
polymers or drugs despite several studies show-
ing it can be done. Marijnissen and Gradon 
[ 54 ] have shown that particles of paclitaxel and 
poly(vinyl pyrrolidone) of around 200 nm could 
be formed, Enayati et al. [ 55 ] demonstrated that 
poly(lactide- co -glycolide) (PLGA) nanoparticles 
loaded with estradiol and polymethylsilsequiox-
ane particles of 120 and 400 nm could be prepared 
using a co-axial electrospraying setup with addi-
tional control over particle shape, and Valo et al. 
[ 56 ] have shown that PLGA particles loaded with 
beclomethasone-dipropionate and  salbutamol 

sulfate of 200 nm could be prepared using at very 
low fl ow rates and polymer concentrations.   

10.3.3     Nano-embedded 
Microparticles 

 Nanoparticles alone are not in the optimal size 
range for inhalation from an aerodynamic view-
point [ 57 ]. Further, when particles are reduced in 
size the total surface area increases and hence, 
increases the free energy of the particles. This 
results in increased interaction between particles 
causing particle agglomeration or drug crystal 
growth [ 4 ]. In order to achieve a formulation with 
a long shelf life it is necessary to ensure that the 
nanoparticles remain physically stable under ele-
vated temperature and humidity conditions. 
Generally, nanoparticles are less stable as a liquid 
suspension than in a dry powder form. Further, 
many nanoparticles would dissolve or release their 
drug over time. Hence, dry powder formulations 
prepared via atomization techniques result in some 
stabilization, but their small size still provides a 
large surface–to–volume ratio for interactions to 
take place and also make them more fragile [ 4 ]. 

 One approach, which can limit the interaction 
between particles and at the same time protect the 
nanoparticles, is by entrapping them in a solid 
matrix, which limits their mobility and thus, pre-
vents particle-particle interactions. They may 
additionally be entrapped inside micro-scale par-
ticles, which improve aerosolization properties 
and hence, pulmonary administration. The idea 
with such NEM is that the microparticles act as 
intermediate delivery vehicles during storage and 
administration until they reach their target site. 
With pulmonary delivery the aim is typically 
microparticle deposition on the pulmonary 
mucus lining, where the highly soluble matrix of 
the microparticles rapidly dissolves to release the 
less soluble or – depending on the proposed 
application – practically insoluble nanoparticles. 
Several studies have investigated the preparation 
and performance of such NEM and can generally 
be divided into cases where drug nanocrystals or 
drug-loaded nanoparticles were embedded in the 
microparticles (Table  10.1 ).
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10.3.3.1       NEM Comprising Pure Drug 
Nanoparticles 

 NEM comprising drug nanocrystals have been 
prepared by atomizing separate solutions con-
taining the drug and excipients simultaneously or 
by atomizing a suspension of drug nanocrystals. 
Typically, spray drying has been used for the 
preparation of these microparticles. Here, excipi-
ents like mannitol, lactose and leucine are fre-
quently employed as microparticle matrix 
materials. 

 Mizoe et al. [ 59 ] demonstrated the preparation 
of NEM by simultaneous atomization of drug 
nanocrystals and microparticles. They prepared 
NEM with nanoparticles of pranlukast, a poorly 
soluble drug for asthma treatment into micropar-
ticles of mannitol using a 4-fl uid spray drying 
nozzle setup with two liquid inlets and two gas 
inlets allowing two separate solutions with dif-
ferent solutes and solvents. Solutions of pranlu-
kast and mannitol were passed through separate 
inlets and resulted in drug particles of 200 nm in 
diameter. Increased bioavailability was shown 
after pulmonary administration in rats compared 
with oral administration of pure drug. Thus, the 
authors provided a system where the insoluble 
nanosized drug particles were released from the 
microparticles and slowly dissolved to perform 
an effect at the local target site. 

 In another study, Cook et al. [ 58 ] prepared 
NEM by fi rst preparing a drug nanosuspension 
and subsequently atomizing with excipients. 
They prepared a nanosuspension of Terbutaline 
sulfate via emulsifi cation-solvent evaporation 
and then spray dried the drug nanoparticles of 
around 238 nm together with dipalmitoylphos-
phatidylcholine to form microparticles. Their 
NEM indicated absence of nanoparticles on the 
surface of the microparticles and showed sus-
tained release of drug over several hours.  

10.3.3.2    NEM Comprising Polymeric 
Nanoparticles 

 Embedding pure drug nanoparticles inside mic-
roparticles seems sensible for preparing a drug 
delivery system with sustained release or for 
administration of poorly soluble drugs, where 
the high dissolution rate of nanoparticles comes 
into good use. However, based on the literature 

more focus has been directed towards producing 
NEM using drug-loaded nanocarriers for both 
local and systemic delivery of the nanoparticles. 
The concept of such NEM for pulmonary deliv-
ery was introduced by Tsapis et al. [ 67 ], where 
model polystyrene nanoparticles were used to 
study their infl uence on porous microparticle 
formation. Studies with NEM using drug-loaded 
nanocarriers generally aim at achieving stable 
formulation with cellular uptake, long tissue 
retention times and sustained drug release. 

 Currently, most of the NEM embedded with 
drug-loaded nanocarriers are produced in a two 
steps process. First, the nanoparticles are pre-
pared via nanoprecipitation or emulsifi cation- 
solvent evaporation or another method and 
are subsequently spray dried together with an 
excipient. Most studies make use of non-water 
soluble or biodegradable polymers for prepar-
ing the nanoparticles, as they are compatible 
for atomization of an aqueous suspension. As 
an example, Yamamoto et al. [ 61 ] prepared 
PLGA nanoparticles loaded with coumarin-6 by 
emulsifi cation- solvent evaporation, freeze-dried 
and reconstituted, and spray-dried the nanopar-
ticles with mannitol in a fl uid bed granulator. 
Nanoparticles around 200 nm were formed and 
were entrapped in microparticles of 1–10 μm.  In 
vivo  studies in rats indicated superior inhalation 
performance of the NEM compared with freeze- 
dried nanoparticle powder and more than 50 % of 
the NEM were delivered to the bronchioles and 
alveoli with prolonged pharmacological effect. 
In a study by Jensen et al. [ 66 ], PLGA nanopar-
ticles were loaded with siRNA and embedded 
in mannitol, lactose and trehalose and prepared 
using similar methodology. The authors showed 
that microparticles could be formed with suitable 
aerodynamic properties for inhalation. 

 Moreover, the application of phospholipids as 
a matrix material has been investigated in a study 
by Hadinoto et al. [ 65 ]. Phospholipids are one of 
the main components of lung surfactant and are 
thus interesting to use in the formulation. 
Embedding of nanoparticles in the phospholipid 
matrix resulted in low uptake of particles by 
phagocytes possibly due to the natural presence 
of phospholipids in the lungs. Phospholipids, 
which are also surfactants, are also believed to 
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enhance the aerosol properties and solubility of 
the particles and thereby, increase alveolar depo-
sition and pharmacological performance of the 
nanoparticles. 

 NEM prepared using a large amount of excipi-
ents for the microparticle matrix protect the 
nanoparticle inside but also adds more bulk that 
needs to be dissolved and cleared in the lungs. 
Further, particles with a large matrix fraction 
typically do not allow visualization of the 
nanoparticles within the microparticles. Below 
are, however, some examples where NEM have 
been prepared with low amounts of excipients 
(Fig.  10.9 ).

   The preparation of NEM has typically been 
performed by atomization of nanoparticles pro-
duced via nanoprecipitation or emulsifi cation- 
solvent evaporation. Although the atomization 
process has mainly been carried out using a con-
ventional spray drying process, this should also be 
possible with a modifi ed version of spray drying 
or using methods described earlier such as ultra-
sonic atomization, supercritical fl uids technology 
or electrospraying. Regarding the use of nanopre-
cipitation and emulsifi cation methods, these are 
acceptable for proof-of-concept and performance 
testing of NEM formulations but they are labor 
intensive, low output and costly production meth-
ods from a manufacturing viewpoint. This part of 
the process could thus be greatly optimized by 
developing an automated, continuous, and higher 
throughput process by for instance connecting 
two atomization processes in series, one for pre-
paring nanoparticles and another for preparing 
microparticles. Alternatively, a more automated 
liquid-phase nanoparticle preparation technique 
could be connected with a subsequent atomiza-
tion process.    

10.4     Delivery of Nanoparticles 
to the Lungs 

10.4.1     Deposition Mechanisms 
of Inhaled Particles 

 The site, extent and effi ciency of particle deposi-
tion in the respiratory tract depend on factors 
coming both from the inhaled aerosol as well as 

the patient. Besides aerosol parameters such as 
the particle or droplet size, the density of the 
used material, the surface modifi cations and the 
shape, lung deposition also depends on the 
breathing pattern of the patient and individual 
parameters such as the anatomy and structure of 
the respective lung regions [ 6 ]. One of the most 
important factors, however, is the particle or 
droplet size, as this not only affects the underly-
ing deposition mechanism and therefore the 
actual deposition site, but also opens the greatest 
room for adaption in terms of device and particle 
engineering. 

 In aerosol science, the mass median aerody-
namic diameter (MMAD) is commonly used to 
describe the size of a particle. It is defi ned as the 
diameter of a particle with a density of 1 g/cm 3  
that is settling with the same velocity as the par-
ticle of interest [ 4 ]. 

 Depending on the forces infl icted on a parti-
cle, there are mainly three deposition mecha-
nisms described: (i) impaction, (ii) sedimentation, 
and (iii) diffusion (Fig.  10.10 ). Which of these 
mechanisms applies to an inhaled particle 
depends fi rst and foremost on its MMAD.

   Due to inertia, particles are only able to follow 
the inspired air over a few bifurcations within the 
upper airways, although actually the majority 
already breaks the streamline of airfl ow in extra-
thoracic regions (mostly the oropharynx and lar-
ynx) and collides with the pulmonary surface. 
Therefore, impaction is relevant for particles 
with a MMAD larger than 5–6 μm, for which rea-
son the desired size of respirable particles is nor-
mally below this limit from a particle engineering 
point of view (with large carrier particles facili-
tating the fi lling and aerosolization of dry powder 
formulations being an exception). Particles with 
a MMAD between 1 and 5 μm settle in the lower 
airways and alveolar region due to gravitational 
forces. As the alveoli are the lung region that is 
generally targeted with therapeutic aerosols, sed-
imentation is the essential driving force for effi -
cient pulmonary drug delivery. For this reason, 
most of the pharmaceutical aerosols available on 
the market bear a MMAD of 2–5 μm, which cor-
responds to the deposition maximum in the deep 
lung. However, one has to keep in mind that 
impaction and sedimentation are also  overlapping 
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in the size range between 1 and 10 μm, due to 
which both mechanisms contribute to pulmonary 
deposition. Small particles with a MMAD of 

0.5 μm and below (i.e. nanoparticles), underlie 
Brownian motion, and therefore deposit by diffu-
sion [ 1 ,  6 ,  68 ]. 

a b

c d

e f

  Fig. 10.9    Scanning electron microscopy images of nano-
embedded microparticles prepared by spray drying from 
aqueous nanosuspensions containing poly(styrene) (mean 
size of ~100 nm) ( a ), poly(lactide- co -glycolide) (mean 

size of ~200 nm) ( b ), poly(styrene) (mean size of 
~170 nm) ( c ,  d ), and polyacrylate nanoparticles ( e ,  f ). 
Scale bars: 1 μm (Reproduced with permission from 
Tsapis et al. [ 67 ] and Hadinoto et al. [ 65 ])       
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 It is known that nanoparticles deposit in the 
peripheral lung, mainly the alveolar region, but 
that they are easily exhaled again due their small 
size [ 6 ,  57 ]. In pulmonary drug delivery, how-
ever, a signifi cant dose of drug needs to be depos-
ited, and should be also retained within the lungs 
in order to cause a pharmacological effect. 
Inhalation of aerosolized nanoparticles, however, 
results in very poor deposition effi ciencies when 
done over a limited time period as is usually the 
case with inhalation therapy. As a matter of fact, 
nanoparticles have disadvantageous aerodynamic 
properties when inhaled as such. Furthermore, 
production of aerosols with particle or droplet 
sizes in the nanometer range is diffi cult due to the 
high energies needed [ 4 ]. Therefore, technologi-
cal adaptations are necessary to make them suit-
able to pulmonary drug delivery.  

10.4.2     Application of Nanoparticles 
to the Lung 

 As described above, inhalation of drug-loaded 
polymeric nanoparticles might be advanta-
geous to delay the clearance of the applied drug 
from the respiratory tract. Although, their small 
size (i.e. MMAD of 0.1–1 μm) limits pulmo-
nary deposition [ 57 ], research has focused on 

 developing suitable administration forms to facil-
itate inhalation of nanoparticles. So far, nebuli-
zation of polymeric nanosuspensions as well as 
dry powder aerosolization of NEM were shown 
to be adequate methods for the production of 
nanoparticle- containing aerosol particles suitable 
for deep lung deposition [ 69 ,  70 ]. 

10.4.2.1    Aerosolization 
of Nanosuspensions 
for Pulmonary Drug Delivery 

 A major advantage of nebulization processes is 
that regardless of the aerodynamic characteristics 
of the nanoparticles themselves, pulmonary depo-
sition is achieved by supplying adequate drop-
let sizes. However, aerosolization of unaffected 
nanoparticles is a major demand to ensure their 
functionality after lung delivery. Pneumatic- and 
ultrasound-driven nebulizers failed to effi ciently 
nebulize polymeric nanosuspensions, as these 
devices caused nanoparticle aggregation and con-
centration [ 71 ]. As an alternative to “traditional” 
nebulizers, aqueous formulations can be delivered 
to the lungs by means of vibrating- membrane 
technology (e.g. Aeroneb® Pro, Aerogen and 
eFlow®rapid, PARI) [ 72 ]. This mode of nebuliza-
tion has been recommended for aerosolization of 
“sensitive” formulations (e.g. polymeric nanopar-
ticles), owing to avoidance of high shear stress 
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  Fig. 10.10    Particle deposition in the lungs. ( a ) Total 
deposition of unit-density particles in the human lung. 
Nanoparticles are deposited by diffusion and sedimenta-
tion, but are easily exhaled again, for which reason one 
needs to technologically adopt such systems in order to 
maximize lung deposition. ( b ) Regional lung deposition 
of unit-density particles. While larger particles (mass 

median aerodynamic diameter (MMAD) >5 μm) impact 
in central lung (extrathoracic and upper airways), there is 
a fi rst deposition maximum in the peripheral lung for par-
ticles with MMAD between 2 and 5 μm, and a second 
maximum for particles smaller than 0.2 μm (nanoparti-
cles) (Reproduced with permission from Heyder [ 68 ])       
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and energy input during the process of droplet 
formation [ 71 ]. Consequently, it is emphasized 
that polymeric nanosuspensions should be pref-
erentially nebulized with a vibrating- membrane 
device in order to achieve pulmonary deposition 
of unaffected nanoparticle formulations.  

10.4.2.2    NEM for Pulmonary Drug 
Delivery 

 Beside nebulization, pulmonary delivery of poly-
meric nanoparticles is accomplished by dry pow-
der aerosolization of NEM. The delivery of 
nanoparticles as part of microparticles is particu-
larly interesting as these “Trojan” particles are 
thought to connect the advantages of both types 
of particles (i.e. aerodynamic characteristics and 
prolonged retention within the lungs) [ 67 ,  69 ,  70 , 
 73 ]. However, spontaneous release of unaffected 
nanoparticles following pulmonary deposition 
remains a key requirement for this type of deliv-
ery system, which was so far only shown for 
NEM prepared by spray-drying.   

10.4.3     Models to Evaluate 
the Performance of Lung- 
Delivered Nanoparticles 

 There are several models available to assess the per-
formance of nanoparticles for lung delivery, which 
differ either in the degree of complexity, testing 
capacity and proximity to the  in vivo  situation. 

10.4.3.1     In Vitro  Models of the 
Air-Blood-Barrier 
and Exposure Set-Ups 

 The major advantage of cell- and tissue-based  in 
vitro  models is their suitability for high capacity 
screening and assessment of nanoparticles for pul-
monary applications. Furthermore, cell culture 
models allow for elucidation of mechanisms, and 
can often cast some light into the black box of  in 
vivo  models. Due to the availability of cells for 
basically all lung regions,  in vitro  approaches are 
of increasing importance to the testing of pharma-
ceutical formulations intended for inhalation – 
although they can be more expensive. Cell culture 
models are either based on cell-lines or primary 
cells. Cell-lines are transformed or cancer- derived 

immortalized cells, and can therefore be kept in 
culture over a long period (several months to 
years). Although their ease of cultivation is advan-
tageous as it brings fl exibility in experimental 
design, results should be treated with caution, as 
observed effects might be linked to their immortal-
ization and therefore abnormal physiology, thus 
deviating from healthy cell models. Therefore, the 
use of primary cells can be considered as a supe-
rior approach in this regard. Unfortunately, tissue 
from human source is often diffi cult to obtain and 
useful tissue is limited in quantity for ethical rea-
sons. Therefore,  in vitro  studies using primary 
cells are often performed after extensive pre-
screenings in cell-line models for comparative or 
control reasons. Regarding the different types of 
cell models, the gentle reader is referred to com-
prehensive reviews on this topic [ 11 ,  74 ]. 

 Besides mono-cultures of certain cell types of 
the lungs, more complex co-culture systems have 
been recently published, in which lung epithelial 
cells are grown along with macrophages and den-
dritic cells. These three-dimensional cell models 
can be considered as artifi cial tissues that closely 
mimic the morphologic situation of the air-blood- 
barrier as found  in vivo  [ 75 ,  76 ]. However, these 
systems still lack complexity of a whole organ. 
Therefore, the conclusions that can be drawn 
from  in vitro  models are limited, and their value 
is rather complementary to other models. 

 Regarding the  in vitro  evaluation of nanopar-
ticles for inhalation, it is important to consider 
the fact that these systems are intended for deliv-
ery as aerosols, and deposit from a gas phase 
when administered to the lungs. Therefore, the 
mode of nanoparticle application in cell culture 
systems would ideally be air-interface instead of 
submerged exposure (Fig.  10.11a ). Although this 
approach is limited to such cell types that can be 
cultured under air-interface conditions, there are 
a few test systems published and also commer-
cially available that support commonly used cell 
culture inserts and allow for such air-liquid expo-
sure (Fig.  10.11b ). Besides such exposure cham-
bers for aerosolized nanoparticles, there are also 
systems described in literature to allow for con-
trolled sedimentation of larger particles from dry 
powder formulations (e.g. NEM) onto air-liquid 
interface cultured cells [ 79 ].
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10.4.3.2       Isolated Lung Models 
 Among the different preclinical techniques 
available to examine the potential of polymeric 
nanoparticles, isolated lung models represent a 
well-established approach to study the impact 
of lung-specifi c factors on the performance of 
inhaled therapeutics [ 80 ,  81 ]. Compared to  in vitro  
cell culture techniques isolated lungs display the 
advantage of structural and functional integrity of 
the organ level. Hence, the isolated lung approach 
allows for a realistic extrapolation of pharmacoki-
netic profi les to the  in vivo  situation. A schematic 
of an isolated lung setup is depicted in Fig.  10.12 .

   For model installation and subsequent phar-
macokinetic measurements basic steps include 
the isolation, perfusion, and ventilation of the 
lungs from a suitable organ donor, the delivery of 
formulations to the air-space by an appropriate 
method, and an adequate sample regimen and 
analytic. Thus, reliable formulation behavior 
within the target organ is obtained that adequately 
refl ects the dynamic effects occurring  in vivo . 

 As an example, the potential of novel 
salbutamol- loaded polymeric nanoparticles was 
evaluated in both an isolated lung model [ 83 ] and 
 in vivo  [ 84 ] (Fig.  10.13 ).

Submerged exposure Air-liquid interface exposure

A suspension of particles is
added as bulk liquid to the
cell culture, which is coverd
by cell culture medium.

Aerosol-laden air is
brought into direct
contact with the cell
culture,which is supplied
with medium through a
perforated membrane
from below. thus, a
fraction of the airborne
particles is deposited
onto the cells.

Direction of air flow

Incubation chamber

Nebulizer

Flow
meter

Humidity
production

Pump

Cold trap

Heating plate

Cell culture
plate

Quartz crustal
microbalance

Filter

a

b

  Fig. 10.11    ( a ) Submerged vs. air-liquid exposure of 
nanoparticles to  in vitro  cell culture models, with the 
latter being more realistic when studying particle-lung 
interactions. ( b ) A system that allows for air-interface 
exposure of nanoparticles. The air-liquid interface cell 

exposure system (ALICE) enables dose-controlled cloud 
settling of nebulized nanoparticle suspensions onto cells 
(Reproduced with permission from Paur et al. [ 77 ] and 
Lenz et al. [ 78 ] (BioMed Central))       
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  Fig. 10.12    Schematic of an 
isolated lung model useful to 
study the impact of 
 lung-specifi c factors on the 
performance of pulmonary 
administered formulations 
(Reproduced with permission 
from Beck-Broichsitter et al. 
[ 82 ])       
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  Fig. 10.13    Performance of 
salbutamol-loaded polymeric 
nanoparticles ( black 
triangles ) and salbutamol 
solution ( grey squares ) 
following pulmonary 
administration to the 
air-space of an isolated lung 
( a ) and guinea pigs ( b ). 
Application of the nanopar-
ticle formulation resulted in 
retarded drug absorption from 
the air-space into the 
perfusate ( a ). Likewise, 
bronchoprotection experi-
ments performed  in vivo  
presented a prolonged drug 
action for the nanoparticle 
formulation ( b ) (Reproduced 
with permission from 
Beck-Broichsitter et al. [ 69 , 
 83 ] and Rytting et al. [ 84 ])       
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   After administration of salbutamol as solution 
or entrapped into polymeric nanoparticles to the 
lung model, the drug absorption profi le disclosed 
pulmonary retention for the nanoencapsulated 
salbutamol (Fig.  10.13a ). This fi nding was con-
fi rmed by a prolonged pharmacodynamic effect 
(i.e. bronchoprotection) observed  in vivo  
(Fig.  10.13b ).    

    Conclusion 

 The application of nanoparticles for pulmo-
nary delivery is gaining increasing interest 
with the current challenges in administration 
of numerous drug substances. Nanoparticles 
bear several advantages for pulmonary deliv-
ery, but some topics still remain relatively 
unexplored (e.g. interaction with the lung tis-
sue, mobility, clearance and toxicity). Dry 
powder formulations provide higher stability, 
allowing for longer storage times and repre-
sent a good delivery approach for inhalation 
into the lungs. Furthermore, compared with 
the preparation of nanoparticles in the liquid 
phase, atomization of aerosols is attractive due 
to the simplicity of the process, the low cost 
involved and the purity of the product 
achieved. Moreover, it is in line with the cur-
rent focus towards continuously operated 
manufacturing processes, which allow elimi-
nation of batches and reduction in production 
costs. The atomization techniques presented 
in this report allow continuous manufacturing 
with implementation of in-line process moni-
toring for optimization of product quality. 
Spray drying is currently the most employed 
system due to its commercial availability but it 
is likely that some of the other technologies 
described will become equally popular as 
their commercial demand and availability 
increases. NEM are most promising as a 
 combined delivery vehicle and stabilization 
system for nanoparticles, and are in theory 
ideal for pulmonary delivery of certain drug 
molecules but still need more clinical 
validation. 

 With the advances in the preparation of 
nanoparticles and NEM it is time to place 
more effort in understanding the deposition of 
nano- and microparticles in the lungs, and 

their subsequent mobility along the lung lin-
ing. This could lead to improved engineering 
of formulations that allow for effi cient disinte-
gration/dissolution as well as homogeneous 
distribution of particles within the lungs. It is 
still a challenge to study pulmonary drug 
delivery processes starting from aerosoliza-
tion and particle deposition to cellular uptake 
and evaluation of pharmacological effect. 
With the progress in, and opportunities of 
nanomedicine, the pulmonary route is 
expected to regain increasing attention and 
lead to clinical products in the future.     
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  NSCLC    Non-small cell lung cancer   
  oHA    oligo-fragments of hyaluronic acid   
  PCL    Poly-ε-caprolactone   
  PDAC    Pancreatic ductal adenocarcinoma   
  PDGF    Platelet-derived growth factor   
  PEG    Polyethylene glycol   
  PEI    Polyethylene imine   
  PEO    Polyethylene oxide   
  P-gp    P-glycoprotein   
  PLA    Poly-lactic acid   
  PLGA    Poly (lactic-co-glycolic) acid   
  PPO    Polypropylene oxide   
  PRINT    Particle replication in non-wetting 

templates   
  proAEL    phosphorylated prodrugs of antican-

cer etherlipids   

  PSMA    Prostate-specifi c membrane 
antigen   

  RGD    Argentine-glycine-aspartic acid   
  siRNA    short-interfering RNA   
  SLN    Solid lipid nanoparticles   
  SMANCS    Neocarzinostatin-styrene- maleic 

acid conjugate   
  Smo    Smoothened   
  SPARC    Specifi c protein, acidic and rich in 

cysteine   
  sPLA2    secretory phospholipase A2   
  TAMs    Tumor-associated macrophages   
  VEGF    Vascular endothelial growth factor   
  VEGFR    Vascular endothelial growth factor 

receptor   
  VIP    Human vasoactive intestinal 

peptide   
  α-SMA    α-smooth muscle actin        

11.1     Introduction 

11.1.1       Nanomedicine and Cancer 

 Cancer is a leading cause of death worldwide. 
Conventional chemotherapy has drawbacks rang-
ing from limited effectiveness, chemoresistance, 
and treatment-related side-effects and damages 
to healthy tissues. The idea of drug targeting 
started to emerge as early as 1906. As outlined by 
Danhier et al., the challenge ahead is about how 
to fi nd proper targets, to develop a drug that 
exploits the targets, and fi nally to design the 
proper delivery system (carrier) for the drug [ 1 ]. 
Cancer nanomedicine is the use of nano-sized 
entities (10–200 nm) to diagnose, prevent, or 
treat cancer. These entities can be loaded with 
chemotherapeutics, nucleic acids, radiosensitiz-
ers, diagnostic agents and/or probes. This chapter 
displays an updated review of several nano- 
carrier platforms, their common features, and 
applications, followed by a discussion of the 
major mechanisms by which nano-carriers are 
targeted to the cancer cells. Finally it discusses 
barriers that hinder the applications of nanomedi-
cine in cancer chemotherapy, and how the  rational 
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design of the nanomedicine may overcome these 
barriers.   

11.2    General Classifi cation 
of Nano-carrier Platforms 

11.2.1    Liposomes 

 Liposomes are one of the earliest nano-scale drug 
carriers reported in literature, fi rst described by 
Bangham et al. [ 2 ,  3 ]. They are spherical vesi-
cles, composed of closed phospholipid bilayer 
structures that resemble the cell membrane. Their 
unique structure enables the encapsulation of 
water soluble drugs within their hydrophilic 
cores, while water-insoluble drugs can be 
entrapped within the lipid bilayer [ 4 ]. Nucleic 
acids (e.g., plasmids) can be non-covalently 
attached on the surface of cationic liposomes 
via electrostatic interaction [ 5 ]. Various biocom-
patible phospholipids, including 1,2-distearoyl- 
sn- glycero-3-phosphoethanolamine (DSPE) and 
1,2-distearoyl-glycero-3-phosphocholine (DSPG),
are in products that have been approved by the 
United States Food and Drug Administration 
(FDA) for human use [ 6 ]. Different types of lipo-
some have different sizes. For example, multi-
lamellar liposomes have a size range of about 
500–5,000 nm, while uni- lamellar liposomes can 
be as small as 50–100 nm [ 7 ]. Liposome surface 
can be modifi ed with polyethylene glycol (i.e., 
PEGylation) to prolong their blood circulation 
time [ 8 – 10 ]. In addition, liposome surface can be 
modifi ed with various targeting moieties, includ-
ing small molecules (e.g., anisamide as a ligand 
to Sigma receptors [ 11 – 13 ]) or macromole-
cules (e.g., monoclonal antibodies in immunoli-
posomes [ 14 ,  15 ]) to bind to targets that are 
exclusively expressed, or overexpressed, by 
tumor cells. Liposomal formulations of antican-
cer drugs currently on the market include 
PEGylated doxorubicin liposomes (Doxil ® , 
about 100 nm), non-PEGylated doxorubicin 
 liposomes (Myocet ® ), and non-PEGylated dau-
norubicin liposomes (Daunoxome ® , about 
35–65 nm). The advantages and disadvantages of 

PEGylation will be discussed in more details 
later.  

11.2.2    Polymeric Nanoparticles 

 Various polymers have been used to prepare 
nanoparticles, including natural polymers (e.g., 
chitosan and albumin) and synthetic polymers 
(e.g., poly-lactic acid (PLA) and poly-lactic-co- 
glycolic acid (PLGA)). PLA and PLGA are 
widely used in nano- and micro-particle prepara-
tion due to their biodegradability, biocompatibil-
ity, and well-documented safety profi le [ 16 ,  17 ]. 
Nanoparticles prepared by polyesters, such as 
PLA, PLGA, and poly-ε-caprolactone (PCL), 
undergo bulk erosion, where the aqueous medium 
penetrates inside the nano-carriers and causes 
hydrolysis of the core, which brings on further 
erosion of the bulk [ 18 ,  19 ]. On the contrary, 
nanoparticles prepared with other polymeric 
classes, such as poly-anhydrides and poly- 
orthoesters, undergo surface erosion, which pro-
vides a zero-order release pattern [ 19 – 21 ]. 
Various homopolymers (e.g., PLA), co-polymers 
(e.g., PLGA), and block-co-polymers (e.g., 
PLGA-polyethylene glycol (PLGA-PEG), and 
PCL-PEG) have been used to prepare nano- 
carriers. Block-copolymers that contain PEG 
chains may render the nanoparticles prepared 
using them ‘stealthy’ and ‘long circulating’ [ 22 ]. 

 Emulsion-based methods can be used to pre-
pare PLA or PLGA nanoparticles, where a single 
oil-in-water (O/W) emulsion method is suitable 
for lipophilic drugs (e.g., docetaxel [ 23 ]), whereas 
the double emulsion (W/O/W) method helps the 
encapsulation of hydrophilic drugs (e.g. siRNA 
[ 24 ]). The double emulsion method involves the 
use of two immiscible liquid phases, where a sur-
face active agent is necessary to form the stable 
emulsion, and nanoparticles are solidifi ed follow-
ing solvent evaporation [ 25 ]. On the other hand, 
the nanoprecipitation (solvent displacement) 
method involves the use of two miscible liquids 
for the spontaneous formation of nanoparticles, 
without the use of surfactant, as the method does 
not rely on interfacial  phenomenon [ 25 ,  26 ]. 
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Other methods that can be used to prepare poly-
meric nanoparticles include spray drying [ 27 ] 
and supercritical fl uid technology [ 28 ]. In addi-
tion, micro- and nano-fabrication methods (e.g., 
particle replication in non-wetting templates, 
PRINT) are developed to produce nano-struc-
tures with a high level of control over shapes, 
sizes, aspect ratios, and surface chemistry, where 
nano-discs, fi laments, rods, cubes, cylinders, and 
spheres can be produced and rationally employed 
to tackle drug delivery hurdles. For more infor-
mation on these techniques, the reader is referred 
to [ 29 – 31 ].  

11.2.3    Micelles 

 Micelles are self-assembled nano-aggregates, 
composed of amphiphilic block-copolymer or 
lipid-based molecules, with a lipophilic core and 
hydrophilic shell to solubilize lipophilic drugs. 
Various micelles that are based on poloxamers 
[ 32 ], PEGylated polyesters (e.g., PLA-PEG [ 33 ], 
or PCL-PEG [ 34 ]) have been used to deliver anti-
cancer agents. For example, Genexol-PM, which 
is based on PLA-PEG micelles with an average 
size of about 60 nm for paclitaxel delivery, has 
gained approval for human use in South Korea in 
2006 [ 6 ]. A mixed micelle is a self- assembled 
nano-structure composed of a mixture of two or 
more block-copolymers, mixed together to 
impart the favorable features of each single com-
ponent to the fi nal micellar structure [ 35 ]. 
Poloxamers (Pluronic ® , tri-block copolymers of 
the hydrophilic polyethylene oxide (PEO) and 
the lipophilic polypropylene oxide (PPO), in the 
form of PEO-PPO-PEO) with different grades 
and PEO to PPO ratios are commonly used for 
this purpose. Chen et al. developed a mixed 
micelles formulation, composed of Pluronics 
P105 and F127, for the delivery of docetaxel to 
taxol-resistant lung cancer cells [ 36 ]. Due to the 
high content of PPO in P105, high docetaxel con-
tent could be loaded. However, the short PEO 
chains were not suffi cient to stabilize the micelles. 
The long PEO chains of Pluronic F127, when 
mixed with P105, successfully improved the sta-
bility of the fi nal formulation [ 36 ].  

11.2.4    Solid Lipid Nanoparticles 
(SLNs) 

 SLNs are lipid-based nano-carriers that are solid at 
room temperature and can successfully encapsulate 
lipid-soluble drugs. Materials used to prepare 
SLNs include mono-, di-, tri-glycerides, or a mix-
ture of them, fatty acids (e.g., stearic acid), and 
phospholipids (e.g., phosphatidyl choline and leci-
thin). While the method of high pressure homoge-
nization (HPH) is widely used to prepare SLNs 
[ 37 ,  38 ], other methods have also been described in 
literature, including emulsion-based methods [ 39 ], 
ultrasonication [ 40 ], and solvent injection method 
[ 41 ]. Advantages of SLNs include cost-effective 
production, even in a large- scale [ 42 ]. For more 
detailed information on the application of SLNs in 
cancer therapy, the reader is referred to [ 43 ,  44 ].  

11.2.5    Drug-Polymer Conjugates 

 These are composed of a small molecule anti-
cancer agent(s) covalently linked to a biocompat-
ible polymeric chain via a bio-responsive linker. 
Drug-polymer conjugates may improve the phar-
macokinetics profi le of the drug, enhance its 
stability, and increase the accumulation of the 
drugs in tumor tissues or inside tumor cells [ 6 , 
 45 – 48 ]. Various drug-polymer conjugates have 
been investigated since the idea was hypoth-
esized by Ringsdorf [ 49 ]. One of the very early 
conjugates is the doxorubicin-(N-(2-hydroxy-
propyl) methacrylamide) copolymer conjugate 
(doxorubicin- HPMA, PK1, FCE28068), which 
is designed to unload the doxorubicin in tumor 
cells following the cleavage of the peptidyl 
linker by lysosomal cysteine proteinases [ 50 ]. 
Other drug conjugates that have been devel-
oped include HPMA-doxorubicin- gemcitabine 
conjugate [ 51 ], paclitaxel- polylactide conjugate 
[ 52 ], polyethylene glycol-camptothecin (PEG-
camptothecin, Pegamotecan) [ 46 ], and pacli-
taxel-polyglutamic acid conjugate (paclitaxel 
polyglumex, PPX, Opaxio) [ 45 ]. Pegamotecan 
is a PEG- camptothecin conjugate that is linked 
via an ester bond, with a drug loading of 1.7 % 
(w/w). Unfortunately, Pegamotecan did not show 
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a promising clinical benefi t compared to irinote-
can in patients with gastric or gastroesophageal 
adenocarcinoma in a phase II trial and was subse-
quently discontinued by its sponsor [ 46 ]. Opaxio 
(PPX, formerly known as Xyotax) is a water 
soluble conjugate, composed of paclitaxel (37 %, 
w/w) conjugated in a comb-like manner to poly 
 L -glutamic acid via a degradable linker [ 46 ,  53 , 
 54 ]. Despite very promising data in preclinical 
and early phase clinical studies, data from sev-
eral phase III clinical studies showed that PPX 
is not signifi cantly more effective than standard 
treatments [ 54 ]. For example, the conjugate did 
not show any survival benefi t, compared to either 
gemcitabine or vinorelbine single agent chemo-
therapeutic, in a randomized phase III trial in 
patients with advanced non-small cell lung can-
cer (NSCLC) [ 55 ]. Similarly, no survival benefi t 
was found when PPX was used as a second line 
of treatment against NSCLC in a phase III trial 
on 849 patients, as compared to docetaxel [ 56 ]. 
Nonetheless, this conjugate is still under exten-
sive clinical investigation.  

11.2.6    Antibody-Drug Conjugates 

 Monoclonal antibody (mAb)-drug conjugates 
(ADC or immunoconjugates) are bifunctional 
molecules that benefi t from the targeting capabili-
ties of the mAb moiety and the cytotoxic activity 
of the drug. Candidate mAbs should be chosen to 
target antigens that are exclusively expressed or 
overexpressed on tumor cells, but not on neigh-
boring healthy tissues [ 57 ,  58 ]. Advantages of 
ADCs include the potential to achieve a much 
higher concentration of the cytotoxic agent in 
tumor tissues (mainly due to the targeting abilities 
of the mAb), a lower systemic toxicity [ 59 ,  60 ], 
and an overall improved pharmacokinetic profi le 
[ 61 ]. ADCs can benefi t from the long circulatory 
half-life of mAbs [ 62 ]. However, the stability of 
the linker between the mAbs and the drug mole-
cules should also match this long-circulation 
time. Modifi cations of the linker between the 
mAb and the cytotoxic agent have successfully 
overcome some of the major problems encoun-
tered earlier with ADCs. For example, when both 

the drug and the linker were hydrophobic, the 
maximum drug-antibody ratio (DAR) obtained 
was 3–4, and further increase of the ratio resulted 
in aggregations and short circulation time [ 63 ]. 
The use of hydrophilic linkers helps improve the 
drug-antibody ratio (DAR) [ 62 – 64 ]. Clinical 
problems associated with ADCs include systemic 
toxicity, which may be attributed to immature 
drug release and antigen shedding from the tumor 
tissues into the circulation; the shed antigens can 
reside anywhere in the body and mislead the 
‘homing missile’ to a false target [ 57 ,  65 ,  66 ]. 
Other disadvantages include unexpectedly low 
tumor accumulation of the cytotoxic agent, with 
values as low as 0.0003–0.08 % of the injected 
dose per gram of tumor [ 65 ]. This led to a shift 
from using conventional cytotoxic agents (e.g., 
doxorubicin) to other agents with superior toxic-
ity profi les that previously hindered their clinical 
use (e.g., maytansinoids, calicheamicins, and 
auristatins) [ 58 ,  67 ]. However, systemic toxicities 
of these agents, even after mAb conjugation, may 
still prevail. For example, the FDA announced 
that Pfi zer voluntarily withdrew Mylotarg ®  (gem-
tuzumab ozogamicin) in 2010 for safety and effi -
cacy issues [ 68 ]. In addition, the low tumor 
accumulation necessitates the administration of 
large doses of the conjugates, which, in turn, may 
stir economic problems, especially for long-term 
therapy. For example, the estimated single dose 
cost of an auristatin-CD30 conjugate 
(Brentuximab vedotin) is about $13,500 every 
3 weeks [ 69 ]. Nevertheless, ADCs are still 
regarded as very promising alternatives to con-
ventional chemotherapy, with improved antican-
cer activity and safety profi les.  

11.2.7    Inorganic Nanoparticles 

 These include carbon nanotubes [ 70 ], fullerenes 
[ 71 ], gold nanoparticles [ 72 ], silica nanoparticles 
[ 73 ], iron oxide nanoparticles [ 74 ], zirconium 
nano-platelets [ 75 ], and quantum dots [ 76 ]. These 
nano-structures will not be overviewed in this 
chapter, and comprehensive reviews on their 
application in cancer treatment and imaging can 
be found elsewhere [ 77 – 81 ].   
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11.3    Mechanisms Underlying 
Nano-Carrier-Based Drug 
Delivery to Tumors 

11.3.1    Passive Targeting via 
Enhanced Permeation 
and Retention (EPR) 
Phenomenon 

11.3.1.1    Background 
 The EPR phenomenon was discovered by 
Matsumura and Maeda in 1986 [ 82 ,  83 ]. Maeda 
and coworker(s), working on an anticancer 
protein- polymer conjugate called SMANCS 
(neocarzinostatin-styrene-maleic acid conju-
gate), noticed that many solid tumors exhibit 
enhanced vascular permeability that resembles 
the infl ammatory state of normal non-cancerous 
tissues. In this context, the clearance of a macro-
molecule (i.e., Evans blue-albumin complex) 
from normal tissues was found to be much faster 
than that from tumor tissues [ 82 ,  84 ,  85 ]. 

 When a tumor starts to form, the tumor cells 
rapidly proliferate, but the nutritional supply 
(mainly via diffusion) is only suitable for nor-
mally proliferating cells [ 86 ]. Thus, the tumor 
size is limited to what is called ‘diffusion-limited 
size’ (about 2 mm) [ 86 ,  87 ]. In order to satisfy 
their craving for nutrients, cancer cells recruit 
new blood vessels, and tumor angiogenesis starts 
to take place [ 86 ]. This phase is characterized by 
excessive secretion of angiogenic factors such as 
vascular endothelial growth factor (VEGF), 
platelet-derived growth factor (PDGF), basic 
fi broblast growth factor (bFGF), in addition to 
other factors (e.g., bradykinins, nitric oxide 
(NO), cytokines, matrix metalloproteinases 
(MMP)), which enhance angiogenesis and vascu-
lar permeability [ 87 – 89 ]. The mechanism of neo- 
angiogenesis in tumors is discussed in details 
elsewhere [ 86 ,  90 ]. 

 The newly-formed blood vessels have a leaky 
imperfect structure and abnormal basement mem-
brane, while pericytes and smooth muscle layer 
are defi cient or almost absent [ 87 ,  91 ]. This leaves 
the tumor blood vessel architecture fl awed with 
fenestrations. The size of the fenestrations is het-
erogeneous and can reach a maximum cut-off 

value of 200–800 nm [ 83 ], or 1,000–2,000 nm in 
some other reports [ 84 ,  91 ]. Blood fl ow within 
tumors is also erratic and tortuous [ 87 ]. The 
imperfect, and fenestrated architecture of tumor 
vasculature helps the extravasation of circulating 
macromolecules and nano-carriers into the tumor 
tissues (i.e., enhanced permeation), which does 
not happen in healthy organs with intact vascula-
ture [ 83 ,  84 ,  87 ]. The other facet of EPR is the 
enhanced retention and accumulation of extrava-
sated macromolecules and nano-carriers within 
tumor tissues, which is facilitated by the poor 
lymphatic drainage and slow venous return in 
tumor tissues [ 84 ,  89 ,  91 ]. Small molecules may 
also benefi t from the enhanced permeability of the 
tumor vasculature, but they will fail to accumulate 
within the tumor tissues, as they will be ‘washed 
out’ quickly by diffusion [ 83 ,  87 ,  89 ]. The leaky 
tumor vasculature also gives detached cancer cells 
access to the circulation, causing metastasis [ 87 , 
 91 ]. The phenomenon has been exploited in many 
human tumors (excluding hypovascular tumors 
such as pancreatic cancer) for both chemothera-
peutic and imaging applications [ 89 ,  92 ,  93 ].  

11.3.1.2    Challenges Associated with 
EPR-Mediated Delivery 
Systems 

   Tumor Heterogeneity 
 Heterogeneity is one of the landmarks of tumors 
in clinical applications. Many factors need to be 
studied before an EPR-based nanomedicine can 
move to the clinic. These factors include the dif-
ferences in cancers in vasculature development 
and architecture, the effect of the cancer stage on 
the EPR features, the chances of delivering nano-
medicine to the metastatic lesion vs. primary 
tumor sites, the effect of tumor stromal density 
(will be discussed later), in addition to patient-to-
patient variability, and whether individualized 
nanomedicine is necessary. Tumor heterogeneity 
may also extend to pre-clinical level, as the ani-
mal tumor model selection may have a signifi -
cant effect on decision-making regarding 
subsequent clinical trials. It is reported that sub-
cutaneous xenografts are hastily-formed tumors 
that usually exhibit an exaggerated phenotype of 
EPR, which may not be of great value in clinical 
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translation [ 94 ]. Orthotopic tumor models and, 
more importantly, genetically engineered mouse 
models (GEMM) may be of greater value when 
studying EPR effect on nanomedicine delivery. 
For more information on the effect of tumor het-
erogeneity on the EPR effect, the reader can refer 
to [ 94 – 97 ]. In addition, in order to achieve more 
correlation between animal tumor models and 
cancer patients, factors such as the difference in 
treatment regimens in mice and in humans due to 
different metabolic rates and the huge tumor/
body weight ratio in mice compared to humans 
should be carefully considered in translational 
research [ 98 ].  

   Augmenting the EPR Effect 
 Maeda and co-workers hypothesized that, since 
tumor vasculature lacks an intact basement 
membrane and smooth muscle layer, when a 
vasoconstrictor agent (e.g. angiotensin II) is sys-
temically administered, the tumor blood vessels 
will not be affected, while other blood vessels in 
the body will be constricted with subsequent 
increased blood pressure. Thus, the tumor blood 
fl ow is expected to increase, which in turn will 
increase the delivery of nanomedicine to tumors 
via EPR effect [ 99 ]. It was noticed that the com-
bined administration of enalapril, an angiotensin- 
converting enzyme inhibitor with vascular 
permeability enhancement effect, and angioten-
sin II, led to a 2-fold increase in the accumula-
tion of a labeled mAb in human colon 
tumor-bearing athymic mice [ 91 ,  99 ]. In another 
report, when a nitroglycerin (NO-generating 
substance) ointment was applied onto tumor-
bearing animal skin in an area distant from the 
tumor site, blood fl ow in tumors was signifi -
cantly enhanced, but not in muscles [ 100 ]. The 
tumor accumulation, as well as the antitumor 
effect, of a  65 Zn-labeled macromolecular drug 
(PEG-Zn-protoporphyrin IX, PZP) was signifi -
cantly enhanced following topical application of 
nitroglycerin [ 91 ,  100 ].  

   Tumor Vascular “Normalization” 
and Nanomedicine 
 While the aberrantly-formed tumor vasculature is 
considered to be a feature that should be taken 

advantage of in nanomedicine delivery, other 
researchers regarded it as a hurdle that should be 
‘normalized’ in order to pave the way for the 
delivery of chemotherapeutic agents to tumors. 
Jain and co-workers were the fi rst to introduce 
the idea of ‘tumor vascular normalization’ in 
response to anti-VEGF treatment [ 101 ,  102 ]. 
They proposed that the defective tumor vascular 
architecture may have a detrimental effect on the 
delivery of nanomedicines, and chemotherapy in 
general, to tumors [ 102 ]. According to their 
hypothesis, tumor vascular “normalization” is 
expected to alleviate tumor hypoxia, and thus 
enhance tumor radiation therapy outcomes, 
reduce metastasis and the emergence of resis-
tance, and ultimately improve tumor chemother-
apy [ 102 – 104 ]. In addition, the vessels themselves 
will have less leakiness, normal basement mem-
brane and pericyte distribution [ 94 ,  101 ]. In nor-
mal state, there is a balance between pro- and 
anti-angiogenic factors; however, in tumor state, 
this balance is shifted towards pro-angiogeic 
activity to promote tumor neo-vasculature forma-
tion [ 105 ]. The ‘cautious’ use of the anti- 
angiogenic treatment modalities (e.g., mAb for 
VEGF like bevacizumab, Avastin ® , and VEGF 
receptor tyrosine kinase inhibitors) is the most 
common method to shift the pro- and anti- 
angiogenic balance back to ‘normalized’ levels, 
not to a complete anti-angiogenicity [ 103 ,  105 ]. 
Although the latter strategy of abolishing tumor 
vasculature may be expected to starve the tumor, 
it may also harm normal tissue vasculature and 
adversely affect further chemotherapy delivery 
[ 101 ]. Unfortunately, the vascular “normaliza-
tion” effect was found to be transient (about 
7–10 days), and during this period (called the 
“normalization” window), concomitant chemo-
therapy or radiotherapy should start [ 105 ,  106 ]. 
However, there is an argument that this technique 
minimizes the benefi t of EPR phenomenon in 
solid tumors, as the leaky tumor vasculature will 
be almost lost [ 94 ]. Recently, Jain and coworkers 
found that tumor vascular “normalization” 
improved the tumor uptake of 10–12 nm nanopar-
ticles (i.e., albumin-bound paclitaxel in 
Abraxane ® ), but not 100 nm nanoparticles (i.e., 
Doxil ® ) [ 107 ]. The study highlighted the 
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importance of judicially adjusting the dose of the 
tumor vascular “normalization” treatment, as the 
use of a higher dose hindered the uptake of even 
the small nanoparticles [ 107 ].    

11.3.2    Active Targeting 

 The term active targeting involves the exploita-
tion of certain proteins or any other targets, 
exclusively expressed, or overexpressed, by 
tumor cells or tumor vasculature via the attach-
ment of a specifi c ligand onto the surface of the 
nano-carriers (surface decoration); such ligand 
should bind with a high affi nity to the tumor tar-
get. The receptor-bound nano-carriers are then 
internalized inside tumor cells via receptor-medi-
ated endocytosis [ 108 ]. While tumor accumula-
tion takes place via EPR, the role of active 
targeting may be thought of as a tool towards the 
cellular internalization of nano-carriers. Various 
targets have been identifi ed in tumors, including 
angiogenesis targets such as vascular endothelial 
growth factor receptors (VEGFR), and α ν β 3  inte-
grin, epidermal receptors such as epidermal 
growth factor receptor (EGFR) and human epi-
dermal growth factor receptor 2 (HER-2), human 
vasoactive intestinal peptide (VIP) receptors, 
sigma receptors, transferrin receptors, and folic 
acid receptors [ 109 ,  110 ]. 

 Two main EGFR tyrosine kinases are well- 
studied and characterized, namely, EGFR and 
HER-2. This family of receptor tyrosine kinases 
mediate cell signaling towards proliferation fol-
lowing the binding of growth factor ligands 
[ 109 ]. Cetuximab (Erbitux ® , Bristol Myers 
Squibb, NJ) and Trastuzumab (Herceptin ® , 
Genetech, CA) are FDA-approved mAbs against 
EGFR and HER-2, respectively, and have been 
used either as a whole mAb or a fragment of an 
antibody (Fab’) as targeting moieties to decorate 
the surface of nano-carriers to improve tumor tar-
geting [ 109 ,  111 ,  112 ]. Several methods have 
been adopted to conjugate mAbs onto nanoparti-
cles, including avidin-biotin interaction and 
covalent conjugation between nano-carriers with 
thiolated surface and maleimide-modifi ed mAbs 
[ 112 ,  113 ]. For example, Sandoval et al. designed 

an EGFR-targeted SLNs that contain a lipophilic 
gemcitabine prodrug (4( N )-stearoyl gemcitabine, 
GemC18) to target human breast cancer cells that 
overexpress EGFR [ 114 ]. Recombinant mouse 
epidermal growth factor (EGF) was fi rst thiolated 
and purifi ed, and then conjugated to maleimide-
terminated PEG chains on the surface of 
GemC18-SLNs. Compared to non-targeted 
GemC18-SLNs, the EGFR-targeted SLNs 
showed enhanced antitumor activity and accumu-
lation in tumors in mice with pre- established 
human breast cancer tumors (MDA-MB-468) 
[ 114 ]. Other tumor cell targets include transferrin 
receptors, sigma receptors, and folic acid recep-
tors (FAR), which can be targeted with nano-car-
riers surface-decorated with transferrin [ 115 ], 
folic acid [ 116 – 118 ], and anisamide [ 11 ,  13 ], 
respectively. Currently, a prostate-specifi c mem-
brane antigen (PSMA)-targeted PLGA-PEG 
nanoparticle formulation that contains the second 
generation taxane docetaxel (BIND-014, BIND 
Biosciences Inc., MA) is under evaluation in 
clinical trials [ 119 ].   

11.4    Barriers to Delivering 
Nanomedicines to the 
Tumors 

 In this section, the major barriers that hinder the 
delivery of nanomedicines to tumors will be dis-
cussed. Once a nanomedicine is administered, it 
has to pass physiological barriers before reaching 
the circulation, unless it is administered by intra-
venous (i.v.) injection. Once injected, the nano-
medicine has to travel a long way to reach its 
target: the cancer cell. The body starts to react the 
very fi rst moment the nanomedicine is in the cir-
culation, in a way that tends to clear the blood 
from the newly introduced foreign material. Even 
the fraction of the nanomedicines that makes its 
way past these clearance mechanisms and reach 
the tumors will encounter a totally different envi-
ronment that should also be tackled in order to 
get to the tumor cells. Two major approaches are 
generally applied to tackle the tumor microenvi-
ronment; one is to breach or modify the physical 
barriers of the tumor microenvironment, paving 
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the way for subsequent doses, and the other is to 
take advantage of some of the unique features 
that characterize the tumor microenvironment to 
deliver more drugs to cancer cells. Unfortunately, 
getting to the cells will not be the end of the jour-
ney, as the cancer cells have their own set of 
defenses that only a nanomedicine with a ‘smart’ 
design will be able to evade. This section will dis-
cuss the barriers that nanomedicines encounters 
on their voyage to targets, and how nanomedi-
cines can be designed to reach these targets. 

11.4.1    Nanomedicine 
Circulation Time 

 Once in the circulation, nano-carriers are sub-
jected to quick surface adsorption of plasma pro-
teins, including albumin, immunoglobulins, and 
complement proteins (opsonins), in a process 
called opsonization [ 120 ]. The ‘opsonin-tagged’ 
nano-carriers are then recognized and phagocy-
tosed by the mononuclear phagocyte system 
(MPS) cells (e.g., monocytes and macrophages), 
which carry them to the MPS organs (e.g., liver, 
spleen, and lymph nodes), signifi cantly shorten-
ing the circulation half-life of the nano-carriers 
[ 121 ,  122 ]. The accumulation of non-degradable 
nano-carriers in MPS organs may lead to toxicity 
[ 123 ]. In addition, glomerular fi ltration of nano- 
carriers smaller than 5.5 nm (renal fi ltration cut-
off size) can take place, while much larger 
particles (~1 μm) are quickly opsonized [ 120 , 
 124 ]. Although the 5.5 nm cutoff size seems too 
small, some nano-carriers may fall within this 
range and are fi ltered in the kidney (e.g. quantum 
dots, and carbon nanotubes [ 122 ]). Several fac-
tors determine the rate of opsonization of nano- 
carriers by plasma proteins, including surface 
characteristics (hydrophobic vs. hydrophilic), 
zeta potential, particle size, and shape [ 120 ,  123 ]. 
In general, opsonization occurs more effi ciently 
and much faster to particles with hydrophobic 
surfaces than to those with hydrophilic surfaces 
[ 123 ]. This was the basis for the surface modifi -
cation of nano-carriers with a hydrophilic mole-
cule, which is the most widely-used strategy to 
prolong the circulation time of nano-carriers. 

PEG is the most successfully used molecule to 
achieve this goal, and the process is called 
PEGylation. The technique was fi rst exploited by 
Klibanov et al. in 1990, where a PEG moiety is 
covalently conjugated to a phospholipid (e.g., 
dioleoyl phosphoethanolamine, DOPE) that was 
incorporated into large uni-lamellar liposomes 
[ 10 ]. About 85 and 49 % of PEGylated liposomes 
were found circulating in mouse plasma 1 and 
5 h after injection, respectively, compared to 
about 20 and 0 % for their non-PEGylated coun-
terparts [ 10 ]. It is thought that the protruding 
PEG chains sterically hinder the adsorption of 
plasma proteins to the nano-carrier surface [ 10 ], 
and the hydrophilic nature that they impart to the 
nano-carrier surface minimizes non-specifi c 
interaction with MPS cells [ 10 ,  125 ]. The term 
STEALTH has been used to describe such 
PEGylated, long-circulating nano-carriers, as 
PEGylation has become a solid dogma in the 
rational design of nano-carriers for the delivery 
of tumor chemotherapeutics. Various researchers 
studied factors that govern effi cient PEGylation. 
Desimone and colleagues studied the effect of 
PEGylation density on protein binding, macro-
phage uptake, and circulation time of PEGylated 
hydrogel nanoparticles (80 × 80 × 320 nm) pro-
duced by PRINT technology, where the nanopar-
ticles were PEG- functionalized in two different 
conformations, brush and mushroom [ 126 ]. The 
researchers found that protein binding to the sur-
face of nanoparticles is inversely proportional to 
PEG density, and interestingly, effi cient protein 
binding inhibition and prolonged circulation 
were achieved at a less PEG density than what 
was previously reported [ 126 ]. Drug release from 
the nano-carrier is yet another factor that should 
be carefully considered in nano-carrier design. 
Since very fast drug release can result in com-
plete dumping of the drug in the circulation 
before the nano-carriers reaches their target, a 
prolonged circulation time should be matched 
with slow drug release to prevent pre-mature 
drug leakage [ 44 ]. 

 PEGylation strategy is not problem-free; it was 
found that repeated doses of PEGylated nano-car-
riers (e.g., Stealth liposomes, micelles, or nanopar-
ticles) may elicit an immune response [ 127 ].
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This phenomenon, commonly known as acceler-
ated blood clearance (ABC), may result in rapid 
clearance and loss of clinical benefi t of subsequent 
doses [ 128 ]. The details of the phenomenon, in 
addition to methods to overcome its detrimental 
effects, are reviewed elsewhere [ 127 ]. 

 Bio-mimetic particles, which are ‘camou-
fl aged’ micro- or nanoparticles that resemble bio-
logical entities, such as viruses, bacteria, red 
blood cells (RBC’s), and leukocytes, have been 
extensively studied for drug delivery purposes. 
Since these previously mentioned biological enti-
ties have tremendous capabilities to evade most 
biological and cellular barriers in the mammalian 
bodies, the ‘camoufl aged’ nanoparticles, if prop-
erly designed, can be expected to do the same 
[ 129 ]. This strategy, along with the judicious 
control of shape and size of the nano-carriers, has 
been adopted to increase the circulation time of 
drug-loaded nano-carriers and improve overall 
drug delivery to tumors [ 124 ]. To mimic fi lamen-
tous viruses, Discher and co-workers developed a 
PEGylated fl exible fi lamentous micelle formula-
tion (fi lomicelles), of at least one dimension in 
the nano-range and the other may extend to 
microns, that was able to evade MPS cell uptake 
and circulate longer in the plasma, and conse-
quently, deliver more drugs to tumors via EPR 
[ 130 ]. The PEG-PCL fi lomicelles showed persis-
tent circulation in the plasma for up to a week, 
while their spherical counterparts were only there 
for one tenth of this time [ 131 ]. The paclitaxel- 
loaded fi lomicelles showed superior proapoptotic 
and tumor-shrinking activities in tumor-bearing 
nude mice, as compared to free paclitaxel, which 
was completely ineffective [ 131 ]. Recently, 
Taciotti and co-workers synthesized leukocyte- 
camoufl aged non-porous silicone nanoparticles 
(leukolike vectors, LLV) coated with a leukocyte 
cellular membrane to impart cell-like functions 
to the nano-carrier [ 132 ]. These particles exhib-
ited signifi cantly less opsonization and cellular 
uptake by murine macrophages and human 
phagocytic cells. These particles may be promis-
ing in delivering drugs to tumors, not only 
because they undergo delayed liver clearance and 
enhanced tumor accumulation in mice, but also 
because their tumoritropic accumulation is driven 

by the EPR effect and is also dependent on their 
ability to recognize and bind to tumor endothe-
lium in an active form [ 132 ]. 

11.4.1.1    Other Biological Barriers 
 Other biological barriers in the delivery of nano-
medicines to tumors include the blood brain bar-
rier (BBB) or blood brain-tumor barrier (BBTB) 
following i.v. administration. Due to the pres-
ence of BBTB, characterized by the existence of 
endothelial cells tight junctions and low perme-
ability into the tumor parenchyma, with vascular 
pore size of about 12 nm, the EPR effect may not 
be useful in increasing the delivery of nanomedi-
cines in brain tumor tissues [ 120 ]. The use of 
targeting ligands to enable the translocation of 
the nano-carriers across the endothelial cells of 
the tumor vasculature is becoming a very prom-
ising technique [ 133 – 135 ]. Among the most 
exploited endothelial targets in tumors are α ν β 3  
and α ν β 5  integrins, and  D -glucose transporter 
protein (GLUT), where RGD (argentine-gly-
cine-aspartic acid) peptide motifs [ 134 ] and 
deoxy- D -glucose are used to modify the surface 
of nano-carriers to facilitate such active-targeted 
uptake [ 133 ].   

11.4.2    Nanomedicine and Tumor 
Microenvironment 

11.4.2.1    Background 
 A better understanding of the tumor micro- 
structure is a cornerstone in the design of a suc-
cessful nanomedicine. A tumor cannot be 
described as myriads of cancer cells, all packed 
together, and localized in a specifi c region. 
Tumors can be considered as organs, with both 
well- and ill-formed structures, and various kinds 
of cells, including tumor cells, tumor fi broblasts, 
infl ammatory cells (e.g. macrophages), blood 
and lymphatic network of vessels, held together 
within a complicated cross-linked extracellular 
matrix (ECM) [ 103 ,  136 ,  137 ]. In this section, 
various features of the tumor microenvironment 
will be overviewed in order to make a better use 
of the diverse toolbox that nanomedicine may 
provide to potentially conquer cancer. 
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   ECM 
 The ECM components include various proteins 
(e.g., collagens), glycosaminoglycan-containing 
glycoproteins (e.g., hyaluronic acid (HA) and 
proteoglycans), the glycoprotein SPARC 
(secreted protein, acidic and rich in cysteine), and 
polysaccharides [ 138 – 140 ]. ECM components 
are usually differentiated into basement mem-
brane and interstitial matrix [ 141 ]. Collagen type 
I, in addition to fi bronectin, imparts mechanical 
integrity of the interstitial matrix of tumors [ 140 ]. 
A major determinant in the heterogeneity of 
tumor matrix rigidity is the expression level of 
matrix metalloproteinases (MMPs), which are 
overexpressed in many tumors and are responsi-
ble for collagen fi brils proteolysis within the 
tumor matrix [ 138 ,  141 ,  142 ]. Overexpression of 
MMPs is usually associated with decreased 
matrix rigidity, increased potential for cancer 
cells migration and metastasis, and the preven-
tion of apoptosis [ 143 ]. ECM stiffness is also 
attributed in part to the overexpression of lysyl 
oxidase (LOX), which is responsible for hyal-
uronic acid and collagen fi bers cross-linking 
[ 141 ,  144 ]. Overexpressions of MMPs and LOX 
are correlated with poor cancer patient prognosis 
[ 141 ,  142 ]. The interplay between ECM compo-
nents verifi es the overall state of tumor heteroge-
neity and plays a major role in determining the 
outcomes of chemotherapy. Tumor cells are 
shielded within this matrix and connected to the 
blood circulation through the previously dis-
cussed aberrantly-formed vasculature.  

   Tumor Hypoxia, Acidity, and Increased 
Interstitial Fluid Pressure 
 Three major features characterize the nature of 
the tumor matrix, namely hypoxia, extracellular 
acidity, and increased interstitial fl uid pressure 
(IFP). Hypoxia is a feature of many solid tumor 
cores, where the ill-formed vasculature become 
unable to deliver oxygen and nutrients to deep 
tumor tissues, which lie more than 100 μm from 
the nearest blood vessel [ 145 ,  146 ]. These cells 
can no longer depend on oxidative metabolism to 
produce ATP, and rather revert to glycolysis, 
which, along with nullifi ed lymphatic drainage, 
results in the accumulation of lactate within the 

deep tumor tissues, lowering the extracellular 
matrix pH [ 145 ]. Although hypoxic cells are via-
ble, they are usually accompanied with necrotic 
tissues. Unfortunately, these untoward conditions 
results in the selection of ‘elite’ cancer cells with 
outstanding resistance capabilities, as hypoxia 
induces tumor evolution, oncogene expression, 
apoptosis resistance (via selection of cells with 
lost p53 sensitivity) [ 147 ], and metastasis [ 144 , 
 148 ,  149 ]. 

 Both hypoxia and the acidic extracellular 
environment contribute to cancer chemoresis-
tance via several mechanisms. Hypoxia stabilizes 
hypoxia-inducible factor 1α (HIF1 α), which 
leads to the upregulation of drug resistance genes, 
including multi-drug resistance 1 (MDR1) gene 
and P-gp-encoding gene [ 145 ,  150 ]. Drugs that 
rely on free-radical formation will experience 
reduced activity (e.g., bleomycin), whereas those 
that are weak bases (e.g. doxorubicin) will be 
ionized in the extracellular matrix, and thus their 
internalization will be hindered [ 138 ,  151 ]. In 
addition, hypoxic conditions tend to abolish the 
effi cacy of radiation therapy [ 101 ]. 

 Another common feature of most solid tumors 
is the increased interstitial fl uid pressure (IFP), 
which can massively hinder the effi cient delivery 
of chemotherapeutics [ 152 ,  153 ]. The defective 
lymphatic drainage, the accumulation of meta-
bolic products in the hypoxic environment, and 
the imperfect structure of the hastily-formed vas-
culature signifi cantly contribute to this phenom-
enon [ 138 ,  153 ,  154 ]. The rapidly dividing tumor 
cells and the dense cross-linked ECM structure 
not only compress the blood and lymph vessels, 
but also do not expand enough to allow edema 
formation, which can alleviate the increased IFP 
[ 98 ,  154 ]. The fenestration that characterize the 
leaky tumor vasculature may not be enough to 
deliver nano-carriers to the tumors in such cases, 
as the expected extravasation into tumor tissues 
may also be accompanied by an intravasation 
into the blood vessels, which demolishes any 
benefi t that the nano-carriers may have to reach 
tumors [ 98 ]. Variability of IFP contributes to the 
heterogeneity of tumors and complicates the pre-
dictability of clinical outcomes from chemother-
apy [ 146 ].  
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   Tumor Associated Macrophages 
 Tumor-associated macrophages (TAMs) are part 
of the infl ammatory cells in the tumor microenvi-
ronment. The link between infl ammation and 
cancer development is well-established [ 155 , 
 156 ]. TAMs usually originate from peripheral 
circulating monocytes that are recruited by the 
tumors [ 157 ]. However, some of them may 
locally proliferate within the tumor environment 
[ 158 ]. Although macrophages may be expected 
to fi ght against the rapidly- and aberrantly- 
proliferating tumor cells, interestingly enough, 
there is strong evidence that tumor cells are not 
only able to block the antitumor activity of the 
immune cells, but also ‘enslave’ the TAMs to 
serve their cause by helping the tumor cells pro-
liferate, nourish, and progress [ 157 – 159 ]. TAMs 
improve tumor angiogenesis, invasiveness, 
metastasis, and immune system suppression, and 
have been linked with poor prognosis [ 155 ,  160 , 
 161 ]. Several chemoattractants expressed by 
tumor and endothelial cells are involved in TAM 
recruitment, which include monocyte chemoat-
tractant protein-1 (MCP-1, CCL2), macrophage 
infl ammatory protein-1α (MIP-1α, CCL3), vas-
cular endothelial growth factor (VEGF), and 
colony stimulating factor 1 (CSF-1) [ 157 ,  160 ]. 
The evident role of TAMs in tumor progression 
qualifi es them as a potential target for 
nanomedicine- based chemotherapy.  

   Cancer-Associated Fibroblasts 
 Cancer-associated fi broblasts (CAFs) are the most 
abundant cells within the stroma in many tumors, 
including breast and pancreatic cancers, and are 
the main source of ECM components [ 162 – 164 ]. 
Fibroblasts are mesenchymal non- infl ammatory 
cellular components of the connective tissues, 
although they regulate infl ammation and wound 
healing, and they secrete fi brillar components of 
the ECM (like type I, III, and IV collagens) [ 163 ]. 
They become activated in wound healing and 
fi brosis (called myofi broblasts) and start  de novo  
expression of a type of fi lamentous actin, 
α-smooth muscle actin (α-SMA) [ 162 ,  164 – 166 ]. 
Since cancer may be regarded as ‘infl ammation 
that never heals’ [ 167 ], CAFs share a lot of simi-
larities with activated fi broblasts associated with 

wound healing, including α-SMA expression 
(commonly used to identify CAFs) [ 163 ,  165 , 
 168 ] to act as a scaffold for other ECM compo-
nents. However, they do not deactivate or undergo 
apoptosis, like activated fi broblasts, after infl am-
mation subsides [ 164 ], mainly because tumors are 
persistent. Fibroblasts in tumor stroma may exist 
as activated or non-activated form, but the vast 
majority of CAFs are the activated form (e.g., 
80 % of fi broblasts in mammary tumors are in the 
activated form) [ 163 ,  168 ]. CAFs are involved in 
tumor progression and metastasis via secretion of 
a panel of cytokines that stimulate the excretion of 
MMPs, which predispose metastasis and provide 
support for tumor cell proliferation [ 168 ,  169 ]. 

 After this brief overview of the tumor microenvi-
ronment, it should be clear that exploiting the anti-
cancer activity of a nanomedicine in cell culture is 
not suffi cient. In the literature, the  in vitro  cytotoxic 
evaluation is usually accepted as a means to ensure 
that the chemotherapeutic agent still retains its 
activity within the formulation. In the following 
section, the role of nanomedicine in overcoming the 
tumor microenvironment barriers, including ongo-
ing clinical trials, will be overviewed.   

11.4.2.2    Application of Nanomedicines 
to Breach or to Take 
Advantage of Tumor 
Microenvironment Barriers to 
Improve Drug Delivery 

 A successful anticancer agent should be able to 
simultaneously deal with as much of these barriers 
as possible. Combination drug or drug/adjuvant 
therapy can provide a multi-target modality. 
However, toxicity associated with such cocktails 
can be expected. The versatility of nanomedicine- 
based approaches may help tackle multi- functional 
tasks with minimum toxicity. In this section, nano-
medicine approaches to breach tumor stroma, or to 
take advantage of some of the conditions specifi c 
to tumor microenvironment will be overviewed. 

   Depletion or Modifi cation 
of Tumor Stroma 
   Hyaluronic Acid 
 Hyaluronic acid (HA) is abundantly accumulated 
in almost all epithelial tumors (e.g., pancreatic 
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ductal adenocarcinoma, PDAC), providing a vis-
coelastic matrix within the collagen fi bers in the 
tumor, and is correlated with tumor proliferation, 
invasiveness, and poor prognosis [ 170 ,  171 ]. HA 
also contributes to tumor progression, and its 
water retention capability helps increase the IFP 
[ 171 ]. The use of bovine hyaluronidase (HYAL) 
to breach the tumor ECM was evaluated in vari-
ous clinical trials during the late 1990’s. Although 
promising results ranging from low or absent 
recurrence to prolonged patient survival were 
obtained when HYAL was combined with other 
anticancer drugs [ 172 ,  173 ], the development of 
allergic reactions to bovine HYAL, which can be 
serious in many cases, hindered the widespread 
acceptance of this approach [ 170 ]. Researchers at 
Halozyme ®  Therapeutics developed a human 
recombinant HYAL (rHuPH20, Hylenex ® ) that 
was well tolerated in 100 human volunteers fol-
lowing intradermal injection [ 174 ] and was 
approved by the FDA later on. However, due to 
the very short half-life of this product, its use for 
cancer treatment was not feasible [ 171 ]. To fur-
ther improve this product, the researchers, via 
conjugation of a 30K N-hydroxysuccinimidyl 
ester of methoxy-polyethylene glycol-butanoic 
acid to rHuPH20, designed a PEGylated form of 
the enzyme (PEGPH20), which exhibited a 270- 
fold increase of  in vivo  half-life in mice, enabling 
its intravenous administration [ 171 ]. The 
PEGylated recombinant human hyaluronidase 
dramatically lowered the IFP via cleavage of the 
HA chains, releasing the entrapped water and 
decompressing the previously collapsed tumor 
vasculature, in transgenic mice with metastatic 
and invasive PDAC [ 175 ,  176 ]. The combination 
of PEGPH20 with gemcitabine dramatically sup-
pressed metastasis and signifi cantly prolonged 
the survival of transgenic mice with PDAC, com-
pared to gemcitabine alone (91.5 days vs. 
55.5 days, respectively, p = 0.004) [ 175 ]. The 
administration of PEGPH20 3 h before liposomal 
doxorubicin showed a 4-fold increase in doxoru-
bicin accumulation in high HA-tumor xenografts, 
compared to liposomal doxorubicin alone [ 171 ]. 
In a different context, Yang et al. designed a 
lipid-based nano-carrier for the taxane drug 
paclitaxel. They decorated the surface of the 

nano-carriers with oligo-fragments of HA (oHA) 
that result from the breakdown of the latter by 
HYAL [ 177 ]. They proposed that the use of oHA, 
which can replace the endogenous HA on its 
binding sites in CD44 receptors overexpressed on 
cancer cells, will not only provide an effi cient tar-
geting modality for HA-rich breast tumors, but 
also help breach the HA coat on tumors by CD44 
receptor competition [ 177 ]. This strategy suc-
cessfully sensitized the tumors to paclitaxel 
nano-carriers, which showed a signifi cantly 
stronger anticancer activity compared to the non- 
decorated nano-carriers [ 177 ].  

   Hedgehog Pathway 
 Stromal depletion becomes critical in dealing 
with deadly tumors like PDAC, where the stromal 
structure is tremendously dense. PDAC is one of 
the deadliest cancers, with a median survival of 
few months, which can be extended for few more 
weeks when the standard fi rst line treatment gem-
citabine is used [ 178 ]. The fi broblasts- rich, rock-
solid, almost avascular, desmoplastic tumor 
stroma acts as a mechanical barrier against the 
intratumoral delivery of gemcitabine, which 
already suffers from a short circulating half-life 
and extensive deamination [ 139 ,  179 ,  180 ]. Olive 
et al. [ 181 ] described the effi cient, yet transient, 
restoration of the diminished vasculature in a 
transgenic mouse model, via the co-administra-
tion of a hedgehog (Hh) pathway inhibitor IPI-
926 with gemcitabine [ 180 ,  181 ]. Inhibition of the 
stromal-associated pathway depleted the stromal 
matrix in the mouse model, which closely resem-
bled human PDAC, and resulted in delivering 
more gemcitabine to the tumors, inhibiting the 
tumors growth, and prolonging the median sur-
vival of mice [ 181 ]. Unfortunately the tumors 
reverted back to the avascular state at the end. 
However, the positive results may provide new 
hopes to defeat the malign tumors. In a commen-
tary on that study, Olson and Hanahan highlighted 
two mean aspects, dealing with the hedgehog 
pathway paradigm; the fi rst one being that the 
tumor fi ghts back to restore the hypoxic state, 
instead of the opposite in order to fulfi ll its crav-
ing to nutrients [ 180 ,  181 ]. The other aspect is that 
this approach tends to ‘vascularize’ the tumor by 
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inhibiting an anti-angiogenic pathway, which is 
contrary to the commonly known dogma of tumor 
vascular ‘normalization’, proposed by Jain, via 
treatment with angiogenic inhibitors to balance 
the ‘super- active’ pro-angiogenic activity of 
tumors [ 103 ,  104 ,  152 ,  180 ,  181 ]. Although posi-
tive results have been reported in early clinical 
studies with GDC-0449 (vismodegib, Genentech ® ) 
plus gemcitabine, or saridegib plus gemcitabine, 
phase II clinical trials with the latter combination 
in previously untreated patients with metastatic 
PDAC failed to show any advantage and were 
stopped short [ 139 ]. This is not the end for Hh 
inhibitors though. Vismodegib was granted the 
FDA’s priority review program approval in 2012 
to treat advanced basal-cell carcinoma, and other 
Smoothened (Smo, the transmembrane protein 
whose reversal of repression is a major step in the 
Hh pathway) inhibitors (e.g., LDE 225, Novartis ® ) 
are still under clinical trials [ 182 ]. In the same 
regard, a nanomedicine formulation of a hedge-
hog inhibitor showed some promises in pre-clini-
cal studies [ 183 ,  184 ]. The PEGylated polymeric 
nanoparticle formulation (PLGA- PEG) of a 
hedgehog pathway inhibitor HPI-1 could over-
come the mutational resistance of orthotopic pan-
creatic tumors against commonly used Hh 
inhibitors in mice [ 184 ], and inhibited metastasis 
in a hepatocellular carcinoma model [ 183 ].  

   SPARC 
 Secreted protein, acidic and rich in cysteine 
(SPARC), also known as osteonectin, is a glyco-
sylated 43 kDa protein that is overexpressed in 
the PDAC stroma and at the invasion front of the 
tumor. It is usually associated with poor progno-
sis clinically in patients with high expression in 
the peritumoral fi broblasts, rather than in cancer 
cells [ 185 – 187 ]. Two groups of ECM-associated 
proteins are known: (1) structural proteins (e.g., 
collagens), and (2) non-structural or matricel-
lular proteins (e.g., SPARC) [ 188 ]. Albumin-
bound paclitaxel ( nab -paclitaxel, Abraxane ® ), in 
an active combination regimen with gemcitabine, 
achieved 12.2 months overall survival (OS) and 
48 % 1-year survival (compared to 5.7 months and 
20 %, respectively, with the standard therapy with 
gemcitabine) in a phase I/II clinical trial [ 189 ].

Furthermore, a phase III clinical trial in patients 
with metastatic PDAC revealed that the combina-
tion achieved an OS of 8.5 months (431 patients) 
vs. 6.7 months with gemcitabine monotherapy 
(430 patients), and a 1-year survival of 35 % 
with the combination therapy vs. 22 % with 
gemcitabine alone [ 190 ]. The fact that albumin- 
bound nano-carriers are transcytosed into the 
cells following binding to albumin specifi c 
receptors (e.g. gp60) [ 186 ] may not be enough 
to explain the improved clinical benefi t achieved 
in the clinical trials, as the question remains: how 
could the 10-nm circulating albumin-paclitaxel 
complexes penetrate into the dense desmoplastic 
stroma that not only comprises a physical barrier 
against deep tumor penetration, but also keeps 
the tumor cells away from the already-poor vas-
culature? In a preclinical study concurrently car-
ried out with the same phase I/II clinical study 
mentioned above using nab-paclitaxel with gem-
citabine, Von Hoff et al. found that the use of 
nab-paclitaxel depleted the stroma of a pancre-
atic cancer xenograft tumors in nude mice, which 
facilitated the gemcitabine delivery to the tumors 
(2.8 times higher than what was achieved with 
gemcitabine alone). The stromal depletion effect 
was associated with dilated blood vessels and 
increased endothelial cell content in the stroma. 
The stromal depletion and improved vasculariza-
tion are believed to improve gemcitabine pen-
etration into the tumors and brought the tumor 
cells closer to vasculature [ 189 ]. The cornerstone 
fi nding in this study was that SPARC was the 
Achilles’ heel within the dense stroma of the 
PDAC, as the strong affi nity between the over-
expressed SPARC and albumin in nab-paclitaxel 
brought the nano-aggregates (i.e., nab-paclitaxel) 
deeper into the tumors, breaching the stroma, 
and bringing more gemcitabine deep inside [ 186 , 
 189 ,  191 ]. Similar fi ndings were also reported 
with head and neck cancer tissues [ 187 ]. Another 
factor that contributes to the improved effi cacy 
of gemcitabine when nab-paclitaxel was concur-
rently administered is that the nab-paclitaxel was 
found to lower the cytidine deaminase levels in a 
murine pancreatic cancer model [ 192 ]. Cytidine 
deaminase is responsible for the extensive 
deamination of gemcitabine (more than 90 %), 
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yielding the inactive compound 2′-deoxy-2′,2′-
difl uorouridine (dFdU) [ 179 ,  193 ].  

   α-SMA 
 Li and colleagues developed a PEG-docetaxel- 
acetylated carboxymethyl cellulose conjugate 
that can self-assemble and form nanoparticles 
of about 120 nm. This formulation (Cellax) was 
shown to be more effi cacious than commer-
cial solvent-based docetaxel and nab-paclitaxel 
in both  in vitro  and  in vivo  studies [ 194 – 197 ]. 
Docetaxel conjugation percentage was high (>30 
wt %), and it was completely and slowly released 
following a near zero-order pattern within 
3 weeks [ 197 ]. In a recent study that thoroughly 
investigates the tumor stroma involvement in 
the anticancer activity of Cellax, the authors 
reported that Cellax signifi cantly depleted the 
stroma of orthotopically implanted mammary 
tumors (4T1 and MDA-MB-231), with an about 
70-fold increase in tumor perfusion and about 
3-fold suppression of IFP, while minimum or no 
effect was noticed following either solvent-based 
docetaxel or nab-paclitaxel, in the same tumor 
models [ 169 ]. In addition, and more importantly, 
lung metastasis was also reduced by 7- to 24-fold 
following Cellax treatment, whereas the solvent- 
based docetaxel increased the number of meta-
static lesions in the lungs [ 169 ]. One day after 
intravenous injection of Cellax, the authors found 
that the vast majority of Cellax nanoparticles 
(85 %) co-localized with α-SMA-positive stromal 
cells, and the α-SMA content in tumors declined 
from about 30 % down to 0 % within 1 week, 
which indicates the stromal-depleting effect of 
the nanoparticles [ 169 ]. Interestingly, tumor epi-
thelial cells population started to decline only 
7 days after the initiation of the treatment (i.e., 
after α-SMA depletion took place). Early investi-
gation of the mechanism of Cellax-stroma inter-
action revealed that the albumin adsorbed on the 
circulating Cellax may favor the albumin-SPARC 
stromal penetration pathway [ 169 ], similar to that 
reported for the nab- paclitaxel [ 189 ]. The fact 
that SPARC expression is also associated with 
α-SMA-positive CAFs supports this proposed 
mechanism [ 169 ]. However, the failure of nab-
paclitaxel to  outweigh the Cellax performance 

in this tumor model sheds some questions on 
the infl uence of the tumor model on the stromal-
depletion effect of the former.   

   Stimulus-Responsive Nano-carriers 
 This approach takes advantage of specifi c charac-
teristics that are exclusively exhibited in the 
tumor microenvironment to improve the antitu-
mor activity of the chemotherapeutics. Various 
tumor environmental stimuli are involved in this 
approach, including lower extracellular pH, 
hypoxia, and MMP overexpression. Stimuli- 
sensitive nano-carriers have been extensively 
reviewed in literature (see [ 198 – 201 ]). This sec-
tion provides a brief overview of the most com-
mon approaches employed to increase 
nano-carrier penetration into tumors. 

 Andresen et al. developed a liposomal formu-
lation, composed of a serum-stable prodrugs of a 
group of cytotoxic lipid agents (anticancer ether-
lipids, AELs, also called cytotoxic lysolipids) for 
selective tumor site-activation and release of the 
active drug [ 202 ,  203 ]. The AELs were made into 
phosphorylated prodrugs (proAEL) by modifi ca-
tion with a stable ether bond that is not hydrolys-
able in plasma, but is sensitive to a class of 
phospholipase A2 (PLA2), called secretory 
PLA2 (sPLA2), which is overexpressed in the 
tumor microenvironment. The prodrugs self- 
assemble into liposomes that can accumulate via 
EPR into tumor tissues, where the sPLA2 hydro-
lyzes the prodrugs, releasing the potent AELs in 
the tumor microenvironment [ 202 ]. Furthermore, 
the fatty acid by-products of the hydrolysis may 
also act as tumor cell permeation enhancers to 
improve the cellular uptake of AELs. This formu-
lation successfully overcame the red blood cell 
toxicity issues encountered with the use of AELs, 
as the ether-based prodrugs are stable in plasma, 
and the liposomal nature of the prodrugs enables 
the encapsulation of water soluble drugs into the 
core of the liposomes [ 202 ,  203 ]. 

 Several pH-sensitive block-copolymers have 
been utilized to deliver drugs in the acidic extra-
cellular matrix, while pre-mature drug leakage is 
minimized. Bae and co-workers developed a 
novel doxorubicin-loaded mixed micelle 
formulation that is destabilized in acidic pH to 
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release doxorubicin [ 204 ]. The mixed micelle 
system was composed of poly ( L- histidine)/PEG 
and poly ( L- lactic acid)/PEG (polyHis/PEG and 
PLLA/PEG). As the polyHis moiety is proton-
ated in the acidic condition, the critical micelle 
concentration (CMC) of the amphiphilic mole-
cule increases, which disassembles the whole 
micelle structure [ 200 ,  204 ,  205 ]. The pH at 
which the formulation destabilizes can be con-
trolled by varying the ratio between the two 
block- copolymers [ 204 ]. 

 The idea of pH-dependent shedding of PEG 
chains has been described in literature for sev-
eral purposes [ 206 – 210 ]. Poon et al. designed 
a layer-by- layer (LBL) nanoparticle platform, 
where the cationic poly ( L- lysine), function-
alized with iminobiotin (inner layer) is fur-
ther decorated with biotin-functionalized PEG 
chains (outer layer), through a neutravidin 
linker (middle layer) [ 209 ]. The quantum dots-
loaded nanoparticles are designed to shed PEG 
chains via decomposition of the acid-sensitive 
iminobiotin-neutravidin at the acidic pH of the 
hypoxic tumor microenvironment. This will 
bring the cationic poly ( L -lysine) layer to sur-
face, which improves the nanoparticles internal-
ization [ 209 ], as the PEG layer, although useful 
for prolonged circulation, is expected to hinder 
effi cient cellular uptake [ 39 ,  211 ]. A conven-
tional biotin-avidin-based PEGylation strategy 
was used to prepare non-pH- sensitive nanopar-
ticles for comparison. Although the tumor 
accumulations of nanoparticles in the fi rst 8 h 
were not different between the pH-sensitive and 
non-sensitive formulations, the pH-sensitivity 
improved the nanoparticles accumulation after 
24 and 48 h. Furthermore, histological evalua-
tion showed that the pH-sensitive nanoparticles 
were associated with hypoxic regions. Early 
accumulation (within 8 h after injection) was 
assumed to be independent of the pH-sensitiv-
ity, and was rather dependent on the EPR effect, 
which is not expected to favor the delivery of 
either formulation [ 209 ]. 

 In the same regard, Sawant et al. designed 
a multifunctional ‘smart’ nano-carrier that 
has a long-chain PEG-phosphoethanol amine 

(PEG-PE) moiety attached to an mAb for 
active targeting, while shorter PEG-chains are 
attached to a cell penetrating peptide (e.g., Tat 
peptide) [ 210 ]. The design involved inserting 
a pH- sensitive hydrazone bond in between the 
long- chain PEG and PE to render this moiety 
pH-sheddable. After the nano-carriers reach 
tumors by the help of the mAb-conjugated PEG, 
the long PEG chains are shed due to the hydroly-
sis of the acid-sensitive hydrazone bond, expos-
ing the Tat-conjugated PEG, which can then 
improve the internalization of the nano-carriers 
into tumor cells [ 205 ,  210 ]. In a recent study, 
Zhu et al. applied the idea of hydrazone-based 
PEG- shedding to actively target TAMs [ 206 ]. 
The nanoparticles are composed of PLGA core 
(with 5 % PLGA-FITC), stearoyl-mannose (C18- 
mannose), and PEG-hydrazone-stearoyl (PEG-
hydrazone- C18, PHC). The stearoyl moiety in 
both PHC and C18-mannose are expected to be 
inserted into the lipophilic PLGA core, leaving 
the short mannose and the long PEG moieties 
projecting outwardly. Once the long-circulating 
nanoparticles accumulate in the tumor via EPR, 
the PEG chains are shed in the acidic tumor envi-
ronment (pH 6.8), bringing the mannose moiety 
to the front, which enables the nanoparticles to 
interact with TAMs via mannose-mannose recep-
tor interaction [ 206 ]. In contrast, nanoparticle 
uptake by normal macrophages at physiological 
pH is hindered by the shielding effect of the PEG 
chains [ 206 ]. This formulation provided a suc-
cessful tool for the active targeting of TAMs. 

 Using PEG-shedding to expose another hidden 
surface targeting ligand can take place via other 
mechanisms as well. For example, Torchilin’s 
group designed an MMP2-sensitive micellar 
formulation that sheds PEG chains and exposes 
a cell penetrating Tat-peptide once the micelles 
reach the MMP2-rich tumor microenvironment 
[ 212 ]. The shed PEG chains, which are con-
nected to the MMP sensitive peptide, are long (2 
kDa) to provide extended plasma circulation of 
the micelle formulation, while the Tat-peptide- 
conjugated PEG chains are shorter (1kDa) to keep 
the Tat shielded until the micelles reach tumor 
microenvironment. Paclitaxel, conjugated to the 
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 MMP-sensitive PEGylated moiety, remained 
at the core of the Tat-peptide decorated micelle 
structure due to its lipophilic nature [ 212 ].    

11.4.3    Cellular Barriers 

11.4.3.1    Nano-carrier Internalization 
by Cancer Cell and Endosomal 
Escape 

 Once the nano-carrier gets past all the previously 
mentioned barriers, it comes in contact with the 
tumor cells and starts to interact with tumor cell 
membrane to get internalized (endocytosis). The 
process of endocytosis starts with invagination of 
the nano-carriers into the cell, forming a specifi c 
vesicle (endosome or phagosome), in which the 
nano-carriers are entrapped. Five major endocytic 
pathways for the internalization of nano- carriers 
have been identifi ed, namely phagocytosis, mac-
ropinocytosis, clathrin- mediated endocytosis, 
caveolin-mediated endocytosis, and clathrin/
caveolin-independent endocytosis [ 120 ,  213 , 
 214 ]. The type of endocytosis is dependent on 
several factors, including nano-carrier size, sur-
face chemistry and ligands, and the tumor cells 
[ 120 ]. Caveolin and clathrin are proteins assist-
ing the endosome formation and the endocyto-
sis process. The pH inside several internalized 
vesicles is usually acidic, with various values. 
Both clathrin-mediated and caveolin- mediated 
endocytosis form early endosomes (pH 6.5–6.8), 
which become late endosomes (pH 5.2–6.2), 
while phagocytosis and macropinocytosis form 
phagosomes and macropinosomes, respectively. 
All three vesicles deliver their cargos to lyso-
somes (pH 4.5–5.2) [ 213 ]. Both the acidic con-
ditions and the presence of hydrolytic enzymes 
facilitate the digestion of the internalized cargos 
and destroy them. Thus, it is important that the 
nano-carriers fi nd a way out of the endosomes 
before reaching the terminal lysosomes [ 215 ]. 
Among the methods adopted to enable the endo-
somal escape of nano- carriers from the endo-
somes is the proton-sponge effect method, where 
nano-carriers with secondary or tertiary amine 
groups (e.g., poly-L - histidine, polyethylene imine 

(PEI), or  chitosan) are protonated by the acidic 
pH inside, which results in the extensive fl ow of 
ions and water inside the endosomes, resulting in 
osmotic swelling and subsequent rupture of the 
lysosomes. The nano- carriers then escape into 
the cytosol [ 215 ,  216 ]. Other endosomal escape 
mechanisms include the use of fusogenic peptides 
(e.g., infl uenza HA2 peptide and GALA peptide) 
that destabilize the endosomal membrane after 
some acid-sensitive conformational changes of 
their structures take place [ 217 ,  218 ]. 

 In one example, nevertheless, it seems like 
what comprises a ‘curse’ to some nano-carriers 
turns out to be a ‘blessing’ to others. Wonganan 
et al. found that the GemC18-SLNs are taken up 
by tumor cells by clathrin-mediated endocytosis, 
and the gemcitabine is liberated in lysosomes 
due to acid-sensitive hydrolysis and lysosomal 
enzymes such as cathepsins [ 219 ]. Free gem-
citabine is then likely exported out of the lyso-
somes by human equilibrative nucleoside 
transporter-3 (hENT-3) in the lysosomal mem-
brane. It seems that, following this pathway, the 
liberated gemcitabine is shuttled into a natural 
‘salvage’ pathway that cells adopt to recycle 
endogenous (e.g., apoptotic bodies) or exoge-
nous DNA (e.g., DNA from bacteria or viruses), 
and is phosphorylated more effi ciently into the 
active difl uoro-deoxycytidine triphosphate 
(dFdCTP) to inhibit cell growth [ 219 ]. In this 
case, functional lysosomes are critical to effi -
ciently generate dFdCTP, as alkalinization of 
lysosomes with ammonium chloride signifi -
cantly inhibits the cytotoxic action of GemC18-
SLNs [ 219 ]. In contrast, free GemC18 diffuses 
inside tumor cells very rapidly and is hydrolyzed 
quickly into free gemcitabine. However, it 
appears that the gemcitabine that reaches cell 
cytosol following this pathway cannot be effi -
ciently phosphorylated into its active dFdCTP. 
Gemcitabine alone can be effectively taken up 
by cells via nucleoside transporters such as 
hENT-1 located in the cell membrane. However, 
it is extensively deactivated into its inactive 
dFdU derivative before being phosphorylated 
[ 219 ]. For a more detailed description of this 
example, the reader is referred to ([ 219 ]).  
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11.4.3.2    ATP-Binding Cassette 
Transporters (ABC 
Transporter, Effl ux 
Transporter-Mediated 
Resistance) 

 ABC transporters are a family of proteins that 
include multidrug resistance protein-1 (MDR-1) 
and P-glycoprotein (P-gp) [ 138 ]. Human P-gp, a 
170 kDa trans-membrane glycoprotein, is com-
posed of 12 hydrophobic domains and two nucleo-
tide domains [ 220 ], and is a major component of 
the blood brain barrier [ 221 ]. It can transport sev-
eral small molecules, either from the cytosol or 
from the cell membrane, out of the cell, which sig-
nifi cantly reduces cellular accumulation of cyto-
toxic molecules [ 138 ,  222 ]. The mere use of a 
nano-carrier to deliver the chemotherapeutic 
agents intracellularly had been shown to overcome 
the P-gp-mediated effl ux [ 223 ], as the nano-carrier 
is not a substrate to the protein. Additionally, sev-
eral nano-carrier based approaches, including the 
concomitant use of effl ux inhibitors (e.g., ceph-
aranthine [ 224 ] and tariquidar [ 225 ]), silencing the 
gene encoding P-gp [ 226 ,  227 ], and the use of cer-
tain excipients and surfactants (e.g., poloxamers 
and tocopheryl- polyethylene glycol succinate 
(TPGS) [ 228 ,  229 ]), are among the strategies that 
have been explored to reverse ABC transporter-
mediated multi-drug resistance to nanomedicine. 

 For example, Panyam and co-workers devel-
oped a biotin-functionalized PLGA nanoparticles 
that encapsulate a dual drug payload of paclitaxel 
and the third generation P-gp inhibitor tariquidar 
to target the biotin receptors overexpressed by 
tumor cells [ 225 ]. Within a concentration range 
at which neither paclitaxel in solution or in 
nanoparticles was effective, tariquidar enhanced 
the cytotoxic effect of paclitaxel, both in solution 
and in nanoparticles, in chemoresistant cell lines 
that overexpress P-gp. Furthermore, the 2 
h- cellular uptake of paclitaxel was the greatest 
when tariquidar was co-encapsulated with pacli-
taxel in PLGA nanoparticles. The authors attrib-
uted the lack of activity of paclitaxel nanoparticles 
in these cell lines to the overexpressed P-gp, as 
the slowly released paclitaxel is readily removed 
by P-gp. However, the simultaneous slow release 
of tariquidar inhibited P-gp and accordingly 

enhanced the accumulation of the slowly released 
paclitaxel. The dual agent encapsulation in the 
biotin-functionalized nanoparticles signifi cantly 
enhanced the antitumor activity and survival in 
mice bearing resistant tumors [ 225 ]. The same 
group also showed that simultaneous encapsula-
tion, and subsequent intracellular co-localization, 
of paclitaxel and a P-gp-silencing siRNA can 
successfully enhance the anticancer activity of 
paclitaxel in resistant cells [ 230 ]. Using a differ-
ent modality, Navarro et al. showed that the pre-
treatment of resistant breast cancer cells with 
siRNA, loaded on a cationic PEI-functionalized 
phospholipid-based nano-carrier, can signifi -
cantly enhance the cytotoxic activity of a subse-
quent treatment with doxorubicin solution [ 226 ]. 
Other cellular-mediated ABC transporter- 
independent resistance mechanisms to chemo-
therapy include apoptosis inhibition and DNA 
repair modifi cation [ 205 ]. For example, survivin 
is an antiapoptotic protein that is overexpressed 
in cancer cells. and the silencing    of survivin gene 
expression has been identifi ed as a successful 
tool to overcome drug resistance in cancer cells 
[ 231 ,  232 ]. Yang et al. functionalized the poly-
saccharide chitosan with a cell penetrating pep-
tide and utilized it to deliver survivin siRNA 
[ 233 ]. The siRNA-chitosan complexes effec-
tively induced apoptosis in cancer cells and 
inhibited tumor growth in mice with orthotopic 
mammary tumors, while the naked siRNA was 
not effective [ 233 ]. For deeper insights on the use 
of nanomedicine to overcome cellular- mediated 
drug resistance mechanisms in tumors, the reader 
can refer to [ 138 ,  205 ,  221 ,  234 ,  235 ].    

   Conclusion 

 Nanomedicine opens a totally different horizon 
in cancer chemotherapy, with so many opportu-
nities awaiting. However, as more opportunities 
come in the way, more challenges are also 
revealed. More efforts are needed to fully take 
advantage of its potentials.     
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    Abstract 

   Nanomaterials are present in a number of 
commercially available products but there are 
uncertainties as to whether the unique proper-
ties that support their commercial use may 
also pose potential health risks. Information is 
missing concerning the infl uence of nanoma-
terials on the overall reproductive outcome 
and transgenerational effects in animals and 
plants. To obtain this information, long-term 
studies would be required using animal mod-
els phylogenetically close to humans and 
exposure conditions that refl ect realistic sce-
narios with regard to dosages and admission. 
The nanoreprotoxicology literature published 
to date is largely descriptive in nature regard-
ing the effects of nanoparticles. The mecha-
nisms, which determine particle reproduction 
compatibility, are mostly elusive at the 
moment. Thus, it is recommended that future 
research explore the interactions between 
nanomaterials and transgenerational matter on 
a molecular level. It would, for instance, be of 
major importance to understand the behaviour 
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of nanoparticles inside the cells but also their 
genotoxic and epigenetic effects. Recent stud-
ies have shown that intravenous and/or intra-
abdominal administration of nanoparticles to 
mice results in their accumulation in the cells 
of many tissues, including the brain and the 
testis, suggesting that they easily pass through 
the blood–brain and blood–testis barriers. In 
parallel embryo development after exposure 
to nanoparticles should be comparatively 
investigated. The majority of studies on 
embryo toxicology have concentrated on 
piscine embryos, mostly derived from zebraf-
ish. Plants for human food as an important 
component of the ecosystem need also to be 
taken into account when evaluating transgen-
erational effects of engineered nanomaterials 
in crops.  

  Keywords 

   Nanomaterials   •   Transgenerational effects   • 
  Nanoparticles   •   Nanoreprotoxicity   • 
  Reproductive function  

12.1        Introduction 

 Nanomaterial can be defi ned as a material having 
structure on a scale greater than atomic/molecular 
dimensions, but less than 100 nm, which exhibits 
physical, chemical and biological characteristics 
associated with its nanostructure. With recent 
developments in nanotechnology, various kinds of 
nanomaterials have been designed and produced 
throughout the world [ 1 ]. The small particle size 
and large surface area relative to volume enables 
nanomaterials to display a number of useful prop-
erties that are different from those of bulk materi-
als, including high levels of electrical conductivity, 
tensile strength, electronic reactivity, and tissue 
permeability. There are many application fi elds for 
these nanomaterials such as high performance 
materials, energy storage and conversion, 
 self-cleaning surface coatings and stain-resistant 
textiles using simple nanostructured materials 
such as carbon nanotubes and metal oxide 

nanoparticles. Research into more complex nano-
materials will lead to applications such as cellular-
level medical diagnostics and treatment [ 2 ]. 
Nanomaterials are present in a number of com-
mercially available products including sunscreens, 
cosmetics and many industrial applications, but 
there are uncertainties as to whether the unique 
properties that support their commercial use may 
also pose potential occupational health risks [ 3 ]. 
Nanomaterials have a high surface-to-volume 
ratio, so surface reactivity will be high and may 
adopt structures that are different from the bulk 
form of the chemical and, therefore, may exhibit 
different chemical and physical properties [ 4 ]. 
Nanoscale materials are already becoming com-
mercially available for industrial applications and 
consumer use and in the fi elds of biology and med-
icine as drug and delivery formulations, for tissue 
engineering, for destroying tumors by hyperther-
mia, for probes of DNA structure, and for biosen-
sors [ 1 ,  5 ,  6 ]. Until recently less information was 
available regarding air-born levels of nanomateri-
als generated during production or quantities, 
which may be aerosolized into the environment. 
Ultrafi ne particle inhalation toxicology studies 
suggest that particle size can infl uence toxicity 
principally due to two factors: the large surface 
area and its reactivity or intrinsic toxicity [ 7 ]. The 
interaction of surface area and particle composi-
tion in eliciting biological responses adds an extra 
dimension of complexity in evaluating potential 
adverse events that may result from exposure to 
these materials [ 8 ]. There are indications to date 
that manufactured nanoscale materials may spread 
in the body in unpredictable ways, and certain 
nanoscale materials have been observed to prefer-
entially accumulate in particular organelles [ 9 ]. 
Furthermore, the unique and diverse physico-
chemical properties [ 10 ] of nanoscale materials 
suggest that their toxicological properties may dif-
fer from those of the corresponding bulk materials. 
Whole-body studies show that inhalation of 
nanoparticles and entry through the lungs is fol-
lowed by rapid translocation to vital organs, like 
the kidney and liver [ 11 ]. Moreover, nanoparticles 
toxicity can be attributed to: release of toxic ions 
(for example in the case of CdSe/ZnS nanoparti-
cles), to nonspecifi c  interaction with biological 
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structures facilitated by their shape, as in the case 
of nanotubes and to specifi c interaction with bio-
macromolecules through surface modifi cations. 
Particle (or aggregate) size determines whether a 
particle enters the cellular environment through 
phagocytosis, endocytosis, or some undefi ned 
mechanisms [ 12 ]. In a recent work Porter [ 13 ] 
showed for the fi rst time, a bundle of single-walled 
carbon nanotubes (SWCNTs) within the nucleus 
of human macrophage-like treated cells. Uptake to 
these sites implies that they may interact with 
intracellular proteins, organelles and DNA, which 
would greatly enhance their toxic potential. 
Nanomaterials distribution to different body tis-
sues following deposition in the respiratory tract 
or administered to an in vivo system can poten-
tially affect multiple cellular functions. It will be 
diffi cult to determine with conventional assays 
what changes and adverse effects may have 
occurred. Use of genomic approach provides 
information about specifi c mechanisms at the 
molecular level (e.g. oxidative stress); in particu-
lar, toxicogenomics has proved to be a powerful 
tool for the direct monitoring of patterns of cellu-
lar pertubations in specifi c pathways, through 
identifi cation and quantifi cation of global shifts in 
gene expression resulting within treated cells [ 9 ]. 
Nanoparticles form a basis for many engineered 
nanomaterials, and are currently available in a 
variety of types: fullerenes (C60), carbon nano-
tubes (CNT), metal and metal oxide particles, 
polymer nanoparticles, and quantum dots are the 
most common. 

 It is rather diffi cult to compare studies, particu-
larly because the information given concerning 
the dosage of nanoparticles is very diverse. It 
would be useful if common nomenclature could 
be developed to express nanoparticle dose. One 
option would be to calculate the particle surface 
exposed to a certain number of cells or the exact 
mass of an organism, as suggested by Oberdorster 
et al. [ 8 ] because it combines particle number and 
size with the amount of exposed biomass. Another 
weakness in the literature published so far is the 
almost purely descriptive nature of the toxic 
effects of nanoparticles. The mechanisms, which 
determine particle biocompatibility, are mostly 
elusive at the moment. Thus, it is  recommended 

that future research explores the interactions 
between nanomaterials and biological matter on a 
molecular level. 

 Furthermore, information is missing concern-
ing the effect of nanomaterials on the overall 
reproductive outcome. To obtain this informa-
tion, long-term studies would be required using 
animal models phylogenetically close to humans 
and exposure conditions that refl ect realistic sce-
narios with regard to dosages and routes of 
admission [ 14 ]. As yet, developmental toxicity of 
engineered nanoparticles and transgenerational 
effects of nanomaterials in animals and humans 
have been little studied (in Table  12.1 ). 
Gametogenesis is a complex biological process 
that is sensitive to environmental insult, for 
example, from chemicals. Chemical effects on 
germ cells and their maturation can inhibit fertil-
ity, cause cancer, and may have negative effects 
on the development of offspring. Mutagens, for 
example, produce heritable gene mutations, and 
heritable structural and numerical chromosome 
aberrations in germ cells. The consequences of 
germ cell mutation for subsequent generations 
include genetically determined phenotypic alter-
ations without signs of illness, reduction in fertil-
ity, embryonic or perinatal death, congenital 
malformations with varying degrees of severity 
and genetic diseases with varying degrees of 
health impairment. Recent studies have shown 
that intravenous and/or intra-abdominal adminis-
tration of nanoparticles to mice results in their 
accumulation in the cells of many tissues, includ-
ing the brain and the testis, suggesting that they 
easily pass through the blood–brain and blood–
testis barriers [ 24 ]. In parallel embryo develop-
ment after exposure to nanoparticles is 
comparatively well investigated. The majority of 
studies on embryo toxicology have concentrated 
on piscine embryos, mostly derived from zebraf-
ish. Various developing organisms react to 
nanoparticles. Besides the chemical modalities of 
the tested nanoparticles, the production method 
and especially the test system itself seems to play 
a major role in the outcome of the study. 
Therefore, there is a pressing need for further 
studies of nanoreprotoxicity in animal models 
phylogenetically close to the human.
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12.2        Infl uence of Maternal Airway 
Exposure to Nanoparticulate 
on Mammalians Male 
Reproductive Function in the 
Two Following Generations: 
The Case of Titanium Dioxide 
(TiO 2 , UV-Titan) and Carbon 
Black (CB, Printex90) 

 In mice, engineered nanoparticles have been 
shown to adversely affect male reproductive 
function after exposure in adulthood [ 25 ] as well 
as after maternal exposure during foetal develop-
ment. Specifi cally, maternal subcutaneous injec-
tion of nano-sized titanium dioxide (TiO 2 ) 
particles during gestation resulted not only in 
TiO 2  particles aggregating in offspring testicular 
tissue after birth, but also in abnormal testicular 
morphology and lower daily sperm production in 
mice [ 26 ]. Also in mice, offspring seminiferous 
tissue and daily sperm production were adversely 
affected after maternal gestational exposure to 
nano-sized carbon black (CB) particles applied 
by intratracheal instillation [ 27 ]. The male repro-
ductive function sensitivity to maternal gesta-
tional exposure to particles is supported by 
studies of particles generated from diesel engines. 
Daily sperm production (DSP) decreased in male 
rodents whose mothers inhaled diesel exhaust 
particles (DEP) or whole diesel exhaust during 
pregnancy [ 28 – 30 ]. Furthermore, maternal expo-
sure to DEP increased the number of germline 
mutations in male offspring, and these mutations 
were transferred to the next generation in mice 
[ 31 ]. Observations of adverse effects on male 
reproductive function following prenatal expo-
sure to particles with few associated compounds, 
as described above for TiO 2  and CB, indicate that 
prenatal exposure to particulates per se poses a 
threat to male reproductive function. Elucidation 
of the relationship between maternal exposure to 
engineered nanoparticles and reproductive func-
tion of the male offspring is therefore important. 

 Semen samples cannot easily be obtained 
from rodents. Assessment of DSP is therefore a 
suitable method for evaluation of spermatogene-
sis in these species. DSP is assessed by homoge-
nization of testicular tissue, followed by counting 

the number of spermatids surviving homogeniza-
tion. The number of counted spermatids is then 
divided by a time factor expressing the duration 
of this homogenization resistant stage. Finally, 
the number is recalculated taking absolute testi-
cle weight into account [ 32 ]. The method has 
since been applied in several other species, e.g. 
humans, boars, rabbits, mouse. 

 The effects of maternal exposure to engi-
neered nanoparticles on sperm production in the 
male offspring have only been little studied, and 
effects in the second generation remain to be 
investigated. The study reported by [ 16 ] aimed 
to: (1) describe and optimize the method of DSP 
assessment in mice and (2) examine the effects of 
maternal airway exposure during gestation to two 
types of engineered nanoparticles on DSP in the 
F1 and F2 generations. All assessments were 
made in mice of the C57BL/6J strain. When 
pregnant mice inhaled nanosized TiO 2 , mice at a 
dose level corresponding to half the 8-h Danish 
occupational exposure limit, the male reproduc-
tive system in the F1 offspring was not affected. 
In [ 16 ] they also exposed pregnant female mice 
to CB. When male reproductive parameters were 
assessed in their adult F1 offspring, no differ-
ences between control and CB exposed offspring 
were present. The F1 males of the C57BL/6J 
strain were crossmated with CBA/J females to 
produce the F2 generation ((CBA/J)/(C57BL/6J)). 
When male reproductive parameters were 
assessed in this F2 generation, DSP tended to be 
lower, in F2 offspring whose grandmothers were 
exposed to CB, compared to offspring from the 
unexposed group. These observations also indi-
cate that the effects of CB exposure during preg-
nancy affected male reproduction in the offspring 
of exposed male foetuses, but not in the offspring 
of exposed female foetuses. Gestational exposure 
to nanosized TiO 2  and CB has been found to 
affect male reproduction in offspring in previous 
studies. 

 Exposure of pregnant females to nanoparticles 
can hypothetically affect the foetus by several 
pathways: (1) directly, by passage of nanoparti-
cles through the placenta followed by direct 
interference with foetal development; (2) due to 
toxic compounds associated with the particles; 
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(3) by change of placental function; or (4) indi-
rectly, as e.g. maternal infl ammation and oxida-
tive stress may affect foetal development through 
indirect mediators (reviewed in [ 33 ,  34 ]). Some 
information may be however be obtained from 
particulates generated by diesel engines and 
observations from rodent studies with maternal 
inhalation of diesel particles or whole exhaust. 
The results indicate that gestational exposure to 
particles might pose a threat to reproductive 
function of the male offspring. The study dis-
cussed whether it is the diesel exhaust particles, 
the associated compounds (e.g. polyaromatic 
hydrocarbons, heavy metals), the exhaust gases, 
or the maternal lung infl ammation that account 
for reproductive effects in the male offspring 
[ 35 ]. The detrimental effects of DEP on male 
reproductive parameters, i.e. abnormal testicular 
morphology and lower DSP, possibly arise due to 
exposure to polycyclic aromatic hydrocarbons, 
rather than solely due to particle exposure. In 
[ 36 ] nanosized surface-coated TiO 2  particles 
(doped with zirconium, silicon, aluminium) pro-
duced effects following prenatal exposure in 
mice. Infl ammatory mediators and oxidative 
stress may therefore have interfered with foetal 
development through indirect pathways. The 
experiments reported in [ 16 ] were conducted in 
the inbred C57BL/6J strain, whereas the previ-
ously published studies of nanosized TiO 2  and 
CB were conducted in mice of the outbred ICR 
strain. Strain differences in foetal sensitivity to 
maternal particle exposure have unfortunately 
only been touched upon briefl y in the scientifi c 
literature. When pregnant mice were exposed to 
whole diesel exhaust, and mRNA expression of 
gonadal differentiation factors was assessed in 
male foetuses on gestation day 14, strain differ-
ences were observed. ICR mice showed higher 
sensitivity to whole diesel exhaust compared to 
the C57BL/6J strain; and only in the ICR strain 
was the phenotype affected, i.e. expression of ste-
roidogenic enzymes decreased [ 37 ,  38 ]. The 
route of exposure can also infl uence experimental 
results. In the previous developmental studies 
nanoparticles were administered by subcutane-
ous injections (TiO 2 ) or intratracheal instillation 
(CB). Whereas an injection gives a relatively 

higher internal body burden of particles com-
pared to inhalation [ 39 ], the internal body burden 
from instillation would be expected to compare 
to that of exposure by inhalation and certainly to 
that of instillation as used in the CB experiment. 
In the previous cited work, the absence of effect 
in the F1 generation of nanosized CB exposed 
males indicates that maternal exposure did not 
interfere directly with development of the male 
reproductive system, although exposure may 
have interfered with primordial germ cells in the 
male foetuses; changes in primordial germ cells 
might well have altered the genetic make-up of 
the male germ line, e.g. by introducing mutations 
or epigenetic changes. This could potentially 
affect reproductive parameters in the F2 
generation. 

 The prenatal period of germ cell development 
represents a key window of epigenetic program-
ming in the male. Testicular and germ cells have 
distinct methylation patterns, which might be 
pertinent for maintenance of the unique chromo-
somal structure in male germ cells. Epigenetic 
modifi cations may be infl uenced by environmen-
tal factors, inherited through the paternal germ 
line and passed onto the next generation(s). 
Furthermore, recent fi ndings indicate that the 
prenatal environment may also interfere with 
DNA integrity in the offspring [ 40 ]. Since the 
male Y chromosome is a prerequisite for the 
male phenotype, it may not be surprising that 
only offspring from exposed F1 males exhibited 
decreased sperm count, whereas offspring from 
prenatally exposed F1 females did not. Male 
infertility has been observed after both paternally 
and maternally mediated epigenetic imprinting 
[ 41 ] while mutations that were induced during 
foetal life in males (F1) were transferred to the 
F2 offspring. This was not the case in the female 
germline, i.e. F1 females did not transfer muta-
tions to the F2 offspring. Prenatal exposure to 
nanoTiO 2  did not affect the mutation frequency 
in the female germline [ 42 ]. 

 Human fertility is considerably lower than 
that of rodents. This is mainly due to a rather 
large sperm reserve capacity in rodents, com-
pared to the rather limited sperm reserve in 
humans. Thus reduction of sperm production is 
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of relatively greater consequence for humans 
than for rodents and it might have a signifi cant 
impact on human fertility. 

 In summary, the effects of maternal airway 
exposure to engineered nanoparticles indicated 
that such exposure might interfere with male 
reproductive development. Human exposure to 
engineered nanoparticles is likely to increase 
considerably in the future as more engineered 
nanoparticles are present in the environment. 

12.2.1     The Male Mice Reproductive 
System and the Effects of 
Amorphous Nanosilica 
Particles (nSP) 

 Amorphous nanosilica particles (nSP) possess a 
variety of unique properties, such as ease of syn-
thesis, relatively low cost and availability of sites 
for surface modifi cations and nSP are increas-
ingly being used for applications including cos-
metics, foods, and drugs. However, several 
reports have shown that nSP might induce 
adverse effects such as pulmonary infl ammation 
and hemolysis [ 43 ]. nSP can pass through barri-
ers such as skin and the blood-placental barrier in 
mice [ 44 ]. Male infertility is for the most part 
caused by dysfunction of the testes. The testes 
are sensitive to many chemicals, such as endo-
crine disruptors, pesticides and anticancer agents; 
to insure the reproductive safety of nSP, it is 
important to investigate their biologic effects on 
the testis. The toxicity of nanomaterials to mice 
male reproductive functions has been investi-
gated since [ 25 ]. However, few studies have 
investigated the effect of nSP on the distribution 
of nanomaterials in testis and male germ cells, 
although information about the intra-testicular 
distribution would greatly help to elucidate the 
effect of nanomaterials on male reproductive 
systems. 

 The aim of the study by [ 45 ] was to evaluate 
the testicular distribution and histologic effects of 
systemically administered nSP. Mice were 
injected intravenously with 100 μL (0.8 mg) nSP 
with diameters of 70 nm (nSP70) or conventional 
microsilica particles with diameters of 300 nm 

(nSP300) on 2 consecutive days. The intratestic-
ular distribution of these particles 24 h after the 
second injection was analyzed by transmission 
electron microscopy. nSP70 were detected within 
Sertoli cells and spermatocytes, including in the 
nuclei of spermatocytes. No nSP300 were 
observed in the testis. Next, mice were injected 
intravenously with 0.4 or 0.8 mg nSP70 every 
other day for a total of four administrations. 
Testes were harvested 48 h and 1 week after the 
last injection and stained with hematoxylin–eosin 
for histologic analysis. Histologic fi ndings in the 
testes of nSP70-treated mice did not differ from 
those of control mice. Taken together, their 
results suggest that nSP70 can penetrate the 
blood–testis barrier and the nuclear membranes 
of spermatocytes without producing apparent tes-
ticular injury. In the above cited study they 
showed that nSP70, but not nSP300, were able to 
cross the blood–testis barrier. The limited histo-
logic effects on the testes indicated that nSP70 
may be actively transported across it without pro-
ducing apparent testicular injury. By imaging 
fl uorescently labeled nanoparticles, Kim et al. 
showed that 50-nm magnetic nanoparticles can 
also penetrate the mouse blood–testis barrier 
[ 46 ]. Therefore, the penetration of the blood– 
testis barrier is not specifi c to nSP. On the other 
hand, it is known that high-molecular-weight 
species(>500 Da) do not penetrate the blood- 
testis barrier by passive diffusion. In fact, De 
Jong et al. showed with inductively coupled 
plasma mass spectrometry that gold nanoparti-
cles larger than 50 nm were not distributed in the 
testis after intravenous administration [ 47 ]. 
Although differences in the dose or duration of 
administration and in the detection method might 
account for the different results, these fi ndings 
suggest that the testicular distribution of nanoma-
terials might depend on the type of material. In 
[ 45 ] they showed that nSP70 produced little tes-
ticular injury but the presence of nSP70 in the 
nuclei of spermatocytes suggests that DNA in the 
male germ line might be affected by nSP70. 
Abnormal DNA in the male germ line has been 
associated with an increased incidence of mor-
bidity in the offspring [ 48 ], and paternal exposure 
to environmental factors has been suggested to 
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infl uence biologic functions in offspring [ 49 ,  50 ]. 
In conclusion the male mice reproductive system 
is infl uenced by nanoparticles as evidenced by 
the testicular and male germ cells distribution of 
nanomaterials in the cited studies.  

12.2.2     Mouse Spermatogenesis 
and the Effects of Zinc Oxide 
Nanoparticles 

 Spermatogenesis is a complex process of germ 
cell proliferation and differentiation which leads 
to the production and release of spermatozoa from 
the testis; this elaborate process is dependent on 
hormonal interactions between the Sertoli cells 
and the germ cells [ 51 ]. Tight junctions between 
adjacent Sertoli cells create two separate compart-
ments within the seminiferous epithelium: a basal 
compartment below the tight junction and an 
adluminal compartment above. Sertoli cells 
secrete hormonal and nutritive factors into the 
adluminal compartment which creates a special-
ized microenvironment for development and via-
bility of germ cells. The intricate regulation and 
cellular interactions that occur in the testis pro-
vide multiple distinct targets by which toxicants 
can disrupt spermatogenesis. Many recent in vivo 
and in vitro studies demonstrate that most 
nanoparticles (NPs) show an adverse or toxic 
effect on male germ cells [ 52 ,  53 ]. Recent studies 
have shown that administration of NPs to mice 
results in their accumulation in the various tissues 
including the brain and the testis. This indicates 
that they easily pass through the blood–brain and 
blood– testis barriers [ 54 ]. Not all NPs will neces-
sarily demonstrate an adverse effect leading to 
toxicity. For example, some NPs show a benefi -
cial or nontoxic effect on spermatogenesis [ 55 , 
 56 ]. It has been reported that nanoselenium diet 
supplementation produced positive effects on 
sperm quality in male goats. Thus, NPs must be 
investigated on a case-by- case basis to determine 
whether a NP will have a positive or negative 
effect on spermatogenesis. Among the various 
metal nanomaterials, zinc oxide nanoparticles 
(ZNP) are used in several products such as sun-
screens, biosensors, food additives, pigments, 

rubber manufacture and electronic materials. 
According to [ 57 ,  58 ] these nanoparticles are 
toxic to liver and kidneys. In [ 17 ], toxic effects of 
ZNP on the mouse spermatogenesis were investi-
gated. Epididymal sperm parameters including 
sperm number, motility and percentage of abnor-
mality were  signifi cantly changed in 50 and 
300 mg/kg zinc oxide nanoparticles treated mice. 
Histopathological criteria such as epithelial vacu-
olization, sloughing of germ and detachment were 
signifi cantly increased in 50 and 300 mg/kg zinc 
oxide nanoparticles treated mice. Three hundred 
milligram per kilogram zinc oxide nanoparticles 
induced formation of multinucleated giant cells in 
the germinal epithelium. Fifty and 300 mg/kg 
zinc oxide nanoparticles also caused a signifi cant 
decrease in seminiferous tubule diameter, semi-
niferous epithelium height and maturation arrest. 
The just cited study [ 17 ] demonstrated that ZNPs 
induce testicular damage in a dose dependent 
manner in mice. The presence of vacuoles in the 
cytoplasm of Sertoli cells shows direct damage to 
these cells. These lesions are early morphological 
signs of testicular injury and are currently consid-
ered as the main Sertoli cell response to many 
xenobiotics. The number of testicular sperm 
heads, which is known as a clear index of testicu-
lar cytotoxicity, correlated well with histopatho-
logical fi ndings. The evaluation of testicular 
sperm head counts seems to be a good indicator of 
spermatogenic damages and that the number of 
testicular sperm heads corresponds to the number 
of elongate spermatids in the testis. Gromadzka-
Ostrowska [ 59 ] also showed that small amounts 
of silver NPs have a toxic impact on the germ 
cells and reduced sperm quality. Komatsu [ 60 ], 
have demonstrated that titanium oxide and carbon 
black nanoparticles were taken up by mouse 
Leydig TM3 cells, and affected the viability, pro-
liferation and gene expression. It is well known 
that increase in seminiferous tubule diameter is 
indicative of fl uid retention resulting from 
impaired emptying through the efferent ducts, 
whereas decrease in seminiferous diameter may 
indicate germ cell loss. 

 In summary, ZNP has cytotoxic actions on tes-
ticular germ cells in a dose dependent manner. 
The multinucleated giant cell formation and 
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sloughing of immature germ cells from the semi-
niferous tubules indicates that these NPs might 
also affect Sertoli cell functions [ 17 ]. Alterations 
in the Johnsen’s scoring and morphometric stud-
ies may relate to induction of apoptosis or 
autophagy [ 61 ] in testicular germ cells. However, 
to state the mechanism by which ZNP exerts its 
effects needs more investigations.   

12.3     Impact of Metal 
Nanoparticles on Germ Cells 
and Reproductive Barriers 

 Compared with the corresponding bulk material, 
nanoscale particles are considerably more biologi-
cally active, which seems to derive mainly from 
their higher mass-specifi c surface area and is mir-
rored by a surface specifi c dose–response [ 8 ]. The 
reasons suggested for cellular damage caused by 
nanoparticle exposure include production of reac-
tive oxygen species (ROS) and DNA damaging 
potential of engineered nanomaterials [ 20 ]. In 
somatic cells such insults cause infl ammation or 
even malignant transformation. However, in case 
of germ line cells, either defect might lead to 
impaired fertility and/or congenital defects in the 
offspring. This hypothesis is supported by studies 
showing that male welders, especially those who 
work with stainless steel, have poorer sperm qual-
ity than those in other work. Consequently, it is sur-
prising that there has been little effort on studying 
the effects of nanoparticles on reproduction and on 
other reproductively relevant cells and tissues. 
Mammalian gametes and the developing embryo 
are highly vulnerable and therefore situated in 
rather protected environments. However, of several 
studies reported, most have shown the ability of 
nanoparticles to effectively crossbiological barriers 
including the ones protecting the reproductive tis-
sue. For example concerning the placental barrier, 
the results listed in the literature are less conclu-
sive. While Wick et al. [ 62 ] showed placental 
crossing for polystyrene nanoparticles in a human 
placenta explant, Myllynen et al. [ 63 ] noted no 
crossing for gold nanoparticles in the same model. 
Several studies on rodent models investigated 
 placental crossing of gold nanoparticles after 

administration directly into the blood stream. 
Despite the similarity in the experimental set-up, 
particles were observed to have passed through the 
placenta in [ 64 ], whereas other groups reported the 
opposite effect [ 65 ]. The crossing of the placenta 
by titanium dioxide nanoparticles after intravenous 
injection of pregnant mice was proven by two 
authors along with embryo toxic effects [ 26 ,  44 ]. 
Chu et al. [ 66 ] showed the same for CdTe/CdS 
quantum dots. In summary, transplacental crossing 
of nanoparticles is likely, but seems to depend on 
currently unknown mechanisms that prevent cer-
tain particle preparations from passing through. 

12.3.1     Effect of Nanoparticles 
on Male Gametes 

 Few studies have focussed on the effect of nanopar-
ticles on germ cells. The evaluations of sperm 
toxic effects made so far were conducted with 
nanoparticles made from gold [ 67 ,  68 ], magnetic 
nanoparticles [ 69 ], zinc oxide and titanium diox-
ide [ 70 ]. Zakhidov et al. [ 68 ] tested very small 
gold nanoparticles with a diameter of 2.5 nm. 
Interestingly, the authors noted a disruption of 
nuclear chromatin decondensation. ZnONP and 
TiO 2 NP were also found to lead to sperm DNA 
damage [ 70 ]. This fi ndings show how nanoparti-
cles, seemingly of similar material, can have 
widely different effects. Tests on spermatogonial 
stem cells [ 52 ] using silver, molybdenum trioxide 
and alumina nanoparticles showed a concentra-
tion-dependent cytotoxicity for all types of parti-
cles, with AgNP being the most and MoO 3 NP the 
least toxic. In case of AgNP, the toxicity seems to 
be due to interactions of nanoparticles with a cell 
proliferation associated, intracellular kinase.In 
summary, despite the scarcity of experimental 
data, there is a clear tendency for nanoparticles to 
have toxic effects on male gametes.  

12.3.2     Effect of Nanoparticles on 
Female Gametes 

 Nanotoxicity in female reproduction has been 
investigated in few studies. Huo et al. [ 71 ] 

A. Poma et al.



245

 cocultured pre-antral follicles obtained from rats 
with titanium dioxide particles, which caused 
morphological changes in the follicles and lead 
to a reduced number of matured oocytes. A sec-
ond study by Hsieh et al. [ 72 ], investigated the 
effect of CdSe-core QDs on oocyte maturation, 
fertilization, and subsequent pre- and postim-
plantation development of mouse oocytes/
embryos in vitro. The authors reported a reduc-
tion in the rates of oocyte maturation, fertiliza-
tion and in vitro embryo development along with 
increased resorption of post implantation 
embryos and decreased placental and foetal 
weights. The effects were obliterated when the 
quantum dots were ZnS-coated.   

12.4     Nanoparticles Effects on 
Embryo Development 

 The types of nanoparticles tested in piscine 
embryos systems include metals and metal oxides 
such as gold [ 73 ,  74 ], silver [ 75 – 79 ], nickel [ 80 ], 
zinc oxide [ 81 ], titanium dioxide [ 82 – 84 ], alu-
minium trioxide [ 83 ] and copper [ 85 ]. Severe 
toxic effects in the form of decreased survival 
rates and deformations were observed after expo-
sure to AgNP, CuNP and ZnONP, even in low 
concentrations. In comparison, in the case of 
NiNP, concentrations were tenfold higher before 
any toxicity was noted. AuNP, TiO 2 NP and 
Al 2 O 3 NP showed hardly any detrimental effects. 
Extensive research on nanoreprotoxicology has 
also been conducted on chicken embryos. 
Interestingly, in chicken embryos, exposure to 
nanoparticles of gold [ 86 ], silver [ 87 ,  88 ], silver–
palladium alloy [ 89 ] and silver–copper alloy [ 90 ] 
by in vivo injection caused no abnormal develop-
ment, except a slight indication of infl ammation 
in the embryo liver after contact with AgCu alloy 
nanoparticles. 

 Studies exploring embryo toxicology of 
nanoparticles in mammals are not as abundant as 
those for fi sh and chickens. However, worryingly, 
especially with regard to the widely used titanium 
dioxide nanoparticles, a considerable amount of 
evidence points to an effect on the development of 
the nervous system after prenatal and maternal 

exposure to injected titanium dioxide nanoparti-
cles subcutaneously into pregnant mice [ 91 ,  92 ]. 
Hougaard et al. [ 36 ] noted that offspring prena-
tally exposed to titanium dioxide nanoparticles, 
after maternal inhalation exposure, exhibited 
changes in activity and in sensory- motor pro-
cesses. Gao et al. [ 93 ] observed that titanium 
determined attenuated synaptic plasticity in the 
hippocampal dentate gyrus area in the foetal brain 
after the oral administration of titanium dioxide 
nanoparticles to rats during gestation. Not only 
the nervous system was affected, as Fedulov et al. 
[ 94 ] noted an increased risk of mouse pups devel-
oping respiratory disease if the mothers were 
exposed to titanium dioxide nanoparticles by 
intranasal installation. Besides titanium dioxide, 
only very few other nanomaterials have been 
explored for their developmental toxicity in mam-
malian species. Li et al. [ 95 ] investigated silver 
nanoparticles for their effect on blastocyst devel-
opment after coculture in a mouse model. The 
authors observed increased apoptosis, decreased 
cell numbers and decreased implantation success 
rates. Contrary to these fi ndings, Taylor et al. [ 19 ] 
found no detrimental effects with regard to 
embryo development after injecting two-cell 
stage mouse embryos with gold and silver 
nanoparticles. Interestingly, whereas the former 
used chemically derived nanoparticles, the latter 
worked with particles produced by laser ablation 
in liquids. This suggests a better biocompatibility 
of the laser- generated nanoparticles, which might 
be at least partially due to the complete lack of 
stabilizers and other potentially noxious agents 
used for the production of chemically derived par-
ticles. In another study, the effect of cobalt–chro-
mium nanoparticles on human trophoblast 
choriocarcinoma cell lines and a layer of BeWo 
b30 cells was examined, and DNA damage in the 
fi broblast was noted despite indirect exposure 
[ 96 ]. Embryotoxicity of cobalt ferrite and gold 
nanoparticles has been considered recently by an 
in vitro approach. Gold nanoparticles have 
emerged as promising biomedical tools due to 
their multiple properties (stability, low inherent 
toxicity since the bulk gold core is basically inert 
and non-toxic, ease of synthesis and  photo- physical 
properties which could promote drug release at 
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remote place). Cobalt ferrite (CoFe 2 O 4 ) is a well-
known hard magnetic material with high coerciv-
ity, moderate magnetization, and great physical 
and chemical stability. There are many possibili-
ties of applications of biocompatible ferrite parti-
cles in combined cancer therapy, as for instance 
hyperthermia combined with chemotherapy or 
drug targeting. To reduce animal experimentation 
and predict in vivo embryotoxicity, some in vitro 
tests have been optimized as zebrafi sh embryo, rat 
whole embryo and cell based tests. The Embryonic 
Stem Cell Test (EST) is a method validated at the 
scientifi c level by ECVAM [ 97 ], whose aim is to 
classify chemical compounds into weak, strong or 
non- embryotoxic. This method is based on car-
diomyocyte differentiation from murine embry-
onic stem cells via formation of embryoid bodies 
(EBs) in a way that carries similarity with the 
inner cell mass of embryos to develop cells of 
meso-, ecto-, and endodermal origin upon in vitro 
culture. This test is a powerful method to predict 
embryotoxicity of chemical compounds. The 
objective of the study [ 18 ] was to investigate 
whether gold and cobalt ferrite NPs are able to 
modulate cell differentiation and induce embryo-
toxicity, using a protocol of EST conveniently 
modifi ed to be suited to this kind of substances. 
The ID50 results permit classifi cation of cobalt 
ferrite nanoparticles coated with gold and silanes 
as nonembryotoxic. The remaining nanoparticles 
have been classifi ed as weakly embryotoxic in 
this decreasing order: gold salt (HAuCl 4  · 3H 2 O) > 
cobalt ferrite salt (CoFe 2 O 4 ) > cobalt ferrite 
nanoparticles coated with silanes (Si–CoFe) > 
gold nanoparticles coated with hyaluronic acid 
(HA–Au). Very few works may be found in the 
scientifi c literature, which address the embryotox-
icity of nanoparticles by means of in vitro meth-
ods. Beside that, the preliminary TEM data by Di 
Guglielmo et al. [ 18 ] indicate that the studied NPs 
are internalized by cells at a very different rate 
according to its nature and coating. On the other 
hand, in [ 18 ] the standard protocol for the differ-
entiation of embryonic stem cells has proven to be 
unsuccessful with NPs, embryoid bodies exposed 
to gold or cobalt ferrite nanoparticles are abnor-
mal in shape and smaller in size than their control 
or salt-treated counterparts, and fail to adhere 

after 5 days of culture. The authors in [ 18 ] 
addressed therefore the suitability of exposing the 
cells to the toxic agent only for 5 days. Actually, a 
parallel test with the positive control 5-FU gave 
them a confi rmation of the validity of this solu-
tion, as the ID50 concentrations obtained were 
equivalent, and similar to that reported in the lit-
erature. In fact, 5-FU affects the cells mainly dur-
ing the fi rst 3 days of the protocol, at the time 
when proliferation is at a higher rate with respect 
to differentiation., NPs have shown to be less 
cytotoxic and less embryotoxic than their salt 
counterparts and the toxicity is also modulated by 
the kind of biocompatible coating applied to NPs. 
In conclusion, the experiments by Di Guglielmo 
et al. [ 18 ] provide a fi rst attempt aimed at evaluat-
ing nanomaterials behaviour in the context of in 
vitro embryotoxicity tests, based on the ECVAM-
validated protocol for EST. The results permit to 
classify HA–Au NPs as weakly embryotoxic. 
Concerning cobalt ferrite nanoparticles, they can 
be also classifi ed as weakly embryotoxic if cov-
ered with silanes, but non- embryotoxic if covered 
with a shell of gold. 

12.4.1     Carbon Nanotubes Toxicity 
in Zebrafi sh Embryos 

 There is currently a large difference of opinion 
about nanotoxicology studies of carbon nanotubes. 
According to [ 15 ] the length of carbon nanotubes 
greatly affected their toxicity in zebrafi sh embryos. 
Coupled with their nanosize, they can biophysi-
cally or biochemically act with various subcellular 
or molecular structures once they are introduced 
inside a cell. The purpose of the study by [ 15 ] was 
to investigate the toxicity of CNTs with different 
lengths by using similar preparation processes. 
Zebrafi sh embryos were loaded with CNTs by 
microinjection at the one- cell stage; the length of 
carbon nanotubes greatly affected their toxicity in 
early developing zebrafi sh embryos. Multiwalled 
carbon nanotubes (MWCNTs) were sonicated in a 
nitric acid solution for 24 and 48 h. MWCNTs pre-
pared with the longer sonication time resulted in 
severe  developmental toxicity; however, the shorter 
 sonication time did not induce any obvious toxicity 
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in the tested developing zebrafi sh embryos. This 
study suggests that length plays an important role 
in the in vivo toxicity of functionalized CNTs and 
also highlights the importance of length informa-
tion in the in vivo toxicology studies of nanomate-
rials. The authors have previously reported that 
successfully purifi ed and functionalized MWCNTs 
had relatively good biocompatibility in zebrafi sh 
embryos [ 98 ]. It was found that shorter length of 
MWCNTs-48 h induced severe toxicity in zebraf-
ish embryos when injected at the one-cell stage, 
while the FITC-BSA control showed good bio-
compatibility. Previous studies have reported that 
long and rigid MWCNTs are much more toxic than 
functionalized MWCNTs [ 99 ]. In [ 98 ] the embryos 
injected with 2 ng (equivalent weight of CNTs) of 
FITC-labeled BSA-MWCNTs (MWCNTs-48 h) 
exhibited adverse toxic effects. These affected 
embryos were developmentally arrested until death 
at 8–10 hpf. Epiboly did not initiate in these 
embryos. The fl uorescent images showed that the 
BSA-MWCNTs are evenly distributed among the 
blastoderm cells and do not enter the yolk cell dur-
ing epiboly arrest. When the dosage of loaded 
BSA-MWCNTs (MWCNTs-48 h) was less than 
5 pg (equivalent weight of CNTs), the treated 
embryos passed the epiboly stage and went on to 
further embryonic development. The malformation 
percentages are 36.4 and 27.9 % for embryos 
loaded with 4 pg and 0.4 pg of BSA-MWCNTs 
(MWCNTs-48 h) (equivalent weight of CNTs), 
respectively. The affected embryos have severe 
edema, distorted notochords, dissociated muscles, 
fl attened midbrain–hindbrain boundaries, small 
eyes, delayed yolk sac and yolk extension resorp-
tion, and shortened body length. The defective 
embryos also have impaired swimming patterns. 
The cardiovascular system is not the only compo-
nent that the shorter BSA-MWCNTs 
(MWCNTs-48 h) attacked. Most of the affected 
embryos have more than one type of defect, and 
this might indicate that the infl uence is multiorgan 
targeted. TEM observation of the blastoderm cells 
of the affected embryos demonstrated that the 
membranes of the enveloping cells are disrupted, 
and the deep-layer cells detach and have irregular 
nuclei with  condensed chromatins. The morphol-
ogy changes of the embryonic cells, suggest an 

apoptosis process, chromatin fragmentation, and 
nuclear blebbing, which result in the formation of 
micronuclei.  

12.4.2     AgNPs Exposure of Fish 
Embryos 

 In 2010 more than 1,300 reported consumer 
products contained NMs, with silver nanopar-
ticles (AgNPs) representing the most prevalent 
NM (Nanoproject, 2012). Silver is known to have 
antiseptic properties and nanotechnology enables 
the incorporation of AgNPs into various products 
including wound dressings clothing, kitchenware, 
children toys, and many more. Moreover, AgNPs 
can attach to cell membranes, disturbing perme-
ability and respiration and generate reactive oxy-
gen species (ROS) which damage lipids, proteins, 
and DNA. Increased usage of AgNPs will lead to 
their emergence in the aquatic environment; e.g. 
AgNP-impregnated socks can release Ag after 
washings [ 100 ]. However, the fate and behav-
ior of AgNPs in the aquatic environment are 
largely unknown. Furthermore, multiple effects 
are reported in fi sh exposed to silver. In Japanese 
medaka ( Oryzias latipes ) embryos exposure to 
AgNPs induced cardiovascular defects, isch-
emia, underdeveloped central nervous system, 
and expression of oxidative stress-, embryogen-
esis-, and morphogenesis-related genes [ 101 ]. 
The study by [ 22 ] characterizes the effects of 
AgNPs on zebrafi sh ( Danio rerio ) development. 
The Ag +  was more toxic than AgNPs but both 
lead to death and delayed hatching in surviving 
embryos. Both silver types depleted glutathione 
levels but generally did not affect antioxidant 
enzymes activities. In addition to silver some of 
the embryos were also exposed to cysteine which 
generally reduced the toxicity of both silver types. 
Cys, a non-essential amino acid contains a reac-
tive thiol group; silver ions have a high affi nity 
for thiol containing molecules including Cys so 
Cys can protect from silver ions, possibly due to 
the formation of Cys–Ag complexes This study 
demonstrates that AgNPs and Ag +  are capable of 
inducing toxicity in zebrafi sh embryos including 
the induction of  oxidative stress and that Ag +  had 
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greater effects than AgNP on ZF embryos. The 
amount of leached Ag +  from AgNPs was low 
and estimated at less than 0.5 %. Nonetheless, 
the cited study [ 22 ] suggests that the effects 
seen for AgNPs are not simply due to Ag +  dis-
solution. This may explain why Ag +  was a more 
potent form of silver at the lower concentrations. 
However, at the higher concentrations the toxicity 
of AgNP was similar to that of Ag + , suggesting 
that AgNPs are also toxic and that AgNPs toxic-
ity is not solely due Ag +  dissolution. Moreover, 
several physical deformities were observed at 
all concentrations of both Ag +  and AgNPs, but 
without a consistent trend. Physical deformities 
in zebrafi sh embryos, including bent and twisted 
notochord, pericardial edema, and degeneration 
of body parts, were noted in a previous work 
[ 102 ]. Delay in hatching in response to AgNPs 
exposure was documented in [ 103 ]. Furthermore, 
the adsorption of AgNPs noted above was pre-
vented by Cys treatment as the embryos exposed 
concurrently to AgNPs and Cys had chorions 
similar in color to the control embryos. The cited 
effects of Cys on AgNP toxicity contrast with 
those of Navarro et al. [ 104 ] and Yin et al. [ 105 ]: 
in [ 104 ] it is suggested that the toxicity of AgNPs 
in algae ( Chlamydomonas reinhardtii ) is due to 
Ag +  dissolution since Cys reduced AgNP toxic-
ity; whereas in [ 105 ] they reported that Cys did 
not affect the toxicity of AgNPs in grass ( Lolium 
multifl orum ). These discrepancies suggest that 
the effect of Cys on AgNPs should be examined 
more closely in future studies. In conclusion, 
AgNP and Ag +  were both toxic to ZF embryos. 
Toxicity responses observed include mortal-
ity, delayed hatching, physical deformities, and 
depressed heart rate. Co-treatments with the che-
lator Cys seem overcame these effects; in both 
cases Ag +  was more potent than AgNPs.   

12.5     In Vitro Cytotoxicity of 
Nanoparticles in Mammalian 
Adult/Germline Stem Cells 

 Because nanoparticles can pass through biologi-
cal membranes, they can affect the physiology of 
any cell in an animal body. This consideration is 

of importance for stem cells, where the effects of 
nanoparticles on their potential for self-renewal 
and differentiation is unknown. Data available 
from toxicity studies of nanoparticles, in particu-
lar in adult stem cells, are limited. The purpose 
of the study by [ 21 ] was to assess the suitabil-
ity of a spermatogonial stem cell line as a model 
for the assessment of nanotoxicity in the male 
germ line in vitro. The effects of different types 
of nanoparticles on these cells was evaluated 
using light microscopy, cell proliferation and 
standard cytotoxicity assays. Their results sug-
gest that this cell line provides a sensitive model 
with which to assess the cytotoxicity of nanopar-
ticles in the germline. The results demonstrate a 
concentration- dependent toxicity for all types of 
particles tested, whereas the corresponding solu-
ble salts had no signifi cant effect. Silver nanopar-
ticles were the most toxic while molybdenum 
trioxide (MoO 3 ) nanoparticles were the least 
toxic. Toxicants that impair normal reproductive 
functions are an important public health issue. 
A decrease in semen quality of approximately 
2 % per year over the preceding 50 years has 
been reported for industrialized countries [ 106 ]. 
Nevertheless, studies have shown that high expo-
sure of men to various chemicals in certain occu-
pational settings resulted in lower semen quality. 
Several in vivo animal models have been used to 
assess the testicular toxicity of many compounds. 
In vitro model alternatives have been established, 
and some of them have tried to reproduce in the 
petri dish the complex cell–cell interactions that 
take place between the different germ cells and 
Sertoli cells [ 107 ]. However, these models are 
limited by the poor viability of the freshly iso-
lated germ cells. In the study by [ 21 ] they used 
a cell line with spermatogonial stem cell charac-
teristics to evaluate the toxicity of different types 
of nanoparticles on the germline. The authors 
used three parameters widely used in toxicologi-
cal studies, such as the ability of mitochondria to 
reduce MTS, the integrity of the plasma mem-
brane, and the activation of apoptotic pathways. 
The results indicate that the C18–4 cells pro-
vide a suitable test system for cytotoxicity in the 
germline. In male rats subcutaneously injected 
with 0.6 mg cadmium chloride/kg body weight, 
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histological examination of the testes revealed an 
accumulation of cadmium only in spermatogonia 
and spermatocytes, but not in somatic cells [ 108 ]. 
Subsequently, a decrease in the number of sper-
matogonia in relation to the time of exposure was 
observed, followed by a decrease in the number 
of spermatocytes and, ultimately, sperm cells. 
In the spermatogonial stem cell line studied in 
[ 21 ] exposure of the cells to cadmium chloride 
induced a signifi cant decrease in their metabolic 
activity. Because oxidative stress and lipid perox-
idation have been reported after exposure to both 
cadmium chloride and cadmium oxide, the higher 
toxicity of cadmium oxide might be related to the 
size of the particles entering into contact with the 
plasma membrane. Furthermore, the sensitivity 
of the C18–4 cells to cadmium oxide is compa-
rable to the sensitivity of the BRL 3A liver cells 
and the membrane integrity of the C18–4 cells 
is less affected. Because the C18–4 cells showed 
an increased sensitivity to the particulate form of 
cadmium rather than the soluble form, in [ 21 ] the 
authors next studied the effects of others metal 
nanoparticles on these germline stem cells. Silver 
nanoparticles (15 nm) reduced mitochondrial 
function drastically and increased membrane 
leakage. Although molybdenum in soluble form 
is considered to be a mildly toxic substance, it 
did not signifi cantly affect the metabolic activ-
ity or the membrane integrity of the C18–4 cells. 
Molybdenum as a nanoparticulate did not affect 
metabolic activity either, at least up to a concen-
tration of 40 μg/ml (EC50 = 90 μg/ml). At higher 
concentrations (over 50 μg/ml), the molybdenum 
nanoparticles become signifi cantly toxic. The 
same pattern of toxicity is shown for aluminum 
nanoparticles; however, the morphology of the 
cells did not change, indicating that at these con-
centrations apoptosis still occurs. In conclusion, 
it was demonstrated that the C18–4 germline 
stem cells are a valuable tool with which to study 
in vitro toxicity in the germline. The sensitivity 
of these cells to Ag  nanoparticles is greater than 
that of BRL 3A liver cells, which are widely used 
in toxicity studies. However, in the case of cad-
mium and the other nanoparticles tested, the sen-
sitivities of the two cell lines are comparable. The 
molecular  mechanisms of nanoparticles toxicity 

are still poorly understood, and the availability of 
a cell line with which to gain an understanding of 
these processes in the germline is of paramount 
importance.  

12.6     Transgenerational Effects 
of Nanomaterials in Edible 
Plants 

 Plants are a basic component of the terrestrial 
ecosystem and the chief ring that links the food 
chain. By absorbing NPs, the plants other than 
running the risk to be damaged, can accumulate 
pollutants and generate polluted descendents 
becoming vehicle to introduce toxic material in 
unpolluted environments and in its living com-
ponents [ 109 ]. Despite the absorption and the 
phytoxicity of NPs have been investigated in 
some edible plants [ 109 ], no report are available 
on the risk to pollute the food chain. Future 
experiments should give more attention to the 
vulnerability of the plants reproductive systems 
and in particular to the transgenerational effects 
of nanomaterials, a little known matter to date. 
Recent studies [ 23 ] investigated whether the 
treatment of tomato plants with relatively low 
concentrations of CeO 2 -NPs (10 mg L −1 ) during 
stages of their life cycle would affect the seed 
quality either at the fi rst and the second genera-
tions. The results indicated that seedlings of the 
second generation from parent plants treated 
with CeO 2 -NPs were generally smaller, weaker 
and producing smaller biomass with higher con-
centration of reactive oxygen species. At the 
same time, they developed more extensive root 
hairs as compared with the controls, and accu-
mulated a higher amount of ceria than the fi rst 
generation. These observations are useful for 
further studies on the transgenerational effects 
of NPs.  

    Conclusion 

 As yet, developmental toxicity of engineered 
nanoparticles and transgenerational effects of 
nanomaterials in animals and humans have 
been little studied and information is not 
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exhaustive concerning the effect of nanomate-
rials on the overall reproductive outcome [ 14 , 
 16 ,  17 ,  21 ,  24 ,  25 ,  53 ,  67 ,  68 ]. To obtain this 
information, long-term studies would be 
required using humans and/or animal models 
phylogenetically close to humans and environ-
mental and occupational exposure conditions.     

   References 

           1.    Salata O (2004) Applications of nanoparticles in 
biology and medicine. J Nanobiotechnol 2:3  

    2.    Oberdorster G, Maynard A, Donaldson K, 
Castranova V, Fitzpatrick J, Ausman K, Cartet J, 
Karn B, Kreyling W, Lai D, Olin S, Monteiro- 
Riviere N, Warheit D, Yang H (2005) Principles for 
characterizing the potential human health effects 
from exposure: elements of screening strategy. Part 
Fibre Toxicol 6:2–8  

    3.    Hoet PHM, Brüske-Hohlfeld I, Salata OV (2004) 
Nanoparticles: known and unknown health risks. 
J Nanobiotechnol 8:1–12  

    4.    Borm PJA, Robbins D, Haubold S, Kuhlbusch T, 
Fissan H, Donaldson K, Schins V, Stone W, Kreyling 
J, Lademann R, Krutmann J, Warheit D, Oberdorster E 
(2006) The potential risks for nanomaterials: a review 
carried out for ECETOC. Part Fibre Toxicol 14:3–11  

    5.    Wang K, Xu JJ, Chen HY (2005) A novel glucose 
biosensor based on the nanoscaled cobalt 
phthalocyanine- glucose oxidase biocomposite. 
Biosens Bioelectron 20:1388–1396  

    6.    Yang MH, Jiang JH, Yang YH, Chen XH, Shen GL, 
Yu RQ (2006) Carbon nanotube/cobalt hexacyanofer-
rate nanoparticle biopolymer system for the fabrication 
of biosensors. Biosens Bioelectron 21:1791–1797  

    7.    Tran CL, Buchanan D, Cullen RT, Searl A, Jones 
AD, Donaldson K (2000) Inhalation of poorly solu-
ble particles. II. Infl uence of particle surface area on 
infl ammation and clearance. Inhal Toxicol 
12:1113–1126  

      8.    Oberdorster G, Oberdorster E, Oberdorster J (2005) 
Nanotoxicology: an emerging discipline evolving 
from studies of ultrafi ne particles. Environ Health 
Perspect 113:823–839  

      9.    Poma A, Di Giorgio ML (2008) Toxicogenomics to 
improve comprehension of the mechanisms underly-
ing responses of in vitro and in vivo systems to nano-
materials. A review. Curr Genomics 9:571–585  

    10.    Mishra SR, Dubenko I, Losby J, Marasinghe K, Ali 
M, Ali N (2005) Magnetic properties of magneti-
cally soft nanocomposite Co-SiO 2  prepared via 
mechanical milling. J Nanosci Nanotechnol 5:
2082–2087  

    11.    Oberdorster G, Sharp Z, Atudorei V, Elder A, Gelein 
R, Lunts A, Kreyling W, Cox C (2002) Extrapulmonary 

translocation of ultrafi ne carbon particles following 
whole-body inhalation exposure of rats. J Toxicol 
Environ Health A 65(20):1531–1543  

    12.    Champion JA, Mitragotri S (2006) Role of target 
geometry in phagocytosis. Proc Natl Acad Sci U S A 
103:4930–4934  

    13.    Porter AE, Gass M, Muller K, Snepper JN, Midgley 
P, Wellandi M (2007) Direct imaging of single- 
walled carbon nanotubes in cells. Nat Nanotechnol 
2(11):713–717. doi:  10.1038/nnano.2007.347      

     14.    Taylor U, Barchanski A, Kues W, Barcikowski S, 
Rath D (2012) Impact of metal nanoparticles on 
germ cell viability and functionality. Reprod Domest 
Anim 47(Suppl 4):359–368  

      15.    Cheng J, Cheng SH (2012) Infl uence of carbon 
nanotube length on toxicity to zebrafi sh embryos. Int 
J Nanomedicine 7:3731–3739  

        16.    Kyjovska ZO, Boisen AM, Jackson P, Wallin H, 
Vogel U, Hougaard KS (2013) Daily sperm produc-
tion: application in studies of prenatal exposure to 
nanoparticles in mice. Reprod Toxicol 36:
88–89  

        17.    Talebi AR, Khorsandi L, Moridian M (2013) The 
effect of zinc oxide nanoparticles on mouse sper-
matogenesis. J Assist Reprod Genet. doi:  10.1007/
s10815-013-0078-y      

         18.    Di Guglielmo C, López DR, De Lapuente J, Mallafre 
JM, Suàrez MB (2010) Embryotoxicity of cobalt fer-
rite and gold nanoparticles: a fi rst in vitro approach. 
Reprod Toxicol 30:271–276  

     19.    Taylor U, Klein S, Petersen S, Kues W, Barcikowski 
S, Rath D (2010) Nonendosomal cellular uptake of 
ligand-free, positively charged gold nanoparticles. 
Cytometry A 77:439–446  

     20.    Singh N, Manshian B, Jenkins GJS, Griffi ths SM, 
Williams PM, Maffeis TGG, Wright CJ, Doak SH 
(2009) NanoGenotoxicology: the DNA damaging 
potential of engineered nanomaterials. Biomaterials 
30:3891–3914  

         21.    Braydich-Stolle L, Hussain S, Schlager JJ, Hofmann 
MC (2005) In vitro cytotoxicity of nanoparticles in 
mammalian germline stem cells. Toxicol Sci 
88(2):412–419. doi:  10.1093/toxsci/kfi 256      

      22.   Massarsky A, Dupuis L, Taylor J, Eisa-Beygi S, 
Strek L, Vance L. Trudeau, Thomas W (2013) Moon 
assessment of nanosilver toxicity during zebrafi sh 
(Danio rerio) development. Chemosphere.   http://
dx.doi.org/10.1016/j.chemosphere.2013.02.060      

     23.    Wang Q, Ebbs SD, Chen Y, Ma X (2013) Trans- 
generational impact of cerium oxide nanoparticles 
on tomato plants. Metallomics 5:753–759  

     24.    Bai Y, Zhang Y, Zhang J, Mu Q, Zhang W, Butch 
ER, Snyder SE, Yan B (2010) Repeated administra-
tions of carbon nanotubes in male mice cause revers-
ible testis damage without affecting fertility. Nat 
Nanotechnol 5:683–689  

      25.    Yoshida S, Hiyoshi K, Ichinose T, Takano H, Oshio 
S, Sugawara I, Takeda K, Shibamoto T (2009) Effect 
of nanoparticles on the male reproductive system of 
mice. Int J Androl 32:337–342  

A. Poma et al.

http://dx.doi.org/10.1038/nnano.2007.347
http://dx.doi.org/10.1007/s10815-013-0078-y
http://dx.doi.org/10.1007/s10815-013-0078-y
http://dx.doi.org/10.1093/toxsci/kfi256
http://dx.doi.org/10.1016/j.chemosphere.2013.02.060
http://dx.doi.org/10.1016/j.chemosphere.2013.02.060


251

     26.    Takeda K, Suzuki K-I, Ishihara A, Kubo-Irie M, 
Fujimoto R, Tabata M, Oshio S, Nihei Y, Ihara T, 
Sugamata M (2009) Nanoparticles transferred from 
pregnant mice to their offspring can damage the 
genital and cranial nerve systems. J Health Sci 
55:95–102  

    27.    Yoshida S, Hiyoshi K, Oshio S, Takano H, Takeda K, 
Ichinose T (2010) Effects of fetal exposure to carbon 
nanoparticles on reproductive function in male off-
spring. Fertil Steril 93:1695–1699  

    28.    Hemmingsen JG, Hougaard KS, Talsness C, 
Wellejus A, Loft S, Wallin H, Møller P (2009) 
Prenatal exposure to diesel exhaust particles and 
effect on the male reproductive system in mice. 
Toxicology 264:61–68  

   29.    Ono N, Oshio S, Niwata Y, Yoshida S, Tsukue N, 
Sugawara I, Takano H, Takeda K (2007) Prenatal 
exposure to diesel exhaust impairs mouse spermato-
genesis. Inhal Toxicol 19:275–281  

    30.    Watanabe N (2005) Decreased number of sperms 
and Sertoli cells in mature rats exposed to diesel 
exhaust as fetuses. Toxicol Lett 155:51–58  

    31.    Ritz C, Ruminski W, Hougaard KS, Wallin H, Vogel 
U, Yauk CL (2011) Germline mutation rates in mice 
following in utero exposure to diesel exhaust parti-
cles by maternal inhalation. Mutat Res 712:55–58  

    32.    Swierstra EE (1968) A comparison of spermatozoa 
production and spermatozoa output of Yorkshire and 
Lacombe boars. J Reprod Fertil 17:459–469  

    33.    Hougaard KS, Fadeel B, Gulumian M, Kagan VE, 
Savolainen K (2011) Developmental toxicity of 
engineered nanoparticles. In: Gupta RC (ed) 
Reproductive and developmental toxicology. 
Academic, Amsterdam, pp 269–290  

    34.    Menezes V, Malek A, Keelan JA (2011) 
Nanoparticulate drug delivery in pregnancy: placen-
tal passage and fetal exposure. Curr Pharm 
Biotechnol 12:731–742  

    35.    Hougaard KS, Jensen KA, Nordly P, Taxvig C, 
Vogel U, Saber AT, Wallin H (2008) Effects of pre-
natal exposure to diesel exhaust particles on postna-
tal development, behavior, genotoxicity, and 
infl ammation in mice. Part Fibre Toxicol 5:3  

     36.    Hougaard KS, Jackson P, Jensen KA, Sloth JJ, 
Loschner K, Larsen EH, Birkedal RK, Vibenholt A, 
Boisen AM, Wallin H, Vogel U (2010) Effects of 
prenatal exposure to surface-coated nanosized tita-
nium dioxide (UV-Titan). A study in mice. Part Fibre 
Toxicol 7:16  

    37.    Izawa H, Kohara M, Watanabe G, Taya K, Sagai M 
(2007) Effects of diesel exhaust particles on the male 
reproductive system in strains of mice with different 
aryl hydrocarbon receptor responsiveness. J Reprod 
Dev 53:1191–1197  

    38.    Yoshida S, Yoshida M, Sugawara I, Takeda K (2006) 
Mice strain differences in effects of fetal exposure to 
diesel exhaust gas on male gonadal differentiation. 
Environ Sci 13(2):117–123  

    39.    Sadauskas E, Jacobsen NR, Danscher G, Stoltenberg 
M, Vogel U, Larsen A, Kreyling W, Wallin H (2009) 

Biodistribution of gold nanoparticles in mouse lung 
following intratracheal instillation. Chem Cent J 3:16  

    40.    Hakonsen LB, Spano M, Bonde JP, Olsen J, 
Thulstrup AM, Ernst E, Ramlau-Hansen CH (2013) 
Exposures that may affect sperm DNA integrity: two 
decades of follow-up in a pregnancy cohort. Reprod 
Toxicol 33(3):316–321  

    41.    Rajender S, Avery K, Agarwal A (2011) Epigenetics, 
spermatogenesis and male infertility. Mutat Res 
727(3):62–71  

    42.    Boisen AM, Shipley T, Jackson P, Hougaard KS, 
Wallin H, Yauk CL, Vogel U (2012) Nano TIO 2  
(UV-Titan) does not induce ESTR mutations in the 
germline of prenatally exposed female mice. Part 
Fibre Toxicol 9(1):19  

    43.    Yu T, Malugin A, Ghandehari H (2011) Impact of 
silica nanoparticle design on cellular toxicity and 
hemolytic activity. ACS Nano 5:5717–5728  

     44.    Yamashita K, Yoshioka Y, Higashisaka K, Mimura 
K, Morishita Y, Nozaki M, Yoshida T, Ogura T, 
Nabeshi H, Nagano K, Abe Y, Kamada H, Monobe 
Y, Imazawa T, Aoshima H, Shishido K, Kawai Y, 
Mayumi T, Tsunoda S, Itoh N, Yoshikawa T, 
Yanagihara I, Saito S, Tsutsumi Y (2011) Silica and 
titanium dioxide nanoparticles cause pregnancy 
complications in mice. Nat Nanotechnol 6:321–328  

     45.    Morishita Y, Yoshioka Y, Satoh H, Nojiri N, Nagano 
K, Abe Y, Kamada H, Tsunoda S, Nabeshi H, 
Yoshikawa T, Tsutsumi Y (2012) Distribution and 
histologic effects of intravenously administered 
amorphous nanosilica particles in the testes of mice. 
Biochem Biophys Res Commun 420:297–301  

    46.    Kim JS, Yoon TJ, Yu KN, Kim BG, Park SJ, Kim 
HW, Lee KH, Park SB, Lee JK, Cho MH (2006) 
Toxicity and tissue distribution of magnetic nanopar-
ticles in mice. Toxicol Sci 89:338–347  

    47.    De Jong WH, Hagens WI, Krystek P, Burger MC, 
Sips AJ, Geertsma RE (2008) Particle size- dependent 
organ distribution of gold nanoparticles after intra-
venous administration. Biomaterials 29:1912–1919  

    48.    Aitken RJ, De Iuliis GN, McLachlan RI (2009) 
Biologic and clinical signifi cance of DNA damage in 
the male germ line. Int J Androl 32:46–56  

    49.    Anway MD, Cupp AS, Uzumcu M, Skinner MK 
(2005) Epigenetic transgenerational actions of endo-
crine disruptors and male fertility. Science 308:
1466–1469  

    50.    Carone BR, Fauquier L, Habib N, Shea JM, Hart CE, 
Li R, Bock C, Li C, Gu H, Zamore PD, Meissner A, 
Weng Z, Hofmann HA, Friedman N, Rando OJ 
(2010) Paternally induced transgenerational envi-
ronmental reprogramming of metabolic gene expres-
sion in mammals. Cell 143:1084–1096  

    51.    Boekelheide K, Fleming SL, Johnson KJ, Patel SR, 
Schoenfeld HA (2000) Role of Sertoli cells in injury- 
associated testicular germ cell apoptosis. Exp Biol 
Med 225(2):105–115  

     52.    Braydich-Stolle LK, Lucas B, Schrand A, Murdock 
RC, Lee T, Schlager JJ, Hussain SM, Hofmann MC 
(2010) Silver nanoparticles disrupt GDNF/Fyn 

12 Transgenerational Effects of NMs



252

kinase signaling in spermatogonial stem cells. 
Toxicol Sci 116(2):577–589  

     53.    Braydich-Stolle L, Hussain S, Schlager JJ, Hofmann 
MC (2005) In vitro cytotoxicity of nanoparticles in 
mammalian germline stem cells. Toxicol Sci 
88(2):412–419  

    54.    Lan Z, Yang WX (2012) Nanoparticles and sper-
matogenesis: how do nanoparticles affect spermato-
genesis and penetrate the blood–testis barrier. 
Nanomedicine 7(4):579–596  

    55.    Shi L, Xun W, Yue W, Zhang C, Ren Y, Shi L, Wang 
Q, Yang R, Lei F (2011) Effect of sodium selenite, 
Se-yeast and nano-elemental selenium on growth 
performance, Se concentration and antioxidant sta-
tus in growing male goats. Small Ruminant Res 
96(1):49–52  

    56.    Shi L, Yang R, Yue W, Xun WJ, Zhang CX, Ren YS, 
Shi L, Lei FL (2010) Effect of elemental nano- 
selenium quality, glutathione peroxidase activity, 
and testis ultrastructure in male Boer goats. Anim 
Reprod Sci 118(2,4):248–254  

    57.    Sharma V, Singh P, Pandey AK, Dhawan A (2012) 
Induction of oxidative stress, DNA damage and 
apoptosis in mouse liver after sub-acute oral expo-
sure to zinc oxide nanoparticles. Mutat Res 
745(1–2):84–91  

    58.    Wang L, Ding W, Zhang F (2010) Acute toxicity of 
ferric oxide and zinc oxide nanoparticles in rats. J 
Nanosci Nanotechnol 10(12):8617–8624  

    59.    Gromadzka-Ostrowskaa J, Dziendzikowskaa K, 
Lankoffb A, Dobrzyńska M, Instanes C, Brunborg G, 
Gajowik A, Radzikowska J, Wojewódzka M, 
Kruszewski M (2012) Silver nanoparticles effects on 
epididymal spermin rats. Toxicol Lett 214(3):251–258  

    60.    Komatsu T, Tabata M, Kubo-Irie M, Shimizu T, 
Suzuki K, Nihei Y, Takeda K (2008) The effects of 
nanoparticles on mouse testis Leydig cells in vitro. 
Toxicol In Vitro 22(8):1825–1831  

    61.    Yu KN, Yoon TJ, Minai-Tehrani A, Kim JE, Park SJ, 
Jeong MS, Ha SW, Lee JK, Kim JS, Cho MH (2013) 
Zinc oxide nanoparticle induced autophagic cell death 
and mitochondrial damage via reactive oxygen spe-
cies generation. Toxicol In Vitro 27(4):1187–1195  

    62.    Wick P, Malek A, Manser P, Meili D, Maeder- 
Althaus X, Diener L, Diener PA, Zisch A, Krug HF, 
von Mandach U (2010) Barrier capacity of human 
placenta for nanosized materials. Environ Health 
Perspect 118:432–436  

    63.    Myllynen PK, Loughran MJ, Howard CV, Sormunen 
R, Walsh AA, Vahakangas KH (2008) Kinetics of 
gold nanoparticles in the human placenta. Reprod 
Toxicol 26:130–137  

    64.    Semmler-Behnke M, Fertsch S, Schmid G, Wenk A, 
Kreyling W (2007) Uptake of 1.4 nm versus 18 nm gold 
nanoparticles by secondary target organs is size depen-
dent in and pregnant rats after intertracheal or intrave-
nous application. EuroNanoForum 2007:102–104  

    65.    Sadauskas E, Wallin H, Stoltenberg M, Vogel U, 
Doering P, Larsen A, Danscher G (2007) Kupffer 

cells are central in the removal of nanoparticles from 
the organism. Part Fibre Toxicol 4:10  

    66.    Chu M, Wu Q, Yang H, Yuan R, Hou S, Yang Y, Zou 
Y, Xu S, Xu K, Ji A, Sheng L (2010) Transfer of 
quantum dots from pregnant mice to pups across the 
placental barrier. Small 6:670–678  

     67.      Taylor U, Petersen S, Barchanski A, Mittag A, 
Barcikowski S, Rath D (2010) Infl uence of gold 
nanoparticles on vitality parameters of bovine sper-
matozoa. Reprod Domest Anim 45:60  

      68.    Zakhidov ST, Marshak TL, Malolina EA, Kulibin 
AY, Zelenina IA, Pavluchenkova SM, Rudoy VM, 
Dement’eva OV, Skuridin SG, Evdokimov YM 
(2010) Gold nanoparticles disturb nuclear chromatin 
decondensation in mouse sperm in vitro. Biol 
Membr 4:349–353  

    69.    Makhluf SBD, Qasem R, Rubinstein S, Gedanken A, 
Breitbart H (2006) Loading magnetic nanoparticles 
into sperm cells does not affect their functionality. 
Langmuir 22:9480–9482  

     70.    Gopalan R, Osman I, de Matas M, Anderson D 
(2009) The effect of zinc oxide and titanium dioxide 
nanoparticles in the comet assay with UVA photoac-
tivation of human sperm and lymphocytes. Environ 
Mol Mutagen 50:541–541  

    71.    Hou J, Wan XY, Wang F, Xu GF, Liu Z (2009) 
Effects of titanium dioxide nanoparticles on devel-
opment and maturation of rat preantral follicle in 
vitro. Acad J Second Mil Med Univ 29:869–873  

    72.    Hsieh MS, Shiao NH, Chan WH (2009) Cytotoxic 
effects of CdSe quantum dots on maturation of 
mouse oocytes, fertilization, and fetal development. 
Int J Mol Sci 10:2122–2135  

    73.    Bar-Ilan O, Albrecht RM, Fako VE, Furgeson DY 
(2009) Toxicity assessments of multisized gold and 
silver nanoparticles in zebrafi sh embryos. Small 
5:1897–1910  

    74.    Browning LM, Lee KJ, Huang T, Nallathamby PD, 
Lowman JE, Xu XHN (2009) Random walk of sin-
gle gold nanoparticles in zebrafi sh embryos leading 
to stochastic toxic effects on embryonic develop-
ments. Nanoscale 1:138–152  

    75.    Laban G, Nies LF, Turco RF, Bickham JW, 
Sepulveda MS (2010) The effects of silver nanopar-
ticles on fathead minnow (Pimephales promelas) 
embryos. Ecotoxicology 19:185–195  

   76.    Lee KJ, Nallathamby PD, Browning LM, Osgood 
CJ, Xu XH (2007) In vivo imaging of transport and 
biocompatibility of single silver nanoparticles in 
early development of zebrafi sh embryos. ACS Nano 
1:133–143  

   77.    Ringwood AH, McCarthy M, Bates TC, Carroll DL 
(2010) The effects of silver nanoparticles on oyster 
embryos. Mar Environ Res 69(Suppl):S49–S51  

   78.    Wu Y, Zhou Q, Li H, Liu W, Wang T, Jiang G (2010) 
Effects of silver nanoparticles on the development 
and histopathology biomarkers of Japanese medaka 
(Oryzias latipes) using the partial-life test. Aquat 
Toxicol 100:160–167  

A. Poma et al.



253

    79.    Yeo MK, Yoon JW (2009) Comparison of the effects 
of nano-silver antibacterial coatings and silver ions 
on Zebrafi sh embryogenesis. Mol Cell Toxicol 
5:23–31  

    80.    Ispas C, Andreescu D, Patel A, Goia DV, Andreescu 
S, Wallace KN (2009) Toxicity and developmental 
defects of different sizes and shape nickel nanoparti-
cles in Zebrafi sh. Environ Sci Technol 43:6349–6356  

    81.    Bai W, Zhang ZY, Tian WJ, He X, Ma YH, Zhao YL, 
Chai ZF (2010) Toxicity of zinc oxide nanoparticles 
to zebrafi sh embryo: a physicochemical study of tox-
icity mechanism. J Nanopart Res 5:1645–1654  

    82.    Yeo MK, Kang M (2009) Effects of Cu (x) TiO (y) 
nanometer particles on biological toxicity during 
zebrafi sh embryogenesis. Korean J Chem Eng 
3:711–718  

    83.    Zhu XS, Zhu L, Duan ZH, Qi RQ, Li Y, Lang YP 
(2008) Comparative toxicity of several metal oxide 
nanoparticle aqueous suspensions to Zebrafi sh 
(Danio rerio) early developmental stage. J Environ 
Sci Health A Tox Hazard Subst Environ Eng 
43:278–284  

    84.    Musee N, Oberholster PJ, Sikhwivhilu L, Botha AM 
(2010) The effects of engineered nanoparticles on 
survival, reproduction, and behaviour of freshwater 
snail, Physa acuta (Draparnaud, 1805). Chemosphere 
81:1196–1203  

    85.    Bai W, Tian W, Zhang Z, He X, Ma Y, Liu N, Chai Z 
(2010) Effects of copper nanoparticles on the devel-
opment of zebrafi sh embryos. J Nanosci Nanotechnol 
10:8670–8676  

    86.      Zielinska AK, Sawosz E, Grodzik M, Chwalibog A, 
Kamaszewski M (2009) Infl uence of nanoparticles of 
gold on chicken embryos’ development. Ann Warsaw 
Univ Life Sci SGGW Anim Sci 46:249–253  

    87.    Grodzik M, Sawosz E (2006) The infl uence of silver 
nanoparticles on chicken embryo development and 
bursa of Fabricius morphology. J Anim Feed Sci 
15:111–114  

    88.    Sikorska J, Szmidt M, Sawosz E, Niemiec T, Grodzik 
M, Chwalibog A (2010) Can silver nanoparticles 
affect the mineral content, structure and mechanical 
properties of chicken embryo bones? J Anim Feed 
Sci 2:286–291  

    89.   Studnicka A, Sawosz E, Grodzik M, Chwalibog A, 
Balcerak M (2009) Infl uence of nanoparticles of sil-
ver/palladium alloy on chicken embryos’ develop-
ment. Ann Warsaw Univ Life Sci SGGW Anim Sci 
46:237–242  

    90.    Sawosz E, Grodzik M, Zielinska M, Niemiec T, 
Olszanka B, Chwalibog A (2009) Nanoparticles of 
silver do not affect growth, development and DNA 
oxidative damage in chicken embryos. Arch 
Gefl ugelkd 73:208–213  

    91.    Takahashi Y, Mizuo K, Shinkai Y, Oshio S, Takeda 
K (2010) Prenatal exposure to titanium dioxide 
nanoparticles increases dopamine levels in the pre-
frontal cortex and neostriatum of mice. J Toxicol Sci 
35:749–756  

    92.    Shimizu M, Tainaka H, Oba T, Mizuo K, Umezawa 
M, Takeda K (2009) Maternal exposure to nanopar-
ticulate titanium dioxide during the prenatal period 
alters gene expression related to brain development 
in the mouse. Part Fibre Toxicol 6:20  

    93.    Gao X, Yin S, Tang M, Chen J, Yang Z, Zhang W, 
Chen L, Yang B, Li Z, Zha Y, Ruan D, Wang M 
(2011) Effects of developmental exposure to TiO 2  
nanoparticles on synaptic plasticity in hippocampal 
dentate gyrus area: an in vivo study in anesthetized 
rats. Biol Trace Elem Res 143:1616–1628  

    94.    Fedulov AV, Leme A, Yang Z, Dahl M, Lim R, 
Mariani TJ, Kobzik L (2008) Pulmonary exposure to 
particles during pregnancy causes increased neona-
tal asthma susceptibility. Am J Respir Cell Mol Biol 
38:57–67  

    95.    Li PW, Kuo TH, Chang JH, Yeh JM, Chan WH 
(2010) Induction of cytotoxicity and apoptosis in 
mouse blastocysts by silver nanoparticles. Toxicol 
Lett 197:82–87  

    96.    Bhabra G, Sood A, Fisher B, Cartwright L, Saunders 
M, Evans WH, Surprenant A, Lopez-Castejon G, 
Mann S, Davis SA, Hails LA, Ingham E, Verkade P, 
Lane J, Heesom K, Newson R, Case CP (2009) 
Nanoparticles can cause DNA damage across a cel-
lular barrier. Nat Nanotechnol 4:876–883  

    97.    Genschow E, Spielmann H, Scholz G, Pohl I, Seiler 
A, Seiler A, Clemann N, Bremer S, Becker K (2004) 
Validation of the embryonic stem cell test in the 
international ECVAM validation study on three in 
vitro embryotoxicity tests. Altern Lab Anim 
32:209–244  

     98.    Cheng JP, Chan CM, Veca LM, Poon WL, Chan PK, 
Qu L, Sun YP, Cheng SH (2009) Acute and long- 
term effects after single loading of functionalized 
multi-walled carbon nanotubes into zebrafi sh (Danio 
rerio). Toxicol Appl Pharmacol 235:216–225  

    99.    Kostarelos K (2008) The long and short of carbon 
nanotube toxicity. Nat Biotechnol 26:774–776  

    100.    Benn TM, Westerhoff P (2008) Nanoparticle silver 
released into water from commercially available 
sock fabrics. Environ Sci Technol 42:4133–4139  

    101.    Kashiwada S, Ariza ME, Kawaguchi T, Nakagame 
Y, Jayasinghe BS, Gartner K, Nakamura H, Kagami 
Y, Sabo-Attwood T, Ferguson PL, Chandler GT 
(2012) Silver nanocolloids disrupt medaka embryo-
genesis through vital gen expressions. Environ Sci 
Technol 46:6278–6287  

    102.   Bar-Ilan O, Albrecht R, Fako V, Furgeson D (2009) 
Toxicity assessments of multisized gold and silver 
nanoparticles in zebrafi sh embryos. Small 17:
897–910  

    103.    AshaRani PV, Lianwu Y, Gong Z, Valiyaveettil S 
(2011) Comparison of the toxicity of silver, gold, 
and platinum nanoparticles in developing zebrafi sh 
embryo. Nanotoxicology 5:43–54  

     104.    Navarro E, Baun A, Behra R, Hartmann NB, Filser J, 
Miao AJ, Quigg A, Santschi PH, Sigg L (2008) 
Environmental behavior and ecotoxicity of engineered 

12 Transgenerational Effects of NMs



254

nanoparticles to algae, plants, and fungi. Ecotoxicology 
17:372–386  

     105.    Yin L, Cheng Y, Espinasse B, Colman BP, Auffan M, 
Wiesner M, Rose J, Liu J, Bernhardt ES (2011) 
More than the ions: the effects of silver nanoparticles 
on Lolium multifl orum. Environ Sci Technol 45:
2360–2367  

    106.    Carlsen E, Giwercman A, Keiding N, Skakkebaek 
NE (1992) Evidence for decreasing quality of semen 
during past 50 years. BMJ 305:609–613  

    107.    Yu X, Sidhu JS, Hong S, Faustman EM (2005) 
Essential role of extracellular matrix (ECM) over-
lay in establishing the functional integrity of 

 primary neonatal rat Sertoli cell/gonocyte co-cul-
tures: an improved in vitro model for assessment 
of male reproductive toxicity. Toxicol Sci 84:
378–393  

    108.    Aoyagi T, Ishikawa H, Miyaji K, Hayakawa K, Hata 
M (2002) Cadmium-induced testicular damage in a 
rat model of subchronic intoxication. Reprod Med 
Biol 1:59–63  

     109.    Rico CM, Majumdar S, Duarte-Gardea M, Peralta- 
Videa R, Gardea-Torresdey JL (2011) Interaction of 
nanoparticles with edible plants and their possible 
implications in the food chain. J Agric Food Chem 
59(8):3485–3498      

A. Poma et al.



255D.G. Capco, Y. Chen (eds.), Nanomaterial, Advances in Experimental Medicine and Biology 811, 
DOI 10.1007/978-94-017-8739-0_13, © Springer Science+Business Media Dordrecht 2014

    Abstract 

   Because of their ability to self-renew and dif-
ferentiate into many cell types, stem cells 
offer the potential to be used for tissue regen-
eration and engineering. Much progress has 
recently been made in our understanding of 
the biology of stem cells and our ability to 
manipulate their proliferation and differentia-
tion to obtain functional tissues. Similarly, 
nanomaterials have been recently developed 
that will accelerate discovery of mechanisms 
driving stem cell fate and their utilization in 
medicine. Nanoparticles have been developed 
that allow the labeling and tracking of stem 
cells and their differentiated phenotype within 
an organism. Nanosurfaces are engineered 
that mimic the extracellular matrix to which 
stem cells adhere and migrate. Scaffolds made 
of functionalized nanofi bers can now be used 
to grow stem cells and regenerate damaged 
tissues and organs. However, the small scale 
of nanomaterials induces changes in their 
chemical and physical properties that might 
modify their interactions with cells and tis-
sues, and render them toxic to stem cells. 
Therefore a thorough understanding of stem 
cell-nanomaterial interactions is still neces-
sary not only to accelerate the success of 
 medical treatments but also to ensure the 
safety of the tools provided by these novel 
technologies.  
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13.1         Introduction 

    Nanotechnology involves the fabrication and use 
of materials and devices on an atomic and molec-
ular scale, with at least one dimension measuring 
from 1 to 100 nm [ 1 ]. Materials and tools created 
using nanotechnologies have at least two advan-
tages. First, their minuscule sizes make them of 
interest in bioengineering and medicine, for 
example to build scaffolds for tissue engineering 
and to carry drugs that target specifi c cells and 
tissues [ 2 – 5 ]. Second, the fact that certain physi-
cal and chemical properties change as the size of 
the system decreases renders nanomaterials par-
ticularly useful in mechanical, chemical and elec-
trical engineering, and ultimately life sciences 
[ 6 ]. Indeed nanotubes, nanowires, fullerene 
derivatives (buckyballs), and quantum dots are 
now used for the manufacturing of novel analyti-
cal tools for biotechnology [ 7 – 12 ]. Because of 
their novel properties, nanoscale materials can 
also be exploited to modulate cell proliferation or 
differentiation by infl uencing their attachment or 

manipulating their environment [ 13 – 16 ]. This 
feature is particularly applicable for the modula-
tion of stem cell fate in regeneration studies. 

 Stem cells are undifferentiated cells that have 
the dual ability to self-renew to maintain their 
own pool, or to differentiate into functional 
mature cells. During early mammalian embryo-
genesis, the inner cell mass (ICM) of the blasto-
cyst is made of pluripotent cells, or embryonic 
stem cells (ES cells) that are able to proliferate 
and differentiate into all cell lineages that will 
eventually generate the fetal organs [ 17 ]. As 
these pluripotent stem cells continue to divide, 
they start to specialize and become multipotent 
stem cells. Multipotent stem cells are found in 
the fetus and the adult animal; they are less plas-
tic than ES cells and are able to differentiate only 
into specifi c lineages. For example, mesenchy-
mal stem cells (MSCs) isolated from adult bone 
marrow or cord blood can generate only bone, 
cartilage,  adipocytes, cardiomyocytes, nerve 
cells and supporting cells such as stromal fi bro-
blasts (Fig.  13.1 ) [ 19 ]. Adipose tissue-derived 
stem cells (ADSC) are similar to MSCs and are 
found in the stromal-vascular fraction of fat 
 tissue [ 20 ]. Hematopoietic stem cells, found in 
the bone marrow, produce both the lymphoid and 
myeloid lineages and are responsible for 

Mesenchymal stem cells

Adipocytes

Chondrocytes
(cartilage-forming cells)

Osteoblasts
(bone-forming cells)

Cardiomyocytes

Nerve cells

  Fig. 13.1    Differentiation 
potential of mesenchymal stem 
cells (MSCs). MSC can 
differentiate in many tissues 
including bone, cartilage, 
adipocytes, cardiac cells and 
neurons (Adapted from 
Meregalli et al. [ 18 ])       
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 maintaining blood cell production throughout life 
[ 21 ]. The intestinal crypts contain stem cells that 
self-renew to continuously regenerate the gut epi-
thelium, but can also differentiate into entero-
cytes, enteroendocrine cells, goblet cells and 
Paneth cells with distinct functions [ 22 ,  23 ]. 
Similarly, skin stem cells self-renew and/or dif-
ferentiate to produce keratinocytes, hair follicles, 
sebaceous glands and sweat glands [ 24 ]. While 
multipotent stem cells usually produce several, 
but restricted, cell types, some stem cells are 
unipotent and give rise to only one kind of mature 
cells. For example, spermatogonial stem cells 
(SSCs) of the testis ultimately produce only 
sperm cells [ 25 ]. However, SSCs have the unique 
 property to revert to an ES cell-like state when 
cultured in the appropriate conditions, and might 
become some day a source of adult pluripotent 
stem cells for use in regenerative medicine [ 26 –
 29 ]. Induced pluripotent stem cells or iPS cells, 
are pluripotent stem cells derived from adult 
somatic cells, typically fi broblasts, by forcing the 
expression of pluripotent genes. In mice, these 
genes originally were OCT4, SOX2, c-MYC and 
KLF4 [ 30 – 32 ]. However, about 16 % of chimeric 
mice obtained after blastocyst injection of the iPS 
cells died of tumors within 100 days after birth, 
presumably because of the oncogenic properties 
of c-MYC. Therefore, mouse iPS cells were later 
obtained by omitting c-MYC in the gene trans-
fection cocktail [ 33 ]. In humans, effi cient pro-
duction of iPS cells was demonstrated by forced 
expression of OCT4, NANOG, SOX2 and LIN28 
[ 34 ]. Expression of these genes reprograms the 
cells, which are then able to differentiate into tis-
sue types of the three embryonic germline layers. 
Although progresses still need to be made to 
improve effi ciency and ensure their safety, iPS 
cells will certainly be used in the future for tissue 
engineering purposes. Because stem cells 
 constitute the building blocks for organ 
 development and tissue repair, the past 15 years 
have seen growing interest in their biology and in 
the mechanisms that drive these cells into spe-
cialized differentiation programs. These cells are 
also surprisingly easy to isolate, culture and dif-
ferentiate in vitro and in vivo, therefore the drive 
to translate fi ndings into clinical therapeutics has 

led to an increase of their applications to 
 regenerative medicine. Stem cells hold great 
promises for the treatment of Parkinson disease, 
congenital abnormalities and spinal cord injury, 
as well as liver and skin regeneration. While 
delivering on these expectations still needs exten-
sive work, nanotechnology will without doubt 
help in visualization, fate tracking, and manipu-
lating stem cells and their environment for build-
ing and repairing tissues [ 35 ,  36 ]. However, there 
is great concern about the health consequences of 
using nanomaterials due to their extremely small 
size, their high surface area and increased surface 
reactivity (i.e., redox ability) as compared to 
larger materials. This review will describe how 
the combination of nanotechnology and stem cell 
research will dramatically advance our ability to 
understand and control stem cell fate decisions. 
This technology will lead to novel stem cell-
based  therapeutics for the prevention, diagnosis, 
and treatment of human diseases, provided that 
the toxicity of nanomaterials is properly assessed 
and understood.

13.2        Nanomaterials for Labeling 
and In Vivo Tracking of 
Stem Cells  

 Therapies using stem cell transplantations to regen-
erate tissues are currently being investigated to treat 
a multitude of degenerative disorders such as heart 
failures [ 37 ,  38 ], brain and spinal cord injuries [ 39 , 
 40 ], diseases of the retina [ 41 ], liver failure [ 42 ], 
kidney dysfunction [ 43 ] and lower limb ischemia 
[ 44 ]. After transplantation, stem cells are expected 
to engraft, differentiate into specifi c cells or tissues 
in response to the surrounding microenvironment, 
and restore this tissue's functional properties. 
Despite these advances, the mechanisms underlying 
stem cell proliferation, differentiation, migration 
and integration within the host tissue are still poorly 
understood. This lack of knowledge is mainly due 
to our previous inability to monitor the in vivo 
behavior of stem cells in long-term studies because 
metabolic degradation and reduced photostability 
of cell markers such as DiI (1,1′-dioctadecyl-
3,3,3′3′-tetramethylindocarbocyanine perchlorate) 
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or DiO (3,3-Dioctadecyloxacarbocyanine perchlo-
rate) compromised the quality of the signal over 
time. 

 The past decade focused on discovering and 
improving novel approaches for labeling and 
tracking stem cells for tissue engineering. These 
methods are now increasingly replacing earlier 
methods and mainly utilize nanoparticles. The 
fi rst attempt to label and track cells injected into 
mice made use of superparamagnetic iron oxide 
(SPIO) particles for labeling of cancer cells, as 
well as neural and mesenchymal stem cells 
(Fig.  13.2 ) [ 45 – 48 ]. While the transplanted cells 
could be tracked with magnetic resonance imag-
ing (MRI), poor resolution impaired the analysis 
of the labeled cells at the cellular level. 
Subsequently, various SPIOs and SPIONs (super-
paramagnetic iron oxide nanoparticles) have 
been designed that carry specifi c alterations of 
their physical, biological and chemical properties 
to improve their functionality and MRI tracking 
[ 49 ]. In particular, sensitive, non-toxic SPIONs 
are now designed for future human therapeutic 
purposes. They can be dextran-coated to mini-
mize aggregation [ 45 ,  50 ], or incubated with 
cathionic compounds such as poly- l -Lysine [ 51 , 
 52 ], protamine sulfate [ 53 ] or Lipofectamine [ 54 ] 
to facilitate absorption by non-phagocytic cells. 
While the sensitivity of MRI is lower than that of 
single photon emission tomography (SPECT), 
absence of exposure to ionizing radiation and 
long imaging window offer an obvious advantage 
for human clinical studies. Indeed, the labeled 
stem cells should retain the marker and remain 
viable for months to allow their long-term fol-
low- up, and assessment of tissue function in pre-
clinical and clinical trials.

   Tracking transplanted cells or stem cells in 
vivo to monitor their tissue distribution, viability 
and differentiation is of great importance for tis-
sue engineering and cell therapy. Although label-
ing with SPIONs has become the most common 
procedure for longitudinal tracking of stem cells, 
other nanotracers have been recently developed. 
These include silica and titanium nanoparticles, 
fl uorescent gold nanoclusters, nanodiamonds and 

quantum dots, which all have different degrees of 
toxicity [ 55 – 59 ]. In order to improve biocompat-
ibility, alternative strategies are being developed 
to provide tracers amenable to clinical transla-
tion. For example, nanomaterials with dual para-
magnetic and fl uorescent characteristics were 
recently synthetized. In 2005, Vuu and colleagues 
reported the construction of a dual-modality con-
trast agent, Gadolinium-Rhodamine nanoparti-
cles (Gd-Rd-NPs), which they used to label and 
track a breast cancer cell line after injection into 
the hind limb of mice (Fig.  13.3 ) [ 60 ]. Gadolinium 
allowed detection of the labeled tumor cells by 
whole animal MRI while Rhodamine was used to 
visualize the cells in whole animal optical imag-
ing or in tissue sections. More recently, fl uores-
cent biocompatible nanoparticles were produced 
by polymerization of methyl methacrylate- 
Rhodamine complexes [ 61 ]. These nanoparticles 
were used to label and track human amniotic 
fl uid cells (hAFCs), which are known to contain 
a signifi cant number of stem cells with pluripo-
tent properties [ 62 ]. Labeled hAFCs were 
injected into the lateral brain ventricles of mice 
and could be tracked for at least 14 days. Labeling 
was strong and reliable, indicating that these 
novel nanoparticles, which are highly biocompat-
ible, are a promising tool for cell therapy.

   Cancer stem cells (CSCs) comprise a small 
fraction of cancer cells and are believed by many 
to be at the origin of most tumors [ 63 ]. A number 
of studies suggest that CSCs are also at the origin 
of metastases. Identifying and tracking meta-
static cancer cells is a signifi cant task that can 
also be achieved using fl uorescent-labeled 
nanoparticles. Indeed, effi cacy of treatment can 
be radically improved through earlier detection 
of metastatic foci, which depends on sensitivity 
and specifi city of the analytic tool. Soster and 
colleagues recently developed Rhodamine and/or 
Cy5 fl uorescent silica-poly(ethylene glycol) 
nanoparticles (SPNs) coupled to two metastasis- 
specifi c peptides [ 64 ]. A poly(ethylene glycol) 
(PEG) shell embeds a dye-bound silica core, and 
presents carbonyl groups to enable covalent 
attachment of targeting ligands, such as 
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  Fig. 13.2    Long-term monitoring of SPION-labeled mes-
enchymal stem cells (MSCs). Rat brain striata were 
injected bilaterally with quinolinic acid to induce neuro-
nal death. After 1 h, SPION-labeled MSCs were injected 
into one side at the same location as quinolinic acid, while 
the other side received only saline. Hypointense signals 

( black spots ) indicated the presence of MSCs in all ana-
lyzed periods. Seven days after cell injection, the black 
spots were also observed in the contralateral injured and 
non-transplanted striatum, and persisted for at least 
60 days after lesion (DAL) and MSC injection (From 
Moraes et al. [ 45 ])       
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 antibodies, proteins, or short peptides. These 
nanoparticles were coupled to the peptides 
CGIYRLRS and CGVYSLRS that are specifi c 
for metastatic colon carcinoma. They were intra-
venously injected into SCID mice bearing a 
spleen primary tumor (site of injection of colon 
cancer cells) and hepatic metastases. Whole 

organ imaging and immunohistochemistry 
clearly indicated that the circulating nanoparti-
cles left the tumor capillaries and homed nearby 
the tumor epithelial cells. This method might 
therefore provide a reliable and safe way to detect 
small metastases before surgery. 

 Despite this progress, multi-imaging methods 
are still needed to follow the fate of different cell 
types simultaneously in the host tissue. For 
example, in tissue engineering there is the need 
of imaging stem cells together with endothelial 
cells since vascularization of reconstructed tis-
sues is crucial for stem cell survival, which 
depends on oxygen and nutrient supply. 
Simultaneous labeling of mesenchymal stem 
cells (MSCs) and endothelial cells in 
polysaccharides- based scaffolds was recently 
performed by Di Corato and colleagues 
(Fig.  13.4 ) [ 65 ]. Paramagnetic gadolinium 
nanoparticles were used to label MSCs while 
SPIONs marked endothelial cells. The cells were 
embedded in polysaccharide-based scaffolds that 
were implanted subcutaneously in the fl ank of 
mice. Visualization by high-resolution MRI 
 demonstrated that the two cell types remained 
distinct, with cellular level of resolution within 
the mouse body. Importantly, the authors 

  Fig. 13.3    In vivo optical imaging of mouse hind limb 
after inoculation with unlabeled tumor cells or gadolinium- 
rhodamine nanoparticle-labeled tumor cells. The picture 
shows a female mouse bearing unlabeled tumor (left limb) 
and Gd-Rd-NP-labeled tumor (right limb) imaged 7 days 
post subcutaneous inoculation (1 × 10 6  cells in each limb). 
The fl uorescent signal is localized only to the labeled 
tumor site (From Vuu et al. [ 60 ])       

  Fig. 13.4    Simultaneous imaging of endothelial cells and 
mesenchymal stem cells (MSCs). Two contrast agents, 
iron oxide nanoparticles and gadolinium oxide nanopar-
ticles were used to label endothelial cells and MSCs 
respectively. No impact on cell function, including their 

capacity for differentiation, was detected. The labeled 
cells were seeded together in a polysaccharide-based scaf-
fold and visualized simultaneously by MRI. Labeled 
endothelial cells appeared in black while MSCs appeared 
in white in vitro and in vivo (From Di Corato et al. [ 65 ])       
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 demonstrated that the labeling of the MSCs did 
not alter their ability to differentiate into the 
osteogenic, chondrogenic or adipocytic lineages. 
In summary, our ability to trace stem cells in vivo 
using nanoparticles has remarkably improved 
during the past 10 years. It is evident that manu-
facturing of more specifi c and effi cient nanopar-
ticles for the visualization of these cells was 
concomitant to improvement of high resolution 
imaging techniques. In addition to their reliabil-
ity and effi ciency, nanoparticles with potential 
use in regenerative medicine have become for the 
most part biocompatible.

13.3        Nanomaterials for 
Manipulating Stem Cell 
Commitment 

 Directing the fate of stem cells in vivo is of para-
mount importance for the success of tissue regen-
eration and engineering. Extrinsic cues from the 
natural microenvironment of many stem cell types 
have been recently elucidated and include activa-
tion of the Wnt, Hedgehog and Notch pathways, 
binding of growth factors such as nerve growth 
factor (NGF) or bone morphogenetic protein 
(BMP) to specifi c membrane receptors, and com-
position of the extracellular matrix (ECM) [ 23 , 
 66 – 72 ]. Recently, nanomaterials have been manu-
factured with the intention to successfully mimic 
or even bypass the effect of biological molecules. 
For example, nanofi bers can increase human 
umbilical cord blood stem cell expansion without 
inducing differentiation [ 73 ]. Incorporation of 
growth factors such as basic fi broblast growth fac-
tor (bFGF) during scaffold preparation by electro-
spinning techniques stimulates skin stem cells to 
accelerate wound healing [ 74 ]. Fibrin nanoscaf-
folds with different geometry of the fi brin struc-
ture can be prepared, which are amenable to 
encapsulation of growth factors [ 75 ,  76 ]. These 
growth factors can then be delivered to a target 
site to promote stem cell growth or differentiation 
where tissues need to be regenerated. Indeed, 
Fibrin scaffolds loaded with growth factors, such 
as vascular endothelial growth factor (VEGF) and 
nerve growth factor (NGF) stimulated blood 

 vessel and nerve repair [ 77 ,  78 ]. Gene therapy 
using a bone morphogenetic (BMP) expression 
vector embedded into a Fibrin nanoscaffold 
allowed bone regeneration [ 79 ]. In addition to 
creating nanosystems able to deliver growth fac-
tors, many efforts have been directed at the con-
struction of scaffolds mimicking the ECM for 
directing stem cell fate. Increasing evidence has 
revealed that the ECM itself through its geometry 
at the nanoscale level and interactions with cellu-
lar receptors such as integrins can modulate the 
shape and therefore gene expression and fate of 
stem cells [ 80 – 85 ]. Mechanical forces and matrix 
elasticity are also of great importance [ 86 – 88 ]. 
Indeed, the degree of substrate rigidity can regu-
late cell phenotype, which was demonstrated by 
the fact that an increase of matrix stiffness results 
in preosteoblast proliferation, while a decrease of 
stiffness promotes their differentiation [ 89 ]. Yet 
another feature of the extracellular matrix that can 
be mimicked using nanomaterials to direct stem 
cell fate is the variety of its topography, which is 
at the nanometer scale. Cell responses modulated 
by nanotopography include alignment, survival, 
motility, proliferation and differentiation [ 90 – 93 ]. 
For example, human induced pluripotent stem 
cells (iPSCs) seeded onto nanostructured silicon 
substrates responded by elongating and aligning 
along the grating axis and expressed neuronal 
markers, while the same cells seeded on fl at sub-
strates spread randomly and conserved their plu-
ripotent properties [ 94 ]. The same behavior can 
be obtained from human MSCs [ 90 ]. Interestingly, 
the dimension of TiO 2  nanotubes, in particular 
their diameter, is instrumental in directing prolif-
eration or differentiation of human MSCs into 
osteogenic lineages, although the size at which 
differentiation occurs seems controversial [ 95 –
 97 ]. Arrangement of nanopits is also instrumental 
in determining stem cell fate. In a study using pri-
mary human osteoblastic cells, square and hex-
agonal nanopit arrays perturbed the formation of 
mature focal adhesions and the cell-spreading 
process, while groove/ridge arrays promoted 
polarised morphology and focal adhesion com-
plexes [ 98 ]. Similarly, a square array of nanopits 
can support self-renewal of human MSCs, while a 
slightly disorganized array will promote their 
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osteogenic differentiation [ 99 ]. Further, the 
genetic profi le of human primary MSCs cultured 
on arrays presenting nanopits and raised nano-
mounds indicated that these cells differentiate 
into bone more effi ciently than in planar surfaces 
with dexamethasone, a glucocorticoid commonly 
used to direct the differentiation of MSC into 
osteoblasts [ 100 ]. In another study, neural pro-
genitors embedded into a nanofi ber matrix engi-
neered to contain the laminin-specifi c cell-binding 
domain (IKVAV) differentiated preferentially into 
neurons [ 101 ]. Similarly, a nanofi ber scaffold that 
contained RGD, a binding domain for cellular 
integrins in many ECM proteins, signifi cantly 
improved MSCs differentiation into osteoblasts 
[ 102 ]. Altogether, these studies clearly demon-
strate that mimicking the ECM by nanotopogra-
phy and engineering adhesion peptides is able to 
infl uence human adult stem cell fate, in many 
cases without addition of growth or differentia-
tion factors. Therefore nanomaterials can effi -
ciently replace the ECM and facilitate tissue 
regeneration and engineering protocols.  

13.4     Nanomaterials Supporting 
Stem Cells for Regenerative 
Medicine 

 Healing and regeneration of injured or lost tis-
sues require complex interactions between stem 
cells, growth factors, and extracellular matrix. 
Scaffolds mimicking the extracellular matrix 
must be constructed to establish form and struc-
ture of the organ or tissue to be regenerated. 
Scaffolds must be physically stable in the 
implanted site, allow the homing, expansion and 
differentiation of stem cells, and be non-toxic 
and biodegradable. 

13.4.1     Nanofi bers 

 Since they reproduce the morphology and struc-
ture of the natural ECM, polymeric nanofi bers are 
among the most suitable nanomaterials for tissue 
engineering applications. Scaffolds made of nano-
fi bers are three-dimensional meshes formed 

through the non-covalent assembly of peptides 
with nanometer diameters, and are commonly 
used in attempts of regenerating bone, skin and 
nerve tissue (Fig.  13.5 ). The most common meth-
ods for the fabrication of polymeric nanofi bers are 
self-assembly, phase separation and electrospin-
ning [ 104 ]. Self-assembly and phase separation 
allows the creation of short nanofi bers with very 
small diameters (about 10 nm). For example, the 
RADA16 peptide nanofi ber material self-assem-
bles into scaffolds that were used for the growth of 
hippocampal neurons that subsequently produced 
neurites and synapses [ 105 ,  106 ]. This material 
contains the amino acids alanine, lysine, and gluta-
mate in repeated sequences of Arg-Ala-Asp-Ala 
(RADA). RADA16-I nanofi bers scaffold has been 
used for brain tissue reconstruction in mice after 
trauma [ 107 ], and has also been found to promote 
regeneration in experimental spinal cord and brain 
injuries [ 108 ]. Stem cell embedding into the mate-
rial is feasible [ 109 – 111 ]. For example, Guo and 
colleagues embedded Schwann cells and neuro-
progenitor cells (NPCs) inside a RADA16-I scaf-
fold that integrated well within the injured spinal 
cord. They also demonstrated that the transplanted 
cells were able to survive and differentiate into 
neurons, astrocytes and oligodendrocytes [ 111 ]. In 
one of their study, Garreta and colleagues embed-
ded embryoid bodies derived from ES cells in 
RADA16-I, and achieved differentiation using 
osteogenic medium [ 109 ]. Several functional 
motifs can be attached to RADA16-I, which are 
known to promote cell adhesion, differentiation or 
stem cell homing. In these conditions, neural stem 
cells adhered well to their matrix environment, 
survived and differentiated toward both the neuro-
nal and glial phenotypes [ 110 ]. Because it is made 
essentially from amino acids, this type of scaffold 
is well tolerated and does not elicit detectable 
immune response or infl ammation in animals. 
However, despite other advantages such as easi-
ness of use and affordability, self- assembled nano-
fi brous scaffolds are limited in their ability to form 
pores wide enough to allow cell proliferation and 
migration since the pore size is usually between 5 
and 200 nm [ 112 ]. In addition, nanofi bers  produced 
by self-assembly are very short and are often 
phagocytosed by the cells [ 113 ].
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   Electrospinning is a reliable method to fabri-
cate long continuous strands of nanofi bers with a 
diameter ranging from nanometers to microns 
(50–1,000 nm) [ 104 ]. The nanofi bers form a 
mesh with pore sizes ranging from several to tens 
of micrometers, which favors cell proliferation 
and migration [ 114 ]. Materials used in electros-
pinning are natural or synthetic biopolymers or 
combination of both. They include poly( l -lactic 
acid), alginates, silicon or chitosan, sometimes in 
combination with collagen or gelatin [ 13 ,  115 –
 118 ]. ECM proteins/peptides and growth factors 
can also easily be incorporated into this type of 
scaffold [ 119 ]. Scaffolds made of electrospun 
nanofi bers of different types have been widely 
used for bone and cartilage tissue engineering 
using MSCs [ 116 ,  120 – 124 ]. Even adipose- 
derived stem cells (ADSCs) could proliferate and 
differentiate along the osteogenic pathway in 
absence of any induction medium when 
 electrospun poly( l -lactic acid)/collagen nanofi -
bers were engineered with a cell adhesion pep-
tide and functionalized to retain calcium 

phosphate (hydroxyapatite) [ 123 ,  125 ]. This con-
fi rms the positive infl uence of cell-matrix interac-
tions on stem cell survival and proliferation 
[ 126 ]. To increase the tensile strength of the scaf-
fold, McCullen and colleagues encapsulated 
multiwalled carbon nanotubes (MWNTs) in poly 
( l -lactic acid) nanofi bers [ 123 ]. Interestingly, 
their data indicated that addition of MWNTs sig-
nifi cantly stimulated ADSCs proliferation. 
Electrospun poly( l -lactic acid)/gelatin fi bers 
were also recently used as scaffolds to differenti-
ate neural stem cells into motor neurons [ 127 ]. 
Also, poly-l   - lactide (PLLA) and hybrid PLLA/
collagen (PLLA/Coll) scaffolds fabricated by 
electrospinning were recently used to differenti-
ate MSCs into vascular endothelial cells [ 128 ].  

13.4.2     Nanotubes 

 Nanotubes are cylindrical structures made of a 
single or several layers of carbon or silicon 
atoms. Carbon nanotubes are known for their 
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  Fig. 13.5    Topography of different electrospun nanofi brous structures (From Reddy et al. [ 103 ])       
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electrical conductive capacity and strong 
mechanical properties, and they can be modifi ed 
to accommodate stem cell adhesion. Single- 
walled or multi-walled carbon nanotubes 
(SWNTs or MWNTs) are used in regenerative 
medicine alone or as complement to poly( l -lactic 
acid) fi bers to provide tensile or mechanical 
strength. As mentioned above, addition of 
MWNTs to poly( l -lactic acid) nanofi bers seem 
to increase adipose stem cell proliferation [ 123 ], 
but they can also improve chondrogenic differen-
tiation of MSCs [ 129 ]. When nanoscaffolds made 
of poly-( l -lactic acid) and MWNTs were modi-
fi ed with poly- l -lysine to improve cell adhesion, 
the MSC-derived chondrocytes produced more 
glycosaminoglycans than the same cells in con-
trol scaffolds without nanotubes or poly- l -lysine 
[ 129 ]. Combination of MSCs with the latter 
nanomaterial is therefore very promising for car-
tilage regeneration, one of the most diffi cult tasks 
in regenerative medicine since this tissue is not 
vascularized. MWNTs could also be combined to 
chitosan or hydroxyapatite to successfully mimic 
bone tissue with acceptable pore size amenable 
to periosteal stem cell proliferation [ 130 ]. Single- 
walled carbon nanotubes (SWNTs) were also 
functionalized with poly lactic-co-glycolic acid 
to form a biocompatible substrate allowing pro-
liferation and differentiation of pre-osteoblasts 
that successfully expressed mature osteoblast 
markers [ 131 ]. Single-walled and multi-walled 
carbon nanotubes are also increasingly used as 
scaffolds for neural stem cell growth and differ-
entiation. Neural stem cells (NSCs) can be iso-
lated from the mammalian brain, propagated in 
culture and transplanted into damaged sites if 
provided with the necessary substrate. 
Differentiation of NSCs on single-walled carbon 
nanotubes layers was recently demonstrated by 
Jan and Kotov [ 132 ]. The stem cells were seeded 
onto this substrate using differentiation medium 
without epidermal growth factor (EGF), which is 
necessary for their proliferation. In these condi-
tions, the NSCs could differentiate into neurons, 
astrocytes, and oligodendrocytes, with expres-
sion of neural markers such as nestin, 
 microtubule- associated protein 2 (MAP2), glial 
fi brillary acidic protein (GFAP), and the 

 oligodendrocyte marker O4. The same authors 
demonstrated that thin fi lms of single-walled car-
bon nanotubes mixed with laminin induced NSCs 
differentiation into a functional neural network 
with synaptic connections. In addition, the neu-
rons were excitable [ 133 ]. Another study recently 
established that carbon nanotubes seeded with 
subventricular zone neural progenitor cells 
(NPCs) could effectively repair damaged neural 
tissue after induced stroke [ 134 ]. Further, 
enhanced myotube formation from myoblasts 
and differentiation of MSCs into cardiomyocytes 
were possible after seeding these cells on carbon 
nanotubes mixed with polyurethane or poly-( l -
lactic acid), followed by electric stimulation 
[ 135 ,  136 ]. Therefore, functionalized carbon 
nanotubes seem to fulfi ll the essential require-
ment for the regeneration of damaged nerve and 
muscle tissues, which is biocompatibility, induc-
tion of stem cell differentiation and excitation of 
the differentiated cells.  

13.4.3     Use of ES Cells on 
Nanoscaffolds 

 Because of their pluripotent properties, ES cells 
have also been used in nanoscaffolds to probe 
their biocompatibility and potential for driving 
stem cell fate. Since these cells reliably differenti-
ate into cardiomyocytes, they have been seeded 
into nanoscaffolds predominantly to assess the 
infl uence of the material on cardiac tissue regen-
eration [ 137 – 139 ]. Nanofi bers made of biode-
gradable polyurethane, polyethylene glycol and 
polycaprolactone (PCL) alone or in combination 
could induce the formation of cardiomyocytes 
from ES cells. Also, nanofi ber density seemed to 
play an important role [ 138 ]. Other applications 
using ES cells include the use of electrospun PCL 
nanoscaffolds to enhance their differentiation into 
neural lineages when cultured with retinoic acid 
[ 140 ]. In a study by Carlberg and colleagues, 
human ES cells cultured on electrospun fi brous 
polyurethane scaffolds differentiated predomi-
nantly into dopaminergic neurons without the 
need of hormones or growth factors [ 141 ]. Finally, 
human ES cells seeded into PCL  scaffolds could 
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be differentiated into adipocytes after induction 
with a hormone cocktail containing retinoic acid, 
insulin and triiodothyronine (T3) [ 142 ].   

13.5     Stem Cell Toxicity by 
Nanomaterials 

 Because the physical and chemical properties of 
many compounds will change when their size is 
reduced to nanodimensions, nanomaterials are 
increasingly used for novel industrial, medical 
and military applications. This is particularly true 
for carbon- and metal-based nanotubes and 
nanoparticles. The small size of nanomaterials 
modifi es their behavior to such extent that quan-
tum physics rather than classical physics is 
needed to understand their properties. 
Characteristics of a material such as solubility, 
absorption, color, transparency, emission wave-
length, conductivity, melting point and catalytic 
behavior will be drastically altered as the size is 
reduced [ 143 ]. It is therefore likely that these 
novel properties will change how the materials 
interact with living tissues [ 144 ]. For these rea-
sons, there are concerns that certain nanomateri-
als might be harmful upon inhalation, ingestion 
or skin contact. Indeed, due to their very small 
size, nanomaterials can easily translocate across 
cell membranes and reach critical organelles such 
as mitochondria, the endoplasmic reticulum and 
possibly the nucleus [ 145 – 148 ]. It has also been 
demonstrated that the clearance of particles is 
reduced as the particle size decreases, therefore 
the deleterious effect of nanosized compounds, if 
any, will last longer [ 149 ]. Because stem cells are 
particularly sensitive to toxicants, the use of 
nanomaterials in bioengineering and medicine is 
a concern if their toxicity is not assessed. 

13.5.1     Stem Cell Toxicity of Carbon 
Nanotubes 

 While toxicity of carbon nanotubes on cells and 
tissues in vitro and in vivo has been reported as 
early as 2003 [ 150 – 152 ], in 2007 the group of Y. 
Hong published for the fi rst time the effects of 

MWNTs at the molecular level in ES cells [ 148 ]. 
Because stem cells are particularly sensitive to 
DNA damage, they have developed specialized 
mechanisms to preserve genomic integrity. One 
of these mechanisms is the expression and phos-
phorylation of the protein p53, which will arrest 
the cell cycle to allow DNA repair by the enzyme 
8-oxoguanine-DNA glycosylase 1 (OGG1). The 
authors demonstrated that MWNTs signifi cantly 
induce the expression and phosphorylation of 
p53, followed by an increase in expression of 
OGG1 in the nucleus and mitochondria, suggest-
ing damages in the nuclear and mitochondrial 
DNA. Further, the authors demonstrated that 
DNA double-strand breaks occurred and that the 
frequency of mutations increased after repair. 
DNA alterations often happen in response to the 
formation of reactive oxygen species [ 153 ,  154 ]. 
A recent study testing the infl uence of SWNTs on 
myoblasts shows that these compounds also sig-
nifi cantly alter DNA integrity [ 155 ]. 

 Carbon nanotube manufacturing is rapidly 
increasing. Because of their fi brous-like shape 
and durability, there are concerns that their toxic 
properties may be similar to those of asbestosis 
or other fi brous materials [ 156 ]. Indeed, MWNTs 
induce lung infl ammation and fi brosis in mice 
exposed to them by inhalation [ 157 ]. Therefore 
strict industrial hygiene measures should be 
taken to limit exposure during their manipula-
tion. As mentioned above, efforts to functionalize 
carbon nanotubes have ensured their biocompat-
ibility, especially when used with human NSCs 
or MSCs for tissue repair. Nevertheless their 
long-term toxicity after scaffold implantation 
into an animal body still needs to be assessed.  

13.5.2     Stem Cell Toxicity of Metal- 
Based Nanoparticles 

 Metal and metal oxide nanoparticles (NPs) are 
increasingly used in medicine, consumer prod-
ucts, and industry. They are used for cell tracking 
within an animal, drug targeting, coating of med-
ical devices, sunscreens, detergents, clothing, 
printer inks and fuel additives [ 158 ]. As for other 
nanomaterials, nanoparticles are defi ned as 
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 particulate matter with at least one dimension 
less than 100 nm. Most NP types in current use 
are metal-based NPs, such as nanosilver, zinc 
oxide, titanium dioxide, and iron oxide. 
Manufactured NPs have different properties than 
natural NPs because of their large surface area-
to-volume ratio and size that is often smaller than 
20 nm. These novel physical and chemical prop-
erties imply that their interactions with cells and 
organelles need to be critically analyzed since 
many undesirable adverse effects can be trig-
gered. Metal NPs easily penetrate tissues, epithe-
lia and cell membranes, and pass through the 
blood- brain and blood-testis barriers [ 159 – 161 ]. 
Ingested nanoparticles also generate DNA altera-
tions due to production of ROS in the bone mar-
row, liver and lung, which are not necessarily due 
to the release of free metal ions [ 162 ,  163 ]. 
Therefore these compounds are likely to interfere 
with the biology, viability and fate of germ line 
and somatic stem cells. Our group was fi rst to 
assess the in vitro cytotoxicity of metal nanopar-
ticle in germ line stem cells, or spermatogonial 
stem cells (SSCs) [ 164 ]. Because these cells 
maintain the production of sperm throughout life, 
preserving their viability and integrity is of para-
mount importance. Adverse effects on germ line 
stem cells maintenance, maturation and differen-
tiation can inhibit fertility, cause cancer, and may 
have negative effects on the development and fer-
tility of offspring. Our work demonstrated that 
nanoparticles induced production of reactive 
oxygen species (ROS), decrease of metabolism 
and apoptosis in these cells, and that the degree 
of toxicity depended on the metal used for 
nanoparticle fabrication. Silver nanoparticles 
were signifi cantly more toxic than aluminum 
oxide nanoparticles while molybdenum nanopar-
ticles had no deleterious effect on these stem 
cells (Fig.  13.6 ).

13.5.2.1       Toxicity of Zinc Oxide 
Nanoparticles 

 Deng and colleagues were among the fi rst to test 
the effect of ZnO nanoparticles on NSCs in vitro 
[ 165 ]. They showed that at low concentrations 
(<12 ppm) ZnO nanoparticles had no effect on 
cell viability, but that apoptosis and necrosis 

increased at concentrations above 12 ppm. They 
also concluded that free Zn 2+  ions were responsi-
ble for high doses effects. While scientists gener-
ally agree that ZnO nanoparticles are neither 
toxic to differentiated cells nor to stem cells, it 
was recently demonstrated that their in vitro 
effects depend on the number and type of cells 
seeded [ 166 ,  167 ]. For example, Taccola and col-
leagues provided evidence that ZnO nanoparti-
cles selectively kill rapidly proliferating cells 
such as MSCs, but have no effect on the cells 
once they are differentiated along the osteogenic 
pathway [ 167 ]. Similarly ZnO nanoparticles 
seem to selectively kill cancer cells, possibly 
through ROS production leading to cell apopto-
sis, and is now used for certain therapies [ 168 ].  

13.5.2.2     Toxicity of Aluminum Oxide 
Nanoparticles 

 Aluminum oxide nanoparticles (ANPs) are widely 
used, and several studies have shown that ANPs 
negatively affect cellular morphology and cellular 
components. ANPs induce oxidative stress, which 
leads to apoptosis, DNA damage and protein deg-
radation in vitro, while their ingestion affects neu-
robehavioral patterns [ 169 – 171 ]. However, few 
studies have tested their toxicity specifi cally in 
stem cells. Only the recent investigation of 
Alshatwi and colleagues with MSCs indicated 
that ANPs might induce changes in cell morphol-
ogy, decrease in cell viability and upregulation of 
apoptosis pathways. These effects were concen-
tration-dependent but the physiological relevance 
of the doses used was not discussed [ 172 ].  

13.5.2.3     Toxicity of Silver 
Nanoparticles 

 The anti-bacterial effects of silver have been 
known and exploited for centuries, in particular 
for the treatment of wounds and burns [ 173 ]. 
Silver is used as an antibacterial surface coating 
on medical devices such as stents, catheters and 
heart valves, and is non-toxic to human and ani-
mals in its bulk chemical form [ 174 ]. However 
increasing amounts of silver nanomaterials, in 
particular silver nanoparticles, are now fi nding 
their way into consumer products as additives to 
sprays, as surfactants for textiles and food con-
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tainers, and as drinking water disinfectants to 
name a few applications. This trend is concerning 
because many studies have now demonstrated 
that the toxicity of nanosilver is much greater 

than that of most carbon-based and metal-based 
nanomaterials [ 143 ]. The cellular toxic effects of 
silver nanoparticles are size-dependent, and 
increase as the particle size decreases [ 175 ,  176 ]. 
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  Fig. 13.6    Toxic effects of metal-based nanoparticles. 
The effect of silver and molybdenum nanoparticles on the 
metabolic activity of the C18–4 spermatogonial stem cells 
was evaluated after 48 h incubation. At the end of the 
incubation period, mitochondrial function was deter-
mined by the MTS reduction assay. ( a ) MTS reduction in 
presence of different concentrations of cadmium chloride 
and cadmium oxide. Cadmium chloride is a known 

 toxicant and is used here as a positive control. ( b ) MTS 
reduction in presence of different concentrations of silver 
carbonate and silver nanoparticles (Ag—15 nm). ( c ) MTS 
reduction in presence of different concentrations of 
sodium molybdate and molybdenum nanoparticles. 
Overall silver nanoparticles were as toxic as cadmium 
chloride. Molybdenum nanoparticles were toxic only a 
high concentrations (From Braydich-Stolle et al. [ 164 ])       
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They include reduction of mitochondrial func-
tion, increase of membrane leakage and increase 
of production of reactive oxygen species (ROS) 
[ 164 ]. They also can deplete cellular glutathione, 
an antioxidant [ 177 ]. As mentioned before, ROS 
cause DNA damages such as base oxidations, 
base changes or single and double-strand breaks 
that can lead to cell death or to mutations causing 
cancers. Recent studies in ES cells demonstrated 
that silver nanoparticles up-regulated expression 
and phosphorylation of the protein p53, induced 
DNA double-strand breaks, decreased cellular 
metabolism and promoted apoptosis [ 178 ]. In 
this work, silver nanoparticles with different sur-
face chemistries were used: uncoated nanoparti-
cles and particles coated with a polysaccharide to 
ensure biocompatibility and dispersion. 
Interestingly, in ES cells the coated silver 
nanoparticles produced more damages than the 
uncoated nanoparticles, but the cause remains 
unclear. Our group also recently investigated 
some of the mechanisms causing the toxic effects 
of silver nanoparticles in germ line stem cells 
[ 176 ]. Silver nanoparticles were hydrocarbon or 
polysaccharide-coated to study the infl uence of 
surface chemistry. We demonstrated that at low 
doses (<10 μg/ml), silver nanoparticles interfered 
with the glial cell line-derived neurotrophic fac-
tor (GDNF) signaling pathway, which is crucial 
for germ line stem cell self-renewal. More pre-
cisely, silver nanoparticles inhibited the phos-
phorylation of the membrane-associated FYN 
kinase downstream of the RET (REarranged dur-
ing Transfection) transmembrane receptor after 
activation by GDNF. Silver nanoparticles did not 
interfere with GDNF binding to its receptor nor 
with receptor phosphorylation. Further, we dem-
onstrated that silver nanoparticles reduced germ 
line stem cell viability and proliferation in a size- 
and concentration-dependent manner and that 
particle coating had no infl uence on the magni-
tude of the toxic effects. The effect of silver 
nanoparticles has since been tested on human 
MSCs [ 179 ]. When exposed to the dose of 10 μg/
ml, these cells experienced DNA damage and 
their viability decreased, as shown for other stem 
cell types, but their ability to migrate was not 
impaired. However, Samberg and colleagues 

recently demonstrated that silver nanoparticles 
exert minimal toxicity to human adipose tissue- 
derived stem cells (ADSCs) and do not impair 
their differentiation [ 180 ]. Therefore, for the 
same sizes and concentrations, stem cell effects 
of silver nanoparticles might be cell type- 
dependent, with germ line stem cells particularly 
sensitive to this potential toxicant.    

    Conclusion 

 Nanomaterials have found many applications 
in stem cell research including tracking, deliv-
ering, and controlling the fate of these cells for 
tissue engineering. These applications have 
already started to transform several areas of 
cell biology and medicine. However, strategies 
allowing large-scale stem cell expansion 
before their differentiation are still lacking. In 
addition, the creation of complex tissues is still 
in infancy and will need the ability to direct the 
growth and differentiation of different cell 
types in three dimensions within biocompati-
ble scaffolds. Furthermore, toxicity of certain 
nanoscaffolds such as MWNTs is still a con-
cern since coatings that ensure their biocom-
patibility might not be stable within the tissue 
to be repaired. Finally, as the demand for nano-
materials is increasing, potential inhalation 
during manufacturing or packing, and their 
accumulation in the environment should be 
carefully monitored to ensure human safety.     
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