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11. Nanoparticles and Their Applications

Seyedsina Moeinzadeh, Esmaiel Jabbari

Nanoparticles (NPs) are synthesized from several
classes of materials including inorganic, organic,
hybrid and biological materials. Inorganic NPs are
synthesized by ball milling, vapor deposition,
electrospraying, reduction of metal salts, sol-
gel, coprecipitation and thermal decomposition.
Organic NPs are synthesized by microemulsion,
nanoprecipitation, dialysis and rapid expansion
of supercritical solutions. Hybrid NPs are synthe-
sized from both organic and inorganic materials.
There are a number of naturally occurring biolog-
ical NPs including lipoproteins, exosomes, ferritin,
and viruses. Further, NPs can be synthesized from
biomolecules including proteins, peptides and
polysaccharides. The surface to volume ratio, su-
perparamagnetism, hardness, Coulomb energy
and catalytic activity of NPs are generally higher
than those of bulk materials. Due to their unique
structural, magnetic, mechanical and electrical
properties, NPs are used in a wide range of appli-
cations including biosensing, drug delivery, bio-
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imaging, catalysis, nanomanufacturing, lubrica-
tion, electronics, textile manufacturing, and water
treatment systems. This chapter covers the classi-
fication, synthesis, properties and applications of
NPs.

11.1 Overview

Nanoparticles (NPs) are solid colloidal particles with
dimensions in the range of a few nanometers to a few
hundred nanometers [11.1]. Due to their small size,
NPs have significantly higher surface to volume ratios,
hence different physicochemical properties compared
with bulk materials. NPs have applications in a wide
range of areas including [11.2]:

� Biosensing� Drug delivery� Bioimaging� Catalysis� Nanomanufacturing

� Lubrication� Electronics� Textile industry� Water treatment.

In the first part of this chapter, various methods for
the synthesis of inorganic, organic, hybrid, and biologi-
cal NPs are described. The properties of NPs including
size and morphology as well as their unique magnetic,
mechanical and electrical properties are discussed next.
The major applications of NPs are discussed in the last
part of this chapter.
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11.2 NPs Classification and Synthesis

11.2.1 NPs Classification

Multiple approaches are used to classify nanoparti-
cles into the following: two-dimensional (e.g., nano-
tubes) and three-dimensional (e.g., spherical NPs, den-
drimers). NPs can be synthesized from several classes
of materials including inorganic (e.g., metal oxide
NPs), organic (e.g., polymeric NPs), hybrid and bio-
logical materials [11.3]. Hybrid NPs are comprised of
an inorganic core with organic shell or an organic core
with inorganic shell. NP synthesis falls into two major
categories namely top-down and bottom-up synthetic
approaches. In the top-down approach, NPs are synthe-
sized from bulk materials using traditional solid-state
techniques (e.g., milling, machining) or lithographic
techniques. In the bottom-up approach, NPs are syn-
thesized from single molecules via chemical reactions,
self-assembly, aggregation or chemical vapor deposi-
tion [11.1].

11.2.2 NPs Synthesis

Inorganic NPs
Depending on the type of material and the desired NP
size, different physical or chemical strategies can be
used to synthesize inorganicNPs [11.1]. Here, a number
of physical techniques (ball milling, vapor deposition
and electrospraying) and chemical methods (reduc-
tion of metal salts, sol-gel, coprecipitation and thermal
decomposition) are described for the synthesis of inor-
ganic NPs. The microemulsion technique that is exten-
sively used for the synthesis of both organic and inor-
ganic NPs is described in the section on organic NPs.

The ball milling method is a physical top-down
synthesis approach based on breaking of solid partic-
ulate materials into smaller particles using high-energy
balls rotating within a closed chamber [11.1]. Metal and
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metal oxide NPs have been synthesized using the ball
milling method [11.4, 5]. The size and physicochemi-
cal characteristics of NPs synthesized via ball milling
depend on milling time, rotation speed, ball to powder
weight ratio as well as temperature and pressure [11.1].
For example, magnetite (Fe3O4) NPs with sizes ranging
from 12 to 20 nm were synthesized via ball milling of
iron powder in the presence of distilled water [11.5].
The size of Fe3O4 NPs decreased and the purity of
NPs increased with increasing milling time from 10 to
96 h [11.5].

Vapor deposition is a physical approach for the syn-
thesis of NPs based on vaporization of the material from
a solid source using an ion (sputtering), electron (elec-
tron beam evaporation) or laser (laser ablation) beam
followed by nucleation and growth of the vaporized ma-
terial on a substrate (Fig. 11.1) [11.1]. Metal and metal
oxide NPs have been synthesized via the vapor deposi-
tion method. For example, pure metallic (Fe, Ag, Au,
Y, Co), nonmetallic (C) and metal oxide (TiO2) NPs
were synthesized via sputtering-based vapor deposition
on a direct current (DC) magnetron cathode [11.6]. The
size and physicochemical characteristics of NPs synthe-
sized by vapor deposition are affected by [11.6]:

� Target to substrate distance� Type of substrate� Substrate temperature� Deposition time� Chamber pressure� Electrical power.

In the laser-based vapor deposition method, the
number of pulses, deposition time, gas pressure and
substrate temperature significantly affects the size and
morphology of NPs [11.7, 8]. For instance, the average
size of FeCo NPs synthesized by pulsed laser vapor
deposition increased from 4:8 to 8:6 nm as the argon
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gas pressure inside the chamber increased from 10
to 90 kPa [11.7]. Further, agglomeration of the FeCo
NPs was reduced by increasing the temperature gradi-
ent [11.7].

In the electrospraying method, nanodroplets of
a solution of the selected material are sprayed from
a syringe to a collector within a high electric field
(Fig. 11.2) [11.9]. Metal, metal oxide and polymer
NPs have been synthesized via electrospraying [11.9–
11]. A number of solvents including toluene, ethanol,
methanol and isopropyl alcohol have been used for
electrospraying of inorganic NPs [11.1]. For example,
Sn NPs with an average size of 3 nm were synthe-
sized by electrospraying a solution of SnCl2 � 2H2O
in isopropyl alcohol into a reductive bath [11.10].
Monodisperse gold NPs with 5:7 nm diameter were
synthesized by electrospraying HAuCl4 �H2O solution
in isopropanol into a bath containing the reducing agent
octadecylaminomethanol and the nonpolar solvent cy-
clohexane [11.11].

The most common chemical method for the synthe-
sis of metallic NPs is reduction of metal ions in a metal
salt solution using a reducing agent. Sodium borohy-
dride (NaBH4) and hydrazine (N2H4) are commonly
used as reducing agents for the reduction of metal
ions [11.12]. For example, the ferric ions in the solution
of FeCl3 �6H2O salt were reduced using sodium borohy-
dride to synthesize iron NPs [11.13]. The size and mor-
phology of NPs synthesized by the reduction method
depends on temperature and pH of the reaction medium
as well as the reactant concentration [11.14, 15].

The sol-gel technique has been used extensively for
the synthesis of metal oxide NPs. The sol-gel method,
can be divided into three major steps [11.12, 16]. In the
first step (sol formation), the metal alkoxide or the metal
salt is hydrolyzed in water/ethanol solution to form
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Fig. 11.2 Schematic representation of electrospraying
method for the synthesis of NPs

metal hydroxide (11.1). The metal hydroxide then un-
dergoes condensation to create metal–O–metal bridges
(11.2). For example, the hydrolysis and condensation
reactions of tetraethylorthosilicate (Si.OC2H5/4) in the
synthesis of silica NPs are as follows

Si.OC2H5/4 C 4.H2O/
hydrolysis�! Si.OH/4 C 4C2H5OH (11.1)

Si.OH/4 CSi.OH/4
condensation�! .OH/3Si�O�Si.OH/3 CH2O (11.2)

Colloidal particles or sol is formed when sufficient
metal–O–metal bridges are created locally. Usually
a mineral base (e.g., NH3) or a mineral acid (e.g.,
HCl) is used as a catalyst. In the second step, colloidal
particles link together with time to create a three-
dimensional network at the nanoscale. In the third step,
the nanoparticles are dried by heating, freeze drying
or supercritical drying [11.16]. After drying and de-
hydration, NPs are densified by heat treatment at high
temperatures [11.16].

Coprecipitation is another approach for the syn-
thesis of inorganic and hybrid NPs [11.12, 17]. In the
coprecipitation method, two or more water soluble salts
react in aqueous solution to form a water insoluble
salt that precipitates and forms NPs [11.12]. For exam-
ple, hydrated ferrous chloride (FeCl2 � 4H2O) and ferric
chloride (FeCl3 � 6H2O) undergo oxidative reaction fol-
lowing deprotonation in aqueous solution in the pres-
ence of NH3 �H2O as the precipitating agent [11.12].
The overall reaction can be written as

2Fe3C CFe2C C 8OH� ! Fe3O4 C 4H2O : (11.3)

When the concentration of Fe3O4 product in the so-
lution increases above the solubility limit, the product
precipitates by nucleation in the liquid phase. The
growth of Fe3O4 crystals continues with precipitation
reaction on the nucleating surfaces. Finally, the small
particles undergo agglomeration via Ostwald ripening
and form Fe3O4 NPs [11.12].

The thermal decomposition technique is used to
synthesize metal oxide NPs from metal salts [11.12,
17]. In this method, a transition metal (e.g., Fe, Zn,
Zr, and Co) salt is stabilized in an organic sol-
vent/surfactant solution and mixed with an organic
compound to form an organometallic complex. The
organometallic complex is decomposed at high tem-
peratures to create metal oxide NPs. A wide range
of surfactants including oleylamine [11.18], oleic
acid [11.19], benzylamine [11.20], and pentanedione
[11.21] have been used to stabilize metal salts in the
thermal decomposition process.



Part
B
|11.2

338 Part B Nanomaterial and Nanostructures

Organic NPs
Several synthetic approaches for the synthesis of or-
ganic NPs are used. These include microemulsion,
nanoprecipitation, dialysis and rapid expansion of a su-
percritical solution. The microemulsion method, used
extensively for the synthesis of organic NPs, involves
two major steps [11.22]. In the first step (emulsifi-
cation), the organic compound (e.g., the polymer) is
dissolved in a selective solvent and the polymer solution
(dispersed phase) is emulsified in a second solvent (con-
tinuous phase) that is fully or partially immiscible in the
dispersed phase solvent (Fig. 11.3). Nanodroplets of the
disperse phase with diameters ranging from 10�500 nm
are formed in the emulsification step [11.22]. There
are two methods for the emulsification of the dispersed
phase namely high-energy and low-energy methods.
High-energy methods usually involve sonication or
high-shear mixing [11.23]. The low-energymethods are
divided into two groups: microemulsification based on
spontaneous diffusion and microemulsification based
on phase inversion stimulated by a change in temper-
ature or composition [11.23, 24]. In the spontaneous
emulsification of oil nanodroplets in water, the oily
phase is composed of a partially immiscible solvent
and a water soluble solvent, usually acetone or ethanol.
When the oily and aqueous solutions are mixed, the wa-
ter soluble solvent rapidly diffuses from the oily phase
to the aqueous phase. This rapid diffusion between the
two phases produces surface tension gradients that lead
to the formation of a microemulsion [11.25].

The phase inversion techniques for microemulsi-
fication are classified into two groups: The so-called
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Fig. 11.3a,b Schematic representation
of (a) microemulsion and (b) nanopre-
cipitation techniques for the synthesis
of organic NPs

phase inversion temperature (PIT) method is centered
on the hydrophilic-lipophilic transition of polyethylene
glycol (PEG)-based surfactants at high temperatures as
a result of disruption of the hydrogen bonding [11.24].
As shown in Fig. 11.4, an oil (dispersed phase)/water
(continuous phase) emulsion at constant composition
inverts to a water/oil emulsion when temperature rises
above the inversion temperature [11.26]. The affinity
of surfactants for oil and water phase is similar at
the inversion temperature leading to a minimal inter-
facial tension and bicontinuous microemulsion in the
transition region. Therefore, kinetically stable nano-
droplets can be formed by rapid cooling or dilution
of the aforementioned emulsion systems at invasion
temperature [11.24] (Fig. 11.4). The second phase in-
version technique for microemulsification, the so-called
emulsion inversion point (EIP) method, employs emul-
sion composition change for phase transition. The
water/oil emulsion is formed by successive addition
of water to an oil solution. The emulsion undergoes
phase transition from water/oil to oil/water with in-
creasing volume fraction of water. A bicontinuous
microemulsion with minimal interfacial tension and
nanosized droplets is formed at the phase inversion
point [11.26].

Following emulsification, the NPs are formed in
the second step of the microemulsion technique from
the emulsified nanodroplets via solvent removal, gela-
tion, or emulsion polymerization (Fig. 11.3a). Dif-
ferent approaches including solvent evaporation and
solvent displacement methods have been employed
for solvent removal and precipitation of the NPs in
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microemulsion systems [11.24]. In the solvent evapo-
ration method, a volatile solvent (e.g., chloroform or
dichloromethane) is used as the solvent in the disperse
phase. The volatile solvent is evaporated under vacuum
leaving the polymer in the nanodroplets. During sol-
vent evaporation, the size of the nanodroplets initially
decreases dramatically due to solvent loss and then in-
creases significantly due to droplet coalescence [11.24].
Organic NPs from numerous polymers and copoly-
mers including poly(lactide) (PLA), poly(lactide-co-
glycolide) (PLGA), poly("-caprolactone) (PCL), and
PEG-co-PLA were synthesized via the solvent evapo-
ration method [11.27–29]. In the solvent displacement
method, a solvent with partial miscibility in water is
used in the disperse phase. NPs are formed by solvent
displacement from the dispersed phase to the continu-
ous aqueous phase upon successive addition of water or
dialysis [11.24].

The gelation of macromolecules in the nanodroplets
is another approach for the synthesis of NPs in mi-
croemulsion systems. Several gelation mechanisms de-
pending on physicochemical properties of the macro-
molecules within the nanodroplets are employed for
NP formation. These include temperature-sensitive
physical gelation, pH-sensitive gelation and chemi-
cal crosslinking [11.30, 31]. For example, nanogels
based on polyethylene glycol (PEG) macromers chain-
extended with short lactide (L) and glycolide (G) seg-
ments were synthesized via dialysis method and they
were used for grafting proteins (Fig. 11.5a) [11.32]. The
size of synthesized nanogels ranged from 118 to 190 nm
depending on the molecular weight of PEG and L/G
molar ratio [11.32]. Further, the rate of BSA protein
release from the nanogels was between 51% release af-
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Fig. 11.4 Schematic representation
of the phase inversion temperature
(PIT) method for microemulsification.
Nanodroplets are formed with
rapid cooling of the bicontinuous
emulsion. Reprinted with permission
from [11.26]

ter 24 days and complete release in 11 days depending
on the molecular weight of PEG and L/G molar ratio
(Fig. 11.5b) [11.32].

Polymerization of monomers in nanodroplets is
used extensively for the synthesis of NPs from micro-
emulsions. In the first step, nanodroplets of monomers
with low water solubility are formed in the aqueous
solution containing a surfactant and a water solu-
ble initiator (Fig. 11.6). Free radical or ionic initia-
tors are used depending on the type of polymeriza-
tion reaction. The collision of initiator molecules and
monomer molecules starts the polymerization reaction
within the nanodroplets. Solid NPs are formed with
the progress of polymerization reaction and increase
in the molecular weight of the polymer molecules
in the nanodroplets. NPs of different polymers in-
cluding polystyrene (PS), poly(methyl methacrylate)
(PMMA) and poly(vinylcarbazole) were synthesized
using emulsion polymerization [11.2, 33, 34]. Further,
surfactant-free emulsion polymerization has been em-
ployed for the synthesis of NPs based on acrylic or
vinyl monomers [11.24]. For example, PMMA, PS
and poly(vinyl acetate) (PVA)-based NPs with diame-
ter ranging from 155 to 345 nm were synthesized using
surfactant-free emulsion polymerization and sodium
persulfate as the initiator [11.35]. The surfactant re-
moval, an indisputable step in conventional emul-
sion polymerization, is absent in the surfactant-free
emulsion polymerization technique, which is a signif-
icant advantage in large-scale manufacturing of organic
NPs.

In addition to the conventional and surfactant-free
emulsion polymerization, interfacial polymerization
has been used for the synthesis of polymeric nanocap-
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and 12 kDa. The abbreviations
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sules (Fig. 11.6) [11.36]. In interfacial polymerization,
a monomer is dissolved in the emulsified nanodroplets
and a second monomer (comonomer) is dissolved in the
continuous phase. The two monomers undergo poly-
merization at the oil/water interface on the surface of
the nanodroplets to form nanocapsules [11.36]. For
example, poly(alkylcyanoacrylate)-based nanocapsules
are synthesized using the interfacial polymerization
method [11.37]. The alkylcyanoacrylate monomer dis-
solved in the oil nanodroplets reacts with hydroxyl
ions in water and undergo interfacial polymerization
at the oil/water interface [11.37]. Polybutylcyanoacry-
late nanocapsules prepared via the method of interfacial
polymerization had diameters of less than 150 nm, and
the nanocapsules were used for encapsulation of the D-
cycloserine drug [11.38]. Poly(ethyl 2-cyanoacrylate)
nanocapsules synthesized using interfacial polymeriza-
tion had � 150 nm size and the nanocapsules were

used for encapsulation of insulin [11.39]. Nanocapsules
encapsulating hydrophilic drugs were synthesized by
inverse emulsion (water/oil) using a thiol-isocyanate in-
terfacial polymerization [11.40].

Conventional radical polymerization suffers from
poor control over the molecular weight and poly-
dispersity of the polymer chains which significantly
influences the uniformity of polymeric NPs synthe-
sized using radical polymerization [11.36]. Therefore,
living radical polymerization has recently been em-
ployed to synthesize NPs with narrow size distri-
butions [11.41]. For example, styrene monomer un-
derwent reversible addition and fragmentation trans-
fer (RAFT) polymerization in poly(N-isopropylacry-
lamide-b-dimethylacrylamide) based emulsions to form
polystyrene NPs [11.42]. The resulting polystyrene
NPs had 38�110 nm diameter and < 0:13 polydis-
persity index (derived from the standard deviation
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of the hypothetical Gaussian distribution) [11.42].
Nitroxide mediated polymerization (NMP), a well-
known living polymerization technique, was em-
ployed to synthesize polystyrene, poly(n-butyl acry-
late) or poly(methyl methacrylate) NPs with nar-
row size distributions [11.43–45]. Further, NPs based
on poly(methyl methacrylate), poly(n-butyl methacry-
late) and poly(ethylene oxide) were synthesized using
the method of atom transfer radical polymerization
(ATRP) [11.46–48].

In the nanoprecipitation method, the polymer is
first dissolved in a water-miscible organic solvent. The
polymer solution is then injected into a stirred aque-
ous solution containing a stabilizer (Fig. 11.3b). The
spontaneous nanodrop formation followed by rapid dif-
fusion of the organic solvent to the aqueous phase
leads to polymer precipitation at the nanoscale and the
formation of NPs stabilized by the stabilizer [11.36]
(Fig. 11.3b). After NP formation, the organic solvent
is removed by evaporation and the NPs are collected
via centrifugation. The organic solvent in the nano-
precipitation technique should dissolve the polymer,
be soluble in water, and have a low boiling point to
facilitate its removal by evaporation. To satisfy the
aforementioned criteria, acetone and tetrahydrofuran
(THF) are widely used as solvents for nanoprecipita-
tion [11.49, 50]. NPs of different polymers including
PLA [11.50, 51], PLGA [11.49, 52], PCL [11.53, 54]
and gelatin [11.55] were synthesized using the nano-
precipitation technique.

The dialysis method for the synthesis of NPs is
based on solvent displacement similar to the nano-
precipitation method with the difference that there is
a membrane barrier between the two phases in the

dialysis method. In a typical procedure for the dial-
ysis method, the polymer is dissolved in a water-
miscible organic solvent, the organic solution is placed
in a dialysis tube and dialyzed against distilled wa-
ter [11.32]. The molecular weight cut off of the dialysis
tube is usually smaller than the molecular weight of
the polymer molecules but significantly larger than
the solvents molecular weight. Therefore, the solvent
diffuses out and water diffuses inside the dialysis
tube while polymer molecules stay in the tube dur-
ing dialysis. The solvent quality for the polymer in
the dialysis tube decreases with time which causes
polymer aggregation and precipitation at the nano-
scale [11.24]. The formed NPs are stabilized by either
a stabilizer or a hydrophilic block on the polymer
molecule.

In the method of rapid expansion of a supercriti-
cal solution, the polymer is dissolved in a supercritical
fluid (e.g., carbon dioxide) at high pressure and then
the solution is expanded through an orifice or a nozzle
into ambient air or a liquid. NPs are formed in the ex-
pansion jet due to a rapid pressure reduction [11.36].
The expansion of the supercritical solution into a liquid
leads to the formation of uniform nanosized parti-
cles as opposed to expansion into air wherein both
nanosized and microsized particles form [11.36]. For
example, tetrahydrocurcumin (THC) loaded PLA NPs
with 80�110 nm size and spherical morphology were
synthesized by rapid expansion of supercritical solu-
tion of PLA and THC into water [11.56]. Further, NPs
made of pure hydrophobic drugs including Naproxen
and Ibuprofen have been synthesized using the rapid ex-
pansion of the supercritical solution technique [11.57,
58].
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Organic–Inorganic Hybrid NPs
Hybrid NPs are composed of both organic and inor-
ganic materials. The inorganic part may form the core
or the shell of the hybrid NPs. Here, the methods for
synthesis of hybrid NPs with inorganic core are dis-
cussed first followed by the discussion for the synthesis
of hybrid NPs with organic core.

Hybrid NPs with Inorganic Core. Polymers can be
grafted to the surface of inorganic NPs through co-
valent or noncovalent bonds (Fig. 11.7). Non-covalent
attachment usually employs the electrostatic interaction
between a charged polymer and an oppositely charged
inorganic NP (Fig. 11.7a) [11.59]. For example, posi-
tively charged poly(allylamine hydrochloride) polymer
was deposited on the negatively charged citrate-coated
gold NPs using a layer-by-layer approach [11.60]. In
another example, positively charged Fe3O4 NPs with
5 nm diameter were coated with negatively charged
poly(acrylic acid)-b-poly(ethylene oxide) polymer. The
coated NPs interacted with oppositely charged pristine
NPs and formed aggregates with hydrodynamic diame-
ter ranging from 50 to 100 nm [11.61].

The functional groups present on the surface of in-
organic NPs (e.g., hydroxyl groups on the surface of
metal oxide NPs) can be used to conjugate polymer
chains to NPs (Fig. 11.7b) [11.62]. For example, poly-
methacrylic acid (PMAA) was conjugated to the surface

Emulsion
polymerization

Positively charged polymer

Functional group Functional group

Negatively charged
inorganic NP

Monomer Initiator

Non-covalent
grafting

Covalent
grafting

Surface-
initiated

polymerization

Monomer

Nanodroplet

Inorganic NP

Inorganic NP

+
+
+

–

–
– –

a)

b)

c)

d)

Fig. 11.7a–d Schematic represen-
tation of methods for the synthesis
of hybrid NPs with inorganic core.
(a) Non-covalent grafting of poly-
mer chains to inorganic NPs via
electrostatic complexation. (b) Co-
valent grafting of polymer chains
to functionalized inorganic NPs.
(c) Surface-initiated polymeriza-
tion of monomers on inorganic
NPs. (d) Emulsion polymerization of
monomers in the presence of inorganic
NPs

of ZnO NPs through the reaction of �OH groups on
the NP surface with carboxyl groups of PMAA [11.63].
In order to improve dispersion properties of silica
NPs, poly(ethylene glycol) methacrylate (PEGMA) or
poly(propylene glycol) methacrylate (PPGMA) were
conjugated on the surface of vinyl-functionalized silica
NPs via UV photo-polymerization [11.63]. Polystyrene
was conjugated to TiO2 NPs via a three-step pro-
cess [11.64]. First, the surface of TiO2 NPs was func-
tionalized with phosphonic acid. Next, the surface of
phosphonic acid modified NPs was functionalized with
azide groups. Then, polystyrenewas conjugated to azide
functionalized NPs via the click reaction [11.64]. In
another study, amine-terminated silica-coated Fe3O4

NPs were synthesized via sol-gel method and function-
alized with alkyne groups using Michael addition of
propargyl acrylate [11.65]. Then, poly(ester amine) was
grafted to the alkyne-functionalized NPs using the click
reaction [11.65].

In addition to grafting of preformed polymers to in-
organic NPs, in situ polymerization of monomers on
the surface of NPs (grafting from the surface) has been
used extensively for the synthesis of organic–inorganic
hybrid NPs (Fig. 11.7c) [11.66]. For example, densely
grafted polystyrene and PMMA chains were grown on
the surface of silica NPs by incorporation of atom trans-
fer radical polymerization (ATRP) initiator on the sur-
face of NPs [11.67]. A technique similar to ATRP was
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recently applied for the synthesis of PMMA-Al2O3 hy-
brid NPs [11.68]. In an attempt to synthesize thermore-
sponsive NPs, poly(N-isopropylacrylamide) (PNIPAm)
chains were grown on the surface of Fe3O4 NPs us-
ing surface-initiated reversible addition-fragmentation
transfer (RAFT) reaction [11.69]. The hydrodynamic
diameter of the thermoresponsive hybrid NPs decreased
from 37 to 24 nm when temperature increased from
28 to 36 ıC [11.69]. PMMA-Fe3O4 hybrid NPs were
synthesized using a thiol-lactam initiated radical poly-
merization technique [11.66].

Hybrid NPs can also be synthesized via emulsion
polymerization of monomers in the presence of inor-
ganic NPs (Fig. 11.7d). The surface of inorganic NPs
is typically modified to increase compatibility with the
polymer matrix [11.70]. For example, silica NPs with
20 or 78 nm diameter and hydrophobically-modified
with 
 -methacryloxypropyl trimethoxysilane (
 -MPS)
were encapsulated in poly(methyl methacrylate-co-
butyl acrylate) polymer NPs via emulsion polymer-
ization [11.71]. Untreated silica NPs aggregated in
the miniemulsion system and did not uniformly dis-
tribute in the poly(methyl methacrylate-co-butyl acry-
late) NPs [11.71]. Polystyrene-silica hybrid NPs were
synthesized via a miniemulsion polymerization tech-
nique using octaphenyl polyoxyethylene as a surfac-
tant [11.72]. The hybrid polystyrene-silica NPs had
a raspberry-like morphology with 130�370 nm diame-
ter and 17�31% inorganic silica content [11.72]. Hy-
brid NPs with an inorganic TiO2 core and organic
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Fig. 11.8a–c Schematic represen-
tation of methods for the synthesis
of hybrid NPs with organic core.
(a) Hetero-coagulation of preformed
inorganic and organic NPs. (b) Crys-
tallization of inorganic NPs on the
surface of organic NPs. (c) Pick-
ering emulsion polymerization of
monomers in the nanodroplets
stabilized by inorganic NPs

polyacrylic shell were synthesized via emulsion poly-
merization of methyl methacrylate-butyl acrylate (in-
ner shell) and dimethylaminoethyl methacrylate-butyl
acrylate-acrylic acid (outer shell) in the presence of
TiO2 NPs modified with glycidyl methacrylate [11.73].
The TiO2-polyacrylic hybrid NPs had 85�125 nm di-
ameter [11.73]. Polystyrene nodules were formed on
the surface of silica NPs via emulsion polymerization of
styrene in the presence of silica NPs modified with an
oxyethylene-based macromonomer [11.74]. The mor-
phology of silica-polystyrene hybrid NPs depended on
the ratio between silica seeds and growing polystyrene
nodules and changed from snowman-like to daisy-like
and raspberry-like morphology when increasing the ra-
tio [11.74].

Hybrid NPs with Organic Core. Preformed inor-
ganic NPs can be positioned on the surface of or-
ganic NPs using surface treatment followed by aggre-
gation of inorganic–organic NPs (hetero-coagulation)
(Fig. 11.8a) [11.70]. For example, negatively charged
inorganic gold or silica NPs were deposited on the sur-
face of polystyrene NPs functionalized with positively
charged amine groups [11.75]. The position of inor-
ganic NPs within the polymeric NPs can be adjusted
by proper surface treatment. For example, gold NPs
modified with mercaptoundecanol and dodecanethiol
ligands were positioned in the shell of polystyrene-
b-poly(acrylic acid) NPs whereas gold NPs modified
with only hydrophobic dodecanethiol were distributed
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in the core of the block-copolymer NPs [11.76]. Fur-
ther, inorganic NPs can be covalently attached to the
surface of organic NPs by conjugation. For instance, in
an attempt to prepare fluorescent thermosensitive hy-
brid NPs, organic PNIPAM NPs were covered with
inorganic CdTe nanocrystals via an amide coupling
agent [11.77]. The photoluminescence (PL) intensity of
the hybrid PNIPAM-CdTe NPs was temperature depen-
dent [11.77].

Another approach for the synthesis of hybrid NPs is
crystallization of inorganic materials on the surface of
polymeric NPs (Fig. 11.8b) [11.70]. In this approach,
the surface of polymeric particles should be charged to
induce nucleation of the inorganic metals or metal ox-
ides on the polymeric surface.

Several techniques including noncovalent assembly
of a polyelectrolyte, covalent conjugation of a polyelec-
trolyte, and incorporation of a functional comonomer
have been used to modify the surface of organic NPs
for the synthesis of hybrid NPs [11.70]. For exam-
ple, gold and platinum NPs (2�3 nm) were formed
on the surface of polystyrene NPs (� 100 nm) cov-
ered with cationic 2-aminoethylmethacrylate polyelec-
trolytes [11.78]. In another example, styrene and
a surface active comonomer (surfmer) with negatively
charged phosphate groups underwent miniemulsion
polymerization to form polystyrene NPs [11.79]. Neg-
atively charged polystyrene NPs were then used for
controlled crystallization of cerium, iron, and zinc ox-
ide nanocrystals in aqueous or alcohol medium [11.79].
In addition, poly(styrene-co-acrylic acid) NPs surface-
functionalized with negatively charged carboxyl groups
were prepared via the miniemulsion technique and
then covered with inorganic hydroxyapatite nanocrys-
tals [11.80]. Calcium phosphate (CaP) NPs were de-
posited on the surface of PLA and PLGA nanofibers
functionalized with negatively charged Glu-Glu-Gly-
Gly-Cys peptide in a modified simulated body fluid
(mSBF) (Fig. 11.9) [11.81, 82]. The deposition of CaP
NPs increased and the size of NPs decreased when
a carboxylate-rich organic acid such as citric acid, hy-
droxycitric acid, tartaric acid, malic acid, ascorbic acid,
or salicylic acid was added to mSBF [11.81].

Hybrid NPs can also be synthesized via particle-
stabilized emulsion polymerization (Pickering emul-
sion polymerization) technique (Fig. 11.8c). In Pick-
ering emulsion polymerization, the surfactants are re-
placed with particle stabilizers [11.83]. Inorganic NPs
used in the Pickering emulsion polymerization need
to be wettable by both phases in the emulsion, be
dispersible in the continuous phase and be able to ac-
cumulate at the interface of two phases [11.83]. The
most widely used inorganic NPs as Pickering sta-
bilizers are silica NPs [11.83]. For example, hybrid

mSBF
medium

a) b)

PLA
nanofibers

Negatively
charged
peptide

CaP NP 200 nm

Fig. 11.9 (a) Schematic representation of the synthesis of
CaP NPs on the surface of peptide functionalized PLA
nanofibers. (b) SEM image of CaP NPs crystallized on the
surface of peptide functionalized PLA nanofibers. Repro-
duced with permission from [11.81]

NPs were synthesized via Pickering emulsion poly-
merization of styrene, methyl methacrylate, n-butyl
acrylate, or n-butyl methacrylate as a monomer and
4-vinylpyridine as a comonomer in the presence of
silica NPs [11.84]. It was shown that a strong acid-
base interaction between the copolymer and silica
NPs is essential for the formation of hybrid NPs
and hybrid NPs did not form in the absence of 4-
vinylpyridine comonomer [11.84]. Silica-polystyrene
hybrid NPs were synthesized via Pickering emulsion
polymerization of styrene using a cationic azobisisobu-
tyronitrile initiator (AIBN), glycerol functionalized sil-
ica and without using any comonomer [11.85]. The
hybrid NPs had 200�400 nm diameter and 22�28wt%
silica [11.85]. In addition to silica, zinc oxide, tita-
nia, magnetite and graphene oxide NPs have been used
as inorganic Pickering stabilizers in the synthesis of
hybrid NPs [11.83]. For instance, ZnO-polystyrene hy-
brid NPs were prepared via emulsion polymerization of
styrene in the presence of ZnO particles using AIBN
as the initiator. The polystyrene formed the core while
ZnO particles were positioned in the shell of the hybrid
NPs [11.86].

Biological NPs
Biological NPs can be classified into two categories:
Those that are naturally formed in biological systems
from organic or inorganicmaterials (naturally occurring
NPs) and those that are synthesized from biomolecules
(e.g., proteins, peptides and polysaccharides).

Naturally Occurring NPs. Naturally occurring NPs
are assembled in biological systems and include ex-
tracellular NPs (e.g., lipoproteins and viruses) and
intracellular NPs (e.g., ferritin). Lipoproteins are self-
assembled naturally occurring NPs made of lipids
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and specialized proteins. Lipoproteins have a micel-
lar structure with a core composed of triglycerides
and cholesterol esters and a shell of phospholipids and
amphipathic proteins [11.87, 88]. Lipoproteins are syn-
thesized mainly by the liver and intestines and can be
separated from plasma via ultracentrifugation [11.87,
88]. There are several classes of lipoproteins depend-
ing on size and density. The size of lipoproteins in-
creases from 7�13 nm for high density lipoprotein
(HDL) to 22�27 nm for low density lipoprotein (LDL),
27�30 nm for intermediate density lipoprotein (IDL),
35�80 nm for very low density lipoprotein (VLDL)
and 80�1200 nm for chylomicrons [11.88]. Hydropho-
bic core of the lipoproteins can be loaded with water
insoluble drugs for therapeutic applications. For exam-
ple, valrubicin, an anticancer drug, was encapsulated in
spherical HDL NPs [11.89]. The toxicity of valrubicin
drug against ovarian and prostate cancer cell lines in-
creased while its toxicity against normal prostate and
ovarian epithelial cell lines decreased when the drug
was encapsulated in HDL NPs compared with the drug
alone [11.89].

Exosomes are 30�120 nm vesicles released by B
cells, dendritic cells, mast cells, mesenchymal stem
cells, adipocytes, neurons, endothelial cells and cancer
cells in vivo [11.87, 90]. Further, exosomes are secreted
by most cells in vitro [11.87]. In addition, exosomes can
be isolated from extracellular fluids including blood,
urine, saliva, and amniotic fluid [11.90]. The outer sur-
face of exosomes is a lipid bilayer made of cholesterol,
sphingolipids, ceramide and phosphoglycerides with
saturated fatty-acyl chains [11.87]. The functions of ex-
osomes in vivo include encapsulation and removal of
excess membrane proteins and nucleotides from cells,
encapsulation and delivery of signaling proteins and
regulation of immune response through antigen presen-
tation [11.91–93]. Proteins and nucleotides encapsu-
lated in exosomes are protected from degradation and
endocytosis by macrophages hence having a long cir-
culation time [11.87]. Therefore, exosomes have been
studied for the delivery of proteins and RNA in cancer
treatment and tissue regeneration [11.90, 94].

Ferritin is an intracellular hollow nanoparticle with
an outer diameter of 12 nm and interior cavity diameter
of 8 nm [11.87]. Ferritin protein shell is composed of
24 subunits made up of the heavy-chain ferritin and the
light-chain ferritin [11.87]. The interior cavity is nat-
urally used to store iron oxides and to sequester the
undesirable effects of iron ions. Ferritin NPs have been
used as nanoreactors to synthesize ferrimagnetic iron
oxide NPs in a constrained volume [11.95]. After the
formation of inorganic core in the ferritin cavity, the
protein shell can be removed to separate the inorganic
NPs. In addition to iron oxide, inorganic cobalt ox-

ide, chromium oxide and nickel hydroxide NPs have
been synthesized in the cavity of ferritin NPs [11.96].
Further, semiconductor NPs including CdSe, ZnSe,
CdS and ZnS NPs have been synthesized using fer-
ritin [11.96]. It is shown that ferritin-iron oxide hybrid
NPs bind to tumor cells that overexpress transferrin re-
ceptor 1 (TfR1) and undergo a color reaction that can
be used to visualize tumor tissues [11.97].

Viruses are naturally occurring NPs (20�300 nm)
with capsid proteins forming the shell and viral DNA
or RNA forming the core [11.87]. Viruses have a wide
range of sizes and morphologies including spheri-
cal, rod-shape, and icosahedral morphologies [11.87].
Virus-like particles with a native protein shell but with-
out nucleic acid do not cause infection and can be used
as carriers for drugs or proteins. Further, bioactive lig-
ands can be conjugated to lysine or cysteine residues on
the capsid protein [11.98]. For example, cell penetrating
peptides conjugated to Cowpea mosaic virus (CPMV)
increased the uptake efficiency of the virus by human
cervical cancer cells [11.99]. In another example, con-
jugation of nucleoprotein of influenza to Bacteriophage
P22 virus-like particles resulted in a vaccine that in-
duced a protective CD8C T cell response against lethal
doses of influenza while the virus-like particles alone
did not provide immunity [11.100].

Protein NPs. Several techniques including desolva-
tion, emulsion–solvent extraction and polyelectrolyte
complexation have been employed for the synthesis of
NPs from proteins [11.101]. The desolvation method
is based on drop-wise addition of a desolvation agent
such as alcohols, salts or other solvents to a protein
solution with stirring to trigger precipitation of protein
NPs [11.102]. Since the solubility and conformation of
proteins in aqueous solution depends on pH, solvent po-
larity, and ionic strength of the solution, a change in
these factors leads to conformational changes and nano-
precipitation of proteins [11.101]. The precipitation
step is often followed by crosslinking of NPs with glu-
taraldehyde in order to stabilize the particles [11.102].
NPs of different proteins including albumin, gelatin
and elastin have been synthesized via the desolvation
method [11.101]. For example, human serum albumin
(HSA) NPs were prepared via the slow addition of
ethanol to HSA solution at room temperature followed
by glutaraldehyde crosslinking [11.103]. The size of
HSA NPs varied between 200�300 nm depending on
pH of the desolvation solution [11.103]. The size of the
albumin NPs prepared via desolvation decreased with
increasing pH and increasing the ratio of antisolvent
(e.g., ethanol) to solvent [11.101, 103]. Bovine serum
albumin (BSA) NPs synthesized via desolvation and
surface modified with cationic polyethylenimine were
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employed for the encapsulation of bone morphogenic
protein-2 (BMP-2) protein [11.104]. The NPs exhibited
a sustained release of BMP-2 over 10 days and high re-
tention of protein activity in vitro [11.104]. In another
example, gelatin NPs were synthesized by slow addi-
tion of ethanol to the aqueous solution of gelatin with
65 W 35 ethanol/water ratio at 37 ıC and pH D 7:0 fol-
lowed by particle crosslinking with glyoxal [11.105].
The gelatin NPs had a 17 h half-life and 30 h mean
residence time in the plasma of Lewis lung carcinoma-
bearing mice [11.105].

The emulsion–solvent extraction method for the
synthesis of protein NPs is based on emulsification
of the aqueous solution of the protein in oil using
a high-speed homogenizer or a sonicator in the pres-
ence of a surfactant such as phosphatidylcholine or
Span 80 [11.101]. The oil phase is then removed using
an organic solvent and NPs are separated via centrifu-
gation [11.101]. NPs can be stabilized using a physi-
cal or chemical crosslinking technique. For example,
NPs based on casein, a milk protein, were synthe-
sized via oil-in-water emulsification in the presence of
Span 80 [11.106]. Casein NPs were stabilized via ionic
crosslinking using a polyanionic crosslinker sodium
tripolyphosphate [11.106]. Casein NPs had 60�100 nm
diameter and exhibited a sustained release of anticancer
drug flutamide for four days in vitro [11.106]. NPs
based on albumin protein were also synthesized us-
ing the emulsion–solvent extraction method [11.101,
107].

Polyelectrolyte complexation is typically used for
the synthesis of DNA-laden protein NPs [11.101]. In
this method, proteins are first charged cationic by ad-
justing the pH to below their isoelectric point (pI)
(Fig. 11.10). Cationic proteins then form a polyelec-
trolyte complex with negatively charged DNA that
undergo desolvation to form DNA-laden NPs [11.101].
For example, HSA-DNA-polyethylenimine (PEI) NPs
were synthesized in a two-step process [11.108]. First,
a solution of PEI and positively charged HSA was
prepared at pH 4.1. Then, NPs were formed by
adding sodium sulfate solution containing DNA to
the HSA-PEI solution [11.108]. Positively charged
poly(lysine) and chitosan were also used for the syn-
thesis of NPs via the polyelectrolyte complexation
method [11.24].

Peptide NPs. Several classes of peptides including
surfactant-like peptides and polypeptides have been
used for the synthesis of NPs [11.109, 110]. The
surfactant-like peptides have a hydrophilic head and
a hydrophobic tail similar to an organic surfactant. The
peptides self-assemble in aqueous solution to form mi-
celles with different morphologies including nanotubes,

nanovesicles and nanofibers [11.111]. For instance,
surfactant-like peptides with a tail of six hydrophobic
amino acids and a head of two positively charged amino
acids (e.g., V6K2, V=Valine, K=Lysine) self-assembled
to nanotubes and spherical nanovesicles in aqueous
solution [11.112]. The V6K2 peptide conjugated to
a low molecular weight PLA molecule (PLA-V6K2)
was self-assembled to spherical NPs with an average
size of 100 nm (Fig. 11.11a) [11.113]. The PLA-V6K2
NPs had sustained release of an anticancer drug Dox-
orubicin (Dox) over 35 days (Fig. 11.11b) [11.113].
Further, 49% of the PLA-V6K2 NPs were taken
up by 4T1 mouse breast carcinoma cells after 24 h
(Fig. 11.11c) [11.113]. The release rate of Dox was
slower and the percent uptake by 4T1 cells was higher
for PLA-V6K2 NPs compared with PEG stabilized
PLA (PLA-EG) NPs (Fig. 11.11b,c) [11.113].

When the hydrophobic tail of a surfactant-like pep-
tide is an alkyl chain, the structure is called peptide
amphiphile (PA). It is shown that PAs spontaneously
self-assemble into a range of nanostructures including
nanofibers, spherical micelles, nanovesicles and nano-
tubes [11.114, 115]. For example, a PA with the struc-
ture of C16-KKFFVLK (F= Phenylalanine, L= Leucine)
self-assembled into nanotubes and helical ribbons at
room temperature [11.116].

A number of polypeptides have been used for syn-
thesis of NPs [11.117]. For example, an elastin-like
polypeptide (ELP) with a repeating unit of VPAVG
(P=Proline, A=Alanine, G=Glycine) self-assembled to
NPs when the temperature of polypeptide aqueous so-
lution was raised from 4 to 37 ıC [11.118]. The elastin-
like polypeptide NPs exhibited a sustained release of
encapsulated dexamethasone phosphate for 30 days in
vitro at 37 ıC [11.118]. In a recent example, NPs with
600 nm diameter were synthesized from an ELP con-
jugated to stromal cell-derived growth factor-1 (SDF1)
for wound healing applications [11.119]. The wounds
of diabetic mice treated with ELP-SDF1 NPs were
closed after 28 days while those wounds treated with
SDF1 alone were closed after 42 days [11.119]. pH sen-
sitive polypeptide nanovesicles were synthesized from
zwitterionic diblock poly(L-glutamic acid)-b-poly(L-
lysine) copolymers. The hydrodynamic radius of the
nanovesicles was 110 and 175 nm in acidic (pH <
4) and basic (pH > 10) aqueous solutions while the
polypeptides did not self-assemble to nanovesicles at
intermediate pH values (5< pH< 9) [11.120].

Polysaccharide NPs. Polysaccharides are naturally
derived polymers with monosaccharide repeat units
joined together by glycosidic bonds [11.110]. Posi-
tively charged chitosan and negatively charged algi-
nate, heparin, hyaluronic acid, dextran sulfate and der-
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matan sulfate are the most widely used polysaccharides
for synthesis of NPs [11.110]. Different approaches
including polyelectrolyte complexation, crosslinking,
and self-assembly have been employed for the syn-
thesis of polysaccharide NPs [11.110]. For example,
chitosan-alginate NPs were prepared by polyelectrolyte
complexation between cationic chitosan and anionic al-
ginate pregel particles [11.121]. Polysaccharide NPs
prepared by polyelectrolyte complexation between der-
matan and chitosan had 730 nm radius and were se-
lectively taken up by H5V murine endothelial cells
in the presence of Raw 264.7 murine macrophage
cells [11.122]. Chitosan NPs (250 nm diameter) syn-
thesized via water-in-oil emulsion method, stabilized

by glutaraldehyde crosslinking, and coated with anionic
polysaccharides were used for encapsulation of the
anticancer drug 5-fluorouracil (5-FU) [11.123]. Self-
assembling amphiphilic polysaccharides generated by
hydrophobic modification of polysaccharides’ back-
bone have also been used for the synthesis of NPs and
micelles [11.110]. For instance, hydrophobically mod-
ified chitosan prepared via grafting N-acyl groups to
the backbone of chitosan self-assembled to NPs with
< 550 nm diameter at 38 ıC and pH 7.4 [11.124]. In
another example, polyglycolic acid (PGA) conjugated
alginate self-assembled to NPs with 200�250 nm diam-
eter through hydrophobic interactions between the PGA
segments [11.125].

11.3 Properties of NPs

11.3.1 Size of NPs

A change in NP size significantly affects the surface
area as well as mechanical, magnetic, electrical and bi-
ological properties of NPs. The surface to volume ratio
increases when the particle size decreases. Therefore,
the fraction of surface atoms or functional groups in-
creases with decreasing the NP size. For example, the
chemical reactivity of silica NPs increases with decreas-
ing the particle size due to an increase in the density
of silanol groups (Si–OH) on the NPs surface [11.126].
The superparamagnetism of magnetic NPs increases as
the size decreases [11.127]. The elastic modulus and
hardness of crystalline metal NPs is inversely correlated
with particle size [11.95]. The capacitance of conduc-
tive NPs decreases and Coulomb energy increases with
reducing the NP size [11.128]. Anticancer drug-loaded
NPs with diameters < 100nm can pass through the
leaky vasculature of the tumor tissues [11.129]. The
size of NPs can be controlled by adjusting the synthesis
parameters including reactant–surfactant concentration,
temperature and pH of the medium [11.12].

In the ball milling method, the size of synthe-
sized NPs depends on milling time, rotation speed,
ball-to-powder weight ratio as well as temperature and
pressure [11.1]. The size of NPs synthesized via the va-
por deposition method depends on target to substrate
distance, type of substrate, substrate temperature, depo-
sition time, chamber pressure and the electrical power
for deposition [11.6]. In the laser-based vapor depo-
sition method, number of pulses, deposition time, gas
pressure and substrate temperature significantly affects
the size and morphology of NPs [11.7, 8] The size of
NPs synthesized via reduction and precipitation meth-
ods can be controlled by changing pH of the synthesis

medium. The adsorption of proton or hydroxide ions on
the surface of growing particles decreases the surface
energy of growing NPs, hence increases the stability
of small particles [11.130]. Therefore, adjusting pH of
the synthesis medium to values that increase the sur-
face charge density of growing particles decreases the
size of NPs [11.130]. For instance, in the synthesis of
TiO2 NPs via precipitation method, the surface charge
density increased from 0 to 0:2 and the size of NPs
decreased from 9 to 5 nm by decreasing pH of the syn-
thesis medium from 5:3 to 2 [11.14].

In the microemulsion method, NPs of smaller size
can be synthesized by reducing water to surfactant ratio.
An increase in the water to surfactant ratio, increases
the droplet size as well as the aggregation of particles,
hence increases size of the synthesized NPs. For exam-
ple, Pd NPs were synthesized via the microemulsion
technique in a water/isooctane medium using sodium
bis(2-ethylhexyl) sulfosuccinate as the surfactant and
N2H4 as the reducing agent [11.131]. The size of Pd
NPs after 10min of reaction increased from 8:1 to
11:7 nm with increasing the water to surfactant ratio
from 3 to 7 at reducing agent to metal molar ratio of
60 [11.131]. In another example, a higher concentra-
tion of PVA stabilizer in the single-emulsion synthesis
of PLGA polymer NPs decreased the size of parti-
cles significantly [11.132]. Further, the size of NPs in
the microemulsion technique can be reduced by us-
ing a more viscous oil phase [11.133]. In addition,
high-energy mixing (e.g., sonication) of microemulsion
systems decreases the size of synthesized NPs [11.12].
An increase in the concentration of the reactants in
the microemulsion technique decreased the size of NPs
which was due to a transition from intermicellar nucle-
ation to intramicellar nucleation [11.134, 135].
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The size of polymer NPs prepared via dialysis
or nanoprecipitation depends on the polymer compo-
sition and concentration and the solvent used. The
size of nanoprecipitated NPs decreases with increas-
ing solvent–nonsolvent affinity as well as polymer-
solvent affinity [11.136]. For example, the size of
PLGA NPs decreased with changing the solvent
from dimethylacetamide (DMAc) to dimethylsulfoxide
(DMSO) and dimethylformamide (DMF) in the dialy-
sis method [11.137]. In another example, the size of
poly(lactide-co-glycolide fumarate) (PLGF) NPs syn-
thesized by the dialysis method was smaller than
poly(lactide fumarate) (PLAF) NPs due to the higher
hydrophilicity of the PLGF macromer [11.138].

11.3.2 Shape of NPs

The shape of NPs significantly affects their physico-
chemical and biological properties. For example, the
catalytic activity of Pt NPs is shape dependent [11.139]
or the circulation time and cell uptake of drug-loaded
NPs varies with the NPs’ morphology [11.140]. NPs
generally favor a morphology that is associated with
minimal surface free energy [11.15]. For amorphous
materials with an isotropic surface, a spherical mor-
phology minimizes the surface free energy by lowering
the surface to volume ratio [11.15]. In an anisotropic
crystalline structure, each crystal plane has a specific
surface free energy [11.130]. For example, in noble
metals (e.g., Ag, Au and Pt), the surface free energy
of (100), (110) and (111) planes is lower than those of
high-index crystal planes. Therefore, the standard mor-
phology of NPs made of single crystalline noble metals
is a truncated octahedron that is a linear combination of
the aforementioned low-index planes [11.15]. However,
the shape of crystalline metal or metal oxide NPs syn-
thesized via solution-basedmethods can be modified by
adjusting the nucleation and growth steps. For example,
the shape uniformity of NPs increases by increas-
ing the rate of crystal nucleation in the salt reduction
method [11.15]. Further, adsorbates that selectively ad-
sorb to specific crystal planes in the growth step can
be employed to control the crystal morphology [11.15].
The crystal growth continues on the plane that has weak
interaction with the adsorbate. Surfactants, poly(vinyl
pyrrolidone) and metal ions have been used as adsor-
bates in the synthesis of crystalline NPs [11.15]. For
instance, single crystalline Ag NPs with several mor-
phologies including cube, octahedral, truncated cube,
truncated octahedra and cuboctahedra were synthe-
sized via reduction of AgNO3 in 1,5-pentanediol in the
presence of poly(vinyl pyrrolidone) as an adsorbate at
180 ıC [11.141]. The morphology of Ag NPs depended
on the rate of injection of AgNO3 solution in the reduc-

ing solvent [11.141]. The morphology of inorganic NPs
can also be controlled by adjusting the reaction parame-
ters such as temperature, pH and relative concentration
of metal ions. For example, manganese dioxide (MnO2)
NPs with a number of morphologies including needle-
like, lamellar and spherical were synthesized by varying
the Mn(VII) to Mn(II) ratio and pH of the reducing
medium [11.130].

Due to the semicrystalline nature of polymers, the
favorable morphology of polymeric NPs is spheri-
cal [11.142]. Polymeric NPs with nonspherical mor-
phologies have been synthesized via top-down and
bottom-up approaches. For example, several morpholo-
gies of polystyrene NPs including ellipsoids, rods
and disks were synthesized by embedding the spher-
ical polystyrene NPs in a poly(vinyl alcohol) film
and stretching the film [11.143]. Further, several mor-
phologies of polyethylene glycol (PEG) based NPs
including spheres, cylinders, cubes and disks were
synthesized via spraying or drop-casting the polymer
precursor solution on a perfluoropolyether nonwet-
ting template [11.144]. Polymer and peptide based
NPs with a range of morphologies have been syn-
thesized via the self-assembly method. For exam-
ple, worm-like micelles were synthesized via self-
assembly of poly(ethylene glycol)-poly(ethylethylene)
diblock copolymers [11.145]. Surfactant-like peptides
with a tail of six hydrophobic amino acids and a head
of two positively charged amino acids (e.g., V6K2) self-
assembled to nanotubes and spherical nanovesicles in
aqueous solution [11.112]. Furthermore, it was shown
that peptide amphiphiles spontaneously self-assemble
into a variety of nano-objects including spherical mi-
celles, nanovesicles and nanotubes [11.114, 115].

11.3.3 Magnetic Properties of NPs

Magnetic NPs have been synthesized with several com-
positions including iron oxides, pure metals, alloys
(e.g., FePt) and spinel-type compounds (e.g., MnFe2O4

or CoFe2O4) [11.146]. Further, a number of approaches
including coprecipitation, microemulsion, thermal de-
composition and hydrothermal synthesis have been ap-
plied for the synthesis of magnetic NPs [11.146]. The
majority of magnetic NPs are classified into either fer-
romagnetic or superparamagnetic materials [11.127].
In ferromagnetic materials, atomic magnetic dipoles
are aligned and there exists a net magnetic moment
in the absence of an external magnetic field. Paramag-
netic materials have magnetic dipoles but these dipoles
are not aligned and fluctuate randomly, hence the net
magnetic moment is zero in the absence of an exter-
nal magnetic field above a material-specific temperature
called the Curie temperature. Ferromagnetic or fer-
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rimagnetic NPs with sizes below a material-specific
threshold have zero net magnetic moment in the ab-
sence of an external field and they become magnetic
and their magnetic moment rapidly increases with the
application of an external magnetic field (Fig. 11.12).
This property of magnetic NPs which is called super-
paramagnetism occurs at temperatures above a blocking
temperature (TB) wherein thermal fluctuations exceed
the energy barrier for random flipping of magnetic mo-
ments within NPs [11.127].

The TB of NPs correlates with particle volume
and rapidly increases with particle diameter [11.148].
The maximum on the magnetization curve (Fig. 11.12)
is called saturation magnetization (Ms) which hap-
pens when all magnetic dipoles are aligned with the
external magnetic field [11.127, 147]. The remaining
magnetization after the removal of an external mag-
netic field (the intercept of y-axis and the magnetization
curve in Fig. 11.12) is called remanent magnetization
(Mr) [11.147]. The strength of an external field re-
quired to force the magnetization to zero (the intercept
of x-axis and the magnetization curve in Fig. 11.12)
is called coercivity (Hc) [11.147]. The Mr and Hc

are both zero for paramagnetic and superparamag-
netic materials as opposed to ferromagnetic materials
(Fig. 11.12) [11.147]. The magnetization of superpara-
magnetic materials increases rapidly upon applying an
external field as opposed to the linear trend of paramag-
netic materials (Fig. 11.12) [11.147]. The Ms increases
linearly with NP size and reaches a plateau correspond-
ing to the bulk Ms [11.127]. Therefore, smaller NPs

Magnetization

Field

Hc

Mr

Ms

Paramagnetic
Ferromagnetic

Superparamagnetic

Fig. 11.12 Hysteresis loops of ferromagnetic, paramag-
netic, and superparamagnetic materials (after [11.147])

have lower Ms but higher superparamagnetism. For ex-
ample the Ms of Fe2:66O4 NPs decreased from 77 to
29 emu=g and TB decreased from 100 to 10K when
the NP size was reduced from 14 to 2:5 nm [11.149].
In addition to size, the morphology of NPs affects mag-
netization. For example, the TB of Fe3O4 NPs decreased
when the NPs morphology was changed from spherical
to cubic [11.150]. Further, the Ms of Fe3O4 NPs in-
creased from 18 to 40 and 80 emu=gwhen the NPs mor-
phology was changed from rods to cubes and spheres,
respectively [11.107]. The composition and method of
synthesis of NPs also significantly affects magnetic
properties of NPs. For instance, the size at which a tran-
sition to superparamagnetism happens decreased when
the composition of NPs was changed from Fe2O3 to
Fe3O4 and FePt [11.151]. Alloyed magnetic NPs gener-
ally have higherMs than the corresponding pure metals
or iron oxide based NPs [11.127]. In another example,
metal-doped NPs with the composition of MFe2O4 (M
= Mn, Fe, Co or Ni) were synthesized via a nonhy-
drolytic reaction between iron tris-2,4-pentadionate and
divalent metal chloride (MCl2). TheMs of MFe2O4 NPs
with the same size of 12 nm varied from 85 to 99, 101
and 110 emu=g by changing the metal (M) from Ni to
Co, Fe and Mn, respectively [11.152]. The highest Ms

of MnFe2O4 was related to a mixed spinel structure as
opposed to an inverse structure for NiFe2O4, CoFe2O4

and FeFe2O4 NPs [11.152]. Particle coating generally
decreases the magnetization of NPs [11.127]. For exam-
ple, Ms of Fe3O4 NPs decreased from 75 to 51 emu=g
and coercivity increased from 1:1 to 5 when the NPs
were coated with PNIPAM polymer [11.153].

11.3.4 Mechanical Properties of NPs

The mechanical properties of NPs including elastic
modulus, hardness, and frication are significantly dif-
ferent from those of bulk materials [11.154]. Results
of several studies have shown that the hardness, yield
strength, and elastic modulus of crystalline metal NPs
are higher than those of bulk metals and inversely corre-
lated with particle size [11.155–158]. For example, the
mechanical properties of gold NPs with a sixfold icosa-
hedral symmetry and 22 nm size were measured via the
nano-indentation method [11.157]. The hardness and
elastic modulus of gold NPs were 1:72 and 100GPa,
respectively, which were significantly higher than the
hardness (216MPa) and elastic modulus (79GPa) of
gold [11.157]. The increase in yield strength or hard-
ness with decreasing size for single crystalline NPs is
due to the absence of dislocations in the crystalline
structure leading to higher resistance to plastic defor-
mation [11.154]. For polycrystalline NPs, the enhanced
mechanical properties are due to an increase in the den-
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sity and entanglement of dislocations with decreasing
the grain size that limits the motion of dislocations
(Hall–Petch effect) [11.159]. However, the hardness
and yield strength of crystalline NPs decrease signif-
icantly if the NPs are smaller than a critical size due
to the inverse Hall–Petch effect [11.154]. In this case,
the grain is too small to support a high density of dis-
locations hence the deformation is dominated by grain
boundary sliding [11.154]. For example, the modulus
of nanocrystalline titania NPs increased with reducing
the particle size down to 15 nm [11.160]. The modulus
of titania NPs then decreased with decreasing particle
size below 15 nm [11.160]. The mechanical properties
of polymeric NPs depend on the glass transition temper-
ature, crystallinity of the polymer as well as the surface
properties of NPs [11.161]. For instance, the compres-
sive modulus of surface-charged polystyrene NPs was
slightly less than that of bulk polystyrene but the elastic
modulus of polypropylene NPs was higher than that of
bulk polypropylene [11.162, 163].

The friction coefficient of nano-objects is propor-
tional to the contact area as opposed to the macroscopic
dry sliding friction. Results of a number of studies
showed that the friction of NPs increases with particle
size [11.154, 161]. For example, an increase in the size
of gold NPs from 30 to 90 nm, increased the dry friction
of particles under 300 nN load by threefold [11.164].
Further, gold nanorods with 50 nm diameter and 200 nm
length had a higher friction in air or water than gold
NPs with 50 nm diameter [11.154]. The friction force
between single polystyrene NPs (30�230 nm) and a sil-
icon substrate was correlated with two thirds power of
the particle radius [11.165]. Further, the frication of
nano-objects increased logarithmically with the sliding
velocity as opposed to the macroscopic frication which
was independent of sliding velocity [11.166].

11.3.5 Electrical Properties of NPs

The semicontinuous electronic band structure of bulk
metals changes to discrete electronic levels when de-
creasing the size in the nanoscale. This phenomenon is
called the size quantization effect, which is responsible

for the unique electrical properties of metallic and semi-
conductive NPs. A transition from a conductive bulk
material to semiconductive NP happens due to the size
quantization effect and formation of a band gap if the
size of NP is sufficiently low. Metallic NPs with a di-
ameter lower than 2 nm start to undergo transition from
conductor to semiconductor [11.167]. Further, the band
gap that normally exists in semiconductive materials
grows with decreasing size from bulk to NPs. However,
the quantization effect in semiconductor materials hap-
pens at relatively larger scales (1�10 nm) [11.167]. The
electrical current in bulk materials obeys Ohm’s law

V D IR ; (11.4)

where V is the applied voltage, I is current and R is
resistance of the material. Ohm’s law is not valid when
quantization happens at the nanoscale and the Coulomb
energy of NPs exceeds the thermal energy

kBT <
e2

2C
; (11.5)

where kB is the Boltzmann constant, T is temperature, e
is elementary charge and C is capacitance. The capaci-
tance of a nanoparticle depends on its size as [11.128]

C D 4�r""0 ; (11.6)

where r is the NP radius, " and "0 are dielectric constant
of the medium and vacuum, respectively. Therefore, ca-
pacitance decreases and Coulomb energy increases with
reducing NPs size. When the NPs are sufficiently small
such that Coulomb energy exceeds thermal energy
(11.5), charge transfer occurs through the NPs via a sin-
gle electron tunneling. In this case, the external voltage
�V D e=2C is required to transfer a single charge to the
NP leading to a tunneling current �I D e=RC. There-
fore, the current–voltage curve in quantum dots is like
a staircase with height of �I and width of �V, due
to tunneling of multiple single electrons [11.128]. For
example, Au NPs with 5:8 nm diameter at 77 ıK had
a staircase current–voltage curve with a width of�V D
200mV [11.168].

11.4 Applications of NPs

NPs have been used for sensing biological analytes in-
cluding DNA and proteins as well as small molecules
such as glucose [11.11]. In biosensing, specific recep-
tors conjugated to the surface of NPs interact with
specific biological analytes and the biological recog-
nition event is translated into detectable optical, mag-

netic or electrochemical signals [11.169, 170]. The
increased sensitivity and lower detection limit of NP-
based biosensors compared with macroscale biosensors
are due to high surface to volume ratio of NPs re-
sulting in a larger density of biospecific receptors per
unit volume of NPs [11.11]. Further, unique magnetic,
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optical and electrical properties of NPs contribute to
the translation of recognition event to detectable sig-
nals [11.11]. For example, Au NPs were used for col-
orimetric sensing of oligonucleotides [11.169]. Au NPs
functionalized with single-stranded DNA aggregated in
the presence of oligonucleotides leading to a change
in the color of solution [11.169]. In another example,
interleukin-6 (IL-6) protein in the unprocessed human
sera was detected using IL-6 antibody conjugated mag-
netic FeCo NPs and a giant magnetoresistive (GMR)
sensor functionalized with IL-6 antibody [11.171]. The
IL-6 analyte and antibody-conjugated magnetic NPs
were captured and formed a sandwich on the sur-
face of the GMR sensor [11.171]. The change in
electrical resistance of the GMR sensor was corre-
lated to the amount of captured magnetic FeCo NPs,
which was related to the concentration of IL-6 pro-
tein [11.171].

One of the major applications of NPs is the local-
ized or targeted delivery of drugs and biomolecules
to cells and tissues [11.172]. NPs as delivery vehicles
protect drugs or biomolecules from degradation, trans-
port them into the cells or tissues and release them
in a sustained manner [11.169]. The uptake efficiency
of bioactive molecules by cells is significantly higher
for NPs compared with microparticles. For example,
PLGA NPs (100 nm) had 15�250-fold higher gastroin-
testinal tissue uptake in a rat model than microparticles
(10�m) [11.173]. Anticancer-drug-loaded NPs with di-
ameters < 100 nm can pass the leaky vasculature of
tumors and enter the interstitial space of tumor tis-
sue [11.129]. Several biodegradable NPs based on PLA,
PLGA, PCL and polyacrylate polymers as well as natu-
ral alginate, chitosan and gelatin have been synthesized
for the delivery of drugs or proteins [11.172]. The drug
or protein may be entrapped within the NPs or conju-
gated on the surface of NPs. Further, targeting antibod-
ies can be attached to the surface of NPs for recognition
and binding to target cells [11.174]. The release rate
of encapsulated drugs or proteins from biodegradable
polymer NPs can be tuned from a few days to months
by altering the composition or length of the polymer
chains [11.172]. For example, anticancer drug Pacli-
taxel encapsulated in the more hydrophobic NPs based
on poly(lactide-fumarate) (PLAF) displayed a sustained
release of Paclitaxel over 28 days whereas the less hy-
drophobic poly(lactide-co-glycolide fumarate) (PLGF)
NPs released the encapsulated drug in 15 days [11.175].
The viability of HCT116 human colon carcinoma cells
significantly decreased when they were exposed to
Paclitaxel encapsulated in PLGF or PLAF NPs com-
pared with the drug alone [11.175]. In a recent exam-
ple, recombinant human bone morphogenetic protein-2
(BMP2) and vascular endothelial growth factor (VEGF)

were grafted to nanogels based on polyethylene gly-
col (PEG) macromers chain-extended with short lactide
and glycolide segments [11.32]. The release rate of
BMP2 and VEGF proteins from nanogels depended
on PEG molecular weight, lactide/glycolide segment
length and lactide–glycolide molar ratio in the poly-
mer [11.32]. Nanogels with 12 kDa PEG molecular
weight, 24 lactide-glycolide segment length, and 60 W 40
lactide/glycolide ratio released the grafted VEGF in 10
days and induced vasculogenic differentiation of hu-
man endothelial colony-forming cells while nanogels
with 8 kDa PEG molecular weight, 26 lactide-glycolide
segment length, and 60 W 40 lactide–glycolide ratio re-
leased the grafted BMP2 in 21 days and induced os-
teogenic differentiation of human mesenchymal stem
cells [11.32].

Several types of NPs including noble metal NPs,
quantum dots, polymer NPs and fluorescently doped
silica NPs have been used for imaging of cells and
tissues [11.176]. For example, self-illuminating quan-
tum dots were synthesized by conjugation of a mod-
ified bioluminescent protein Renilla reniformis lu-
ciferase to fluorescent semiconductor CdSe/ZnS quan-
tum dots [11.177]. The conjugate emitted long-
wavelength bioluminescent light without a need for
external excitation of quantum dots [11.177]. Further,
magnetic NPs have been used as contrast agents in mag-
netic resonance imaging (MRI) [11.178]. MRI signal
intensity is related to the spin–lattice relaxation time
(T1) and spin–spin relaxation time (T2) of water pro-
tons [11.178]. When magnetic NPs accumulate in the
tissue that is being imaged, they reduce the relaxation
time which in turn enhance the image contrast [11.127].
The contrast enhancement is correlated with the Ms of
the magnetic NPs [11.127]. For example, Fe3O4 NPs
shorten the T2 relaxation time and have been used as
a contrast agent in imaging liver, spleen and bone mar-
row [11.179].

One of the earliest commercial applications of
NPs was in catalyzed reactions such as the synthe-
sis of reformulated gasoline and hydrosilylation reac-
tions [11.180]. Metal NPs have been used as catalysts
in quasihomogeneous catalyzed reactions including
hydrogenation, cross-coupling, oxidation and electron
transfer in organic or aqueous solutions [11.180]. For
instance, hydrogenation of cyclooctene to cyclooctane
was performed via quasihomogeneous catalysis using
chitosan-stabilized Pt and Pd NPs (1:9�2:2 nm in size)
as catalysts in acetic acid/methanol solution [11.181].
Further, metal NPs deposited on carbon, silica, and
metal oxide supports have been used as catalysts in
heterogeneous catalysis [11.180]. Several techniques
including physical adsorption, grafting, flame spray-
ing, ion exchange and the Langmuir–Blodgett method
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have been employed for deposition of NPs on sup-
ports for heterogeneous catalysis [11.182–184]. The
size, shape and composition of NPs significantly af-
fect the catalytic properties of supported metal cata-
lysts [11.180]. For example, Pt NPs of different shapes
(cubic and cuboctahedral) deposited on silicon wafer
supports via Langmuir–Blodgett technique were used
for hydrogenation of benzene [11.183]. Selectivity of
the heterogeneously catalyzed reaction depended sig-
nificantly on the shape of Pt NPs. While cyclohexane
and cyclohexene were formed on cuboctahedral NPs,
only cyclohexane was formed on cubic NPs [11.183].

Metal, metal oxide, silicon and carbon-based NPs
have been used as additives to lubricants in order to
reduce the friction and wear between contacting sur-
faces [11.161]. The reduction of friction and wear in the
presence of NPs is related to the rolling of the spher-
ical NPs or sliding of the nonspherical NPs between
tribopair surfaces [11.161]. For example, the friction
and wear of PAO-6 polyalphaolefin lubricant was re-
duced by 20 and 50%, respectively, when 0:5% ZnO or
ZrO2 was added to the lubricant [11.185]. Abrasive NPs
have been used for chemical and mechanical polishing
(CMP) of silicon wafers in manufacturing of integrated
circuits (IC) [11.161]. For instance, silicon wafers were

polished by CeO2-coated SiO2 NPs (150�200 nm) with
material removal rate of 454 nm=min [11.186].

Ceramic or carbon-based NPs have been added to
polymer or metal matrices to make nanocomposites
with improved mechanical properties [11.161]. For ex-
ample, the hardness and tensile strength of an aluminum
matrix increased by 115 and 67%, respectively, with
the addition of 7 vol:% Al2O3 NPs (50 nm) to the ma-
trix [11.187]. The tensile strength and tensile modulus
of rubbery epoxy resin increased by fivefold with incor-
poration of 10wt% silica NPs [11.188].

In addition of the aforementioned applications, NPs
have applications in electronics, textile manufactur-
ing, and water treatment. Semiconducting polymer NPs
have been used in organic photovoltaics, field-effect
transistors and light-emitting diodes [11.189]. Carbon-
coated Sn NPs and Si NPs distributed on graphene
sheets were used as anodes while LiCoPO4 NPs were
used as cathodes in lithium ion batteries [11.190–192].
Ag NPs due to their antimicrobial properties have
been used to produce antimicrobial paints and coat-
ings [11.193, 194]. ZnO and TiO2 NPs due to their
photocatalytic activity have applications in removal
of chemical and biological contaminants from wa-
ter [11.195].

11.5 Summary
NPs can be synthesized from several classes of materi-
als including inorganic (e.g., metal oxide NPs), organic
(e.g., polymeric NPs), hybrid and biological materials.
Physical techniques (ball milling, vapor deposition and
electrospraying) as well as chemical methods (reduc-
tion of metal salts, sol-gel, coprecipitation and thermal
decomposition) are used for the synthesis of inorganic
NPs. Organic NPs can be synthesized via microemul-
sion, nanoprecipitation, dialysis and rapid expansion
of a supercritical solution. Hybrid NPs are composed
of both organic and inorganic materials. The inorganic
component can form the core or the shell of the hybrid
NPs. In addition to the naturally occurring biologi-
cal NPs, NPs can be synthesized from biomolecules
including proteins, peptides and polysaccharides. The
physico-mechanical properties of NPs are significantly
different from those of bulk materials. For example, the

catalytic activity, superparamagnetism, hardness and
Coulomb energy of the NPs are higher than those of
bulk materials. Due to their unique properties, NPs have
applications in a wide range of areas including biosens-
ing, drug delivery, bioimaging, catalysis, nanomanufac-
turing, lubrication, electronics, textile manufacturing,
and water treatment.
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