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Preface

Metallic nanoparticles have fascinated scientists for over many centuries and are 
now widely utilized in biomedical field. These nanoparticles are a focus of interest 
because of their multipotential aspects and uses in nanotechnology. Today, these 
materials can be synthesized and modified with various chemical functional groups, 
which allow them to be conjugated with antibodies, ligands, and drugs of interest, 
thus opening a wide range of possible applications in biotechnology, magnetic sepa-
ration and preconcentration of target analytes, targeted drug delivery, and more 
importantly diagnostic imaging.

Over the years, nanoparticles such as magnetic nanoparticles (iron oxide), gold/
silver nanoparticles, nanoshells, and nanocages have been investigated and used for 
variety of biomedical applications. These nanoparticles are further modified to 
enable their use as a diagnostic and therapeutic agent. The nanosize of these parti-
cles allows enhanced communications with biomolecules on the cell surfaces and 
within the living cells in a way that can be decoded and designated to various bio-
chemical and physiochemical properties of these cells. Many metal and metalloid 
elements are able to form nanoscale structures. Some of the better known nanopar-
ticles currently being investigated include those based on silver, which are known 
for their antimicrobial and anti- inflammatory properties. Silver has long been known 
for its ability to combat infection, being able to inhibit various aspects of respiration, 
while gold nanoparticles are utilized in imaging like in transmission electron micros-
copy (TEM) and magnetic resonance imaging (MRI) scans. In fact, metal nanopar-
ticles have huge potential in biomedical field, and therefore, these are selected as a 
main theme of this book.

The present book has been divided into two sections: Section 1 deals with the 
role of different metal nanoparticles in medicine. This includes nanoparticles of 
metals and their oxides such as silver, gold, iron, and titanium. In addition to this, 
the role of “Bhasmas” (nanoparticles of different metals) in “Ayurveda” – an Indian 
traditional system of medicine – has also been discussed. Section 2 discusses about 
different issues concerning the toxicity of metal nanoparticles, for example, biodis-
tribution of different metal nanoparticles in the human body, and their toxicity issues 
particularly the effect of cobalt-chromium nanoparticles have been discussed.
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The book would be very useful for pharmacologists, microbiologists, biotech-
nologists, nanotechnologists, and medical experts. Students and researchers would 
be highly enriched by the book.

Amravati, Maharashtra, India Dr. Mahendra Rai
Berlin, Germany Dr. Ranjita Shegokar
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Chapter 1
Iron Oxide Magnetic Nanoparticles 
in Photodynamic Therapy: A Promising 
Approach Against Tumor Cells

Amedea B. Seabra

Abstract Iron oxide magnetic nanoparticles have been extensively employed in 
biomedical applications due to their biocompatibility, small size, ability to surface 
functionalization, superparamagnetism behavior, and targeting properties. Upon the 
application of external magnetic field, iron oxide nanoparticles can be guided to the 
target site of application, minimizing possible side effects to nontarget tissues. 
Recently, several papers describe the combination of iron oxide magnetic nanopar-
ticles with photosensitizer (PS) molecules for photodynamic therapy (PDT). PDT is 
a clinical treatment based on the administration of a photosensitizer to the tumor 
site, which under the irradiation with visible-near-infrared light generates reactive 
oxygen species (ROS) able to cause deleterious effects to the treated tumor site. The 
main disadvantage of PDT is the lack of selectivity; therefore, the combination of 
magnetic iron oxide nanoparticles with photosensitizer is a new and promising 
approach in PDT. In this direction, this chapter discusses the recent advantages in 
the design and applications of magnetic iron oxide nanoparticles in conjugation 
with photosensitizer in PDT to combat cancer.

Keywords Iron oxide nanoparticles • Photodynamic therapy • Cytotoxicity • 
Magnetic nanoparticles • Singlet oxygen • Fe3O4 nanoparticles

A.B. Seabra (*) 
Human and Natural Sciences Center, Federal University of ABC,  
UFABC, Av dos Estados, 5001. Bairro Bangú, Santo André, SP 09210-580, Brazil
e-mail: amedea.seabra@ufabc.edu.br; amedea.seabra@gmail.com
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Nomenclature

1O2 Singlet oxygen
3O2 Triplet oxygen
AHP Hyaluronic acid
AIPcS4 Tetrasulfonic phthalocyanine aluminum
Ce6 Chlorin e6
CSQ Chitosan quaternary ammonium
DOX Doxorubicin
Eca-109 Esophageal squamous carcinoma
EPR Enhanced permeability and retention
ESIONs Extremely small iron oxide nanoparticles
FDA Food and Drug Administration
Fe3O4 Magnetite
HeLa Human cervical cancer cell line
HMNSs Hollow magnetic nanospheres
HP Hematoporphyrin
IC50 Maximal inhibitory concentration
IONCs Iron oxide nanoclusters
IR820 Indocyanine green
Jurkat Human T-cell leukemia cells
LED Light-emitting diode
MCF-7 Human breast cancer cells
MDA-MB-231 Breast cancer
MLs Magnetoliposomes
MNCs Magnetic nanoclusters
mSiO2 Mesoporous silica
NIH3T3 Mouse embryonic fibroblast
NRI Near infrared
OA Oleic acid
PC-3 Human prostate cancer
PDT Photodynamic therapy
PEG Polyethylene glycol
pheoA Pheophorbide A
PHPP 2,7,12,18-Tetramethyl-3,8-di(1-propoxyethyl)-12,17-bis-(3- 

hydroxypropyl) porphyrin
PMNs Magnetic nanogrenades
PpIX Protoporphyrin IX
PS Photosensitizer
RGD Integrin-binding cell adhesive peptide
rGO Reduced graphene oxide
ROS Reactive oxygen species
S-180 Sarcoma cells
SK-OV-3 Ovarian cancer cells
SPIO Superparamagnetic iron oxide

A.B. Seabra
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1.1  Introduction

Photodynamic therapy (PDT) is a clinical treatment that involves the administration 
of a photosensitizer (e.g., photofrin) in the tumor site (Bechet et al. 2008; Banerjee 
et al. 2017). Once at the tumor tissue, appropriated light irradiation (visible or near- 
infrared wavelengths) yields excited photosensitizer. Upon light activation, excited 
triplet photosensitizer in the presence of molecular oxygen (naturally available 
triplet- oxygen (3O2) produces highly reactive singlet oxygen (1O2), a well-known 
mediator of cell death (Allison et al. 2008; Chatterjee et al. 2008; Bhattacharyya 
et al. 2011; Smith et al. 2015). The efficiency of PDT depends on singlet oxygen 
formation, which is highly reactive and able to readily diffuse through the biological 
membranes (Bechet et al. 2008). Besides the generation of singlet oxygen, various 
free radicals are generated. All those reactive species might induce cell death via 
apoptosis, necrosis, and cell membrane damages with release of contents (Allison 
et al. 2008; Kim et al. 2016a; Lee et al. 2017). Indeed, singlet oxygen reacts with 
nucleic acids, lipids, amino acids, and proteins in the tumor tissue preventing angio-
genesis in solid tumors (Smith et al. 2015). The generated oxygen-based cytotoxic-
ity is expected to occur upon light irradiation, since in dark conditions, the 
photosensitizers are harmless. Therefore, in PDT light is used as a tool to trigger 
and modulate the selective destruction of malignant tissues/organs (Bechet et  al. 
2008). It should be noted that in PDT, the wavelength of light irradiation is a very 
important parameter. Irradiation in the near-infrared (NIR) region (700–1,000 nm) 
is the most appropriated wavelength to be employed. Hemoglobin is the major pro-
tein in the blood, which absorbs light up to 600 nm; therefore, tissues/organs must 
be irradiated at higher wavelengths to allow a suitable light penetration (Bechet 
et al. 2008; Huang et al. 2012; Chen et al. 2015a).

The clinical uses of PDT started in 1933, although it has been studied for over a 
century (Smith et al. 2015). Nowadays, there are several photosensitizers approved by 
the Food and Drug Administration (FDA) (Smith et al. 2015). The major clinical use 
of PDT is in cancer treatment (Bhattacharyya et al. 2011), although noncancerous 
applications have also been applied. Against cancer, PDT has been employed in the 
treatment of superficial tumors, such as melanoma, and tumors in the esophagus and 
bladder (Bechet et al. 2008). The noncancerous applications of PDT are mainly in the 
skin to treat diseases such as psoriasis and actinic keratosis, in the eyes in particular to 
treat macular degeneration, as well as at localized sites of inflammations including 
rheumatoid arthritis and dental infections (periodontitis) (Chatterjee et al. 2008). For 
example, a methylene blue (photosensitizer)-containing gel is applied to the infected 
gum pocket, and upon light irradiation via an optical fiber, singlet oxygen is locally 
generated in the infected pocket leading to cytotoxic effects (Chatterjee et al. 2008).

The advantages of PDT over traditional therapies are (i) relatively high cure 
rates, (ii) cost-effectiveness, (iii) localized treatment, (iv) no cumulative toxicity 
upon repetition of the therapy, and (v) induction of immunity (Chatterjee et  al. 
2008). In contrast, the disadvantages of PDT are the long in vivo half-life of the 
photosensitizers, consequently, their nonspecific distribution in vivo, and the limita-
tion to reach deeper tumors in the body of the patient (Smith et al. 2015).

1 Iron Oxide Magnetic Nanoparticles in Photodynamic Therapy…
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1.2  Why Use Superparamagnetic Iron Oxide Nanoparticles 
in PDT?

Although there are promising clinical uses of PDT, some drawbacks need to be 
overcome. For instance, the selective targeting and accumulation of the photosensi-
tizers in the disease organ/tissue are necessary to minimize toxicity to normal cells 
(Bechet et al. 2008). Moreover, photosensitizers have poor water solubility and tend 
to aggregate in the biological medium, decreasing their photo-efficiency (Paszko 
et al. 2011).

The combination of photosensitizer and nanomaterials may overcome these 
issues. In this context, the combination of nanoparticles as carrier of photosensitiz-
ers is a promising approach in PDT (Bechet et al. 2008). The advantages of nanopar-
ticles as nanocarriers of photosensitizers in PDT are:

(i) Ability to carry and to deliver therapeutic amounts of the photosensitizers 
in deep-seated tumors

(ii) Due to the high surface area/volume ratio, the nanoparticle surface can be 
used as multifunctional vehicle upon its functionalization with other therapeutic 
molecules, such as chemotherapeutical agents and/or tumor-seeking molecules

(iii) Enhanced solubility of hydrophobic photosensitizers with proper size to 
accumulate in the tumor tissues via enhanced permeability and retention effect 
(EPR effect) (Wang et al. 2004; Paszko et al. 2011; Gangopadhyay et al. 2015)

One of the major advantages of using nanoparticles in PDT is the EPR effect, 
which is the passive accumulation of nanoparticles in tumor sites (Kim et al. 2016a). 
This effect can be explained by considering the altered anatomy of tumor tissues 
characterized by an excessive angiogenesis and leaky blood vessels with impaired 
lymphatic drainage system. Therefore, nanoparticles can extravasate from blood 
pool and spontaneously accumulate into tumor sites. Once accumulated, the 
nanoparticles are retained in tumor tissues due to the compromised lymphatic drain-
age (Kelkar and Reineke 2011; Kim et  al. 2016a, b). Interestingly, therapeutic 
amounts of photosensitizer-containing nanoparticles are accumulated in solid 
tumors due to EPR effect (Mbakidi et al. 2013), making nanoparticles promising 
vehicles for singlet oxygen generators in PDT.

Recently, iron oxide magnetic nanoparticles have been successfully employed as 
drug carriers for photosensitizers and also for chemotherapeutic agents. Magnetic 
nanoparticles such as magnetite (Fe3O4) have interesting properties that make them 
suitable nanocarriers in several biomedical applications. These properties can be 
summarized as: ability to reach the desired site of treatment upon application of an 
external magnetic field (magnetic targeting), high surface area, small size, biocom-
patibility, chemical stability, relatively low-cost production, and several different 
synthetic routes including chemical, physical, and biogenic synthesis (Seabra et al. 
2013, 2014; Seabra and Duran 2015, Cheng et al. 2016). Therefore, iron oxide mag-
netic nanoparticles have been widely employed in several biomedical applications 
of targeted drug delivery system, magnetic resonance imaging, biosensing, immu-
noassay, and magnetic hyperthermia (Cheng et al. 2016). Magnetic hyperthermia 
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can be allied to PDT to significantly enhance the cytotoxicity toward cancer tissues. 
Upon the appropriate targeting of superparamagnetic iron oxide nanoparticles using 
a magnetic targeting, an alternative magnetic field is applied for a certain period of 
time, leading to a local increase in the tissue temperature (42–45 °C), which targets 
cancer cell death by apoptosis (Kandasamy and Maity 2015). Therefore, hyperther-
mia therapy can be employed to enhance the efficacy of various cancer treatments.

Magnetite is the mostly used for synthesis of iron oxide magnetic nanoparticles 
due to its superparamagnetism, which allows rapid nanoparticle magnetization 
upon the influence of a magnetic field; however, once this field is turned off, there is 
no permanent magnetization. In particular, superparamagnetic iron oxide nanopar-
ticles have been employed in cancer therapy and diagnosis by magnetic targeting 
(Kandasamy and Maity 2015).

In this scenario, the use of magnetic iron oxide nanoparticles with PDT is based 
on the combination of a chromophore that is a photosensitizer and a phototrigger, 
and the ability to target the photosensitizer to the desired site of application, with 
minimum side effects to healthy cells/tissues (Kandasamy and Maity 2015). In this 
direction, the next section presents and discusses the recent advantages on the 
design and uses of superparamagnetic iron oxide nanoparticles as nanocarrier of 
photosensitizers in PDT.

1.3  Iron Oxide Magnetic Nanoparticles in PDT Applications

Recently, the photosensitizer protoporphyrin IX (PpIX), a metal-free porphyrin, 
was loaded in magnetoliposomes (MLs), which are comprised by liposomes and 
Fe3O4 magnetic nanoparticles (Basoglu et al. 2016). PpIX-containing MLs have a 
hydrodynamic size of 221 nm and displayed phototoxicity against human breast 
cancer cells (MCF-7). Cell irradiation was performed by using a LED (light- 
emitting diode) downlight white light (visible light irradiation in the range of 400–
700 nm, at 20 W). MCF-7 viability was reduced to 65% upon cell incubation with 
350 nM of PpIX-containing MLs under dark condition; however, upon 5 min of 
light irradiation, a significant cell death was observed at nanoparticle concentration 
of 250  nM.  This result demonstrated the effective phototoxicity of PpIX-loaded 
magnetoliposomes (MLs) at nanomolar concentrations (Basoglu et al. 2016).

As stated before, near infrared (NIR) is a suitable wavelength range for PDT 
applications. In this direction, gold nanopopcorns containing self-assembled iron 
oxide cluster were synthesized for magnetic field targeting in PDT applications 
(Bhana et al. 2015). The nanoparticle surface was coated with the photosensitizer 
silicon 2,3-naphthalocyanine dihydroxide, followed by stabilization with 
 polyethylene glycol (PEG) linked with 11-mercaptoundecanoic acid. The hybrid 
nanomaterial demonstrated superparamagnetic behavior and 61% of photothermal 
conversion efficiency under NIR irradiation. Upon the application of a gradient 
magnetic field, the hybrid nanomaterial demonstrated superior release of the photo-
sensitizer and cellular uptake. The nanomaterial showed enhanced ability to carry 
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therapeutic molecules deep into tumor tissue through magnetic manipulation and 
combat tumors locally by PDT (NIR light irradiation of 0.55 W/cm2) and by photo-
thermal effect (Bhana et  al. 2015). NIR and photothermal effect are expected to 
efficiently eradicate tumors, due to the delivery of high and therapeutic concentra-
tions of photosensitizer- containing magnetic nanocarriers in deep tumors via apply-
ing a magnetic field on tumor surface.

The design of hybrid nanocarriers in PDT is a promising strategy. In this context, 
multifunctional silica-based magnetic nanoparticles were prepared (Chen et al. 2009). 
The nanoparticles are composed by Fe3O4 magnetic nanoparticles coated with 
2,7,12,18-tetramethyl-3,8-di(1-propoxyethyl)-12,17-bis-(3-hydroxypropyl) porphyrin, 
shorted as PHPP, employed as photosensitizer (encapsulation efficiency of PHPP, 
20.8%). Magnetic Fe3O4 nanoparticles and PHPP were incorporated into silica nanopar-
ticles by sol-gel and microemulsion techniques; the final nanoparticles have a spherical 
shape and a diameter of 20–30 nm. The magnetic nanoparticles demonstrated good 
compatibility in dark conditions and ability to generate toxic singlet oxygen upon 
irradiation with λ = 488 nm (argon-ion laser) with energy density of 4.35 J/cm2 
during 10 min toward SW480 carcinoma cells (Chen et al. 2009). Therefore, the 
nanoparticles displayed remarkable antitumor effects under irradiation.

A hybrid nanomaterial composed of reduced graphene oxide (rGO), magnetic 
iron oxide, and gold nanoparticles was designed. rGO-Fe2O3@Au core-shell 
nanoparticle-graphene nanocomposite was prepared for magnetic targeting in can-
cer treatment via PDT and photothermal synergist effect and bioimaging agent 
(Chen et al. 2015b). The presence of Fe2O3 is responsible for magnetic field-assisted 
singlet oxygen generation and chemophotothermal effect direct to the cancer tissue. 
The hybrid nanomaterial was found to be superparamagnetic at room temperature, 
demonstrated high capacity to load the chemotherapeutic doxorubicin (DOX, 
1.0  mg mg−1), and had considerable photothermal conversion efficiency under 
808  nm (NIR) laser irradiation (2  W cm−2). The authors demonstrated that NIR 
irradiation triggers doxorubicin (DOX) release with an initial burst of the release of 
the therapeutic molecule. The in vitro cytotoxicity of DOX-rGO-Fe2O3@Au NPs 
(DOX-loaded hybrid nanomaterial) was evaluated against human cervical cancer 
cell line (HeLa) upon 5 min irradiation with NIR laser. Cancer cells significantly 
uptake DOX-containing nanoparticles within 4 h of incubation. Moreover, magnetic 
field-guided chemophotothermal synergistic therapy might find important applica-
tions in cancer treatment (Chen et al. 2015b).

In a similar approach, magnetofluorescence nanoparticles composed of Fe3O4@
SiO2@APTES@glutaryl-PPa (MF NPs) were synthesized (Cheng et  al. 2016), 
where APTES is (3-aminopropyl)triethoxysilane. The obtained nanoparticles have 
a mean diameter of 50 nm and can be used for PDT and fluorescence imaging in 
medical applications. The surface of core-shell Fe3O4@SiO2@APTES NPs was 
functionalized with the photosensitizer chlorine pyropheophorbide-a (PPa) for PDT 
application. The cytotoxicity of the nanoparticles was evaluated toward HeLa cells, 
and the results indicated that the nanoparticles were able to quickly permeate the 
tumor cells due to their lipo-hydro partition coefficient, leading to cell apoptosis and 
death. Indeed, due to their small size, the nanoparticles were absorbed on the cancer 
cell membrane, followed by cell internalization via endocytosis vesicle formation 
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by deformation of cell membrane, which led to the dispersion of the nanoparticles 
into the cytoplasm of HeLa cells. In addition, the nanoparticles demonstrated light- 
dependent cytotoxicity to the cancer cells (irradiation with visible light for 10 min 
at dosage of 25 Jcm−2). As expected, reactive oxygen species (ROS) generated in 
HeLa cells (Cheng et al. 2016). Hence, these results highlight the promising thera-
peutic uses of these nanoparticles in PDT treatment with good magnetic targeting to 
site-specific toxicity.

In an interesting paper, iron oxide magnetic nanoparticles (Fe3O4) were synthe-
sized and coated with carboxyl-terminated poly(ethylene glycol)-phospholipid to 
increase nanoparticle dispersion in water (Chu et al. 2013). The phototoxicity of the 
nanoparticles was evaluated toward esophageal cancer cells upon irradiation with 
NIR (λ  =  808  nm, power density of 0.25  W/cm2 for 20  min) light exposition. 
Figure 1.1 shows the schematic representation of the light-trigged toxicity of Fe3O4- 
based nanoparticles toward cancer cell. The application of magnetic nanoparticle 
and NIR laser irradiation is responsible to decrease esophageal cancer cell viability 
and to inhibit mouse esophageal tumor growth, leading to tumor reduction (Chu 
et al. 2013).

Fig. 1.1 Schematic representation of cancer cell death by treating with Fe3O4-based nanoparticles 
upon NIR laser light irradiation (Reproduced from reference Chu et al. 2013 with permission from 
Elsevier)
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In a promising strategy, magnetic photosensitive liposomes were synthesized by 
loading aqueous core iron oxide nanoparticles with lipid bilayer containing thera-
peutic amounts of photosensitizer payload (Corato et al. 2015). Under laser excita-
tion, the obtained nanoparticles were able to generate toxic singlet oxygen and heat 
upon alternating magnetic field stimulation, for hyperthermia application. Figure 1.2 
shows the schematic representation of the biomedical application of magnetic pho-
tosensitive liposome nanoparticles (Corato et al. 2015).

In a further example, magnetic nanoclusters (MNCs) are composed of Fe3O4 
nanoparticles and poly(acrylic acid-co-propargyl acrylate) on the surface for multi-
modal imaging probes (Daniele et al. 2013). The NRI photosensitizer azide- modified 
indocyanine green was inserted on the surface of the MNCs. In biological medium, 
the photosensitizer complexed with bovine serum albumin leading to an extended 
coating of serum on the MNCs, which induce turn-on of NRI emission for PDT 
applications (Daniele et  al. 2013). Recently, SPIO@SiO2-Re@PEG magnetic 
nanoparticles for optical probes and PDT sensitizers were obtained and character-
ized (Galli et al. 2016). Firstly, superparamagnetic iron oxide (SPIO) nanoparticles 
with an average size distribution of 10 nm were synthesized by thermal decomposi-
tion of iron oleate, followed by nanoparticle coating with silica shell by reverse 
microemulsion technique. Upon pyridine ligand via triethoxysilane moiety, the surface 

Fig. 1.2 Schematic representation of the treatment of magnetic photosensitive liposome nanopar-
ticles on tumor-bearing mice: (a) therapeutic strategy sketch, liposomes were injected intratumor-
ally, and mice were subsequently subjected to combined treatment with magnetic hyperthermia 
and laser irradiation. (b) Increased local temperature during magnetic hyperthermia treatment was 
monitored with an infrared thermocamera. The maximum temperature was reached about 5 min 
after field application and maintained for the entire treatment cycle (30 min) (Modified from refer-
ence Corato et al. 2015 with permission of American Chemical Society)
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of the nanoparticles was functionalized with luminescent [Re(phen)(CO)3(py)]
CF3SO3 complexes anchored to the silica layer. To increase the stability and disper-
sion of the nanoparticles in physiological conditions, the nanoparticle surface was 
further covered with PEG layer leading to the formation of SPIO@SiO2-Re@PEG 
nanoparticles. PEG also increases the nanoparticle circulation in vivo by avoiding 
nanoparticle uptake and clearance by macrophage. The final nanocomposite had an 
average size of 40 nm and demonstrated satisfactory efficiency to generate singlet 
oxygen. The toxicity of the nanoparticles was evaluated toward human lung adeno-
carcinoma A549 cells. The confocal microscopy demonstrated that after 4 h of cell 
incubation with the nanoparticles, the latter were efficiently internalized and accu-
mulated in the perinuclear region of the cancer cells. Moreover, increased cytotoxic-
ity was revealed upon irradiation with visible light (by using a 150 W/NDL lamp, 
390 nm cut off filters, 142 mW/cm−2). No significant cytotoxicity was observed in 
the dark condition, indicating the promising uses of this nanoparticle in PDT appli-
cations (Galli et al. 2016). Guo et al. (2016) described the preparation of monodis-
perse Fe3O4 nanoparticles with sizes in the range of 60–310  nm. The authors 
observed that smaller Fe3O4 nanoparticles displayed enhanced cell internalization 
and, hence, deeper penetration into multicellular spheroids, which make them suit-
able for PDT applications. Larger Fe3O4 nanoparticles tended to accumulate in 
tumors increasing tumor growth inhibition (Guo et al. 2016).

Similarly, multifunctional magnetic nanoparticles with average size of 108 nm 
were synthesized for tumor treatment and diagnosis (Kim et al. 2016b). The mag-
netic nanoparticle core (MNP) is composed of Fe3O4, and the nanoparticle surface 
was conjugated with hyaluronic acid (AHP), leading to the formation of AHP@
MNPs. The cytotoxicity of AHP@MNPs was evaluated toward mouse embryonic 
fibroblast (NIH3T3) cells, via heat generation properties of the nanoparticles and 
generation of singlet oxygen, upon magnetic and laser irradiation conditions. The 
nanoparticle concentration was fixed at 12 g/mL, and NIH3T3 cells were exposed 
to PDT (4 Jcm−2) and magnetic heat treatment alone or in combination. Cell viabil-
ity decreased to 30% with PDT treatment. Live/dead staining experiments revealed 
that the nanoparticles displayed controllable cell death via targeting CD44 receptor- 
mediated endocytosis (Kim et al. 2016b). Lee et al. (2016) reported the synthesis of 
caffeic acid-polyethylene glycol-folic acid; FA-PEG-CA, caffeic acid-polyethylene 
glycol-pheophorbide-a; and pheoA-PEG-CA-coated Fe3O4 nanoparticles for PDT 
targeting. The presence of caffeic acid on the surface of iron oxide nanoparticles 
increased the nanoparticle dispersion in aqueous environment, while folate is 
responsible for mediation of tumor targeting. The cytotoxicity of the nanoparticles 
was evaluated toward human breast carcinoma cell line (MDA-MB-231). The cell 
was incubated with the nanoparticles, and light irradiation was performed by using 
670 nm laser source (5 mW/cm2) for 200 s. The irradiation increased twofold the 
cytotoxicity. Furthermore, due to the presence of folate on the surface of the 
nanoparticle, the nanoparticles were internalized into tumor cells, which over 
express folic acid receptors (Lee et al. 2016).

In another study, a widely employed photosensitizer in PDT applications, i.e., 
chlorin e6 (Ce6), was loaded on PEG-functionalized iron oxide nanoclusters 
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(IONCs), leading to the formation of IONC-PEG-Ce6 nanoparticles (Li et al. 2013). 
The absorbance and excitation peaks of the IONC-PEG-Ce6 were found to be 
located in the NIR (~700 nm), making the nanoparticles suitable for PDT due to 
improved tissue penetration. The in vivo efficacy of IONC-PEG-Ce6 was performed 
based on magnetic tumor targeting by using the 4T1 tumor modal on Balb/c mice. 
The results revealed a significant delay in tumor growth upon a single nanoparticle 
injection and the application of a magnetic field-enhanced PDT treatment. The light 
source for PDT application was 704 nm light at 5 mW/cm2 for 1.5 h (27 J/cm2). 
Under dark conditions, tumors of mice that received IONC-PEG-Ce6 injection 
showed the same growth trend compared to the untreated groups. This result sug-
gests that IONC-PEG-Ce6 is not toxic under dark condition. However, significant 
inhibition of tumor growth was observed upon light irradiation after IONC-PEG-Ce6 
injection. Indeed, littler tumor growth was observed over a course of 16 days post- 
PDT application, revealing the post-effect of the treatment in the combat to cancer. 
These nanoparticles have desirable properties for cancer treatment, such as no cyto-
toxicity under dark condition, high generation of singlet oxygen upon NIR illumi-
nation, tumor targeting upon application of externa magnetic field, and high cancer 
cell uptake (Li et al. 2013).

The same photosensitizer, Ce6, was combined with magnetic nanoparticles for 
PDT (Ling et al. 2014). The authors reported an elegantly pH-dependent PDT to 
selectively kill cancer cells. Tumor tissues are acidic with pH range of 6.8 which can 
also reach lower values (5.0–5.5) in endo-/lysosomes. Therefore, the changes in the 
pH environment from healthy tissues to tumor sites can be used to trigger the release 
of therapeutic agents on the surface of nanocarriers. In this context, self-assembled 
extremely small iron oxide nanoparticles (ESIONs), average size of 3  nm, were 
prepared and coated with polymeric ligands, leading to the formation of pH- 
sensitive magnetic nanogrenades (PMNs). PMNs can be activated under low pH 
values found in tumors for combating resistant heterogeneous tumors in vivo and 
also as bimodal imaging agent, as represented in Fig. 1.3. According to Fig. 1.3a, 
the ESIONs were functionalized via catechol-anchored ligand A. Figure 1.3b shows 
the schematic representation of self-assembly ESIONs into colloidal magnetic core- 
shell nanomaterial. In this structure, the ESIONs are the hydrophobic core, which is 
coated with hydrophobic blocks of the tumor-sensing polymeric ligands. The 
obtained nanoparticles had hydrodynamic diameter of 70 nm, which is suitable for 
tumor treatments due to the EPR effect. Moreover, the nanoparticle surface allows 
a pH activation resulting in surface charge reversal in tumor periphery that increases 
cell adsorption and permeation and endo-/lysosomal pH-dependent theranostic 
effect of the nanoparticles. Interestingly, the PMN photoactivity (generation of oxy-
gen singlet) was quenched at physiological pH (7.4) due to fluorescence resonance 
energy transfer. In contrast, at lower pH value found in tumor environment (pH <6), 
the photoactivity of the PMNs significantly increased due to the disassembly, in a 
similar manner observed for other self-assembled polymeric ligands. Therefore, pH 
controls the fluorescence intensity and NIR generation of toxic singlet oxygen. The 
cytotoxicity of PMNs was demonstrated toward human colorectal carcinoma 
(HCT116) cells under irradiation and compared to dark conditions. As expected, 
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PMNs had no toxicity in the dark and significant toxicity under irradiation. In vivo 
studies were also performed by using HCT116 tumor-bearing mice injected with 
PMNs, followed by irradiation. A significant tumor regression of treated groups was 
observed, in comparison with control groups. The nanomaterial was designed to be 
toxic only at the tumor site, since the photosensitizer on the nanoparticle can be 
self- quenched in the normal tissues, until it reaches the target tumor site. In the 
tumor, the low pH value suppresses the self-quenched effect, particularly, the intra-
cellular pH stimulus, resulting to a high specific toxic effect to the target region. 
One week post-PMN injection, the tumors were completely destroyed, and only a 
remaining scar tissue was observed in the animals (Ling et al. 2014). Taken together, 
these results demonstrated the efficacy of tumor-targeting iron oxide nanoparticles 
for PDT and tumor diagnosis.

In a similar interesting strategy, hydrophilic chlorin-conjugated magnetic 
nanoparticles were designed for PDT in the combat of melanoma (Mbakidi et al. 
2013).The nanomaterial is comprised of an iron oxide magnetic core covered with 
water-stable and biocompatible dextran shell bearing polyaminated chlorin p6 (the 

Fig. 1.3 Schematic representation of the design and mechanism of pH-sensitive magnetic nano-
grenades (PMNs) for tumor pH activation: (a) Schematic representation of pH-responsive, ligand- 
assisted self-assembly of extremely small iron oxide nanoparticles (ESIONs), (b) schematic 
representation of tumor pH-recognizable treatment strategy using PMNs (Reproduced from refer-
ence Ling et al. 2014 with permission from American Chemical Society)
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photosensitizer). The toxicity of the nanomaterial was assayed toward variants of 
B16 mouse melanoma cell line (B16F10 and B16G4F, with and without melanin, 
respectively). The in vitro results demonstrated that the nanoparticles had no cyto-
toxicity in the dark between 0.1 and 1 μM, while 1 μM of the nanoparticles had 
strong phototoxicity toward B16F10 cell line (Mbakidi et al. 2013).

Nam et  al. (2016) reported the PDT activity of hematoporphyrin-conjugated 
Fe3O4 nanoparticles. The Fe3O4 nanoparticles were conjugated with hematoporphy-
rin (HP) leading to the formation of Fe3O4@HPs. The phototoxicity of the Fe3O4@
HPs was evaluated toward human prostate cancer (PC-3) and breast cancer 
(MDA-MB-231) cell lines. The authors used a LED, with an electrical power of 
3 W at 505 nm maximum wavelength and a power density of up to 7 mW/cm2. A 
significant phototoxicity of Fe3O4@HPs was found toward both cancer cell lines, 
which was dependent on the amount of HP on the nanoparticle surface. In addition, 
the results demonstrated a cell membrane translocation and nuclear fragmentation 
of cancer cells due to apoptosis (Nam et al. 2016).

The photosensitizer pheophorbide-a (pheoA), which produces fluorescent emis-
sion in the range of 660–670 nm, was conjugated with iron oxide nanoparticles for 
PDT and magnetic resonance imaging (Nafiujjaman et al. 2015). The synthesis of 
the nanohybrid material was performed by the conjugation of pheoA with heparin 
(pheoA-Hep), which was further bound with APTES-coated Fe3O4 nanoparticles. 
The final material, spherical pheoA-Hep-Fe3O4 nanoparticles (average hydrody-
namic size of 90 nm), had improved biocompatibility and can easily penetrate the 
cell surface via ERP effect. The phototoxicity of pheoA-Hep-Fe3O4 nanoparticles 
was demonstrated toward epithelial cancer (KB) cells, at nanoparticle concentration 
of 50 μg mL−1 and 24 h of incubation. The irradiation was performed by using a 
laser source 670 nm (4 mW/cm−2) for 10 min. The results showed that pheoA-Hep- 
Fe3O4 nanoparticles caused 80% cell death, under irradiation, while in the dark, no 
toxicity was observed. Moreover, a high degree of nanoparticle internalization was 
reported (Nafiujjaman et al. 2015).

Oleic acid (OA)-coated magnetic iron oxide nanoparticles were synthesized by 
coprecipitation technique, followed by addition of Mn2+-doped NaYF4:Yb/Er lumi-
nescent shell (Qin et al. 2016). The obtained monodispersed Fe3O4@Mn2+-doped 
NaYF4Yb/Er core-shell nanoparticles were able to emit luminescence under NIR 
excitation indicating their potential uses for PDT (Qin et al. 2016). Similarly, core- 
shell nanoparticles (size of 99  nm) composed by magnetite/silica/titania were 
obtained by sol-gel technique (Sakr et  al. 2016). The photosensitizer ruthenium 
polypyridyl dye was added to the surface of the synthesized nanoparticles. The 
cytotoxicity of the nanoparticles was demonstrated toward lung cancer cells (A549) 
under a laser source at 532 nm (5 mW/cm2). Indeed, upon irradiation, the ROS gen-
eration increased fivefold compared to bare NPs, which caused cell death (the half 
maximal inhibitory concentration, IC50, was found to be 3 μg/mL1). The mecha-
nisms of cell death are under investigation (Sakr et al. 2016).

The photosensitizer porphyrin was added on the surface of superparamagnetic 
iron oxide nanoparticles (SPION-TPP) through click chemistry (Thandu et  al. 
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2014). Phototoxicity of the obtained nanomaterial was demonstrated toward murine 
amelanotic melanoma B78-H1 cells, upon cell irradiation at NIR region (14 Jcm−2, 
30 min). Cell internalization of the nanoparticles was improved by the conjugation 
of the nanoparticles with TAT peptide (a cell-penetrating peptide) (Thandu et al. 
2014). Unterweger et  al. (2015) reported the synthesis of hypericin-linked- 
containing dextran coating on the surface of superparamagnetic iron oxide nanopar-
ticles with 55–85 nm of hydrodynamic size. Dextran was used as stabilizing agent 
for the nanoparticles, and hypericin is a PS.  The phototoxicity of the obtained 
nanoparticles was demonstrated toward human T-cell leukemia cells (Jurkat) upon 
white irradiation (40 Wm−2) up to 15 min. The results showed a time-dependent and 
concentration-dependent cytotoxicity due to ROS generation (Unterweger et  al. 
2015).

A versatile nanomaterial was synthesized for multifunctional anticancer treat-
ment and diagnosis (Wan et al. 2015). The nanomaterial, Fe3O4-NS-C3N4@mSiO2- 
PEG- RGD, is composed of C3N4 (PS, a graphitic carbon nitride), mSiO2 (mesoporous 
silica to enhance the stability of the nanomaterial and the ability of drug loading), 
and RGD (integrin-binding cell adhesive peptide, which is a tumor biomarker). The 
versatile nanomaterial allied PDT and low pH-triggered anticancer properties. The 
phototoxicity of the nanomaterial was evaluated toward A549 and HeLa cancer 
cells, upon visible light irradiation (450 nm, 40 mW/cm−2 for 10 min). Figure 1.4 
shows images, obtained by confocal laser scanning microscopy, of the cells after 
incubation with the nanomaterial and PDT treatment, compared with control groups. 
As can be observed, a significant green fluorescence was emitted from the cells that 
were irradiated, in comparison with a less intensive green fluorescence light emis-
sion from the cells in the dark (no irradiated). This result illustrates the ability of the 
nanoparticles to generate ROS under irradiation with visible light. Interestingly, the 
confined beam of light source employed in this experiment caused a desired site- 
targeted cytotoxic effect on the treated cells, which might be able to decrease poten-
tial side effects toward noncancer cells (Fig. 1.4) (Wan et al. 2015).

Core-shell nanomaterial was obtained by coating hollow magnetic nanospheres 
(HMNSs) with silica (SiO2) shells followed by conjugation with carboxylated 
graphene quantum dots (GQDs) leading to HMNS/SiO2/GQDs (Wo et al. 2016). 
The anticancer drug DOX was added to the nanomaterial, which was further sta-
bilized with liposomes. The phototoxicity of the multimodal nanoparticle was 
proved toward human esophageal squamous carcinoma (Eca-109) cells upon NIR 
laser irradiation (671 nm or 808 nm for 20 min). The authors demonstrated that 
liposome- stabilized nanomaterial was adsorbed by the tested cancer cells, which 
led to  membrane and nuclei damages. As expected, by DOX loading on the 
nanoparticle, the cytotoxicity toward cancer cells was significantly increased (Wo 
et al. 2016).

Other multifunctional iron oxide-based nanoparticles were synthesized and 
applied in PDT. Firstly, Fe3O4@NaYF4:Yb/Er core-shell nanomaterial was synthe-
sized, followed by addition of tetrasulfonic phthalocyanine aluminum (AIPcS4), as 
the photosensitizer and PEG coating (Zeng et al. 2013). The phototoxicity of the 
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nanomaterial was shown toward MCF-7 cells, upon irradiation with 980 nm laser 
source (20 mW/cm2) for 3 min. The authors reported a decrease of 70% of cancer 
cell viability upon this treatment. Moreover, the nanoparticles were found to accu-
mulate on the MCF-7 surfaces. The toxicity to cancer cells was attributed to the 
ability of AIPcS4 to generate singlet oxygen (Zeng et al. 2013).

The nanocomposite Fe3O4@NaYF4:Yb-E conjugated with folic acid (FA) was 
synthesized and applied as PDT agent (under NIR irradiation) toward in vitro and 
in vivo (MCF-7 tumor-bearing nude mice) evaluations (Zeng et al. 2015). In vitro 
studies demonstrated that the viabilities of HeLa and MCF-7 cells decreased to 18% 
and 31%, upon incubation with the nanocomposite and 980 nm laser irradiation. 
Moreover, in vivo studies revealed 95% of MCF-7 tumors in bearing nude mice, 
indicating the promising application of this nanomaterial to combat cancer (Zeng 
et al. 2015). A DNA damage caused by Fe3O4 nanoparticles in PDT application was 
reported (Zhang and Chai 2012). Magnetite-silica core-shell nanomaterial was 
 synthesized by sol-gel technique to promote DNA damage by a photoactive 
platinum- diimine complex under red light (Zhang and Chai 2012).

Zhao et al. (2014) reported the incorporation of the photosensitizer methylene 
blue (MB) into folate-conjugated Fe3O4/mesoporous silica core-shell nanoparticles. 
The toxicity of the nanoparticles was demonstrated toward different cell lines: HeLa 
cells, mouse fibroblast cells (NIH3T3 cells), mouse sarcoma cells (S-180 cells), and 

Fig. 1.4 Detection of intracellular ROS in A549 cancer cells treated with Fe3O4-NS-C3N4@
mSiO2-PEG-RGD either (c) under visible light irradiation or (a) not; (e) site-targeted PDT. Parts 
b, d, and f correspond to the optical images of a, c, and e (Reproduced from reference Wan et al. 
2015 with permission from American Chemical Society)
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human ovarian cancer cells (SK-OV-3 cells). Folic acid (FA) was used to target the 
nanoparticles to the cancer cells, since cancer cells are known to overexpress folate 
receptors. The cell irradiation was performed by using a 650 nm laser beam (70 mW/
cm2 for 4  min). The results demonstrated a significant decrease in cell viability 
(reduction of 80% of viable cells compared to control group) by incubating SK-OV-3 
cells with 200 μg/mL1 of the nanoparticle. Moreover, the nanoparticles were found 
to internalize to cancer cells. In vivo experiments were performed with S-180 
tumor-bearing mice treated with the nanoparticles and laser irradiation at 650 nm. 
The results demonstrated the potential anticancer activity of the nanoparticles by 
suppressing tumor growth (Zhao et al. 2014).

Finally, the photosensitizer indocyanine green (IR820) was conjugated with chi-
tosan quaternary ammonium (CSQ) magnetic iron oxide nanoparticles, leading to 
the formation of IR820-CSQ-Fe nanoparticles (Zhou et al. 2016). The phototoxicity 
of the nanoparticles (808 laser source, 8 Wcm−2, 7 min) was demonstrated with 
breast cancer cell line (MDA-MB-231 cells) (Zhou et al. 2016). Taking together, 
several important and recent publications described successfully the synthesis of 
magnetic iron oxide-based nanoparticles as targeting nanocarriers in PDT to combat 
cancer.

1.4  Conclusions

The recent advantages in the design of iron oxide magnetic nanoparticles as nano-
carriers of photosensitizers are able to generate therapeutic amounts of singlet oxy-
gen directly in the target site of application. The targeting therapy can be achieved 
upon the application of an external magnetic field due to the superparamagnetic 
grapheme of iron oxide nanoparticles. It is clear from the reviewed literature that 
there is a great interest on the preparation of hybrid nanomaterials with multifunc-
tions (e.g., cancer treatment and cancer diagnosis).

It should be noted that although tremendous progress has been made in this 
promising field, still more studies are required to translate the research to the clini-
cal settings. In this direction, the ideal nanocarrier needs to meet the following 
requirements: (i) biocompatibility, (ii) biodegradability, (iii) small size and high 
loading capacity of the photosensitizer, (iv) minimum side effects, (v) prolonged 
body circulation with minimum tendency to aggregation, (vi) enhanced ERP effect, 
and (vii) ability to generate therapeutic amounts of singlet oxygen directed to the 
desired site and no dark toxicity.

Although PDT has been used in oncology for several years, some challenges 
need to be overcome, for instance, (i) minimization of systemic toxicity, (ii) ade-
quate generation and permeation of singlet oxygen, and (iii) no dark toxicity.

Finally, it can be concluded that the combination of magnetic iron oxide nanopar-
ticles as nanocarriers of photosensitizers in PDT is a promising field in cancer treat-
ment. However, more studies are necessary in this area of nanomedicine.

1 Iron Oxide Magnetic Nanoparticles in Photodynamic Therapy…
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Chapter 2
Nanoparticles in Wound Healing 
and Regeneration

Irina A. Shurygina and Michael G. Shurygin

Abstract Silver, gold, platinum, selenium, and copper nanoparticles, as well as 
zinc oxide, tantalum oxide, iron oxide, and titanium dioxide nanoparticles, have 
shown potential therapeutic effects. A wide range of studies are devoted to the use 
of nanosilver for wound healing. The possibility of using noble metal nanoparticles 
for regenerative medicine is considered. Noble metal nanoparticles such as aurum 
(Au), palladium (Pd), and platinum (Pt) nanoparticles are considered to function as 
antioxidants due to their strong catalytic activity. There are some works devoted to 
the use of zinc oxide (ZnO) for regeneration and wound healing. The use of sele-
nium in nanoform is promising for regenerative medicine.

Materials with metal nanoparticles are widely used in regenerative medicine 
now. Pharmaceutical nanotechnologies are going to be widely used for regenerative 
medicine in the near future not only using direct effects of metal nanocomposites 
but also adding the ability to deliver drugs to damaged area. We can see it in the 
increasing number of publications dedicated to the issue.

Keywords Metal nanoparticles • Silver nanoparticles • Gold nanoparticles • 
Selenium nanoparticles • Wound healing • Regenerative medicine

2.1  Introduction

Today, nanotechnology is widely used in various spheres of life – electronic, envi-
ronment, agriculture, etc.; medicine is not an exception. In recent years, these tech-
nologies are practiced on a wider scale for regenerative medicine and for the 
development of the new ways to stimulate regeneration (Kalashnikova et al. 2015).

In the past few years, nanotechnology has been constantly revolutionizing the 
treatment and management of wound care, by offering novel solutions that include 
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but are not limited to state-of-the-art materials, so-called “smart” biomaterials and 
theranostic nanoparticles (Kalashnikova et al. 2015). In this area, nanoparticles have 
emerged as important tools for regeneration stimulation and treatment of wounds. 
Silver (Ag), Au, Pt, selenium (Se), and copper (Cu) nanoparticles, as well as ZnO, 
tantalum oxide, iron oxide, and titanium dioxide nanoparticles, have shown poten-
tial therapeutic effects. Wound healing and regeneration are the fastest growing 
areas in regenerative medicine (Rahimnejad et al. 2017). A wide range of studies are 
devoted to the use of nanosilver for wound healing. The ability of the silver nanopar-
ticles to have a significant antibacterial effect is well known in medicine (Shurygina 
et al. 2011a, b; Fadeeva et al. 2015; Kon and Rai 2016).

This effect is extremely helpful and widely used while including nanocomposites 
in the composition of ointments and bandages.

The use of nanocomposites containing metals and metal oxides allows the thera-
peutic use of both unique properties of nanoparticles and polymer matrix properties. 
In this case, often the use of nanoparticles in nanocomposite structure allows not 
only to increase the stability of nanoparticles but also to reduce their potential cyto-
toxicity (Li et al. 2015). All this opens new horizons in the use of nanocomposite 
materials for accelerating wound healing and damage reparation.

The aim of the chapter is to summarize the data on the application of nanocom-
posites of metal and metal oxides for the purposes of regenerative medicine.

2.2  Nanosilver and Regenerative Medicine

The use of nanosilver as a component of ointments and bandages (Guthrie et al. 
2012; Jenwitheesuk et al. 2013; Fries et al. 2014; Pei et al. 2015) specifically for 
preventing wound contamination (Keen et al. 2012) or for curing infected wounds 
(Asz et al. 2006) is described in a large amount of research works. The high effi-
ciency of silver nanoparticles is well known (Dhapte et  al. 2014, Hebeish et  al. 
2014), the nanocomposites consisting of nanosized silver (Im et  al. 2013; Singh 
et al. 2015) and nanofibers (Wu et al. 2014; Ghavami Nejad et al. 2015) as antibacte-
rial agents are widely used.

However, apart from antibacterial effect, Ag NPs also have a cytotoxic effect. 
Correlation between composite concentration and antibacterial and cytotoxic prop-
erties is typical for silver nanocomposite. As shown for composite poly(L-lactic 
acid)-co-poly(ϵ-caprolactone) nanofibers containing silver nanoparticles, the con-
centration of 0.25 wt% Ag NPs was not toxic for the cell culture of human skin 
fibroblasts and the cells preserve its composition and divide very good (Jin et al. 
2012). The same concentration was required for realization of antimicrobial activity 
against S. aureus and S. enterica. Pauksch et al. (2014) noted dose-dependent anti-
bacterial and cytotoxic effect of silver nanoparticles toward mesenchymal stem 
cells and osteoblasts. After 21  days of cell incubation with silver nanoparticles, 
impairment of cell viability of mesenchymal stem cells and osteoblasts occurred at 
a concentration of 10 μg/g of Ag NPs (Pauksch et al. 2014).
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Our studies have shown that the bacteriostatic concentration of zerovalent 
metallic silver nanoparticles stabilized by sulfated arabinogalactan toward E. coli 
ATCC 25922, E. coli ESBL1224, S. aureus MRSA34R, S. aureus ATCC 29213, 
and P. aeruginosa ATCC 27853 and hospital strains E. coli, P. aeruginosa, and P. 
mirabilis ranges from 3 to 50 μg mL−1. The bactericidal activity of these nanocom-
posites varied from 5 to 100 μg mL−1 (Shurygina et al. 2015b).

The nanocomposite was obtained using an earlier described procedure 
(Fadeeva et  al. 2015). This drug represents the metallic silver nanoparticles 
encapsulated into macromolecules of arabinogalactan sulfate with average sizes 
of 10–25 nm according to the X-ray phase diffraction and electronic transmis-
sion microscopy data.

The potential cytotoxicity of this composite was tested by the incubation method 
with the mononuclear fraction of the peripheral human blood (which consists of 
lymphocytes (95%) and monocytes (5%)) in the cell culture medium for 1 day at the 
final concentrations of the nanocomposite in the studied samples equal to 0.5, 0.05, 
and 0.005 mg mL−1. The incubation of cells without introducing the nanocomposite 
into the medium served as a control (Fig. 2.1a). It is found that after 1 day of incuba-
tion with the nanocomposite concentration of 0.5 mg mL−1, no viable lymphocytes 
were observed. Single retained lymphocytes exhibit pronounced morphological 
changes, and the nucleus loses compactness, increases sharply in size, and has signs 
of destruction (Fig. 2.1b). When using a concentration of 0.05 mg mL−1, after 24 h 
of incubation, the number of cells in the sample decreases to 13.37% compared to 
the control. For the most part, mononuclears were mostly damaged, cell nuclei 
increased in sizes and lose compactness, and traces of decomposed cells appeared 
(Fig. 2.1c). For the incubation of mononuclears with the nanocomposite in a con-
centration of 5 μg mL−1, in 1 day of incubation of the cell, concentration was 38.59% 
compared to the control; for the most part, lymphocytes are retained and morpho-
logically undamaged and monocytes had properties of insignificant damage 
(Fig. 2.1d).

Thus, the concentrations of the silver nanocomposite with sulfated arabinogalac-
tan are overlapped for toxic effect toward microorganisms and isolated cells of the 
peripheral human blood. This indicates that the mechanism of cytotoxicity of the 
studied silver nanocomposite toward both microbial cells and human lymphocytes 
is approximately the same. The most important universal shock factor of cells can 
be a plasmon polariton electric field of silver nanoparticles that acts distantly upon 
cell membranes disturbing the physiologically transmembrane potential up to the 
electric breakdown of the cell membrane. The observed overlap of the nanocompos-
ite concentrations toxic for both microbes and lymphocytes predetermines the use 
of the considered composite as an antiseptic for external administration (Shurygina 
et al. 2015b).

To decrease Ag NP cytotoxicity, Chu et al. (2012) have developed a new original 
silver nanocomposite. The nanocomposite consists of 80 × 80 × 1 nm silicate plate-
lets with 5 nm Ag NP on the surface. The weight ratio of Ag NP to silicate platelets 
is 7:93. The authors demonstrated superior antibacterial properties of developed 
nanocomposite in acute burn and excision wound healing models.
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However, some researchers succeeded in combining antibacterial and prolifera-
tive effects of silver nanocomposites (Table 2.1). By doing so, various polymers 
were explored as nanostabilized matrix. The polymers can supplement antibacterial 
properties of silver nanoparticles with the ability to enhance reparative effect and 
promote wound epithelialization.

Particularly, it is illustrated that silver nanoparticles, stabilized by Mexidol and 
polyvinylpyrrolidone, significantly reduce microbial contamination and promote 
wound healing process. It was tested in white rats using injection of 10% solution 
of calcium chloride in submandibular region with further opening of necrotic foci 
and open management of the wound (Lyakhovskyi et al. 2016).

It is illustrated that high-valence silver-pyridoxine nanoparticles are not only 
active toward microbial agents, which are mostly effused from burn wound, but also 
can induce the proliferation and migration of keratinocyte and fibroblast cells and 
promote wound healing in diabetic mice (Rangasamy et al. 2016).

Abdel-Mohsen et al. (2017) have demonstrated a similar effect for hyaluro-
nan/silver nanoparticles in wound healing process models in nondiabetic and 
diabetic rats.

Fig. 2.1 Effect of the nanocomposite of zero valent metallic silver stabilized by sulfated arabino-
galactan on the mononuclear fraction of the peripheral blood (color according to May–Grünwald): 
(a) control group and (b–d) nanocomposite concentrations 0.5 (b), 0.05 (c), and 0.005 mg/mL−1 (d)
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It is noted that silver nanoparticle/chitosan oligosaccharide/poly(vinyl alcohol) 
nanofibers not only inhibit bacterial growth but also have the ability to promote 
wound reparation (Li et al. 2013). The authors connect this phenomenon with addi-
tional properties which are given by chitosan and polyvinyl alcohol contained in 
nanocomposite. The authors further revealed the supposed mechanism of action 
silver nanoparticle/chitosan oligosaccharide/poly(vinyl alcohol) nanofibers pro-
moted wound healing and upregulated the expression levels of cytokines associated 
with the TGFβ1/Smad signaling pathway such as TGFβ1, TGFβRI, TGFβRII, col-
lagen I, collagen III, pSmad2, and pSmad3 (Li et al. 2016).

In addition, it was shown that silver nanoparticles stabilized by dendrimer dem-
onstrate significant anti-inflammatory properties. This effect was discovered not 
only in cell line models RAW264.7 and J774.1 stimulated by the introduction of 
lipopolysaccharide but also in burn wound model in mice (Liu et al. 2014). Silver 
nanocomposites based on the original matrix – new cationic biopolymer guar gum 
alkylamine – have demonstrated faster healing and improved cosmetic appearance 
in the wound healing process model. The authors consider that new material induces 
proliferation and migration of the keratinocytes at the wound site (Ghosh Auddy 
et al. 2013).

Our another research was dedicated to the possibility of using hydrophilic gel for 
curing wounds and burns where silver-containing systems were used as pharmaco-
logically active substances. The systems are presented as zerovalent metallic silver 
nanoclusters with the size of the particles in the range of 10–25 nm. They were 
stabilized by arabinogalactan (Ag-AG) or its sulfated derivative (Ag-sAG), i.e., sil-
ver nanocomposites.

In the model of uninfected linear skin wound in female Wistar rats at the age of 
9 months (weight 220–250 g), the anti-inflammatory activity of the gel containing 
1% of silver nanocomposite with arabinogalactan was evaluated. It was found that 
its use reduced the intensity of neutrophil infiltration in the wound area compared to 
the control group (Figs. 2.2 and 2.3). In addition, the test product had anti-edema-
tous properties, which were demonstrated by the reduction of the intensity of stro-
mal edema and decrease in cell swelling compared to the control (Figs. 2.4 and 2.5).

The dynamics of the epithelialization process of the wound is an important 
regeneration characteristic in the wound area. It was found that the use of 1% silver 
nanocomposite with arabinogalactan caused early epithelialization on the day 3 of 
the wound healing process. Meanwhile, the epithelization time in the control group 
started on the day 7 of the wound healing process (Figs. 2.6 and 2.7). Thus, gel 
containing 1% silver nanocomposite on the arabinogalactan matrix has demon-
strated the ability to stimulate epithelialization of the wound healing activity in the 
noninfected wound (Kostyro et al. 2012).

In a burn wound model in female Wistar rats at the age of 9 months (weight 
220–250 g), the rate of epithelialization is evaluated. Scoring system for evaluation 
of the wound healing process was used. So, 0 point means the absence of epitheliali-
zation, 1 point means the beginning of the epithelialization on the wound, 2 points 
means the epithelialization of more than 80% of the wound surface, and 3 points 
means complete epithelialization of the wound (Kostyro et al. 2012).
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Fig. 2.2 Significant 
neutrophilic infiltration in 
the skin wound area, day 1, 
the control group, 
hematoxylin and eosin 
staining

Fig. 2.3 Moderate 
neutrophilic infiltration in 
the skin wound area, day 1, 
the use of 1% silver 
nanocomposite with 
arabinogalactan, 
hematoxylin and eosin 
staining

Fig. 2.4 Significant edema 
in the wound area, day 1, 
the control group, 
hematoxylin and eosin 
staining
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Fig. 2.5 Low-grade edema 
in the wound area, day 1, 
the use of 1% silver 
nanocomposite with 
arabinogalactan, 
hematoxylin and eosin 
staining

Fig. 2.6 Absence of the 
epithelialization in the 
wound area, day 3, the 
control group, hematoxylin 
and eosin staining

Fig. 2.7 Early 
epithelialization in the 
wound area, day 3, the use 
of 1% silver 
nanocomposite with 
arabinogalactan, 
hematoxylin and eosin 
staining
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It was found that the use of gels containing 1% silver nanocomposite with 
arabinogalactan or 1% silver nanocomposite with sulfated arabinogalactan accel-
erates the epithelialization process of a burn wound compared to control group. 
The statistical analysis revealed that the hydrophilic gels based on silver nano-
composites and arabinogalactan or its sulfated derivative have significant wound 
healing activity compared to control (comparison: “control”  – “Ag-AG” 
z = −2.774, p = 0.0055; “control” – “Ag-sAG” z = −2.05, p = 0.04).

Therefore, original compositions in the form of hydrophilic gels based on 
silver nanocomposites and arabinogalactan or its sulfated derivative have signifi-
cant antiinflammatory, anti-exudative, and wound healing properties, which 
make the product promising for surgical and combustiological practice to treat 
wounds and burns. It can also be used in veterinary medicine (Kostyro et  al. 
2012).

In another study, it was found that the silver nanoparticles get localized in the 
mitochondria in HepG2 cell line and have an IC50 value of 251 μg/mL. Even though 
they elicit an oxidative stress, cellular antioxidant systems (reduced glutathione 
content, superoxide dismutase and catalase) are triggered and prevent oxidative 
damage. Moreover, silver nanoparticles induce apoptosis at concentrations of up to 
250 μg/mL, which could favor wound healing. Acute dermal toxicity studies on 
silver nanoparticle gel formulation in Sprague-Dawley rats showed complete safety 
for topical application (Jain et al. 2009).

The original study by Zhang et al. (2015) showed that Ag NPs promoted mes-
enchymal stem cell proliferation and osteogenic differentiation in vitro. Ag NPs 
encapsulated in collagen promoted the formation of fracture callus and induced 
early closure of the fracture gap at the mouse femoral fracture model. The authors 
believe that Ag NPs may promote the formation of the callus via multiple routes: 
chemoattraction of mesenchymal stem cells and fibroblasts to migrate to the 
fracture site, induction of the proliferation of mesenchymal stem cells, and 
induction of osteogenic differentiation of mesenchymal stem cells via induction/
activation of TGF-β/BMP signaling in mesenchymal stem cells (Zhang et  al. 
2015).

2.3  Noble Metal Nanoparticles and Wound Healing

The possibility of using noble metal nanoparticles for regenerative medicine is con-
sidered. Noble metal nanoparticles such as Au, Pd, and Pt nanoparticles are consid-
ered to function as antioxidants due to their strong catalytic activity. Particularly, 
gold nanoparticles are considered a promising solution. However, potential toxicity 
of the given nanoparticles necessitates the development of the materials containing 
gold nanoparticles with controlled nanoparticle realization from composites and 
reduced toxicity (Table 2.2).

It is shown that silica-gold core-shell materials could promote the proliferation 
of mouse embryonic fibroblast cells (NIH/3T3). Moreover, nanoparticles are 
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restrained by the matrix of the nanocomposite and do not penetrate the fibroblasts. 
In vivo, a cutaneous full-thickness excisional wound rat model SiO2@Au NPs could 
promote wound healing, which was potentially related to the anti-inflammatory and 
antioxidation of Au NPs (Li et al. 2015).

Gold nanoparticles acting as the antioxidant agents are successfully tested 
using cutaneous wound model in diabetic mice. It is shown that combination of 
Au nanoparticles, epigallocatechin gallate, and α-lipoic acid accelerated wound 
healing on diabetic mouse skin and decreased the advanced glycation end product 
expression. During 7  days of the treatment, the level of vascular endothelial 
growth factor increased significantly. Angiopoietin-2 significantly decreased at 
day 7. CD68 (cluster of differentiation 68) expression significantly decreased 
from day 3 to day 7. The results suggest that combination of Au nanoparticles, 
epigallocatechin gallate, and α-lipoic acid significantly accelerated cutaneous 
wound healing in diabetes through angiogenesis regulation and anti-inflammatory 
effects (Chen et al. 2012).

Pd and Pt nanoparticles also are promising for regenerative medicine. Dr. 
Ishizuka made the solution containing palladium and platinum nanoparticles in 
Japan in 1936. The given nanoparticle solution was called PAPLAL® (Toyokose 
Pharmaceuticals, Japan) (Shibuya et al. 2014). PAPLAL is composed of a mixture 
of 0.3  mg/mL (2.82  mM) of Pd nanoparticles and 0.2  mg/mL (1.03  mM) of Pt 
nanoparticles. Shibuya et al. (2014) investigated the protective effects of PAPLAL® 
against aging-related skin pathologies in mice at transdermal application. It is dem-
onstrated that the given solution reversed skin thinning associated with increased 
lipid peroxidation and normalized the gene expression levels of Col1a1, Mmp2, 
Has2, TNF-α, IL-6, and p53 in the skin.

2.4  Metal Oxide Nanoparticles and Wound Healing

There are some unique studies devoted to the use of ZnO for regeneration and 
wound healing. For instance, it is demonstrated that cefazolin nanofiber mats 
loaded with zinc oxide show significant activity toward Staphylococcus aureus 

Table 2.2 The use of gold nanocomposites for wound healing

Matrix Model Wound healing Source

SiO2 Mouse embryonic 
fibroblast cells 
(NIH/3T3)

Promote the 
proliferation of mouse 
embryonic fibroblast 
cells

Li et al. 
(2015)

SiO2 Cutaneous full-
thickness excisional 
wound rat model

Promote wound 
healing

Li et al. 
(2015)

Epigallocatechin gallate and 
α-lipoic acid

Diabetic cutaneous 
mouse wound

Accelerated wound 
healing

Chen et al. 
(2012)
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compared to separate use of zinc oxide nanoparticles and cefazolin. The use of the 
same nanofibers promotes wound healing in Wistar rats. Macroscopical and histo-
logical evaluations demonstrated that ZnO NP hybrid cefazolin nanofiber showed 
enhanced cell adhesion and epithelial migration, leading to faster and more effi-
cient collagen synthesis (Rath et al. 2016).

Kumar et  al. (2012) used chitosan hydrogel/nano zinc oxide composite ban-
dages. Good antibacterial properties of the bandages were shown with no toxicity 
for normal human dermal fibroblast cells. In some studies, in vivo evaluations in 
Sprague-Dawley rats revealed that these nanocomposite bandages enhanced the 
wound healing and helped for faster reepithelialization and collagen deposition 
(Kumar et al. 2012).

ZnO NP-loaded sodium alginate-gum acacia hydrogels have shown significant 
antibacterial effect on Pseudomonas aeruginosa and Bacillus cereus and biocom-
patibility on peripheral blood mononuclear/fibroblast cells (Raguvaran et al. 2017).

The use of titanium dioxide nanoparticles is quite promising. The green synthe-
sized titanium dioxide NP wound healing activity was examined in the excision 
wound model by measuring wound closure, histopathology, and protein profiling 
and revealed significant wound healing activity in albino rats (Sankar et al. 2014).

2.5  Nanoselenium and Regenerative Medicine

In fact, selenium is a nonmetal that has some metal properties. The use of selenium 
in nanoform is promising for regenerative medicine. It is well known that nanosele-
nium is a highly effective long-acting antioxidant. Its local introduction in the area 
of injury can lead to violation of redox signaling. Selenium showed significant anti-
proliferative activity against HeLa and HepG2 cell lines. The wound healing activ-
ity of Se nanoparticles reveals that 5% selenium ointment heals the excision wound 
of Wistar rats up to 85% within 18 days compared to the standard ointment (Ramya 
et al. 2015).

In our study, an original nanocomposite of specially synthesized selenium and 
arabinogalactan was used (Shurygina et al. 2015a; Rodionova et al. 2016). The sele-
nium content determined by titrimetry in a nanocomposite sample was 0.54% 
(Rodionova et al. 2015). Experimental studies were conducted on model of button-
hole fracture of the shin bone (Chinchilla male rabbits). Markers of the rate of the 
regeneration of the bone tissues were an oxytetracycline hydrochloride solution, 
injected intramuscularly into the animals on the 7th and 21st days of the experiment 
in doses of 250 mg/kg body weight, and a solution of Alizarin Red S, administered 
intraperitoneally on the 14th and 28th days in doses of 100 mg/kg body weight.

The rabbits were eliminated from the experiment on the 35th day via the intra-
pleural introduction of sodium thiopental solution in doses of 167 mg/kg. The mate-
rial was fixed in a FineFix solution (Milestone, Italy). The decalcification and 
subsequent preparation of bone tissues were carried out for a histological study 
according to the method we developed (Shurygina and Shurygin 2013). The material 
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was prepared and embedded into paraffin blocks; multiple sections 7 μm wide were 
prepared, and the sections were deparaffinized and embedded in Fluoromount 
(Diagnostic Biosystems, REF K024). The specific fluorescence of the labels was 
visualized using a Zeiss LSM710 laser confocal microscope and a Nikon Eclipse 80 
microscope with an DIH-M epifluorescence attachment. Nikon B2A (excitation at 
450–490 nm, dichroic mirror 505 LP, emission at >515 nm) and TRITC (excitation 
at 528–553 nm, dichroic mirror 565 LP, emission at 590–650 nm) filters were used 
to select the required ranges of fluorescence. Recording was performed using a 
Nikon DSFi1c camera connected to a Nikon DSU2 controller using the Nikon 
Elements program software.

Preparations of the slices for visualization of oxytetracycline hydrochloride, 
Alizarin Red S, and the nanocomposite of elemental selenium on arabinogalactan 
were performed in the same manner. Pure oxytetracycline hydrochloride has needle-
shaped crystals and has 490–565 nm emissions with a peak at 553 nm when excited 
by a 405 nm laser. Upon laser excitation at 561 nm, the solution of Alizarin Red S 
produced emissions in the range of 570–675 nm with a maximum at 605 nm. Heavy 
calcium salt deposits formed in the bone calluses of the rabbits control group were 
observed with the help of oxytetracycline and Alizarin Red S that formed calcium 
complex when introduced in vivo.

It was found that the studied nanocomposite of elemental selenium had the wid-
est spectrum of fluorescence. We founded that Se NPs had spectroscopy properties 
of quantum dots by LSM710 confocal microscopy. The nanocomposite particles 
had emission with maxima at 480 nm when exited at 405 nm, 538 nm with 458 nm 
excitation, and 555 nm at 514 nm laser radiation. Larger particles absorbed only 
shortwave radiation and upon excitation by the laser at 405 nm produced an emis-
sion peak at 446 nm.

The animals injected with the selenium nanocomposite containing arabinogalac-
tan had poorly regenerated bones at the fracture site. The trabeculae of the bones 
were very thin. Barely visible deposits of oxytetracycline and Alizarin Red S at the 
fracture site were observed with the oxytetracycline deposits predominating. A 
large amount of fluorescent amorphous masses with intense fluorescence was noted 
outside the fracture site and in the Haversian spaces. Fluorescence of these masses 
had the emissions in regions of 515–560 nm (covering the emission maximum of 
oxytetracycline) and 590–650 nm (covering almost half of the Alizarin Red S spec-
trum). It was difficult to make any conclusions of their origin. These masses could 
have been either calcium complexes of oxytetracycline and Alizarin Red S intro-
duced in vivo or deposits of the nanocomposite itself. The use of epifluorescence 
thus did not allow us to obtain clear answers to the questions raised. Studying these 
preparations by confocal microscopy in the mode of spectral detection allowed us 
to see clearly that the fluorescent labels in the regenerated bone were almost entirely 
oxytetracycline.

The fluorescent amorphous masses outside the fracture sites and in the Haversian 
spaces regarding the radiation spectrum were closer to the spectra of the nanocom-
posite of selenium and arabinogalactan (from 430 to 630 nm, with a maximum in 
the region of 490 nm).
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Our study allowed us to establish that the local application of nanoselenium at 
the fracture sites significantly impairs the reparative processes, slowing down bone 
regeneration and impairing mineralization in formed bone calluses (Shurygina et al. 
2015a). No such deviations in the natural course of the reparative process were 
observed in earlier studies of the arabinogalactan matrix biological effects in alter-
ing tissue. This allows us to exclude the toxic effect of the matrix substance on an 
organism’s cells. The local use of selenium nanoparticles associated with macro-
molecules of arabinogalactan on a fracture site seems to lead above all to significant 
diffusion impediments to the evacuation of the nanocomposite from this area and 
thus to pronounced prolonged local effects of nanoselenium on the trauma site.

2.6  Other Application of Nanoparticles

Copper nanoparticles modulate cells, cytokines, and growth factors involved in 
wound healing in a better way than copper ions (Gopal et al. 2014). Chitosan-based 
copper nanocomposite in open excision wound model in adult Wistar rats signifi-
cantly promoted the wound healing process. Also, there was upregulation of vascu-
lar endothelial growth factor (VEGF) and transforming growth factor beta 1 
(TGF-β1). The tumor necrosis factor-α (TNF-α) was significantly decreased and 
interleukin-10 (IL-10) was significantly increased. Histological evaluation showed 
more fibroblast proliferation, collagen deposition, and intact reepithelialization 
after chitosan-based copper nanocomposite treatment. Thus, the chitosan-based 
copper nanocomposite efficiently enhanced cutaneous wound healing by modula-
tion of various cells, cytokines, and growth factors during different phases of heal-
ing process (Gopal et al. 2014).

Sankar et al. (2015) have reported the antibacterial activity of green synthesized 
copper oxide nanoparticles against Klebsiella pneumoniae, Shigella dysenteriae, 
Staphylococcus aureus, Salmonella typhimurium, and Escherichia coli as well as 
the ability to promote the wound healing process in Wistar Albino rats (Sankar et al. 
2015).

Due to their specific characteristics, nanoparticles such as nanocapsules, poly-
mersomes, solid lipid nanoparticles, and polymeric nanocomplexes are ideal vehi-
cles to improve the effect of drugs (antibiotics, growth factors, etc.) aimed at wound 
healing (Oyarzun-Ampuero et al. 2015). A very promising prospect is the use of the 
magnetic nanoparticle properties to deliver biologically active substances and 
regenerative medicine drugs (Sensenig et al. 2012). For example, some magnetic 
nanoparticles were used to deliver antioxidant enzymes (catalase and superoxide 
dismutase) to endothelial cells (Chorny et al. 2010).

The application of nanotechnology has considerable potential in cell-based ther-
apies for regenerative medicine, e.g., in  localizing, recruiting, and labeling stem 
cells to begin the regeneration process (Atala et al. 2011).
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2.7  Conclusion

The use of metal nanoparticles is common in regenerative medicine. The most 
promising area currently is the use of nanomaterials containing Ag nanoparticles 
because they combine antibacterial and proliferative effect that is widely used for a 
contaminated wound.

Moreover, nanomaterials that include nanoparticles of noble metals and sele-
nium are also very important because of antioxidant and proliferative effect.

Metal oxide nanoparticles like zinc and titanium that combine antibacterial and 
proliferative activity are now widely used for regenerative medicine purposes.

Thus, nanotechnologies see heavier use in regenerative medicine. Pharmaceutical 
nanotechnologies are going to be widely used for regenerative medicine in the near 
future using not only direct effects of nanocomposites but also its ability to deliver 
drugs to damaged area.
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Chapter 3
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of Neglected Diseases
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Abstract The study of neglected diseases is an important topic and deeply dis-
cussed in the newspapers, publications, and research foundations in the world. 
However, unfortunately no public or private attention has been paid on this issue. 
Still old drugs are being used, and very few are new for these diseases. 
Nanobiotechnology has appeared as a new strategy for the treatment of neglected 
diseases. The new developments in nanostructured carrier systems appear as prom-
ising in the treatment of many diseases with low toxicity, better efficacy and bio-
availability, prolonged release of drugs, and reduction in the dosage of administration. 
This chapter is related to the use of nanobiotechnology in the treatment of neglected 
diseases by application of metallic nanoparticles on dengue virus, leishmaniosis, 
malaria, schistosomiasis, and trypanosomiasis.
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3.1  Introduction

In general, the neglected diseases are getting slow but constant attention, than few 
years ago. Several reviews on this subject were published recently showing the 
importance of nanobiotechnology as a new approach to solve old problems in devel-
oping countries (Durán et.al. 2009, 2016a, b; Rai et al. 2014b; Rai and Kon 2015).

Metal nanoparticles play a pivotal role since they exhibit unique optoelectronic 
and physicochemical properties (Rai et  al. 2014b). These properties depend on 
morphological aspects (e.g., shape, size, structure, crystallinity) (Duran et  al. 
2016b) and thus have led to a large range of applications in various areas such as 
electronics, molecular diagnostics, drug release, catalysis, and nanosensing (Rai 
et al. 2014a). Preparation methods for metal nanoparticles are diverse (e.g., physi-
cal and chemical methods). The use of biogenic synthesis of nanoparticles has 
drawn much attention, since they are green, efficient synthetic processes, and cost-
effective procedure. There are many organisms able to synthesize nanoparticles, 
such as yeasts, bacteria, actinomycetes, fungi, and plants. In biomedicine, most 
importantly, it will play a crucial role in diagnostics, drug delivery, bandages, 
related cosmetics, etc. Although they are important in remediation through the 
absorption of pollutants, filtration, sterilization, etc., the most relevant example is 
the use of these nanoparticles as antimicrobial (Rai and Durán 2011). Silver 
nanoparticles are used as new generation of antimicrobials, with significant activ-
ity against many types of pathogens including multidrug-resistant organisms. 
Although there is interest in extensive applications, their possible toxicities must 
be studied (El-Nour et al. 2010; Durán et al. 2010, 2011a, b; Rai and Durán 2011; 
Rai et al. 2014a, b; Castro et al. 2014).

Nanobiotechnology is an important tool in order to develop new strategies for 
neglected diseases, which are of great importance in many countries in the world. 
This chapter will deal with role of silver nanoparticles in treatment of neglected 
diseases.

3.2  Neglected Diseases

3.2.1  Dengue

Dengue virus infection (DVI) exhibits a spectrum of illnesses from asymptomatic 
although in apparent infection, or a flu-like mild fever, to classic dengue fever (DF) 
or worst to DF with hemorrhagic consequences. Many other diseases or nonspecific 
viral syndrome can mimic DVI (Mungrue 2014). DVI is the wildest mosquito-borne 
infection which appeared on 2.5 billion people in many regions, including tropical 
and subtropical areas in the world. It is transmitted by female Aedes aegypti or 
Aedes albopictus to humans (Beatty et al. 2010) (Fig. 3.1). Unfortunately, the only 
treatment against dengue is the prevention and a supportive care; although some 
attempts were made, still now they are not proved to be efficient (Idrees and Ashfag 
2013; Durán et al. 2016a).

M. Durán et al.



41

Metallic nanoparticles have demonstrated efficacy against mosquito larvae 
(Salukhe et al. 2011; Soni and Prakash 2012a, b, c, d, 2013, 2014a). The leaf extracts 
from plants were used for silver nanoparticle (AgNP) production as an eco-friendly 
alternative for adulticidal activity against filarial, dengue, and malaria vector mos-
quitoes (Suganya et al. 2013; Veerakumar et al. 2014a, b).

Reviews on biogenic AgNPs against mosquitoes were recently published (Hajra 
and Mondal 2015; Rai and Kon 2015; Durán et al. 2016a, b), together with impor-
tant results on biogenic AgNPs on biological systems (Durán et al. 2010; Gaikwad 
et al. 2013; Mashwani et al. 2015).

The efficacy of biogenic silver nanoparticles on Aedes aegypti and Culex quin-
quefasciatus demonstrated that the median lethal concentrations (LC50) of AgNPs 
that killed fourth instars of Aedes aegypti and Culex quinquefasciatus were 0.30 and 
0.41 μg mL−1, respectively. Adult longevity (days) was reduced by 30% in male and 
female mosquitoes exposed as larvae to 0.1 μg mL−1AgNPs, whereas the number of 
eggs laid by female larvae decreased in 36% when exposed to this concentration 
(Arjunan et al. 2012).

Related to mosquito larvae mortality with metallic nanoparticles, it has been 
found LC50 at the range of 0.56–606.5 μg mL−1 and also lower than those values 
cited on Table 3.1 (Hajra and Mondal 2015; Durán et al. 2016a). These large differ-
ences are probably due to synthesis of AgNPs with different kinds of capped pro-
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teins on them or due to the presence of different silver nanostructures (e.g., silver 
chloride or/and silver oxides nanoparticles) (Durán et al. 2016b).

Silver nanoparticles (AgNPs) were prepared from the latex of the plant Euphorbia 
milii. Latex-synthesized AgNPs were evaluated against the second- and fourth- 
instar larvae of Aedes aegypti and Anopheles stephensi. E. milii AgNPs showed a 
LC50 of 8.76 ± 0.46 and 8.67 ± 0.47 μgmL−1, for second instars of Ae. aegypti and An. 
stephensi, respectively, showing similar activities to different mosquitoes (Borase 
et al. 2014) (Table 3.2).

3.2.2  Leishmaniasis

Leishmaniases are vector-borne zoonotic diseases caused by various species of the 
genus Leishmania (protozoa). These pathogens are transmitted by sandflies (e.g., 
phlebotomine) and infect humans where the vectors and reservoirs coexist (Fig. 3.2). 

Table 3.1 Lethal dose (LD50) (μgmL−1) of silver nanoparticles effective on mosquito

LD50 (μgmL−1) Reference

0.05 (from A. indica) (pupae C. quinquefasciatus) (41–60 nm) Poopathi et al. (2015)
34.5 (from Euphorbia hirta) (pupae A. stephensi) (30–60 nm) Priyadarshini et al. (2012)
25.3 (from C. indica) (pupae of A. stephensi) (30–60 nm) Kalimuthu et al. (2013)
23.8 (from C. indica) (pupae of C. quinquefasciatus) (30–60 nm)
0.59 (from Rhizophora mucronata) (fourth-instar larvae  
of C. quinquefasciatus) (60–95 nm)

Gnanadesigan et al. (2011)

1.10 (from Plumeria rubra) (third-instar larvae of A. stephensi) 
(32–200 nm)

Patil et al. (2012)

1.74 (from Plumeria rubra) (fourth-instar larvae of A. stephensi) 
(32–200 nm)
10.0 (from Cinnamomum zeylanicum) (fourth-instar larvae  
of A. stephensi) (12 nm)

Soni and Prakash (2014b)

4.90 (from Jatropha gossypifolia) (fourth-instar larvae  
of A. stephensi) (163 nm)

Borase et al. (2013)

54.9 (from Feronia elephantum) (third-instar larvae  
of A. stephensi) (20–60 nm)

Veerakumar et al. (2014b, 
c)

67.1 (from Feronia elephantum) (third-instar larvae  
of C. quinquefasciatus) (20–60 nm)
26.7 (from Heliotropium indicum)(adult mosquitoes  
of A. stephensi) (18–45 nm)

Veerakumar et al. (2014a)

32.1 (from Heliotropium indicum) (adult mosquitoes  
of C. quinquefasciatus) (18–45 nm)
21.9 (from Sida acuta) (late third-instar larvae of A. stephensi) 
(18–35 nm)

Veerakumar et al. (2013)

26.1 (from Sida acuta) (late third-instar larvae  
of C. quinquefasciatus) (18–45 nm)
32.1 (from Murraya koenigii) (pupae of A. stephensi) (20–35 nm) Suganya et al. (2013)
1.0 (from Hibiscus rosasinensis) (fourth-instar larvae  
of Aedes albopictus) (35 nm)

Sareen et al. (2012)
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Anthroponotic cycles have been documented for some species of Leishmania (e.g., 
Leishmania donovani in India, Leishmania major in Afghanistan). Visceral leish-
maniasis (VL) is caused by L. donovani (Indian and East Africa) and by L. infantum 
or L. chagasi (e.g., Asia, Europe, Africa, and the New World). Tegumentary leish-
maniasis (TL) is caused by many species of parasites in Europe (e.g., L. major, L. 
tropica, L. aethiopica, and sometimes L. infantum), in America (e.g., L. (Viannia) 
braziliensis, L. amazonensis, L. (V.) guyanensis, L. (V.) panamensis, L. mexicana, L. 
pifanoi, L. venezuelensis, L. (V.) peruviana, L. (V.) shawi, and L. (V.) lainsoni), in 
Mexico, Argentina, and Brazil (e.g., subgenus Viannia and L. amazonensis), and in 
Mexico and Central American countries (e.g., L. mexicana) (Lindoso et al. 2012). 
The recent treatment for VL involved miltefosine and paromomycin. These com-
pounds were evaluated only few times and should be evaluated in different epide-
miological scenarios (Marinho et al. 2015).

AgNPs as an alternative therapy for leishmaniasis are effective, specifically by 
subcutaneous intralesional administration for cutaneous leishmaniasis (CL). AgNPs, 
as discussed in many publications, can be prepared by chemical, physical, or 

Table 3.2 Mortality of Aedes aegypti with biogenic silver nanoparticles

Plants used  
for synthesis Life stages Size (nm)

LD50  
(μg mL−1) Ref.

Murraya koenigii Instar I 20–35 10.8 Suganyaet al. (2013)
Instar II 14,7
Instar III 53.7
Instar IV 63.6
Pupa 75.3

Feronia elephantum Adult 
(3–4 days)

18–45 20.4 Veerakumaret al. 
(2014a, b, c)
Veerakumar and 
Govindarajan (2014)

Azadirachta indica Instar III 41–60 0.006 Poopathi et al. (2015)
Bacillus thuringiensis 
(Bacteria)

Instar III 44–143 0.14 Banu et al. (2014)

Rhizophora mucronata Instar IV 60–95 0.89 Gnanadesigan et al. 
(2011)

Plumeria rubra Instar II 32–220 181,7 Patil et al. (2012)
Instar IV 287.5

Pedilanthus 
tithymaloides

Instar I 15–30 0.029 Sundaravadivelan et al. 
(2013)Instar II 0.027

Instar III 0.047
Instar IV 0.086
Pupa 0.018

Jatropha gossypifolia Instar II 30–60 5.9 Borase et al. (2013)
Instar IV 4.44

Euphorbia milii (Latex) Instar II 208 8.76 Borase et al. (2014)
Sida acuta Instar IV 18–35 23.9 Veerakumar et al. (2013)

Modified from Durán et al. (2016a)
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biological procedures (Durán et al. 2011a, b). Besides these, biosynthetic methods 
generate more effective NPs in medical applications because of their protein-coated 
surface (Prasad et al. 2011). In addition, both chemically and biologically synthe-
sized NPs were studied first by in vitro experiments against Leishmania amazonen-
sis promastigotes. Biologically generated AgNPs (Bio-AgNPs) were shown to be 
threefold more effective than chemically generated ones (Chem-AgNPs). Later, 
in  vivo studies in infected mice demonstrated that Bio-AgNPs dose showed the 
same effectiveness than 300-fold higher doses of amphotericin B and also threefold 
higher doses of Chem-AgNP. Important results such as no hepato- and nephrotoxic-
ity were found in comparison with amphotericin B and Chem-AgNPs (Rossi- 
Bergmann et al. 2012).

The viability of L. tropica promastigotes after 72 h recorded maximum cytotoxic 
effect of AgNPs (no size was described) at a concentration of 2.1 μg/mL with an 
IC50 of 1.749 μg/mL, and from L. tropica amastigote phase the IC50 was 1.148 μg/
mL (Gharby et al. 2017).

3.2.3  Malaria

Plasmodium species P. malariae, P. knowlesi, P. ovale, P. falciparum, and P. vivax 
infect human with malaria (Fig.  3.3). A decrease of 42% in malaria death was 
achieved due to many efforts to control and eradicate malaria through insecticides 
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and antimalarial treatments (e.g., artemisinin-combined therapies). However, one 
of the challenges is the increasing drug resistance, and no effective malaria vaccine 
exists today. One malaria vaccine in phase III is under testing by GSK (Glaxo 
Smith KlineRTS,S/AS01 vaccine), but its vaccine efficacy is around 30% (Siu and 
Ploss 2015).

AgNPs produced from aqueous extracts of leaves and bark of Azadirachta indica 
(neem) (10.5 nm in leaf and 19.2 nm in bark) showed activities against mosquito 
(e.g., larvicides, pupicides, and adulticides) and against the malaria vector Anopheles 
stephensi (An. stephensi) and filariasis vector Culex quinquefasciatus at different 
doses. The larvae, pupae, and adults of C. quinquefasciatus were found to be more 
susceptible to AgNPs than An. stephensi. The I and the II instar larvae of C. quin-
quefasciatus show a mortality rate of 100% after 30 min of exposure. The results 
against the pupa of C. quinquefasciatus were recorded as LC50 4 μg mL−1 (3 h expo-
sure). In the case of adult mosquitoes, LC50 1.06 μL/cm2 was obtained (4 h expo-
sure). The authors suggested that biogenic AgNPs were environment friendly for 
controlling malarial and filarial vectors (Soni and Prakash 2014a).

AgNP synthesis using plant extract of Pteridium aquilinum, acting as a reducing 
and capping agent, showed that AgNP (10 × LC50) led to 100% larval reduction after 
72 h and reduced longevity and fecundity of An. stephensi adults. Furthermore, the 

Fig. 3.3 Graphic panel for malaria (From https://www.cdc.gov/malaria/about/biology)
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antiplasmodial activity of AgNPs was evaluated against CQ-resistant (CQ-r) and 
CQ-sensitive (CQ-s) strains of P. falciparum. P. aquilinum-synthesized AgNPs 
achieved IC50 of 78.12 μgmL−1 (CQ-s) and 88.34 μgmL−1 (CQ-r). Overall, their 
results highlighted that P. aquilinum-synthesized AgNPs could be candidate as a 
new tool against chloroquine-resistant P. falciparum and also on An. stephensi 
(Panneerselvam et al. 2016).

Synthesis of AgNPs using β-caryophyllene isolated from the leaf extract of 
Murraya koenigii, as reducing and stabilizing agent (5–100 nm), exhibited promis-
ing activity on chloroquine-sensitive Plasmodium falciparum (3D7) with an IC50 of 
2.34 ± 0.07 μg/mL) was reported (Kamaraj et al. 2017).

3.2.4  Schistosomiasis

Three species of parasitic flatworms of the genus Schistosoma (S. mansoni, S. hae-
matobium, and S. japonicum) caused schistosomiasis that is also considered a 
neglected tropical disease (Fig. 3.4). These parasites cause a chronic infection and 
often debilitating the infected individual that impairs development and productivity. 
In an estimate, the World Health Organization (WHO) indicated that over 250 mil-
lion people have been infected in around 80 endemic countries (e.g., sub-Saharan 
Africa, the Middle East, the Caribbean, and South America) resulting in approxi-
mately 200,000 deaths annually. Unfortunately, praziquantel (PZQ) is the actual 
product used due to the absence of an effective vaccine. PZQ offers oral administra-
tion, high efficacy, tolerability, low transient side effects, and a low cost. However, 
PZQ resistance is actually detected (Neves et al. 2015).

Another strategy for controlling schistosomiasis is combating the vector 
Biomphalaria glabrata (mollusk) through the use of AgNPs as a molluscicidal with 
low toxicity to other aquatic organisms (Yang et al. 2011; Guang et al. 2013).

3.2.5  Trypanosomiasis

Human African trypanosomiasis (HAT) caused by infection with the parasite 
Trypanosoma brucei gambiense or T. b. rhodesiense and its vector is tsetse fly 
(Fig. 3.5). Around 70 million people worldwide were at risk of infection, and prob-
ably over 20,000 people in Africa are infected with HAT (Nagle et  al. 2014; 
Sutherland et al. 2015).

American trypanosomiasis or Chagas disease is caused by the protozoan parasite 
Trypanosoma cruzi. This disease is endemic in 21 Latin American countries, with a 
strong economic impact because it affects economically active people. Over ten 
million people are infected, and over 25 million people are within the endemic 
countries. After many years of infection, 10–30% of infected people develop symp-
toms of chronic phase. In general, the effect on the heart is the most common organ 
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problem; symptoms include cardiomyopathy and thromboembolism. The patient’s 
death usually occurs from heart failure (Rodrigues-Morales et al. 2015).

Unfortunately, very few compounds are in development, and drug discovery 
efforts are limited. Nifurtimox and SCYX-7158 are the only two compounds in 
clinical trials for HAT showing the need for novel chemical entities or new strate-
gies (Nagle et al. 2014).

Against Chagas disease, in human trials, are nifurtimox and benznidazole. 
Benznidazole is still being used in Brazil (Pereira and Navarro 2013). Unfortunately, 
limited human data and better supported by the findings in animal models suggest 
that T. cruzi strains may vary in their drug susceptibility (Bern 2015).

The enzyme arginine kinase (AK) is absent in humans, and important for the 
Trypanosoma development, fact that makes it an attractive target choice for a try-
panocide development. Adeyemi and Whiteley (2014) performed a thermodynamic 
and spectrofluorimetric study on the interaction of metal nanoparticles (i.e., AuNPs 
and AgNPs) with AK. AgNPs and AuNPs bound tightly to the arginine substrate 
through a sulfur atom of a cysteine residue (Cys271). This interaction controls the 
electrophilic and nucleophilic profile of the substrate arginine-guanidinium group, 
absolutely important for enzyme phosphoryl transfer from ATP to Trypanosoma.
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3.3  Conclusion

Actually, there are a few recently published reviews focusing on dengue virus, leish-
maniasis, malaria, schistosomiasis, and trypanosomiasis with alternative strategies. 
The present review pointed out the most important advances in the metallic nanopar-
ticles action on these diseases. Silver nanoparticles appeared as a possible alternative 
in the therapy of many of these diseases and also on vectors with low toxicity and with 
enhanced efficacy. This revision dealt with the current status of nanobiotechnology 
through silver nanoparticles acting on neglected diseases. Therefore, it is clear that it 
is possible to use nanotechnology to manage safety to these humans’ diseases.
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Chapter 4
Encapsulation and Application of Metal 
Nanoparticles in Pharma

Anisha D’Souza and Ranjita Shegokar

Abstract Recent years have witnessed an extraordinary increase in number of 
research studies on understanding fundamental and applied uses of metal nanopar-
ticles. In all these studies, various aspects of metal nanoparticles like type of metal, 
nanoparticle size, and shape of nanoparticle and shape- dependent properties are 
studied. Metal nanoparticles are being applied in a variety of medical and nonmedi-
cal areas. To confer multifunctionality and enhance safety, these metal nanoparticles 
are often encapsulated using polymers or lipids. This chapter overviews metal 
nanoparticles, their encapsulation and applications in pharmaceuticals.

Keywords Toxicity of metal nanoparticles • Encapsulation • Coating iron nanopar-
ticles • Coating gold nanoparticles • Coating silver nanoparticles • Dendrimer- 
encapsulated • Metal nanoparticles, surface modification

4.1  Introduction

Although the word “nano” is buzzed lately its existence was well known centuries 
ago. Colloidal gold had been used as a traditional alchemy preparation (Weissig 
et  al. 2014). The buzz started during 1970s with the first approval of Doxil by 
USFDA in 1995. Till then, colloidal systems were not as famous as “nano.” Nano 
indicates any dimensions between approximately 1 and 100 nm exhibiting unique 
properties which bulk material or single atoms or molecules cannot (NNI frequently 
asked questions). Gold nanoparticles exhibit different colors in different sizes, 
which bulk cannot. The change in surface plasmon resonance caused by change in 
size and shape of the metal is responsible for it.
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Nanoparticles thus exhibit properties different from the atoms/molecules or bulk 
of the material. Nanopharmaceuticals are produced by nanoengineering process 
with additional and unique therapeutic activity than the active drug. Nanotechnology 
does not end with nanoengineering but begins with understanding the unique physi-
cochemical properties, optical properties, and mechanisms at this scale (Marty et al. 
1978). The concept of liposomes, PEGylated proteins, aptamers, polymeric 
nanoparticles, and other organic particles has been widely explored; however, the 
importance of nonphysiological inorganic particles and metal and metal oxide 
nanoparticles cannot be neglected. These particles also play a pivotal role in ther-
apy, biomarkers, devices, and biosensors, and the interest continues to expand.

Metallic nanoparticles are nanosized metal containing inorganic particles. Their 
nanoscale size confer unique quantum effects on their physical, chemical, and bio-
logical properties, resulting in different electronic and optical characteristics. They 
can be functionalized with various molecules like nucleic acids, genetic material, 
enzymes, ligands, and antibodies with wide applicability in drug delivery, diagno-
sis, and imaging as magnetic resonance imaging, fluorescent, radioisotope, or pho-
toluminescence tracking with multimodal imaging (Cole 2011). Additionally, they 
have been studied for treatment in cancer. Their ability to form reactive oxygen 
species, exhibit hyperthermia, and photothermal effect increases their cytotoxicity 
against cancer cells. Metals can be easily excreted from the body (Sharma et al. 
2015). They could range from gold nanoparticles to silver or iron nanoparticles. 
These noble metals have been in contact of human body for a very long time. Silver 
had been used as an antimicrobial in various critical in vivo devices like catheters, 
prostheses, etc. Gold has been reported effective against arthritis and an inflamma-
tion (Brown et al. 2007; Leonaviciene et al. 2012). Moreover, iron is well known for 
its magnetic resonance imaging as well as for thermal ablation during cancer 
(Pranatharthiharan et al. 2013). These metals have also been reported for synergistic 
activity along with existing antimicrobials, antibiotics, and many other therapies 
(Kumar et al. 2002).

Metals though have a magnificent bioactivity; however, they meet with limitations 
of toxicity and incompatibility. Masking with biocompatible polymers or lipids 
decreases the bio-adversities and toxicities associated with unmasked nanoparticles.

The current chapter discusses in detail the different encapsulating material com-
monly reported for encapsulating popularly known metal nanoparticles, namely, 
iron nanoparticles, gold nanoparticles, and silver nanoparticles. The authors also dis-
cussed the realm of commercialization of such encapsulated metal nanoparticles.

4.2  Need for Encapsulation of Metal Nanoparticles

Excessive stress caused by the reactive oxygen species is harmful and generates 
oxidative stress in enzymatic and defense mechanism of body. Once the stress 
increases beyond a level, the cellular redox equilibrium is disturbed resulting in 
irreparable tissue damage, necrosis, and apoptosis. Pro-inflammatory responses 
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mainly tumor necrosis factor and interleukin (IL-2) are activated. If uncontrolled, it 
may lead to pulmonary diseases, atherosclerosis, and cancers. Disturbance in intra-
cellular calcium ion concentration disturbs and inhibits the calcium influx and cel-
lular signaling. Designing site-specific targeting mechanisms or the use of 
biodegradable coats on the surface of the nanoparticles can decrease their toxicity 
(Sharma et al. 2015).

Silver nanoparticles have been studied for their toxicity in capped and naked 
forms. Bare silver nanoparticles and polyvinylpyrrolidone (PVP)-decorated silver 
nanoparticles sized 8 and 38 nm on nematode Caenorhabditis elegans were studied. 
Silver nitrate and silver nanoparticles exhibited similar toxicities, while PVP-coated 
silver nanoparticles and silver nanoparticles sized 8 nm induced deoxyribonucleic 
acid (DNA) damage and did not form polymerase which inhibits DNA lesions in 
mitochondria and nucleus (Ahn et al. 2014). Bioavailability of silver nanoparticles 
is depend on hardness of water in aquatic animals. But PVP-loaded silver nanopar-
ticles were ineffective of hardness of water when studied on Lymnaea stagnalis, 
fresh water snail (Oliver et al. 2014). Coating of silver nanoparticles and their size 
is thus highly influential in deciding the toxicity of the nanoparticles.

Gold nanoparticles of average size 18 nm did not show any toxicity in leukemia 
cell line (Connor et al. 2005). It did not exhibit toxicity upon crossing the blood-
brain barrier and human prostate cancer cell line (Arnida et al. 2010). Gold nanopar-
ticles with negative charge like polyallylamine hydrochloride-capped gold 
nanoparticles, citrate-stabilized gold nanoparticles, and mercaptopropionic acid- 
stabilized gold nanoparticles on Daphnia magna are less toxic than positively 
charged gold nanoparticles (Bozich et al. 2014). Surface capping also influences the 
toxicity of gold nanoparticles (Rai et al. 2015).

4.3  Encapsulation of Metal Nanoparticles

Functionalization of metal nanoparticles on the surface is a common technique to 
improve biocompatibility and could vary from ionic ligands like citrate or phos-
phates (Nguyen and Luke 2010). However, being charged molecules, they tend to 
aggregate. Hemocompatibility increases and cytotoxicity can be decreased upon 
functionalization with polymers like polyethylene glycol (PEG) (D’souza and 
Shegokar 2016). For instance, iron oxide (Fe2O3) nanoparticles deposited on carbon 
nanotubes. Some other coating examples on iron/magnetic nanoparticles are 
depicted in Fig. 4.1. Cisplatin was conjugated to block copolymers like poly(citric 
acid)-PEG-poly(citric acid). The prodrug could easily penetrate through cell mem-
brane with high drug loading, improved water solubility, and biocompatibility. The 
iron nanoparticles could facilitate targeting to the tumor cells. Metal nanoparticles 
can be hybridized with dendrimers, polymers, lipids, etc.

Metal nanoparticles can be tagged with biopolymers by (a) covalent, i.e., either 
chemical bonding or by grafting, and (b) noncovalent, i.e., physically linked by van 
der Waals, hydrogen bonding, and ionic interaction. Grafting indicates building up 
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from monomers by polymerization, while chemical interaction means covalent 
bonding between functional groups and biopolymer. This coating can be either post- 
synthesis of adsorption or post-synthesis of grafting. Post-synthesis end-grafting 
provides a control over density of biopolymer and its density with uniform coating. 
Lipids, liposomes, or micelles can coat upon the surface of nanoparticles. Methods 
of coating polymers upon noble metals synthesized by citrate reduction in the pres-
ence of salt have been reviewed in Zhang et al. (2016).

4.3.1  Coating and Carrier Materials for Encapsulation

Polymers are excellent physical barriers around the core nanoparticles as they protect 
the core nanoparticles from direct contact with environment. Encapsulation increases 
the particle size (Thanh 2010). This plays an important role for particles needed for 
systemic circulation albeit control on particle size for site-specific biodistribution. 
Water solubility can be increased by dextran, pullulan, chitosan, starch, as well as 
PEG. Too thin coatings of polymers are poor barriers leading to aggregation due to 
ionic interaction (Thanh 2010) but at the same time increased thickness have their 
properties affected specially in semiconducting materials, e.g., magnetism.

Hydrocarbon chains as in lipids are also well known as hydrophobic barriers 
(Sahoo et  al. 2001). However, the complex interactions and forces rearrange the 
structures to form bilayers and micelles over the nanoparticles.

Coating Polymers

Polymer Types

Poly(ethylene glycol) (PEG)

End-grafted Polymers

PEG Chitosan, Dextran, PEI PVA-PEG, Chitosan-PEG
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Fig. 4.1 Arrangement of polymers over metal nanoparticles like iron (Reproduced with permis-
sion from Veiseh et al. (2010))
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Dendrimers are also well suited for encapsulation of metal in the three- 
dimensional void space structure of dendrimers and thus can stabilize the metals 
nanoparticles. Metals are encapsulated via electrostatic interactions, van der Waals, 
hydrogen bonding, complexation reactions, etc., and hence, they do not agglomer-
ate (Crooks et al. 2001). Dendrimers easily encapsulate silver or gold through elec-
trostatic forces (Esumi et al. 2003; He et al. 1999).

4.4  Iron Nanoparticles

Iron nanoparticles are exceptional nanoparticles as the properties exhibited by the 
bulk iron oxide are the same in nanosized iron oxide nanoparticles. They are biode-
gradable in nature, biocompatible and exhibit superior contrast agent during imag-
ing via magnetic resonance imaging (Pranatharthiharan et  al. 2013). Iron oxides 
could be called as very small super paramagnetic iron oxide nanoparticles 
(VSPIONs) if their diameter is less than 10 nm, ultra-small superparamagnetic iron 
oxide nanoparticles (USPIONs) if they of size 10–50 nm, and superparamagnetic 
iron oxide nanoparticles (SPIONs) if the size if bigger than 50 nm. Iron nanoparti-
cles are commonly used for imaging, thermal ablation and magnetically targetable 
system. SPIONs exhibit zero magnetism only in the presence of a magnetic field 
(Singh and Sahoo 2014). This results in decreased agglomeration of SPIONs and 
thus reduced chance of thromboembolism. Iron oxide nanoparticles could be of two 
types: Fe3O4 (magnetite) and Fe2O3 (maghemite). Magnetite is the most promising 
among both due to its better biocompatibility (Parveen et al. 2012).

The superparamagnetic iron oxide decreases the spin-spin relaxation time. 
Shorter relaxation time is depicted as dark images. However, iron oxide is rapidly 
sequestered by the mononuclear phagocytic system (MPS) (Weinstein et al. 2010). 
The rate of phagocytosis increases with increase in the particle size (Weinstein et al. 
2010). Hence, they are used for tagging the activated macrophages and microglia 
detectable by magnetic resonance imaging. Inflammation of MPS in brain tumors, 
stroke, and plaques in carotid artery thus can be labeled with iron oxide nanoparti-
cles due to phagocytosis (Wang 2011). Once they are internalized within lysosomes 
of reticuloendothelial system (RES), they breakdown into hemosiderin and/or fer-
ritin, the different antiferromagnetic iron oxide forms (Briley-Saebo et al. 2004). 
Besides, unmodified SPIONs are found to be stable at extreme pHs.

For in vivo administration, SPIONs need to be coated with either organic mol-
ecules or polymers like PEG, chitosan, dextran (carboxydextran and carboxymeth-
yldextran), phospholipids, or polyethyleneimine (PEI). This would decrease the 
agglomeration of nanoparticles. Also, it provides a starting point for chemical con-
jugation with different ligands or labels. Nonspecific interactions are thus mini-
mized. Coating alters the thickness and hence alters the R2 relaxivities. Normally 
coating decreases the R2 relaxivities (Duan et  al. 2008; LaConte et  al. 2007). 
PEGylated iron nanoparticles also known as stealth prevent the uptake by RES. This 
can thus increase their systemic circulation (Harris and Chess 2003). PEG below 
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100,000 Da is amphiphilic and are assembled via various chemistries. Some have 
precipitated PEG onto iron nanoparticles (Lutz et al. 2006), or some have grafted 
via silane group (Kohler et al. 2004), while some have grafted them to surface and 
another end to targeting ligands. Dextran interacts with iron nanoparticles via 
hydrogen bonding and chelation of polar side groups. Hydrogen bonding however 
causes detachment which can be prevented by cross-linking with SPIONs using 
epichlorohydrin and ammonia (Josephson et al. 1999). Epichlorohydrin tends to 
have a negligible chance of clinical use as epichlorohydrin cannot degrade or can 
be cleared from the body (McCarthy and Weissleder 2008). Chitosan has also been 
used for SPION coating, which is difficult due to its poor solubility at pH values 
required for precipitation of SPIONs (Kumar et al. 2004). Cationic chitosan can 
complex with genetic materials incorporated as coating on SPIONs (Kim et  al. 
2005). Amino and hydroxyl functional groups of chitosan are useful for function-
alization of SPIONs. Likewise, PEI, a cationic water-soluble polymer, has been 
coated onto SPIONs (McBain et al. 2007; Corti et al. 2008). The intrinsic toxicity 
of PEI and poor colloidal stability is a matter of concern (Kircheis et al. 2001; Park 
et al. 2008; Petri-Fink et al. 2008).

Amphiphilic molecules as in liposome and micelles can also coat either by post- 
synthesis (SPIONs) i.e. aqueous core of liposome or hydrophobic SPIONs core 
surrounded by micelles (Martina et al. 2005; Yang et al. 2007) or synthesizing with 
SPIONs directly with core (Decuyper and Joniau 1988). The former one though 
commonly studied has the disadvantage of having agglomerates of coating without 
any iron nanoparticles entrapped (Dagata et al. 2008).

After administration of magnetic nanoparticles intravenously, a high magnetic 
field is generated externally which attracts the nanoparticles toward the site of mag-
netic field (Nishijima et al. 2007). Creating a hydrophilic coating over the nanopar-
ticles enables aqueous dispersions of the nanoparticles, e.g., PEG, dextran, and 
Pluronic F-127 (Jain et al. 2008).

US Food and Drug Administration (USFDA) approved iron dextran injection 
USP and iron sucrose injection USP for intravenous administration, which is a com-
plex of ferric hydroxide and polysaccharides like dextran and sucrose, respectively, 
for iron-deficient subjects not responding to oral administration of iron. 
Complexation with polysaccharides decreases the excretion of iron (USFDA 2017).

4.4.1  Polymer Encapsulated

USFDA approved USPIONs  – ferumoxytol (Feraheme) manufactured by AMAG 
Pharmaceuticals. They are magnetite cores coated by a carbohydrate mainly polyglu-
cose sorbitol carboxymethylether to decrease immunological response (Provenzano 
et al. 2009). Clinical testing in patients with anemic chronic kidney disease was safe 
at 510 mg administered intravenously with a dose of 2 and 6 mg per kg (Spinowitz 
et  al. 2005). Likewise, Combidex, USPIONs coated with dextran, has been stud-
ied for enhancing contrast during magnetic resonance imaging (MRI). Toxicity of 
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dextran-coated iron oxide nanoparticles showed dose-dependent decrease in cell 
viability and loss of membrane integrity in Jurkat cells up to 72 h (Balas et al. 2017).

Likewise, in ferumoxtran-10, the carbohydrate selected is dextran T-10. 
Ferumoxtran-10 is proposed for differentiation between cancerous and noncancer-
ous lymph nodes. It specifically accumulates in lymph nodes 24 and 36 h after intra-
venous administration of 2.6 and 3.4 mg of iron/kg studied in healthy humans for 
extra cranial neck MRI (Hudgins et al. 2002). On administration, it accumulates in 
non-cancerous organs causing dark areas in MRI images. Cancer cells fail to show 
the nanoparticles uptake (Groman et al. 1991). The hydrodynamic coating of carbo-
hydrates on iron oxide though incomplete was 8–12 nm in thickness (Jung 1995; 
Jung and Jacobs 1995). Dextran-coated iron oxide encapsulated up to 95% of drug 
and is used in cancer treatment (Jain et al. 2008). SPIONs coated with polyvinyl 
benzyl-O-b-D-galactopyranosyl-D-gluconamide (PVLA) bearing galactose moi-
eties have been studied for liver targeting (Yoo et al. 2007). Thermal stability of 
dextran-coated iron nanoparticles is also higher than dextran (Can et al. 2017).

PEG-g-chitosan-g-PEI encapsulating SPIONs complexed with DNA was effec-
tive in gene transfection (Kievit et  al. 2009). Moreover, copolymer of PEG- 
poly(methacrylic acid) and poly(glycerol monomethacrylate) used for coating 
SPIONs layer by layer is pH-sensitive polymer releasing the drug in acidic endo-
somes of the cell (Guo et al. 2008). Biocompatible nanometric metal-organic frame-
works (MOFs) of mesoporous iron(III) trimesate nanoparticles and bioadhesive 
polysaccharide chitosan showed promising results in oral uptake with improved 
intestinal barrier bypass (Hidalgo et al. 2017). Similarly other MOFs of iron(III) 
trimesate NPs functionalized with heparin (Bellido et al. 2015) or biocompatible 
cyclodextrins improved biocompatibility (Agostoni et al. 2015).

Cross-linked carboxymethylated chitosan and iron nanoparticles covalently 
linked to genistein increased inhibition effect of genistein on SGC-7901 cancer cells 
than free genistein solution. The presence of iron nanoparticles could further 
increase the efficacy by hyperthermia effect (Si et  al. 2010). Iron nanoparticles 
modified with polyethyleneimine as carrier for gene increased tumor entrapment up 
to 30-fold compared to simple intravenous administration (Chertok et  al. 2010). 
Functionalized dendrimers with iron nanoparticles assisted in tracking the transvas-
cular transport and uptake by glioma cells. Particles in the range of 11.7–11.9 nm 
traversed the blood-brain tumor barrier easily, while the larger-sized dendrimers 
failed (Sarin et al. 2008).

Magnetite nanoparticles radiolabeled with 188Re sized 200 nm and coated with 
human serum albumin have been studied for targeted delivery in cancer. 
Hyperthermia arising from magnetite nanoparticles causes death of tumor cells 
locally (Ito et al. 2005). Magnetic nanoparticles conjugated to near-infrared fluores-
cence followed by coating the lipid with Gal-P123, a hepatocyte targeting polymer, 
achieved high and specific targeting to liver cancer cells. The magnetic resonance 
signal enhanced 5.4-fold than only dye-conjugated iron nanoparticles (Liang et al. 
2017). Peptide glycine coated upon iron nanoparticles encapsulating amphotericin 
B demonstrated high efficacy against visceral leishmaniasis and was almost twice 
effective than plain amphotericin B (Kumar et al. 2017).
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4.4.2  Lipid Encapsulated

Lately, iron nanoparticles widely explored as ferrofluids have also been studied for 
stimulus response providing targeted drug delivery. Temperature-responsive 
magneto- micelles comprising of an iron oxide core functionalized with undecylenic 
acid are surrounded by an amphiphilic temperature-responsive polymer coat of 
NIPAAm (N-isopropyl acrylamide). The magneto-micelles exhibited a size of 8 nm 
in water with a high potential for trigger-controlled release (Kim et  al. 2008). 
PEGylated magnetite functionalized with specific monoclonal antibodies could be 
used for hyperthermia treatment in cancer (Ito et al. 2005).

Iron nanoparticles consisting of hyaluronic acid and peptides sized 160 nm deliv-
ered peptides up to 100% level in HEK293 and A549 cell lines (Kumar et al. 2007). 
Water-dispersible oleic acid-Pluronic-coated iron oxide nanoparticles sustained 
release of doxorubicin intracellularly and in vitro over a period of 2 weeks com-
pared to drug solution. Dose-dependent antiproliferative effect was also observed 
(Jain et al. 2005). Iron oxide nanoparticles coated with double layer of oleic acid 
also enhanced bioavailability besides being a biocompatible theranostic agent in 
skin pathology. Both in vitro toxicity studies on human keratinocytes (HaCat cells) 
and acute dermal toxicity test on female and male SKH-1 hairless did not compro-
mise skin function (Coricovac et al. 2017). NanoMOFs, as mentioned in Sect. 4.5, 
and lipid coating of MOFs have also been studied (Wuttke et al. 2015). A schematic 
diagram of the same is given in Fig. 4.2.

4.4.3  Dendrimer Encapsulated

Dendrimers of iron oxide prepared by layer-by-layer film technique, coated with 
poly(lysine)/poly(glutamic acid) followed by cross-linking with carbodiimide. It 
was further functionalized with folic acid-tagged poly(amidoamine) (PAMAM) 
(Shi et al. 2008). Poly(lysine)/poly(glutamic acid) stabilizes the iron oxide nanopar-
ticles, while folic acid targets the dendrimers to cancer cells overexpressed with 
folate receptors (Wang et al. 2007).

Fig. 4.2 Schematic representation of dye-encapsulated bilayer-coated NanoMOF and their uptake 
(Reproduced with permission from Wuttke et al. (2015))
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4.5  Gold Nanoparticles

The unique optical property of gold nanoparticles and photothermal therapy is the 
basis for their extensive use in cancer. Gold belongs to the category “plasma” which 
contains fixed and equal number of positive ions and free and highly mobile con-
ducting electrons. In irradiation with an electromagnetic wave, the electrons interact 
with oscillating electric fields and result in oscillation of electrons driven by electri-
cal field. Such oscillatory electrons are called as plasmons. The plasmons present on 
the surface of gold interact with visible light to result in surface plasmon resonance 
(SPR). SPR causes enhanced absorption and scattering radiation and non-radiative 
properties of gold. The ratio of scattering to absorption increases with increase in 
size of nanoparticles (Jain 2006). The properties of SPR are highly sensitive to com-
position, shape, and size of the nanoparticles and thus are optical transducers for 
sensing.

4.5.1  Polymer Encapsulated

Gold nanoparticles covered with cyclodextrin have been reported as a carrier for anti-
cancer drug through noncovalent interactions. Cyclodextrin-harbored β-lapachone 
was also functionalized with anti-epidermal growth factor and PEG as a targeting 
moiety and antifouling shell respectively. Release was dependent upon the glutathione 
concentration as demonstrated in MCF-7 and A549 cells (Xiaohua et al. 2006). Gold 
nanoparticles coated with chitosan easily adsorb which can be useful in delivery of 
insulin through transmucosal route (Bhumkar et  al. 2007). Chitosan-coated gold 
nanoparticles have also been studied for delivery of cisplatin (Guo et al. 2010). A brief 
example of polymer-encapsulated gold nanoparticles has been listed in Table 4.1.

Gold nanoparticles immobilized with doxorubicin and carboxymethyl chitosan 
increased uptake by cancer cells at acidic pH. At acidic pH, carboxylic groups ion-
ize and release drug. The technology is useful in cervical cancer uptake and wher-
ever pH-triggered drug release is needed (Madhusudhan et  al. 2014). Enzyme 
triggered a platinum (IV) prodrug release was possible iron nanoparticles coated 
with gelatin permitting MRI imaging too (Cheng et al. 2014).

Poly(lactic-co-glycolic acid) (PLGA) nanoparticles encapsulated with perfluoro-
carbon and silica-coated gold nanoparticles demonstrated increased photoacoustic 
signal intensity. The particles were also taken up by MDA-MB-231 breast cancer 
cells visualized by fluorescence microscopy followed by vaporization forming bub-
bles and cell destruction. The particles thus provided imaging as well as optically 
triggered delivery system (Wang et al. 2014). Nanoemulsion templating using class 
III organic solvent, ethyl acetate, and low-energy phase inversion composition 
emulsification method for coating gold nanoparticles within PLGA nanoparticles 
decreased the cytotoxicity and hemolysis of gold nanoparticles. Increasing the con-
centration of gold nanoparticles greater than 100pM decreased the stability of 
nanoparticles (Fornaguera et al. 2017).
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Table 4.1 Applications of encapsulated gold nanoparticles in cancer

Encapsulated gold 
nanoparticles Observation Reference

Doxorubicin-grafted 
PEGylated gold 
nanoparticles

Overcomes uptake in doxorubicin resistant cell 
lines

Gu et al. 
(2012)

Oxaliplatin onto 
PEGylated gold 
nanoparticles

Increased efficacy and distributed up to nucleus Brown et al. 
(2010)

mPEG-SH 5000 
conjugated to gold 
nanorods

Tumor could be identified due to NIR absorption 
by nanorods. Exposure to NIR diode laser at 
808 nm for 10 min at 1–2 W/cm2 intensity, 
growth of tumor was significantly inhibited. 
Thermal transient heat increased by over 20-fold 
to aid tissue destruction

Dickerson 
et al. (2008)
Liao et al. 
(2005)

PEGylated gold nanorods Half-life time over 17 h in mice. Blood 
circulation time for rod-shaped nanoparticles was 
increased compared to spheres. Also increased 
cellular affinity. Eradicated all irradiated tumors 
with no regrowth over 50 days in mice

Park et al. 
(2008b) and 
von Maltzahn 
et al. (2009)

mPEG-SH5000 
conjugated to gold 
nanoparticles and plasmid 
DNA

Gene expression detected in major organs of 
mouse. Naked DNA showed tenfold lower level 
of detection due to destruction in blood

Kawano et al. 
(2006)

PEGylated gold colloids 
with adsorbed tumor 
necrosis factor (TNF)

Intravenous administration accumulated the 
nanoparticles in MC-38 colon carcinoma tumors 
rather than other organs. TNF provided 
specificity and cytotoxicity of targeted cells

Paciotti et al. 
(2004)

Thiol-functionalized 
amphiphilic copolymer 
PEG-poly(n-butyl 
acrylate) coated on gold 
nanoparticles

Good stability seen in aqueous medium. High 
drug loading capacity observed with these 
nanoparticles rather than plain gold nanoparticles

Wang et al. 
(2013)

Gold nanoparticles 
encapsulated in polylactic 
acid-co-ethyl cellulose 
containing fluorouracil

Controlled release of fluorouracil was observed. 
Release was controlled with the presence of gold 
in nanocapsules rather than those without it

Sathishkumar 
(2012)

Gold nanoparticles 
surrounded by oligo 
(ethylene glycol) and 
proteins

Oligo (ethylene glycol) stabilized the 
nanoparticles in aqueous medium of broad 
pH. Protein also decreased the attraction. 
Addition of protein beyond a certain point caused 
flocculation which could be depleted with aid of 
salt

Zhang et al. 
(2007a)

Gold nanoparticles 
decorated with 
neoglycoconjugates of 
mannose-6-phosphate

Anti-angiogenic activities observed by 
chorioallantoic membrane (CAM) assay. 
Multivalent ligands were more effective in 
angiogenic activity than azide-mannose-6-
phosphate monomer

Combemale 
et al. (2014)

(continued)
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Gold nanoparticles coated with methoxy-PEG-graft-poly(l-lysine) imparted 
stealth properties. Radiolabeling of this gold nanoparticle with 99mTc showed longer 
systemic circulation times (Bogdanov 2015). Doxorubicin-loaded fucoidan gold 
nanoparticles have dual mode of drug delivery and photoacoustic imaging. 
Doxorubicin was released higher in pH 4.5 than that of neutral pH. Doxorubicin- 
fucoidan- gold nanoparticles inhibited proliferation of human breast cancer cells at 
24 h than any plain gold nanoparticles or doxorubicin solution. It also induced apop-
tosis (early as well as late) (Manivasagan et al. 2016).

Intravenous injection of PEGylated gold nanoshells in PC3 tumor bearing athy-
mic (nu/nu) mice followed by a laser irradiation for 3 min at 4 W/cm2 elevated the 
temperature up to 65.4 °C and showed regression of tumor up to 93% after 3 weeks. 
The same was also observed in orthotopic canine model with selective temperature 
increase at tumor site due to high accumulation of nanoparticles in tumor attributed 
to enhanced permeability and retention effect (Schwartz et al. 2009).
While stability of gold nanorods increased with PEGylation, cytotoxicity also 
reduced. Almost 54% of injected PEGylated nanorods retained up to 30  min in 
mice. Intratumor administration of PEGylated gold nanorods decreased tumor 
growth up to 96% upon laser irradiation at tumor site of nude (nu/nu) xenograft 
mice induced with subcutaneous squamous cell carcinoma (Niidome et al. 2006). 
Moreover, intravenous administration resulted in only 74% decrease in tumor 
growth. Biodistribution of PEGylated gold nanorods reflected that molar ratio of 
PEG to gold of 1:5 was optimum for maintaining prolonged systemic circulation 
and enhanced permeation and retention effect (Akiyama et al. 2009; Niidome et al. 
2006). Likewise, nanorods coated with 5 kDa and 10 kDa of PEG were more effec-
tive in maintaining a prolonged systemic circulation than PEG with molecular 
weight of 2 kDa and 20 kDa (Zhang et al. 2009). PLGA conjugated to gold nano-
crystals, PLGA lecithin/DSPE(1,2-Distearoyl-sn-glycero-3-phosphoethanolamine), 
and PEG gold nanocrystals have also been successful in medical computed tomog-
raphy imaging (Huang et al. 2011).

Table 4.1 (continued)

Encapsulated gold 
nanoparticles Observation Reference

Gold nanoparticles 
decorated with hyaluronic 
acid

The nanoparticles identified metastatic tumors 
for diagnosis and treat them. Multifunctional 
particles with hyaluronic acid-curcumin and folic 
acid-polyethylene glycol bioconjugate increased 
targeting and improved efficacy compared to free 
curcumin

Manju et al. 
(2012)

Gold nanoparticles 
bearing adamantane 
moieties and cyclodextrin-
grafted hyaluronic acid

High cellular uptake by hyaluronic acid-mediated 
endocytosis. Effectively inhibited the growth of 
MCF-7 cells. pH-responsive drug release 
observed and no toxicity to normal cells

Li et al. 
(2014a, b)

Gold nanocomposites 
with bacterial cellulose

Nanofibers of bacterial cellulose are robust Zhang et al. 
(2010)
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4.5.2  Dendrimer Encapsulated

Gold nanoparticles have also been studied as enzymatic sensors (Hernandez-Santos 
et al. 2002). Gold nanoparticles conjugated to dendrimers are also proved to be a better 
nanobiosensor too (Hasanzadeh et al. 2014). Gold nanoparticles and cadmium sulfide 
nanoparticles deposited on dendrimers immobilized with anti- chloramphenicol acetyl 
transferase antibody deposited on layer of poly-TTCA (poly(terthiophene- 3-carbox-
ylic acid)), responsible for conductivity and enhancing sensitivity, are fabricated on 
glassy-carbon electrode. It could easily detect chloramphenicol as low as 45 ± 5.0 pg/
mL in meat samples of chicken, pork, and beef (Kim et al. 2010). Gold nanoparticles 
decorated on amine-terminated poly(amidoamine) dendrimers immobilized with bre-
vetoxin B-bovine serum albumin conjugate can screen brevetoxin in food up to levels 
of 0.01 ng/mL by differential pulse voltammetry (Tang et al. 2011). PAMAM den-
drimers and glucose oxidase are constructed on gold by layer-by-layer film assemblies 
via Schiff’s base bonds (Yoon and Kim 2000). Increasing the number of layers up to 5 
linearly increases the output current. Glucose easily permeates through the porous den-
drimers. A glucose biosensor based on gold nanoparticles with FcSH (6-(Ferrocenyl) 
hexanethiol) + Cyst (cysteamine)/PAMAM/Glucose oxidase system detects glucose in 
beverages from 1.0 to 5.0 mM (Karadag et al. 2013). PAMAM dendrimers tethered 
with ferrocene and gold nanoparticles have also been studied for amperometric biosen-
sors (Suk et al. 2004). Poly(propyleneimine) dendrimers encapsulate gold nanoparti-
cles and myoglobin on graphite electrodes. Response with incorporation of gold 
nanoparticles increased than those without them (Zhang and Hu 2007). Likewise, a 
hydrogen peroxide biosensor containing gold nanoparticles encapsulated in PAMAM 
dendrimers on cysteamine-modified gold electrode is sensitive in detection of perox-
ides in clinical laboratories and environment (Ferapontova and Gorton 2002). 
Nanocomposites of PAMAM and gold formed three-dimensional immobilized matrix 
for horseradish peroxidase-based peroxide biosensor on multiwalled carbon nanotube-
modified glassy-carbon electrode for quantifying hydrogen peroxide from 6.72 μM up 
to 20.80 mM by amperometry (Luo et al. 2011). Poly(N- isopropylacrylamide) poly-
mer has also been studied for reducing toxicity and improving stability (Wei et  al. 
2008). Higher grafting of PEG on gold nanorods bypassed the uptake by RES and 
provided longer circulation. The nanorods accumulated in the spleen, liver, and tumor 
tissues (Akiyama et al. 2009). The same PEGylated gold nanorods did not show perfu-
sion through the human placenta within 6 h (Myllynen et al. 2008); PEGylated gold 
nanoparticles conjugated to tamoxifen via thiol-PEG are currently in phase I clinical 
trial (Libutti et al. 2010). The PEGylation monitored accumulation of nanoparticles by 
surface- enhanced Raman scattering (SERS) (Qian et al. 2008).

4.6  Silver Nanoparticles

Silver has been known since time immemorial for its antibacterial activity. Decreasing 
the size increases the antimicrobial activity (Ranghar et  al. 2014). The increased 
resistance of bacteria to antibiotics has gained popularity of silver nanoparticles and 
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prevents its reoccurrence. Silver nanoparticles are safe in  vivo up to a dose of 
1,000  mg/kg bodyweight/day administered for 28  days. Moderate hepatotoxicity 
was, however, observed. Decrease in weight was seen after 90  days dosing with 
dose-dependent altered alkaline phosphatase and cholesterolemia (Kim et al. 2011; 
Lee et al. 2013). A lowest-observed-adverse-effect level (LOAEL) of 125 mg/kg has 
thus been suggested for silver nanoparticles, beyond which liver damage can be seen 
(Gaillet and Rouanet 2015). They exhibit minimal skin penetration. Long-term occu-
pational exposure showed relatively nontoxic nature of silver nanoparticles (Trop 
2009). There has been widespread use of silver nanoparticles in toothpaste, sham-
poos, washing machines, kitchen utensils, toys, etc. (Gaillet and Rouanet 2015). Like 
gold nanoparticles, silver nanoparticles are also plasmonic entities. They can also be 
used for thermal killing, while scattered light is used for imaging. Silver exhibits the 
highest plasmon excitation among gold, silver, and copper and is the only metal 
whose SPR can be tuned to visible wavelength (Evanoff and Chumanov 2005). Silver 
nanoparticles neutralize the reactive oxygen species mainly glutathione and thiore-
doxin. It initiates the inflammation process and destroys mitochondria. Apoptogenic 
factors are released after mitochondria are destroyed and result in programmed cell 
death (Mohammadzadeh 2012). They have been used in development of wound 
dressings, water purification systems, medical devices, etc.

4.6.1  Polymer Encapsulated

Complexes of azithromycin-silver and ofloxacin-silver nanoparticles were stabi-
lized with chitosan and demonstrated no cytotoxicity against human peripheral 
blood cells with no lysis or morphological changes of red blood cell (Namasivayam 
and Samrat (2016).

Nanofibrous antibacterial mats of chitosan-polyethylene oxide containing 0.25% 
and 0.50% of silver nanoparticles sized 70 nm revealed 100% bactericidal activities 
against Escherichia coli and Staphylococcus aureus. Silver nanoparticles released 
increasingly up to the first 8 h followed by a sustained released. Burst release could 
be attributed to the hydrophilic nature of silver nanoparticles present in hydrophilic 
gel (Kohsaria et al. 2016). Scaffolds of silver nanoparticles and chitin have been 
studied for wound healing and blood clotting against Staphylococcus aureus and 
Escherichia coli (Madhumathi et al. 2010).

Silver nanoparticles synthesized in situ by reduction of silver nitrate were 
impregnated into cellulose nanocrystals obtained from bamboos for silver-loaded 
film and ointments. Cellulose obtained from plant sources is known to possess 
higher water absorption capacity with synergistic wound healing and wound closure 
in mice. Lesser inflammation and increase in fibroblasts and collagen from day 3 to 
day 8 increased the epithelialization by day 14 (Singla et al. 2016).

Poly(N-vinyl-2-pyrrolidone) and bovine serum albumin conjugated to silver 
nanoparticles were low in inhibition of human immunodeficiency virus than that 
foamy carbon silver nanoparticles (Elechiguerra et  al. 2005). PVP, bovine serum 
albumin, and RF 412 (recombinant F protein) were effective against respiratory 
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syncytial virus in Hep-2 cell lines. PVP specifically interacted with the G proteins 
present on the viral surface with regular spatial arrangement unlike the nonspecific 
association observed with bovine serum albumin and PF412 (Sun et al. 2008).

Tannic acid-modified silver nanoparticles have been studied in stationary cell 
lines and spheroids obtained from human-derived keratinocyte VK2-E6/E7 and 
HaCaT.  Tannic acid-modified nanoparticles exhibited higher cytotoxicity with 
higher levels of reactive oxygen species and increased JNK stress kinase in VK2-
E6/E7 cells, while opposite effect was seen in HaCaT cells with ERK kinase. Both 
types of nanoparticles showed cellular uptake. However, particles above 30 nm did 
not lyse DNA. Tannic acid-modified silver nanoparticles could downregulate IL-8 
and (tumor necrosis factor). TNF-α triggered by LPS in VK2-E6/E7 but failed to 
activate the same in HaCaT cells. Thus tannic acid-modified nanoparticles could 
demonstrate immunomodulatory properties and can be used for dermal applications 
(Orlowski et al. 2016).

Mercaptoethane sulfonate-coated silver nanoparticles strongly inhibited HSV-1 
infections. It prevented the entry of virus into host cell by preventing its binding to 
host cells (Baram-Pinto et al. 2010). While polysaccharide-coated silver nanoparti-
cles were effective against monkeypox virus, different particle sizes of 10  nm, 
25 nm, and 80 nm were evaluated for inhibition on monkeypox virus plaque forma-
tion. Particle size of 25 nm exhibited dose-dependent inhibition. They could addi-
tionally disrupt the intracellular replication of virus along with blocking the host 
cell uptake of virus (Rogers et al. 2008). Polysaccharide-coated silver nanoparticles 
were also checked for Vero cells infected against Tacaribe virus. Uncoated nanopar-
ticles showed 50% inhibition in the virus progeny while polysaccharide coated 
showed little infectivity reduction. Nanoparticles bound to the membrane glycopro-
teins of virus (Speshock et al. 2010). Folic acid-coated silver nanoparticles have 
also been studied for cancer treatment (Wang et al. 2012a; Wang et al. 2012b).

Chitosan stabilized upon silver nanoparticles and conjugated to azathioprine has 
been studied for treatment of rheumatoid arthritis. Studies on 3T3 NIH fibroblast 
showed dual role of nanoparticles i.e. synergism for anti-inflammation, targeting to 
specific site and controlled release of drug (Prasad et  al. 2013). Chitosan-coated 
silver nanoparticles exhibited better compatibility and lower systemic absorption 
compared to silver nanoparticles alone and polyvinylpyrrolidone-coated silver 
nanoparticles in methicillin-resistant Staphylococcus aureus wound infection 
mouse model. Aspartate aminotransferase and alanine aminotransferase levels, an 
indicator of liver dysfunction, were also significantly reduced (Peng et al. 2017).

Starch-coated silver nanoparticles have also been developed for selective interac-
tion with Hg+2, useful in monitoring toxic metals in environment. The intensity of 
surface plasmonic band alters with change in concentration of Hg+2 irrespective of 
the presence of other metal ions like sodium, potassium, calcium, copper, iron, 
nickel, cadmium, etc. (Vasileva et al. 2017). Silver nanoparticles coated with beta- 
cyclodextrin and modified with para-aminothiophenol and folic acid have specific 
affinity for folate receptors overexpressed in cancerous cells. These nanoparticles 
could be used as both invaders due to uptake via folate receptor-mediated endocyto-

sis (Fig. 4.3) as well as a probing agent via SERS (Zhai et al. 2017).
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4.6.2  Dendrimer Encapsulated

Dendrimers of silver have been studied as an electrochemical label for metallo- 
immunnoassays. Nanocomposites of silver encapsulated in generation 5–7 of 
PAMAM dendrimers could detect silver up to 0.9 pM after silver nanoparticles were 
dissolved in diluted nitric acid (Stofik et al. 2009). The dendrimers also exhibited 
slow release of solver and exhibited antimicrobial activity against Gram-positive 
bacilli such as Pseudomonas aeruginosa, Staphylococcus aureus, and Escherichia 
coli. Silver is encapsulated within the dendrimers due to the formation of silver 
carboxylate and complex formed between the nitrogens of dendrimers and silver 
ions. The complex is also photolyzed slowly forming dark-brown solution. 

Fig. 4.3 Schematic representation of beta-cyclodextrin modified with para-aminothiophenol (p- 
ATP) and folic acid (FA) coated upon silver nanoparticles (Ag@CD) targeting folate receptors (FR) 
used in imaging (Reproduced with permission from Zhai et al. (2017))
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Antimicrobial activity was due to the carboxylate salts accessible to microorgan-
isms (Balogh et al. 2001). Hyperbranched PAMAM dendrimers grafted on silver 
nanoparticles and graphite have been used as nanocatalysts for reduction of nitro 
aromatics (Rajesh and Venkatesan 2012). Electrochemical determination of silver 
using silver- dendrimer nanocomposites obtained from dendrimers (Generation 5–7) 
detected silver with a limit of detection of 0.9 pM (Stofik et al. 2009).

4.6.3  Hydrogel Encapsulated

Nanoparticles of silver sized 5–20  nm have been prepared within a hydrogel of 
xanthan gum and chitosan as a possible wound dressing application. The hydrogel 
inhibited Gram-positive Staphylococcus aureus and Gram negative bacteria like 
Escherichia coli. The hydrogel showed good compatibility with NIH 3T3 fibro-
blasts (Rao et al. 2016). Bio-nanocomposite films of fish skin gelatin and silver- 
copper nanoparticles have been studied for antibacterial effect against Gram-positive 
and Gram-negative bacteria. The films could be used as preservative in food pack-
aging controlling the bacteria and pathogens spoiling food (Arfat et al. 2017).

Curcumin encapsulated in silver nanoparticles hydrogel exhibited greater anti-
bacterial activity compared to plain silver nanoparticles. Curcumin was released in 
a controlled manner (Ravindra et  al. 2012). The antibacterial effect was further 
increased upon incorporation in a protein hydrogel (Vimala et al. 2014). Some of 
the commercialized encapsulated metal nanoparticles are enlisted in Table 4.2.

Table 4.2 List of encapsulated metal nanoparticles that are commercialized

Product/brand 
name Nanoparticles Application

Company and current 
status

Aurimmune Gold nanoparticles 
coupled to TNF-α, 
PEG-thiol sized 
~27 nm

Intravenous for solid 
tumor

CytImmune sciences in 
phase – II

Resovist SPIONs coated with 
carboxydextran

Imaging Commercialized

Feridex SPIONs coated with 
dextran sized 
80–150 nm

Liver/spleen lesion 
MRI. Targeting MPS 
with 80% taken up by 
liver and 10% by spleen. 
Tumors show no uptake

Commercialized since 
1996 but discontinued 
in 2008

Feraheme SPIONs coated with 
dextran

Iron deficiency with 
chronic kidney disease

Commercialized since 
FDA approval in 2009

NanoTherm SPIONs coated with 
aminosilane

Thermal ablation in 
prostate, pancreatic 
cancer after intratumoral 
administration

Approved in Europe 
since 2013
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4.7  Conclusion

Metals are new active for next-generation anticancer therapy. They offer several 
benefits over the existing chemotherapeutic agents with the advantage of being a 
diagnostic and imaging agent along being with therapeutic agent. Some of them are 
already commercialized. Biopolymer can also provide synergism to metal nanopar-
ticles when conjugated or encapsulated. The shortcomings of metal nanoparticles 
mainly the toxicology effect can be overcome by its combination with polymer or 
lipid coating. Biopolymers could increase colloidal stability or target specific tar-
gets or increase biocompatibility. Encapsulation can effectively solve issue of bio-
compatibility and toxicity. In the future, encapsulated metal nanoparticles will have 
a wide implication in therapeutic and imaging arena. However, extensive research 
and collaborations among research institutions are also needed in this direction to 
explore efficacious use of noble metals upon encapsulation.
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Chapter 5
Pharmaceutical and Biomedical Applications 
of Magnetic Iron-Oxide Nanoparticles

Kelly J. Dussán, Ellen C. Giese, Gustavo N.A. Vieira, Lionete N. Lima, 
and Debora D.V. Silva

Abstract In the past few years, due to the rapid development of the advances in the 
pharmaceutical and biomedical field, the magnetic iron-oxide nanoparticles have 
received considerable attention for their attractive properties. Magnetic nanoparti-
cles are perfect candidates for use in diagnosis and disease treatment because they 
have properties as superparamagnetic behavior, a high superficial area that allows 
functionalizing, biocompatibility, nanometric size (10–100 nm), low toxicity, pos-
sibility of in vivo manipulation by a low external magnetic field, and placement in a 
specific place. The key point of magnetic iron-oxide nanomaterials is to develop 
effective synthesis techniques that allow particles to have with a uniform size, high 
magnetic saturation, and stability, preventing aggregation and oxidation with air 
since these result in the loss of its magnetic properties. This chapter presents a 
review of various strategies to synthesis of magnetic nanoparticles and their use in 
pharmaceutical and biomedical field.
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5.1  Introduction

At present, magnetism plays an important role in the study and manufacture of 
nanostructured and magnetic materials (Abolfazl et  al. 2012). In order to make 
nanostructured materials, it is necessary to manipulate objects with a similar size to 
groupings of molecules and even molecules and atoms; the diameter of these mate-
rials is smaller than 1,000 nanometers (nm). The purpose of manipulating these 
materials in nanometric scale, must to the possibility of creating devices and sys-
tems with new properties allowing specific functions that represent nature behaviors 
(Martín et al. 2003; Abolfazl et al. 2012).

The use of magnetic iron-oxide nanoparticles (IONPs) offers advantages due to 
the chemical, physical, and pharmacological properties. These properties include 
magnetic behavior, chemical composition, the structure of the crystal, granulomet-
ric uniformity, properties related to adsorption processes, surface structure, and 
solubility (Raz et al. 2012). Among the magnetic nanostructured materials, magne-
tite (Fe3O4) and maghemite (Fe2O3) are commonly used due to their strong magnetic 
properties and low toxicity, which motivate their application in the field of biotech-
nology and medicine (Reddy et al. 2012; Wu et al. 2015).

In the past few years, due to the rapid development of the nanotechnology and 
magnetic nanostructured materials in biotechnology and medicine areas, magnetic 
particles of nanometric sizes have received considerable attention (Curtis and 
Wilkinson 2001; Pankhurst et al. 2003; Tartaj et al. 2003). These particles may have 
sizes that are comparable to virus (20–500 nm), proteins (5–50 nm), or genes (2 nm 
to wide it and 10–100 nm along). Moreover, it is possible to control using an exter-
nal magnetic field and has a great surface area that can be modified to attach biologi-
cal species via chemical interactions (Tartaj et al. 2005).

For example, in the medicine field, drugs’ guided transport to a specific site has 
been studied by the application of an external magnetic field, and this has been 
achieved with a minimum amount of magnetic particles obtaining that magnetic 
drugs are safe and effective (Reddy et al. 2012). The transport guided of biologi-
cally active substances to a specific organ allows creating an optimal therapeutic 
concentration of the drug in the desired part of the organism while maintaining the 
injection total dose at low levels (Kuznetsov et al. 1999; Koneracká et al. 2002). The 
use of biocompatible magnetic particle as carrying drugs seems to be a promising 
technique (Lübbe et al. 1999). The superparamagnetic properties of fine magnetic 
particles have great importance from a practical point of view because it means that 
these magnetic particles can be located in a convenient position, transported to spe-
cific places, and controlled in desirable parts of organs or blood vessels with the 
assistance of an external magnetic field (Koneracká et al. 2002).

Some of the advantages of these magnetic materials in this area are (1) the size 
of the particle because of tolerated small size in order to improve the tissular diffu-
sion, allow lower sedimentation rates, and obtain high effective surface areas. (2) 
The superficial characteristics allow the particles to be easily functionalized and 
encapsulated with various compounds (biomolecules, inorganic and organic 
 materials, polymers, surfactants). Consequently, the particles are more resistant to 
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degradation, and their biocompatibility and stability are increased. (3) The good 
magnetic response makes possible that the concentration of the nanomagnets 
decreases in the blood and therefore decreases the collateral effects (Reddy et al. 
2012; Wu et al. 2015).

The magnetic separation is a technological advancement recently developed and 
used in the bioseparation area (Marszałł 2011). For example, magnetic particles can 
be used for immobilization of molecules via binding to form a magnetic biocatalyst 
that can be separated from the solution by an external magnetic field gradient. 
Recently, this magnetic property of the particles allows using in the immobilization 
of proteins, peptides, and enzymes (Bagheri et al. 2016; Gao et al. 2016), microor-
ganism detection (Shi et al. 2014; Du et al. 2016; Yin et al. 2016), bioseparation 
(Paulus et al. 2015; Gu et al. 2016), immunoassays (Ahn et al. 2016; Vidal et al. 
2016), pathogen detection (Brandão et al. 2015; Chen et al. 2015), controlled release 
drugs (Hyun 2015; Müller et al. 2017), biosensors (Xu and Wang 2012; Jamshaid 
et  al. 2016), cellular classification (Thornhill et  al. 1994; Carinelli et  al. 2015), 
adsorption and purification of proteins (Mirahmadi-Zare et  al. 2016), diagnostic 
magnetic resonance imaging (MRI) (Valdora et al. 2016), magnetic fluid hyperther-
mia therapy (Yang et al. 2015; Farzin et al. 2017), and separation of nucleic acid 
(Sun et al. 2014; Ali et al. 2016), among others.

On the other hand, in separation processes (in vitro), magnetic particles must be 
stable units composed of a high concentration of superparamagnetic nanoparticles 
(Medeiros et al. 2011). The main difficulty in the synthesis of these ultrafine parti-
cles is to control the size of the particles on a nanometric scale. This difficulty is the 
result of the high superficial energy of these systems. The interface tension acts as 
force guides for the spontaneous reduction of the superficial area by growth during 
the initial precipitation step and during aging (Sugimoto 1987). Therefore, the 
search for easy and flexible routes to synthesize and to produce magnetic iron-oxide 
nanoparticles with the acceptable size distribution, with desired size, and with high 
dispersibility, without having particle aggregate and low reactivity with the air, is of 
extreme importance to understand the potentials that are these materials in biomedi-
cine and biotechnology (Tartaj et al. 2005).

5.2  Synthesis of Magnetic Iron-Oxide Nanoparticles (IONPs)

The synthetic methods used to synthesize magnetic IONPs are based on aqueous 
and nonaqueous routes on coprecipitation (Wu et al. 2008), thermal decomposition 
(Sun and Zeng 2002), hydrothermal and solvothermal syntheses (Wu et al. 2008), 
sol-gel synthesis (Dong and Zhu 2002), microemulsion (López Pérez et al. 1997), 
ultrasound irradiation (Ali et  al. 2016), and biological synthesis (Zhu and Chen 
2014) approaches using microorganisms.

The actual challenge in the area is synthesized to lead and improve its magnetic 
properties while keeping their small size, which is complex due to the colloidal 
nature of IONPs. A high biocompatibility and stability are also required to extend 
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the possibility of its applications. Figure 5.1 summarizes a comparison of different 
reaction characteristics between the main methodologies used in the synthesis of 
magnetic IONPs according to Wu et al. (2015).

5.2.1  Coprecipitation

The coprecipitation is the simplest and most conventional method and consists of 
mixing ferric and ferrous ions in a 2:1 molar ratio (Fe3+/Fe2+) resulting in magnetite 
(Fe3O4) nucleus growth at very basic solutions (pH >11) at room or elevated tem-
perature, as the reaction mechanism below:

 
Fe Fe OH Fe OH Fe OH Fe O H O2 3

2 3 3 4 22 8 2 4+ ++ + ↔ ( ) + ( ) → ↓ + 

 

Magnetite (Fe3O4) may also be transformed into maghemite (γ-Fe2O3) depending 
on reaction conditions. Massart (1981) described for the first time the method for 
peptizing magnetite both in alkaline and acidic media. Coprecipitation method has 
been used to nanoparticle (NP) production, generally associated with different tech-
niques to making magnetic Fe3O4 NPs, and, as these particles generated by this 
method present a wide size distribution, a secondary size selection sometimes is 
required (Wu et al. 2008).

Fig. 5.1 Summary comparison of the synthetic methods for the production of IONPs
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5.2.2  High-Temperature Thermal Decomposition

The nonaqueous thermal decomposition has been adopted to try to control the 
particle size and distribution of IONPs formed. The IONPs obtained from high- 
temperature thermal decomposition display superior properties since they present 
narrow size distribution and high crystallinity in comparison to coprecipitation, 
where the particles obtained exhibit low crystallinity once the reactions are car-
ried out at room temperature (Sun and Zeng 2002).

Thermal decomposition approaches include (a) hot-injection method (Tian et al. 
2011), where the precursors of IONPs are injected into a hot reaction mixture, and 
(b) conventional method (Wu et al. 2015), where a reaction mixture is prepared at 
room temperature and then heated in a closed or open reaction vessel. Both methods 
are based on the decomposition of different ferric sources as described in Table 5.1.

Organic molecules are also used as reaction stabilizers to obtain monodisperse 
IONPs. Compounds as oleic acid or ether derivatives can affect the nucleation pro-
cess decreasing the time spent to growing nanocrystals growth time, favoring the 
formation of small spherical IONPs (≤30 nm) (Demortiere et al. 2011). The use of 
specific solvents could contribute for the preparation of strongly faceted iron-oxide 
nanocrystals with nanocube or octahedron structures (Shavel and Liz-Marzan 2009).

5.2.3  Hydrothermal and Solvothermal Synthesis

Many techniques of crystallization using high-temperature solution (130–250 °C) 
under high vapor pressure (0.3–4.0 MPa) have been described. The hydrothermal 
method allows a crystal growth through different crystalline phases resulting in 
IONPs with controlled size and shape (Sun et al. 2009; Gao et al. 2010; Xu and Zhu 
2011).

Table 5.1 Common ferric salts used in high-temperature thermal decomposition reactions

Ferric salts
Temperature 
requirement (K) Reference

Fe(CO)5 300 Woo et al. (2004)
Fe3(CO)12 100 Maity et al. (2009)
Fe(acetylacetonate)3 200 Wang et al. (2012)
Fe(N-nitrosophenylhydroxylamine)3 300 Rockenberger et al. 

(1999)
Fe4[Fe(CN)614H2O] (Prussian blue) 300–600 Hu et al. (2012)
[Fe(CON2H4)6](NO3)3 (Fe-urea) 470 Asuha et al. (2009)
Fe(C5H5)2 (Ferrocene) 770–970 Amara and Margel (2011)
C54H99FeO6 (iron oleate) 650 Bronstein et al. (2007)
FeCl3 650 Park et al. (2004)
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The synthesis for γ-Fe2O3 involves a controlled oxidation of Fe3O4 and direct 
mineralization of Fe3+ ions and ensures a better crystallinity of single crystal parti-
cles of IONPs (α-Fe2O3, γ-Fe2O3, and Fe3O4) (Daou et al. 2006). In the hydrother-
mal (aqueous) and solvothermal (nonaqueous) processes, Fe3+ is used as the iron 
source and acetate, and urea and sodium citrate are mixed in ethylene glycol, result-
ing in a homogeneous dispersion which is transferred to a Teflon-lined stainless 
steel autoclave and sealed to heat at about 200 °C for 8–24 h (Hu et al. 2009; Lin 
et al. 2012).

The solvothermal method (Walton 2002) is used to synthesize IONPs containing 
ionic conductivity, magnetism, giant magnetoresistance, low thermal expansion, 
and ferroelectricity, properties that make it advantageous in comparison to the tra-
ditional ceramic synthetic routes.

5.2.4  Sol-Gel Method

The sol-gel method uses a colloidal solution as a stable dispersion precursor for an 
agglomeration of colloidal or sub-colloidal particles to form the IONPs through at 
least a two-step phase: Fe(OH)3→β-FeOOH→γ-Fe2O3. In sol systems, these parti-
cles interact by van der Waals forces or hydrogen bonds forming linking polymer 
chains. In gel systems, interactions are of a covalent nature collaborates to an irre-
versible process (Qi et al. 2011; Lemine et al. 2012).

The precursors of hydrolysis and polycondensation reactions include iron alkox-
ides and iron salts, and the reaction is performed at room temperature following by 
heating to obtain the IONPs in a final crystalline state (Dong and Zhu 2002; Pandey 
and Mishra 2011).

5.2.5  Polyol Method

The polyol method consists of an inverse sol-gel method, since the sol-gel uses an 
oxidation and polyol uses a reduction reaction. In this method, polyols act as sol-
vents and reducing agents, as well as stabilizers, controlling particle growth and 
preventing interparticle aggregation (Lemine et al. 2012). In polyol synthesis, the 
iron precursor compound is stirred in suspension and heated to a given temperature 
of the boiling point of the polyol, generating different IONP sizes according to 
polyol nature (Caruntu et al. 2007; Shen et al. 2009).

As the surface of IONPs produced by both methods contains many hydro-
philic ligands, the nanoparticles can be easily dispersed in aqueous solution and 
other polar solvents (Fig. 5.2). These IONPs present also a higher crystallinity 
and saturation magnetization obtained under high reaction temperature (Wu 
et al. 2015).
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5.3  Microemulsion

In the microemulsion method, a monolayer of surfactant molecules forms an inter-
face between the oil and water, with the hydrophobic tails from surfactant molecules 
dissolved in the oil phase and the hydrophilic head groups in the aqueous phase, or 
vice versa, at room temperature. The aggregates formed are called as reverse 
micelles, which can be formed in the presence or absence of water (López Pérez 
et al. 1997).

The aqueous phase may contain metal salts and/or other ingredients, and the 
hydrophobic phase can be a complex mixture of different hydrocarbons and olefins. 
The proportion of these components and the hydrophilic-lipophilic balance value of 
the surfactant used may result in the formation of IONPs in different systems as oil- 
in- water (O/W), water-in-oil (W/O), bicontinuous, and supercritical CO2 micro-
emulsions (Malik et al. 2012).

5.4  Sonolysis

The sonolysis (sonochemical or ultrasound irradiation) method uses high-intensity 
ultrasound for the production of IONP structures based on bubble/cavity formation 
and oscillation, growing to a certain size. In this method, the IONPs are synthesized 
by the sonication of an aqueous Fe3+ or Fe2+ salt solution combined with different 
polymers under room temperature. Another advantage of this method is the possi-
bility of the use of volatile organometallic precursors (Hee Kim et al. 2005; Laurent 
et al. 2008). Sonolysis has been used also in the synthesis of superparamagnetic 
iron-oxide nanoparticles (SPIONs) having high magnetization and crystallinity 
(Mahmoudi et al. 2011; Yoffe et al. 2013).
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Fig. 5.2 Synthesis of iron-oxide NPs using two different polyols (Adapted from Dhand et  al. 
2015)
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5.5  Microwave-Assisted Synthesis

The microwave-assisted synthesis is based on the intense internal heating of the 
molecules under microwave radiation excitation, caused by the strong agitation in 
phase with the electrical field excitation. This method has been utilized since the 
late 1980s in the preparation of organometallics and can reduce the processing time 
and energy cost. The method has been used to prepare magnetic IONPs increasing 
yields and reproducibility (Hu et al. 2007; Ai et al. 2010; Qiu et al. 2011; Wu et al. 
2011; Zhu and Chen 2014).

This method has been successfully employed in the improvement of IONPs 
applied in hyperthermia therapy as a direct or adjunct treatment for cancer (Blanco- 
Andujar et al. 2015). In this study, the authors reported the effect of the synthesis 
conditions on the properties of IONPs obtained by a coprecipitation method in a 
microwave reactor and also the beneficial effects of the microwave route with regard 
to the citric acid coatings that were produced.

Preparation of ferrite magnetic nanoparticles of different particle sizes by con-
trolling the reaction temperature using microwave-assisted synthesis was reported 
with a temperature variation between 45 and 85 °C. These IONPs exhibited super-
paramagnetic behavior at room temperature, and their size could be varied by con-
trolling the reaction temperature inside a microwave reactor (Kalyani et al. 2015).

5.6  Biosynthesis

Biosynthesis of IONPs is based on reduction and oxidation reactions catalyzed by 
microbial enzymes or plant phytochemicals. In this method, the special ability of 
Gram-negative magnetotactic bacteria in biomineralize magnetosomes is exploited 
in the obtainment of IONPs with uncontrolled shapes (Yan et al. 2012). The magne-
tosomes consist of intracellular crystals with high levels of purity and crystallinity 
of magnetic iron mineral, such as magnetite (Fe3O4), which can oxidize into 
maghemite (γ-Fe2O3), or greigite (Fe3S4) (Alphandéry 2014).

The magnetosomes present a great advantage in biomedical applications once 
the biomembrane surrounding the crystals is composed of lipids and proteins, and 
these functional groups make them suitable for use in living organisms (Prabhau 
and Kowshik 2016).

It is known that the key functions of magnetosome biogenesis are encoded by 
about 30 genes and, recently, a non-magnetotactic bacterium was capable of 
expressing these genes and encoding the magnetosome biogenesis pathway (Uebe 
and Schuler 2016).

Due to its ferrimagnetism propriety, bacterial magnetite magnetosomes have 
been used in the immobilization of bioactive substances such as glucose oxidase 
and uricase enzymes (Matsunaga and Kamiya 1987), antibodies for fluoroimmuno-
assays (Bazylinski and Schübbe 2007), and immunoassays (Tang et al. 2012).
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5.7  Electrochemical

The electrochemical method generates IONPs with high purity and controlled particle 
size by adjusting the current or the potential applied to the reaction system. In a gal-
vanostatic synthesis, the cell potential deviates by decreasing the reactant activity, and 
the reaction is suitable to supply a pure single-phase product by chosen potential. On 
the other hand, in a potentiostatic synthesis, a linear increasing of the cell potential 
from an initial to a final value if the reaction occurs in an intermediate value first car-
ries out a linear voltammetry (Ramimoghadam et al. 2014).

In this method, IONPs are synthesized by an anodic polarization of iron in the 
transpassive range of the potential generating mainly maghemite (γ-Fe2O3) with a 
certain addition of magnetite (Fe3O4) in neutral pH (~7) (Starowicz et  al. 2011; 
Ramimoghadam et al. 2014). In comparison to other abiotic methods as thermal 
decomposition, the electrochemical method produced the largest iron oxide in terms 
of mean particle size (Jung et al. 2007). IONPs have been synthesized within the 
pores of mesoporous silica (MS) microspheres by an electrochemical method to 
produce particles with a diameter of 20 nm inside the pore of MS spheres (Liberman 
et al. 2014).

5.8  Flow Injection Synthesis

The flow injection synthesis (FIS) is a modified coprecipitation method based on 
flow injection where different precursors can be added by pumping with a control-
lable flow rate in a capillary reactor under laminar flow. The advantage is the high 
reproducibility and high mixing homogeneity in a continuous synthesis reaction 
(Mohapatra and Anand 2010; Ramimoghadam et al. 2014).

A novel technique based on a flow injection was developed using continuous or 
segmented mixing of reagents under laminar flow regime in a capillary reactor. The 
obtained IONPs had a narrow size distribution in the range 2–7 nm. It was observed 
that the variation of reagent concentrations and the flow rates allowed the manipula-
tion of the particle size and narrow down the particle size distribution without 
decreasing the quality of the particles (Salazar-Alvarez et al. 2006).

5.9  Aerosol/Vapor

The aerosol method consists of using of spray and laser pyrolysis techniques for 
the continuously controlled production of IONPs. In spray pyrolysis, ultrafine par-
ticles are aggregated into larger particles and are obtained from evaporation of 
ferric salts, drying, and pyrolysis reaction of liquid drops (a reducing agent in 
organic solvent) inside a high-temperature atmosphere. In laser pyrolysis, ultrafine 
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particles are less aggregated and are obtained from a heating a flowing mixture of 
gasses with a continuous wave CO2 laser, which initiates and sustains a chemical 
reaction (Wu et al. 2008, 2015).

5.10  Pharmaceutical Application of Iron-Oxide 
Nanoparticles (IONPs)

The main disadvantage of most chemotherapeutic agents is its side effects since 
these are non-specific compounds. For example, most of the anticancer drugs have 
characteristics such as hydrophobicity, low water solubility, high clearance, short 
residence time, and some systemic side effects (Akash and Rehman 2015).

As a way to bypass these negative effects, mainly avoid side effects, the use of 
magnetic iron-oxide nanoparticles (IONPs) as carriers to target-specific drug deliv-
ery has been studied. Exploring the attraction of IONP carriers to an external mag-
netic field could increase delivery of a drug in a specific site. Such particles can be 
also used to form complexes with other materials. Besides, those systems formed by 
magnetic nanoparticles have also been evaluated to be used as theranostic, that is, 
materials that combine therapeutic and diagnostic functions in a nanostructured 
complex (Zhou et al. 2016).

In general, the use of target-specific drug delivery involves binding of a drug to 
biocompatible IONP carrier, injection of magnetic target carries (MTC) as a col-
loidal suspension, application of magnetic field gradient to MTC be direct to the 
specific site, and release of drug from MTC (Sun et al. 2008).

Magnetic delivery of drugs or magnetic drug targeting (MDT) is a technique that 
adds drugs in nano-/micro-magnetic particles and then applies an external magnetic 
field to direct and concentrate these particles in disease sites such as solid tumors, 
infection regions, or blood clots. Magnetic drug targeting allows its dosage to be 
increased without side effects in healthy tissues (Do et al. 2015).

Molecular transport employing nanoparticles has been used as a strategy to 
improve the drug delivery and reduce its toxicity in different areas including cardi-
ology, hemostasis, ophthalmology, and oncology. Magnetic nanoparticles have been 
developed because of their ability to respond to magnetic fields, including magnetic 
hyperthermia, their controllable movements, and their utilization as contrast agents 
in magnetic resonance imaging (Bhandari et al. 2016; Do et al. 2016; Zhou et al. 
2016).

As reported by Bixner and Reimhult (2016), combining magnetic nanoparticles 
with the liposome drug delivery technology could be a reasonable pharmaceutical 
formulation technology alternative. Among the main advantages, one might point 
out hydrolytic degradation in nontoxic ions, high compatibility with in vivo applica-
tions, and the low susceptibility of tissue to magnetic fields, favoring their use to 
direct the drug delivery and in diagnostic bioimaging techniques (Liu et al. 2013; 
Amjad et al. 2015).
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There are many types of target-specific drug delivery employing IONPs, most of 
them with patents disclosed, as reported by Daniel-da-Silva et  al. (2013). Here, 
some examples of these systems are presented. Tehrani et al. (2014) related the use 
of an electromagnetic system, composed by six electromagnets powered by cur-
rents, for directing magnetic nanoparticles in blood vessels, which presented reduc-
tion of cost and lower power consumption as advantages.

The use of IONPs also has been studied to deliver diclofenac, a drug used for the 
treatment of inflammatory diseases. According to Agotegaray et al. (2014), chitosan- 
linked magnetic nanocarriers have been studied to target diclofenac delivery, with a 
satisfactory efficiency of drug loading in vitro assays. The authors affirmed that 
system would be suitable for in vivo assays. Posteriorly, Agotegaray et al. (2016) 
evaluated the effects of these magnetic IONPs on rat aortic endothelial cells. Results 
demonstrated that even after different doses (1, 10, and 100 μg/ml), endothelial cell 
metabolism was not affected by IONPs and these nanoparticles neither induced 
cytotoxicity in the cells nor accumulated in the organs. According to the authors, 
chitosan-linked magnetic IONPs could be a successful alternative to personalized 
treatments with site-specific drug delivery.

Georgiadou et al. (2016) prepared CoFe2O4 IONPs as carriers for the naproxen 
(NAP), a nonsteroidal anti-inflammatory drug, and its biological behavior was eval-
uated in vitro in rat serum and in vivo in mice. The authors observed that the use of 
magnetic IONPs-NAP carriers avoided the undesirable drug release and their accu-
mulation at the inflammation site, possibly because of the increased vascular perme-
ability of the inflamed muscle.

Hybrid beads composed of magnetic nanoparticles and alginate (Alg-IONPs) 
were synthesized and evaluated as a carrier for dopamine release, in the absence and 
the presence of an external magnetic field. The results suggested that Alg-IONP 
beads presented potential utility for loading of dopamine and its controlled release 
in the presence of external magnetic field (Kondaveeti et al. 2016).

Stocke et al. (2015) reported the use of a spray drying formulated with magnetic 
nanocomposite microparticles (MnMs) composed by IONPs and D-mannitol. 
According to the authors, these materials presented moderate cytotoxicity in vitro 
studies on a human lung cell line and have potential applications for thermal treat-
ment of the lungs through targeted pulmonary inhalation aerosol delivery of IONPs.

The combination of magnetic IONPs (Fe3O4) with amino acids (L-lysine and 
L-arginine) to the construction of fluorescent magnetic nanoparticles was also 
reported that could be biocompatible and nontoxic to be used in biological systems 
(Ebrahiminezhad et al. 2013).

There are many works related to the use of magnetic IONPs for the treatment of 
diseases of central nervous system (CNS) and cancer. Do et al. (2016) reported that 
magnetic nanoparticles (MNPs) could be directed by external magnetic forces to 
cross the blood-brain barrier and delivery drugs to a disease region.

Akash and Rehman (2015) reported the use of polymeric-based targeted particu-
late carrier system, which has been showed efficient in delivering anticancer encap-
sulated drug directly at the desired action site avoiding interaction of encapsulated 
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drug to normal cells. According to the authors, the use of pluronic F127 (PF127) 
conjugated with MNPs could result in increased stability of incorporated hydropho-
bic drugs with higher cytotoxicity in vitro, improvement of cell assimilation of anti-
cancer drugs, and higher specific distribution with minimum toxicity.

Montha et al. (2016) described that poly-lactide-co-glycolic acid-coated chitosan 
stabilized (Mn, Zn) ferrite nanoparticles could be used as an efficient carrier of the 
doxorubicin (anticancer drug) because the carrier presented biological activity and 
pH-responsive controlled release, i.e., low pH around the tumor (pH 4.0) favored 
drug release.

Chen et al. (2016) studied a cis-diamminedichloridoplatinum(II) (CDDP), also 
known as cisplatin, loaded magnetic nanoparticle system as an intelligent drug 
delivery system that target malignant tumors of the head and neck, particularly 
nasopharyngeal cancer. This system showed stable and exhibited magnetic respon-
siveness, which released CDDP in a low pH environment.

Farjadian et al. (2016) evaluated the production of hydroxyl-modified magnetite 
as a nanocarrier for methotrexate conjugation (an anticancer drug). The in vitro cell 
assays in the presence of free methotrexate and conjugated form showed an excel-
lent anticancer effect of magnetic IONPs when compared with the soluble drug.

Another anticancer chemotherapy medicine, docetaxel, had its targeted delivery 
evaluated employing magnetic IONPs prepared with poly-N-5-acrylamido isoph-
thalic acid grafted on to Fe3O4 magnetic nanoparticles and conjugated with 
β-cyclodextrin and tumor-targeting folic acid to increase the site-specific intracel-
lular delivery (Tarasi et al. 2016). The effect of magnetic IONPs on the cell viability 
was evaluated for the human embryonic kidney normal cell line and in different 
cancerous cell lines. According to authors, the new magnetically nano-drug delivery 
system did not show any apparent cytotoxic effect and besides reduced the growth 
of cancerous cell lines.

Tariq et al. (2016) studied the effect of surface decoration on pharmacokinetic 
and pharmacodynamic profile of epirubicin (EPI), an anthracycline drug used for 
chemotherapy, which elicits poor oral bioavailability. EPI-loaded poly-lactide-co- 
glycolic acid nanoparticles (PLGA-NPs) were prepared, and their superficies were 
decorated with polyethylene glycol (EPI-PNPs) and mannosamine (EPI-MNPs). 
Cytotoxicity studies were performed against human breast adenocarcinoma cell 
lines. The results showed that epirubicin linked to the nanocarriers had superior in 
vitro and in vivo activities than free epirubicin solution. Besides, EPI-MNPs showed 
better pharmacokinetic and pharmacodynamic profile when compared with 
EPI-PNPs.

Kaushik et al. (2016) explored a noninvasive magnetically guided central ner-
vous system (CNS) delivery of magnetoelectric nanocarriers (MENCs) for on- 
demand controlled release of anti-HIV drugs as a potential therapy against 
NeuroAIDS (a neurodegenerative disorder), using in vitro model and in vivo assays 
(adult mice). The results demonstrated that delivered MENCs were uniformly dis-
tributed inside the brain and were nontoxic to the brain and other major organs, 
such as the kidney, lung, liver, and spleen, and did not affect hepatic, kidney, and 
neurobehavioral functioning. The authors considered blood-brain barrier (BBB) 

K.J. Dussán et al.



89

delivery method as noninvasive and completely safe for in vivo application and the 
nanocarriers as potential to deliver therapeutic agents across the BBB to treat CNS 
diseases such as Alzheimer’s, brain tumors, and NeuroAIDS.

5.11  Biomedical Application

The development of magnetic nanoparticles (MNPs) has opened many opportuni-
ties for potential biomedical applications. The main reason MNPs are increasingly 
being tested for such applications is their size itself: MNPs are smaller than cells, 
but their size is comparable to those of viruses, proteins, or genes. Consequently, 
many potential applications are related to considerably localized action in biologi-
cal systems (e.g., within cells). Additionally, their magnetic properties provide the 
possibility of manipulation by an external field, improving the property of locally 
interacting with biological systems and reducing side effects, caused by uninten-
tional interaction with other biological entities (Nikiforov and Filinova 2009).

Reported biomedical applications of MNPs include its usage as alternative con-
trast agents in magnetic resonance imaging (MRI), due to their low toxicity, better 
colloidal stability, and magnetic properties. Other properties of MNPs, such as the 
possibility of functionalization, surface modification, and the potential use of heat 
sources, provide other applications.

For biomedical applications, additional procedures for the preparation of MNPs 
are required to increase their biocompatibility. Due to the importance of such pro-
cedures, this section begins with general considerations about biocompatibility of 
MNPs. Afterward, each discussion of the biomedical and pharmaceutical applica-
tion of MNPs is started by a brief description of the basic principles of each applica-
tion, followed by a discussion of recently published papers on the subject.

5.12  Biocompatibility of MNPs and Its Relation to Surface 
Modification

The concept of biocompatibility is more commonly related to medical devices, 
which are intended to remain inside the body for a long time (e.g., implants, pace-
makers, etc.). Even though MNPs are not intended for such applications a priori, 
their application in any treatment or diagnosis procedure must minimize or eliminate 
possible side effects while performing the intended function; thus they must present 
biocompatibility. MNP biocompatibility is related to the different paths they can be 
eliminated from the body, which is in turn related to their physical and chemical 
properties. In order to interact with its target, MNPs should undergo a coating pro-
cess, yielding a core-shell structure for MNPs. Different coating layers result in dif-
ferent MNPs for different applications. As expected, MNP biocompatibility is related 
to their physical and chemical properties, which are related to their synthetic route.
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In addition to the general requirements for an effective performance of MNPs on 
applications (as aforementioned in this chapter), MNPs should present additional 
properties for biomedical applications, which can be attained by the choice of a suit-
able coating. Different coating materials for MNPs are compared and contrasted by 
Gupta et al. (2007) and by Gun’ko and Brougham (2009). Common considerations 
are (a) preventing the degradation of MNPs or particle agglomeration in physiologi-
cal conditions, such as intravenous media; (b) reducing MNP toxicity, even though 
non-coated iron-oxide MNPs present IC50 (19.1 mm (red), 4.8 mm (yellow), 3 mm 
(green) CdTe quantum dots) suitable for biomedical applications (Lewinski et al. 
2008); (c) the necessity (or not) of opsonization of MNPs, i.e., adsorption of serum 
proteins onto the nanoparticles, which is the first step required by the major defense 
system (reticuloendothelial system, RES) to perform phagocytosis; and (d) increas-
ing specificity to certain cells by attaching, e.g., antibodies, hormones, etc., to its 
surface (Gupta and Gupta 2005; Hola et al. 2015).

5.13  Magnetic Resonance Imaging (MRI)

Magnetic resonance imaging (MRI) is an in vivo imaging procedure, which pro-
vides detailed images of soft tissues. One of its main advantages over other imaging 
diagnostic methods (such as X-ray or ultrasound techniques) is that the contrast 
between different tissues is a consequence of the physicochemical environment of 
water and also due to local biochemical and metabolic activity in each tissue, being 
thus much more sensitive to tissue composition. Consequently, MRI allows a more 
detailed tissue analysis. Another important advantage of MRI is that both spatial 
and temporal analyses might be carried out, hence being capable of providing 
dynamic imaging (Gun’ko and Brougham 2009; Qiao et al. 2009).

The physical basis for MRI is the reduction of magnetic relaxation times by MRI 
contrast agents: hydrogen protons (mainly those from water) tend to align them-
selves with an external magnetic field. When another radio-frequency pulse 
sequence is applied to the external magnetic field, a magnetic moment is created 
onto particles. When the pulse sequence ends, the protons tend to align themselves 
again to the previous magnetic field. This process of protons returning to the original 
position is known as magnetic relaxation. Relaxation occurs by either longitudinal 
(T1-recovery time) or transversal (T2-decay time) relaxation. Reduction in T1 
relaxation times is observed for positive contrasts, whereas reduction in T2 relax-
ation times is observed for negative contrasts. More details of fundamental aspects 
of magnetic relaxation are found elsewhere (Aharoni 1992).

The most commonly used MRI contrast agents are based on gadolinium chelates, 
such as Gd-DTPA (gadolinium-diethylenetriaminepentaacetic acid). However, 
MNPs are more efficient in promoting relaxation (Kim 2009), by reducing relax-
ation times in water even at nanomolar concentrations. Additionally, the possibility 
of physical and chemical modification of MNPs enables the customization of their 
properties, according to the applications (Gun’ko and Brougham 2009).
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Iron oxide-based MNPs for MRI applications are classified according to their 
hydrodynamic size. Particles with hydrodynamic size larger than 40 nm are quickly 
opsonized and uptaken by the reticuloendothelial system (as aforementioned in 
Sect. 4.1) and are then processed, e.g., in the liver or spleen, in order to eliminate 
MNPs from the body. Such materials are classified as small particles of iron oxide 
(SPIOs) and are suitable for liver MRI applications. On the other hand, particles 
smaller than 40 nm (typically smaller than 10 nm, known as ultrasmall particles of 
iron oxide – USPIOs) are more difficult to opsonize; hence USPIOs have longer 
blood circulation times and have the tendency of accumulation within lymph nodes. 
Such property renders suitability for the detection of lymph nodes metastases by 
MRI (Qiao et al. 2009).

Novel applications of MNPs for tumor imaging commonly involve the addition 
of antibodies to MNP surfaces, increasing their specificity to the affected region. 
For instance, Tse et al. (2015) evaluated the potential MNPs conjugated with an 
antibody to an extracellular epitope of prostate-specific membrane antigen. In com-
parison to MNPs without the attached antibody, preclinical imaging of prostate can-
cer was improved with MNPs coated with antibodies. The prepared MNPs were 
proven to be nontoxic to prostate cells.

An MRI contrast agent for unstable atherosclerotic plaques was developed by 
Meier et al. (2015). The researchers developed magnetoliposomes linked to an anti-
body, which targets activated receptors of platelets. The specific binding to such 
receptors was confirmed ex vivo and presents an opportunity for further develop-
ment of a contrast agent for early detection of unstable atherosclerotic plaques.

There has been a tendency of including both antibodies and specific drugs onto 
MNP coatings, in the context of the theranostics, a new research area which deals 
with simultaneous therapy and diagnosis of tumors. Consequently, both drug 
delivery and MR imaging might be carried out simultaneously, allowing an early 
detection and treatment of degenerative diseases.

5.14  Magnetic Fluid Hyperthermia

In the context of this chapter, hyperthermia or thermotherapy is a treatment of 
malignant diseases based on the increase of the temperature. Hyperthermia is a 
medical procedure recognized by the US National Cancer Institute for the treatment 
of tumors, despite being still under study in clinical trials. In general, such clinical 
studies are carried out in combination with other forms of cancer therapy, as a com-
plementary treatment to traditional chemotherapy and radiotherapy (Wust et  al. 
2002).

Magnetic fluid hyperthermia (MFH) consists of the use of MNPs suspended in a 
biocompatible fluid for local temperature increase. Such temperature increase is 
based on applying external alternating current magnetic field onto magnetic par-
ticles (Nikiforov and Filinova 2009). The external magnetic field causes align-
ment of magnetic spins, thus reducing magnetic entropy. If the magnetic field is 
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adiabatically removed, magnetic spins tend to their previous random orientation 
(magnetic relaxation). Hence entropy is generated and temperature is increased 
(Shull et al. 1992). An alternating magnetic field at frequencies of several hundreds 
of MHz repeats the cycle of orientation and randomness of magnetic spins and is 
responsible for the temperature increase on which MFH is based.

Heat is generated locally in MFH treatments by, e.g., implanted RF electrodes, 
causing concentrated thermal damage on a pathological tissue (e.g., tumor cells). 
Considering the local effect of MFH, side effects are reduced in comparison to other 
common treatments such as chemotherapy or radiotherapy (Laurent et al. 2011).

Since the first applications of MFH, many papers on the subject have been pub-
lished. In fact, the International Journal of Hyperthermia is the official journal of the 
Society of Thermal Medicine, the European Society for Hyperthermic Oncology, 
and the Japanese Society for Thermal Medicine. Many articles have been published 
in the Journal since its first issue in 1985, coping with clinical and biological studies 
(either in vivo, ex vivo, or in vitro studies), including procedures for production of 
hyperthermia, modeling analysis, and calibration and control of hyperthermia 
equipment.

Di Corato et al. (2015) combined MFH and photodynamic therapy for the treat-
ment of tumors (human adenocarcinoma cells grown in vitro and epidermoid carci-
noma cells grown in  vitro or inoculated in mice) by using photoresponsive 
magnetoliposomes. The photoresponsive magnetoliposomes were synthesized by 
alkaline coprecipitation of iron salts (magnetic core), followed by a reverse-phase 
evaporation method, i.e., an addition of the magnetic suspension (MNPs suspended 
in buffer) into an emulsion, sonication, and evaporation of organic solvents. Each 
treatment – either photodynamic therapy or MFH – yielded similar tumor cell death 
rates in vitro and in vivo when performed separately, whereas the combined MFH- 
photodynamic therapy was able to completely eradicate the tumor.

A slightly different procedure for the synthesis of MNPs was carried out by 
Munoz de Escalona et al. (2016). Solid lipid nanoparticles were formulated by the 
authors by synthesizing magnetic nanoparticles embedded within a lipidic (glyceryl 
trimyristate) solid matrix. Human HT29 colon adenocarcinoma cells were submit-
ted to MFH in vitro, and the particles presented promising hyperthermia 
characteristics.

5.15  Conclusion

There are numerous applications for magnetics iron-oxide nanoparticles (IONPs) in 
pharmaceutical and biomedical areas. The development of new methodologies for 
the improvement of the synthesis techniques of these IONPs will allow progressing 
in their utilization. Magnetic nanoparticles allow functionalization with various bio-
molecules without losing their magnetic properties or change in the original struc-
ture, and it is possible to prevent the formation of aggregates and biodegradation. 
These features are useful for their application, for example, in magnetic resonance 
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contrast media and therapeutic agents in cancer and neurodegenerative disorder 
treatments, magnetic fluid hyperthermia, and drug and gene delivery, without side 
effects. The field of iron-oxide nanoparticles has grown rapidly. Many types of 
researchers have realized, and the results demonstrated that monitoring of the medi-
cation could be possible by magnetic resonance imaging and finally, drug delivery 
in the specific area without affecting other tissue and/or organ, reducing dosages 
and increasing rapid action.
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Chapter 6
Titanium Dioxide Nanoparticles 
and Nanotubular Surfaces: Potential 
Applications in Nanomedicine

Ana Rosa Ribeiro, Sara Gemini-Piperni, Sofia Afonso Alves, 
José Mauro Granjeiro, and Luís Augusto Rocha

Abstract Titanium dioxide nanotubes and nanoparticles are believed to be stable, 
possess antibacterial properties, and biocompatible and less toxic than other nano-
structures, making them excellent candidates for biomedical applications. Among 
others, they have been widely used as drug-delivery systems, components for articu-
lating orthopaedic implants or cosmetics for dermatological and skin lesion treat-
ments. However, when exposed to the biological environment, selective proteins 
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and ions may adsorb to the nanostructures creating a dynamic nano-bio interface 
that mediate a cellular response. This complex nano-bio interface depends on the 
physical-chemical characteristics of the nanostructures as well as the specific bio-
logical environment. In this chapter, the formation of these biocomplexes (protein 
and ions) is discussed together with its impact on cellular behaviour. Finally, the 
potential application of TiO2 nanoparticles and nanotubes in nanomedicine will be 
addressed.

Keywords Titanium dioxide • Nanoparticles • Nanotubes • Nano-bio interface • 
Nanotechnology • Nanomedicine • Nanotoxicology • Regulation

6.1  Introduction

Nanomedicine is the knowledge of preventing, diagnosing, and treating diseases in 
order to improve the health of patients by means of nanosized materials (Buzea et al. 
2007; Moghimi and Farhangrazi 2013). Nanomaterials may have dimensions com-
parable to some biological molecules, such as proteins, nucleic acids and viruses, 
and can be classified based on parameters such as origin, chemical composition, size, 
shape and also application. Compared to bulk materials, nanomaterials have much 
smaller dimensions leading to a very high surface/volume ratio and surface reactiv-
ity. Together with chemical reactivity, mechanical, optical, electrical and magnetic 
properties are also altered and in some cases improved (Buzea et  al. 2007). The 
photocatalytic activity of titanium dioxide (TiO2) is a result of the absorption of high 
energy photons (near UV radiation), resulting in the excitation of electrons from the 
valence band to the conduction band. The produced electron-hole pairs migrate and 
react with the organic compounds adsorbed on the surface (Diebold et al. 2003). This 
photodecomposition involves one or more radicals and superoxide species that are 
highly reactive leading to rupture of cell and bacteria cell wall, oxidative stress, 
mutagenesis, DNA damage and respiratory disturbance (Diebold et al. 2003; Buzea 
et al. 2007).

The goals of the use of nanostructures such as nanoparticles (NPs) in nanomedi-
cine include the improvement of imaging and diagnostic tools, or drug distribution at 
targeted sites, with an increase of the bioavailability and stability as well as its uptake 
by tissues and organs (Moghimi and Farhangrazi 2013). The small size of NPs may 
give them the ability to penetrate biological barriers and translocate to distal parts of 
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the human system. Titanium dioxide is the naturally occurring oxide of titanium (Ti) 
that can exhibit three distinct crystalline forms: anatase, rutile, brookite or a mixture 
of them (Diebold et al. 2003). Rutile and anatase are the most stable phases being 
investigated in detail, to be applied in several biomedical applications. Anatase and 
rutile NPs may be synthesized by different techniques. Solid- state processing routes 
include, for instances, mechanical alloying and milling or RF thermal plasma. 
Liquid-state processing routes involve mainly sol–gel and hydrothermal treatments 
(Diebold et al. 2003). Titanium nanoparticles may also be synthesized by microor-
ganisms (Jha et al. 2009). The processing route has a strong influence on the size 
distribution of the NPs, shape and crystallographic form. As frequently happens, 
TiO2 NPs have distinct characteristics when compared to fine particles of the same 
composition. Due to their high specific surface area, TiO2 NPs present a higher reac-
tivity being considered more bioactive. Comparing both crystal forms, anatase is 
considered more reactive than rutile since charge carriers are excited deeper in the 
bulk, contributing to high photocatalytic activity and giving rise to a superior toxic 
capability, namely, against microorganisms (Diebold et al. 2003; Shi et al. 2013). 
The excellent biocompatibility, high strength-to-weight ratio, wear/corrosion resis-
tance, antimicrobial/drug release capacities, and potential tissue regeneration abili-
ties are some of the key characteristics of TiO2 NPs that make them attractive for 
biomedical applications. Applications range from nanotherapeutics for some derma-
tological diseases, photodynamic therapy for specific cancer diseases or novel 
sophisticated imaging tools (Buzea et al. 2007; Moghimi and Farhangrazi 2013).

Today the most clinically available osseointegrated Ti implants try to mimic 
bone’s hierarchical structure by incorporating some type of surface modification 
combining micro- and nanoscale features (Gittens et  al. 2014). In particular, the 
decoration of Ti-based metallic implants with TiO2 nanotubes (NTs) has attracted 
broad interest due to their enhanced bio-functionality over conventional Ti implants, 
which may be ascribed to their morphological and physical-chemical properties. 
Beyond their promising application in biomedical implants, TiO2 NTs are also 
potential candidates to be used as specific drug-delivery systems and biosensors and 
in photodynamic therapy (Flak et al. 2015; Wang et al. 2016a, b). TiO2 NTs can be 
produced by different methods including sol-gel, hydrothermal or anodization meth-
ods (Roy et al. 2011). Among them, electrochemical anodization of Ti or Ti alloys is 
generally preferred, as it enables a good control over the geometry of the NTs, being 
an easy, low cost and versatile technique (Roy et al. 2011). This technique allows to 
tune nanotube characteristics regarding their morphology and physical- chemical 
properties. By adjusting the electrochemical parameters, namely, the anodizing volt-
age and treatment duration, the diameter and length of the tubes may be easily con-
trolled: while anodization time set the tube length, the diameter is controlled linearly 
by the applied voltage. The nanotube length may vary from few nanometres to hun-
dred micrometres and the diameter from a few to hundred nanometres (Roy et al. 
2011). The nature of the electrolyte (i.e. organic or water-based electrolyte) and its 
composition are also parameters of upmost importance that beyond nanotube geom-
etry will strongly dictate its chemistry (Wang et al. 2016a, b). TiO2 NTs produced by 
anodization are generally characterized by the absence of a crystalline structure, i.e. 
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an amorphous state, since these are formed at room temperature. The efficiency of 
many chemical and physical reactions may be optimized by the development of TiO2 
crystalline phases, namely, anatase or rutile (Regonini et al. 2010). Once in contact 
with the complex biological environment, the physico-chemical properties of TiO2 
nanotubular surfaces may have a strong effect on the biological responses by influ-
encing the biological or cellular interactions. Interestingly, multiple functionalities 
can be added to NTs by interfacing them with other chemical elements in accor-
dance with a specific application. For dental and orthopaedic applications, the dop-
ing of TiO2 NTs with bioactive elements natively present in bone, such as calcium 
(Ca) and phosphorus (P), is an interesting strategy to improve the bioactivity of 
Ti-based metallic implants and so to improve the osteointegration process.

In this chapter, titanium dioxide NPs and NTs will be discussed as the point of 
view of physical-chemical features, biomedical applications as well as in vitro and 
in vivo toxicology.

6.2  TiO2 Nano-bio Interactions and Its Possible Biological 
Consequences

As soon as nanostructures (NPs or NTs) are into the human body, a complex series 
of biological events occur through the interactions established between their surface 
and the surrounding medium. Within a few nanoseconds, water molecules bound to 
the nanostructure forming a water layer surrounding it (Chug et al. 2013; Sptarshi 
et al. 2013). At the same time, the adhesion of proteins and other macromolecules 
(firstly derived from blood, interstitial or cerebrospinal fluid or even saliva) takes 
place onto the surface, and it is initiated within milliseconds after insertion in the 
human body. The adsorption of proteins is governed by hydrodynamic, electrody-
namic and electrostatic forces, and they may be considered as the biological identity 
of nanostructures (Sptarshi et  al. 2013). This protein corona can be divided in a 
“soft” layer, in which a fast and dynamic exchange of biomolecules predominates, 
and a “hard” corona, whose biological molecules have a long lifetime and high 
affinity to the nanostructure. The hard corona is not found in all kinds of nanostruc-
tures, and it is now hypothesized that peptides of the soft corona bind to the hard 
corona (Sptarshi et al. 2013). After protein adsorption, the subsequent formation of 
bonds between cell-surface receptors (through integrins) and the functional groups 
of proteins (ligands) occurs. During adhesion, cells alternately interact with nano-
structures through integrins, which transduce external chemical signals or mechani-
cal stimulation, modulating the expression of specific genes and transduction of 
proteins. This process is widely known as a bidirectional signal transduction, in 
which cellular functions and material surface properties correlate intimately (Tian 
et al. 2015). Besides protein adsorption, the high specific surface area of nanostruc-
tures results in a strong adhesion of biological ions leading to alteration of surface 
characteristics, as well as the biological fate. For instances, Ribeiro et al. (2016) 
observed that TiO2 NPs with different crystal structures (anatase and rutile) have the 

A.R. Ribeiro et al.



105

ability to bound calcium (Ca) and phosphorous (P) ions from conventional medium 
culture to form an ionic corona, as shown in Fig. 6.1. This phenomenon appears to 
be independent of the presence of proteins, and it is not exclusive of NPs, as it was 
already observed for bulk titanium (Pattanayak et al. 2012). Whatever the nature of 
the protein and ion corona (also called biocomplex), it will become the biological 
identity seen by living organisms, as the original surface will be hidden by the bio-
complex. In other words, a bio-nano interface is developed, promoting several cel-
lular/tissue responses such as cellular adhesion, uptake, migration, differentiation, 
signalling, accumulation, transport or toxicity.

6.2.1  Nano-bio Interactions at Nanoparticles Surfaces

One of the first events that can occur together with the process of protein and ion 
adsorption is aggregation and/or agglomeration of NPs, which is related with their 
specific physico-chemical characteristics, being strongly dependent of temperature, 
pH, ionic strength and surfactants of the biological medium (Taurozzi et al. 2013). 
Therefore, for in vitro research purposes, the optimization of a specific protocol of 
dispersion is required, which result will influence the surface area available for bio-
molecules adsorption. Nanoparticles bound to biological molecules in biological 

Fig. 6.1 Biocomplex formation in relevant biological milieu: STEM/EDS Ti-K map; STEM/EDS 
P-K map, STEM/EDS Ca-K map
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fluids experience dynamic changes as the particles subsequently move or interact 
with cells. However, it is already known that for a given nanoparticle, a small change 
in size, shape and/or surface properties is able to completely alter the nature of the 
biologically active proteins in the corona and thereby possibly the biological impacts 
(Spatarshi et al. 2013). Different plasma proteins were adsorbed on TiO2 nanorods 
and NTs (Ruh et al. 2012). Both immunoglobulins (IgM and IgG) were the major 
bound proteins to nanorods, while fibrinogen bound to NTs (Deng et al. 2009). The 
identification of serum proteins bound to nanomaterials was described by Ruh et al. 
(2012). They found that fibrinogen showed the strongest affinity for TiO2 and that 
the recognized proteins from human serum were diverse comparing the different 
NPs. Among all the blood proteins, only apolipoprotein A1 was found to be adsorbed 
to all NPs. Borgognoni et al. (2015) revealed that the concentration of the corona 
covering TiO2 NPs induces IL-6 secretion, which is responsible for the development 
of autoimmune diseases. The nature of protein corona, its relative abundance and 
conformation at the NP surface are supposed to disturb bio-distribution, cellular 
toxicity, uptake as well as intracellular localization of NPs (Caracciolo et al. 2017). 
The recognition of specific peptides determines particular biological processes, 
such as receptor-mediated cellular association; particle internalization in cells, tis-
sues and organs; and ability to cross biological barriers. Ribeiro et al. (2016) used a 
proteomic approach to understand ion and protein corona surrounding TiO2 in 
Dulbecco’s cell culture medium. Results demonstrate that besides calcium (Ca) and 
phosphorus (P) adsorption, serum albumin and other glycoproteins such as Alpha 
2HS dominate particle surface. Both glycoproteins have a good binding affinity to 
Ca and are involved in endocytic processes. Moreover, immunoglobulins, comple-
ment, fibrinogen and apolipoproteins also adsorb in a lower amount, and it is also 
known that they are involved at receptor-mediated phagocytosis.

6.2.2  Nano-bio Interactions at Nanotubes Surfaces

Considering implant materials covered with TiO2 NTs, the exact constitution of 
adsorbed proteins and their conformational state(s) are strongly controlled by their 
surface features such as surface energy, hydrophilicity, morphology, topography and 
chemistry, and these proteins mediate the subsequent cellular adhesion process 
(Spatarshi et al. 2013). It is known that the surface energy of TiO2 NTs leads to an 
increase of initial protein adsorption compared to the amount adsorbed on a compact 
film (Kullkarni et al. 2016), and therefore, it might play a critical role on the biologi-
cal responses. Various studies found that hydrophilic surfaces tend to enhance the 
early stages of cell adhesion, proliferation, differentiation and bone mineralization, 
influencing the integration of hard and soft tissues with implant, the healing and 
osseointegration processes (Gittens et al. 2014). It has been shown that the nanoscale 
dimensions of TiO2 NTs (e.g. diameter, length and geometry) influence cellular 
functions such as adhesion, proliferation and differentiation. This behaviour might 
be related with the initial interactions established between proteins and TiO2 
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NTs. Kulkarni et  al. (2016) examined the influence of anodic NTs with specific 
morphology, by controlling simultaneously their diameter (15, 50 or 100 nm) and 
length (250 nm up to 10 μm), on the amount of bound protein. The authors found out 
that the NT surface area has a direct influence on the quantity of bound protein. 
Nonetheless, it was also found that protein physical properties, such as the electric 
charge and size (in relation to nanotopography and biomaterial’s electric charge), are 
crucial too. Positively charged proteins such as histone, showed an improved adhe-
sion on TiO2 NT surface because of its negative charge and also due to the existence 
of more adhesion sites without hindering steric/charge effects. Tian et al. (2015) also 
investigated the effect of TiO2 NTs with different morphologies and structures on the 
biological behaviour of glioblastoma and osteosarcoma cells. The results demon-
strated that the nanotube diameter, rather than the crystalline structure of the films, 
was a major factor influencing cell functions, namely, adhesion, migration and pro-
liferation. The authors proposed that the nanotube diameter, geometry and size could 
modulate cell behaviour by regulating the degree of transduction of specific proteins. 
A special focus has been granted to the investigation of nanostructured surfaces, 
since topographical cues on the nanometre scale have been linked to promote cellu-
lar functions. Nevertheless, surface chemistry is also a parameter of upmost impor-
tance that regulates biological responses. Different combinations of surface features 
such as morphology and chemistry might lead to synergistic effects and influence 
cell behaviour in a unique way due to distinctive physical-chemical properties 
(Frandsen et al. 2014). Frandsen et al. (2014) studied the effect of TiO2 NT surface 
chemistry by coating it with a thin film of tantalum (Ta), which is known to possess 
excellent osseointegrative properties. The authors concluded that the Ta-coated NTs 
promoted a faster rate of matrix mineralization and bone-nodule formation, indicat-
ing that a surface chemistry modification superimposed on nanotopography provides 
additional benefit to the bone growth behaviour. Besides, the coating of TiO2 NTs 
with gold nanoparticles was achieved by Wang et al. (2016a, b), showing superior 
osteoblastic cell attachment and proliferation. Electrochemical deposition was 
implemented by Chen et al. (2014) to introduce nanoscale calcium phosphate (CaP) 
into well-ordered TiO2 NTs. The authors observed that a greater amount of BSA was 
also found on CaP NTs and pre-osteoblasts exhibited enhanced adhesion, prolifera-
tion and differentiation on these surfaces. The introduction of nanoscale CaP into 
self-organized TiO2 NTs enhanced the bioactivity and osteogenic response, owing to 
the combined effects of the nanostructured surface topography, chemical composi-
tion and hydrophilicity. One key advantage of using TiO2 NTs is that their features 
may be adjusted to give a specific feedback in accordance with a specific applica-
tion. For example, by adjusting the nanotube diameter to 15 nm, it is known that the 
behaviour of mesenchymal stem cells (MSCs) is significantly improved regarding 
adhesion, spreading, proliferation and differentiation, and so, these dimensions 
would be interesting to be used in osseointegrated implants (Kulkarni et al. 2015). 
Earlier and more stable osseointegration can promote the long-term health of peri-
implant tissues, possibly extending the lifetime of the implant (Gittens et al. 2014). 
On the other hand, it is known that on nanotubes with 100 nm diameter, the cell 
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functions are hindered, leading to cell death and apoptosis (Kulkarni et al. 2015), 
and therefore, these could be useful for cancer treatment applications.

The mechanism that regulates the interaction between protein corona with nano-
structures and biological systems is still largely unknown. A better knowledge of the 
mechanisms behind those interactions would allow the design of specific nanostruc-
tures that could build a specific protein corona when in contact with blood, which 
could eventually be recognized by specific cells. In fact, the interface between nano-
structures and biological systems may involve a dynamic cascade of events which 
are quite important to explore, since they can regulate whether the nanomaterial is 
bioavailable and may participate in biocompatible or bio adverse interactions. Mass 
spectrometry-based techniques are being used to understand the composition of 
protein corona and to predict biological reactivity of nanostructures, i.e. their cyto-
toxicity, inflammatory potential and other key properties of these novel nanostruc-
tures. However, a major concern is that most of the times, in vitro predictions do not 
match with observed in vivo behaviour, probably due to the dynamic nature of body 
fluids, which introduces shear stresses and provides a continual source of new bio-
molecules (Caracciolo et al. 2017). The use of ‘organs-on-a-chip’ or multichannel 
3D microfluidic cell culture chips, aimed to simulate the physiological response of 
organs, may contribute for the understanding of protein corona formation and evo-
lution characteristics in more realistic conditions (Caracciolo et al. 2017).

6.3  Toxicology of Titanium Dioxide Nanostructures

6.3.1  Nanoparticles

As it was referred before, the main routes of entrance of titanium dioxide NPs in the 
body are through oral, dermal and inhalation (Buzea et al. 2007; Shi et al. 2013). As 
TiO2 NPs are used in cosmetic formulations due to their photoactivity, skin is consid-
ered as the principal tissue in contact with TiO2. Comparing the different crystallo-
graphic structures of NPs, rutile seems to be less phototoxic when compared to 
anatase. Studies with human keratinocytes reveal that TiO2 NPs were able to induce 
mitochondrial damage. Also under UV irradiation, TiO2 exhibits a dose-dependent 
phototoxicity in human keratinocytes due to the formation of reactive oxygen species 
(ROS) (Jaeger et al. 2012; Shi et al. 2013). However, the potential toxicity of TiO2 
NPs depends on their ability to penetrate skin. Regarding this issue, literature shows 
controversial results. Some in  vivo studies carried out with porcine skin exposed 
TiO2 NPs of different sizes and showed no penetration in the stratum corneum. TiO2 
NPs (20 nm) present in oil-in-water emulsion formulations were able to penetrate in 
hairy skin, possibly passing through hair follicles or pores (Zhao et  al. 2013). 
Moreover, a study conducted on damaged pigs skin by ultraviolet B (UVB) showed 
that treatment with sunscreen formulations containing rutile 14–16 nm TiO2 enhanced 
NP’s penetration compared to normal skin (Senzui et  al. 2010; Shi et  al. 2013). 
Thus, the effect of NPs seems to be dependent on the type of skin and size of NPs. 
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A major concern in the field of dermatology is that in most of the articles, there is an 
incipient physiochemical characterization of the nanostructures in the biological 
relevant matrices. Although in sunscreen formulations NPs are fully agglomerated, 
there are some NPs that are isolated; they can easily penetrate the skin and enter pos-
sibly in blood circulation giving rise to some cytotoxicity events in other organs of 
the human body. Several studies demonstrate TiO2 NP’s ability to reach blood circu-
lation, accumulating in organs such as liver, kidney and spleen (Shi et al. 2013). The 
effect of nanoparticles on the organ function is, of course, important.

In vitro studies conducted on hepatoma cell line (HepG2) showed that, even at 
low concentration (1 μg/ml), TiO2 NPs induced oxidative stress with DNA damage 
and apoptosis leading to an increase in the level of several proteins involved in cas-
pase-dependent pathway (Shukla et al. 2012). Moreover, HepG2 showed increased 
nuclear factor Kappa light-chain enhancer of activated B cell levels after 24 h expo-
sition to TiO2, suggesting inflammatory activity induction (Prasad et al. 2014). In 
vivo studies with intraperitoneal injection administrated every 2 days during 20 days 
of TiO2 NPs demonstrated that NPs seem to accumulate in rat liver after inducing 
liver cells apoptosis and hepatic tissue fibrosis around the central vein (Younes et al. 
2015). Also, TiO2 NP accumulation in the liver leads to changes in total protein, 
glucose, aspartate transaminase, alkaline transaminase and alkaline phosphatase 
levels, indicating liver damage.

TiO2 NP toxicity was also demonstrated to affect the kidney, both by in vitro and 
in vivo studies. Human embryonic kidney cell proliferation was inhibited in a time 
and dose-dependent manner after exposure to TiO2 NPs (Meena et  al. 2012). 
Oxidative stress and DNA damage are induced by p53 activation and overexpres-
sion of BAX2 and caspase 3, both associated to apoptosis induction. Another study 
showed TiO2 NP exposition effects using IP15 glomerular mesangial cells and 
LLCPK epithelial proximal tubular cells. Results showed cytotoxicity in both cell 
lines, with abnormal cell size, morphological changes, increased number of vesicle 
inside the cell and cell detach. Moreover, exposition to high concentrations of TiO2 
NPs showed higher ROS levels (L’Azou et al. 2008). In vivo, TiO2 NPs increased 
nephrotoxicity markers, inflammation and fibrosis through Wnt pathway activation 
(Shi et al. 2013). Furthermore, TiO2 NP intragastric administration induced increased 
inflammation resulting in dysfunction, inflammation and cell necrosis by NFKB 
activation, inflammatory cytokines induction and heat shock protein inhibition 
(Shi et al. 2013).

TiO2 NP accumulation in spleen was reported in in vivo studies. Aziz and Awaad 
(2014) demonstrate a dose-dependent vacuolar degeneration, splenocyte apoptosis 
leading to decrease in splenic follicle size and organ injury, probably due to caspase 
3 increase after a 2-week TiO2 NP intraperitoneal injection. Moreover, intragastric 
administration of TiO2 NPs during 1 month resulted in a lymph node proliferation 
caused by oxidative stress, lipid peroxidation and ROS accumulation (Wang et al. 
2014). In the same way, more extended administration (15–90 days) also results in 
time-dependent splenic inflammation and necrosis, probably due to activation of 
mitogen-activated protein kinase and phosphoinositide 3-kinase signalling pathways 
and to increase cyclooxygenase 2 levels (Sang et al. 2013).
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Brain functions may also be affected by TiO2 NPs (Shi et al. 2013). In vitro 
studies using a cell line from rat adrenal gland phaeochromocytoma, used as a 
neurosecretion model, showed time and dose-dependent cytotoxicity after anatase 
TiO2 NP exposition. Both rat and human glial cell lines present ability to internal-
ize TiO2 NPs after 96 h exposition, causing cell proliferation inhibition, morpho-
logical changes and apoptosis (Liu et al. 2010). Human corneal epithelial cell also 
showed cytotoxicity associated with ROS production and DNA breaks correlating 
with autophagy. Rat primary hippocampal neurons 24 h exposed to anatase TiO2 
showed a dose-dependent reduced viability, lactate dehydrogenase release and 
apoptosis, associated with mitochondria and endoplasmic reticulum signalling 
pathway induction (Shi et al. 2013). Furthermore, several in vivo studies demon-
strate TiO2 NP’s ability to cross the blood-brain barrier and accumulate in the 
brain. Essentially, intranasal TiO2 NP inhalation results in accumulation in the 
hippocampus.

Titanium is a material commonly used in the orthopaedic and dental field 
(Simchi et al. 2015). However, its low wear resistance together with corrosion can 
lead to the degradation of the material resulting in the formation of metallic ions 
but also micron and nanosized debris (Mathew et al. 2009). This is a concern from 
the biological point of view since nanosized wear debris can affect different cell 
types near the vicinity of the osseointegrated implant and, at the same time, enter 
in blood circulation giving rise to the problems already referred in this chapter. 
Some of the in vitro studies in this field are with bone cells, where studies with 6 h 
of TiO2 NP exposition to human osteoblasts show an improvement in cell survival 
in a size- dependent manner (Gutwein and Webster 2004). Ribeiro et  al. (2016) 
demonstrated that anatase nanoparticles exposed to primary human osteoblast were 
very easily internalized by the cells (see Fig. 6.2) and did not interfere with cell 
toxicity. However, at higher concentration it was possible to observe DNA damage 
by cell cycle analysis. Controversially, another study indicates a decrease in alka-
line phosphatase levels, but at the same time increase in alkaline phosphatase activ-
ity and collagen type I production, resulting in an increase in mineralization. 

Fig. 6.2 Internalization of NPs: Electron micrographs of osteoblast cells exposed to 100 μg/mL 
(a, b) 5 μg/mL of anatase nanoparticles where they can be seen inside different vesicles
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However, these phenomena appear to be dependent on the cell type. A study with 
MSCs exposed to TiO2 NPs shows a decrease in osteogenic differentiation with 
osteopontin, osteocalcin and alkaline phosphatase reduction resulting in a compro-
mise mineralization capability (Hou et  al. 2013). Moreover, nanometre-sized Ti 
showed a higher internalization in periodontal ligament cell line and a decrease in 
adhesion, migration, viability, proliferation and differentiation of MSCs (Hou et al. 
2013). Furthermore, studies demonstrate that TiO2 exposition to osteoclast precur-
sors induces an increase in cytokines (Shi et al. 2013).

As seen, there are several reports demonstrating toxicity of TiO2 NPs at higher 
concentration and time exposure rates. However, there is an absent regulation to 
testing nanomaterials (Heringa et al. 2016). Although at the moment, there are no 
reports about human death upon exposure to TiO2 NPs, a better understanding of the 
molecular mechanism responsible to TiO2 NP toxicity is mandatory, leading to the 
possibility to protect the body against those adverse effects. The functionalization 
of TiO2 NPs with specific molecules is an alternative strategy that can be used to 
improve the use of these nanoparticles (Faure et al. 2013).

6.3.2  Nanotubes

The promising effects of TiO2 NT surfaces on bone regeneration and repair were 
reported by Brammer et al. (2012), in line with the studies conducted by Wang et al. 
(2016a, b), who concluded that TiO2 NTs can modulate bone formation events at the 
bone-implant interface as to reach favourable molecular response and osseointegra-
tion. The communication of cells with a biomaterial surface is supported by interac-
tions with nanoscale dimensioned extracellular matrix (ECM) components, which 
stimulate and interact with cell physiology. Nano-featured artificial substrates can 
impact cell behaviour likewise as the natural ECM, since they dictate cell adhesion, 
spreading, biochemical functioning and differentiation (Brammer et  al. 2012). 
Several studies have reported the benefits of TiO2 NTs on cellular functions, which 
are strongly dependent on their features. Oh et al. (2009) studied the effect of nano-
tube diameter on cellular functions, and they found out that MSC fate is dictated 
exclusively by TiO2 NT dimensions. In accordance with the authors, NTs with 
shorter diameter promoted cell adhesion without noticeable differentiation, whereas 
NTs with larger diameter elicited a dramatic stem cell elongation, inducing cyto-
skeletal stress and selective differentiation into osteoblast-like cells. Lv et al. (2015) 
also explored the influence of TiO2 NT diameter on the osteogenic behaviour of 
human adipose-derived stem cells (hASCs). Both in vitro and in vivo studies dem-
onstrated that the nanoscale geometry influenced cell differentiation. The authors 
observed that TiO2 NTs promoted the osteogenic differentiation of hASCs, by 
upregulating methylation level of histone in the promoter regions of osteogenic gene 
runt-related transcription factor 2 (Runx2) and osteocalcin. In addition, in vitro and 
in vivo studies performed by Bjursten et al. (2010) showed that TiO2 NTs improved 
osteoblast adhesion and proliferation. TiO2 NTs implanted in rabbit tibias also 
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improved the bone bonding strength, and histological analysis confirmed greater 
bone-implant contact, new bone formation and higher calcium and phosphorus lev-
els on the nanotube surfaces. Also, Wilmowsky et al. (2009) explored the effects of 
TiO2 NTs implanted in pigs on peri-implant bone formation and concluded that the 
nanostructured implants influenced bone formation and development, by enhancing 
osteoblast functions.

Orally administered NTs are suggested to be absorbed from gastrointestinal tract 
to the blood circulation in mice and rats. However, the toxicity of TiO2 NTs on cells, 
tissues and organs has not been investigated yet, and this is an aspect of main impor-
tance. To further study TiO2 NT toxicity and risk assessment, studies should be 
conducted following standard protocols (Buzea et al. 2007; Roy et al. 2011).

6.4  Applications of Titanium Dioxide Nanostructures 
in Nanomedicine

6.4.1  Photocatalytic Activity for Cancer, Theranostics 
and Antibacterial Applications

Cancer incidences have been increasing over time. Although the enormous evolution 
was observed in the last decades regarding therapies to treat cancer, they still present 
poor specificity, high cost and sometimes a high toxicity towards healthy cells or 
organs (Buzea et al. 2007; Moghimi and Farhangrazi 2013). Alternative therapies 
based on nanomaterials emerged in the last years. Nanoparticles have been widely 
investigated for cancer therapy. Engineered nanoparticles have been tested to deliver 
therapeutic compounds directly to specific cells and tissues, or targeted to eliminate 
cancer cells throughout photothermal, oxidative therapy or autophagic mechanisms 
(Seo et al. 2007; Rozhkova et al. 2009; Radad et al. 2012). TiO2 NPs of different 
sizes and morphologies are in between the NPs investigated for cancer treatment in 
applications such as skin, bladder, lung, colon brain, oral, osteosarcoma and chon-
drosarcoma (Seo et al. 2007; Rozhkova et al. 2009; Lucky et al.2016), among others. 
Cancer cell viability seems to be dependent of NP concentration, surface chemistry, 
time exposure to UV as well as cell model (Rozhkova et al. 2009; Lucky et al. 2016). 
However, there are already some reports indicating that TiO2 NPs may be toxic to 
cancer cells, in the absence of UV irradiation (Vinardell and Mitjans 2015). In this 
case, it is suggested that NPs induce oxidative stress due to pro-oxidative functional 
groups at the NP surface. From the literature, it is known that oxygen species oxidize 
DNA as well as cellular organelles and interfere with cellular signal pathways lead-
ing to necrosis or apoptosis of the cells in target tissue, e.g. tumour, inflammation or 
infections. In most studies UV radiation is used. Some limitations appear in this 
strategy, since UV light cannot reach all internal tissues and organs (e.g. gastrointes-
tinal system) and that reactive oxygen species (ROS) generation is brief and insuf-
ficient to keep a prolonged cancer-killing effect (Vinardell and Mitjans 2015). To 
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overcome this limitation, new strategies, namely, surface functionalization and the 
use of Ti core shell nanocomposites, are being explored by near-infrared light (NIR) 
activation that penetrates deeper in tissues (Zhang et al. 2015; Zeng et al. 2015). 
Ti-based NPs have been explored also as radiosensitizers to enhance the effect of 
x-ray in cancer treatments, where Ti peroxide NPs seem to be promising agents to 
enhance the in vitro and in vivo effects of radiation against a human pancreatic can-
cer model (Nakayama et  al. 2016). The potential use of TiO2 NTs for localized 
cancer therapy has been also explored. TiO2 NTs have revealed potential to be used 
as customizable and targeted drug-delivery vehicles, capable of carrying large doses 
of chemotherapeutic agents or therapeutic genes into malignant cells while sparing 
healthy tissues (Lv et al. 2015,). Beyond that, a wide range of therapeutic agents 
have been investigated to be conjugated with these nanostructures such as antibiot-
ics, anti-inflammatory drugs, anticancer drugs, bone proteins, peptides, enzymes, 
vitamins, hormones, genes, antibodies, neurotransmitters, drug nanocarriers and 
NPs (Gulati et al. 2012; Indira et al. 2014).

Recently, NPs evolved to combine both diagnostic and therapeutic properties, the 
so-called multifunctional nanoparticles or theranostics (Xie et al. 2010; Zhang et al. 
2015; Zeng et al. 2015). This term is referred to as personalized therapy that can be 
applied to several diseases, where it combines diagnostic and therapeutic capabili-
ties into a single agent. Comparable to other photosensitizers, Ti can be injected in 
the tumour or infection site. It has previously been suggested that TiO2 could be 
utilized as a photodynamic therapeutic agent in cancer but also for other microbial 
infections (Jha et al. 2009). Roshkova et al. (2009) used 5 nm TiO2 particles bounded 
to an antibody that exhibited distinct anti-glioblastoma cell phototoxicity. Some 
research has developed multifunctional theranostic TiO2-based nanocomposites 
which can be used for magnetic resonance imaging (Zhang et al. 2015) or incorpo-
rating chemotherapeutic agents for combined chemotherapy and photodynamic 
therapy (Zeng et al. 2015). Ribeiro et al. (2016) recently studied the interaction of 
anatase NPs with primary human bone cells. The extensive characterization of NPs 
in culture medium demonstrates the formation of a biocomplex (ions and protein 
adsorption) that works as a Trojan-like system for NP internalization in osteoblasts. 
For higher concentrations of NPs, this system could be used as a photodynamic 
therapeutic agent for bone cancer, since bone cell cycle analysis reveals some DNA 
damage possibly due to the presence of hydroxyl radical activity triggering reactive 
oxygen species formation. Anatase NPs could be injected into the tumour or infec-
tion site and excited by light (visible range).

Nowadays, nanostructures are being widely used in nanomedical devices to pre-
vent bacterial infection, since antibiotics already reveal increasing prevalence of 
antimicrobial resistance and biofilm formation. Therefore, there is an urgent clinical 
need to develop novel antibacterial therapies to destroy biofilms and reduce health-
care infections. TiO2 NPs demonstrate antibacterial properties that are reactive with 
microorganisms having effects such as killing bacteria and virus, sterilization and 
deodorization (Zhang and Webster 2009; Jesline et al. 2014; Kumeria et al. 2015). 
TiO2 NPs display substantial antimicrobial activity against E. coli, S. aureus, S. 
mutans, P. gingivalis, P. aeruginosa, E. faecium, B. subtilis, and Klebsiella pneumoniae 

6 Titanium Dioxide Nanoparticles and Nanotubular Surfaces…



114

(Jesline et al. 2015; Mazare et al. 2016). The cytotoxicity appears to increase in the 
presence of UV irradiation, where photoactivation of TiO2 already demonstrates 
activity against Bacteroides fragilis, E. coli, E. hire, P. aeruginosa, S. typhimurium 
and S. aureus, A. actinomycetemcomitans and F. nucleatum (Campoccia et al. 2013). 
Also, TiO2 NPs were efficient against methicillin-resistant S. aureus that is a patho-
gen responsible for infections which includes skin and soft tissue infections, pneu-
monia, bacteraemia, surgical site infections and catheter-related infections (Jesline 
et al. 2014). In skin care products, TiO2 NPs were proposed as a new therapeutic 
treatment for acne vulgaris, atopic dermatitis as well as hyperpigmented skin lesions. 
The use of metallic NPs, namely, TiO2 on biomedical surfaces such as implants, 
seems to be an alternative approach to decrease the microorganism colonization and 
device-associated infection.

In dentistry and orthopaedic fields, bacterial infection is one of the main reasons 
for Ti-based implant failure. Mazare et al. (2016) recently studied the antibacterial 
activity of annealed TiO2 NTs, showing their potential to inhibit S. aureus and P. 
aeruginosa growth. Beyond that, the nanostructured surfaces demonstrated 
enhanced haemocompatibility, highlighting their potential to be used in medical 
devices that come in contact with blood, as dental and orthopaedic implants. The 
drug-eluting features of TiO2 NT decorated implants have gained increased atten-
tion to act as localized delivery systems of different therapeutics. The NTs may be 
tuned with antimicrobial properties by loading or doping them with different anti-
bacterial agents such as antibiotics (e.g. gentamicin and vancomycin), peptides or 
nanoparticles (e.g. silver, zinc and gold) (Jesline et al.2014; Roguska et al. 2015; 
Kumeria et  al. 2015; Mazare et  al. 2016). Several strategies have been found to 
control drug release from NTs up to several days, by coating the surface with bio-
compatible, biodegradable and antibacterial polymers, and so to overcome one of 
the main limitations of the existing drug-delivery systems, which is the drug release 
in an unpredictable way (Bjursten et al. 2010). Roguska et al. (2015) loaded TiO2 
NTs with metallic (silver) and metallic oxide (ZnO-zinc oxide) NPs. The authors 
observed that an increase of loaded ZnO amount unexpectedly altered the structure 
of nanoparticle-nanolayer, caused partial closure of nanotube interior and signifi-
cantly reduced the solubility of ZnO and antibacterial efficacy. Zhang and Webster 
(2009) loaded TiO2 NTs with vancomycin, and both in vitro and in vivo studies 
showed good biocompatibility and antibacterial efficacy. The excellent in vitro bio-
activity and enhanced corrosion resistance of TiO2 NTs were also shown by Indira 
et al. (2014), after incorporation of strontium ions into NTs. Gulati et al. (2012) 
produced biocompatible polymer-coated TiO2 NTs, previously loaded with water- 
insoluble anti-inflammatory drug indomethacin. The results showed the capability 
of this system for delivering a drug to a bone site over an extended period of time 
and with predictable kinetics and, simultaneously, induced to an excellent osteo-
blast adhesion and proliferation. Another example is the work recently carried out 
by Kumeria et al. (2015), who have reported the development of biopolymer-coated 
drug-releasing NTs able to promote osteoblast adhesion and proliferation, while 
effectively preventing S. epidermidis colonization by hindering their proliferation 
and biofilm formation.
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6.4.2  Biocompatibility and Bio-reactivity of TiO2 
Nanostructures for Tissue Engineering and Regenerative 
Medicine

Nowadays, the diseases with high significant clinical problems are associated with 
bone ruptures, osteoarthritis, osteoporosis and also bone cancers (Salgado et  al. 
2004). In the field of bone regenerative medicine, proteins of interest adsorbed into 
biodegradable but also non-biodegradable NPs are being used to be injected directly 
on the site of the injury. For example, bone morphogenetic proteins (BMPs) and 
transforming growth factor β (TGF-β) are being used for the enhancement of osteo-
genic differentiation (Carreira et al. 2015). A potential role of TiO2 NPs is the release 
control of BMPs, since one important issue in BMP therapy is the risk of tumour 
induction due the use of high doses.

Nevertheless, it is essential that the therapeutic combined with NPs does not 
compromise the biological activity of all the cells that constitute bone. Taking this 
approach in consideration, and the reactivity of TiO2 surface to adsorb proteins, it is 
believed that the combination of anatase NPs with a pharmacologic drug could be 
explored as a drug-delivery system for bone tissue regeneration. However, TiO2 NPs 
could be also used combined with osteoporosis-antagonizing drugs to control and 
decrease the osteoclast activity that leads to bone resorption. Gene therapy is also an 
interesting concept, where specific plasmids (encoding transcription factors, growth 
factors, and even hormones) can be bound to NPs to be delivered into bone cells. 
Most of the studies are related with the use of transfection to enhance bone regen-
eration in the case of fractures but also malignant bone tumours. Ribeiro et  al. 
(2016) also found that calcium ion adsorption is not exclusive from bulk Ti. Anatase 
NPs can adsorb calcium and phosphate ions from the biological milieu to its sur-
face, and more interesting is the nucleation of hydroxyapatite crystals that occur 
that can be applied for bone tissue therapies. Gupta and Reviakine (2012) studied 
the effect of platelet activation in Ti surfaces and the role of calcium in its activation; 
they could show that in the presence of calcium, TiO2 activate adhering platelets. 
These results are very interesting for osseointegrated implants where it is beneficial 
blood coagulation and platelet activation for implant integration.

By rational design, this bio-camouflage may create protein and ion-enriched 
environment that can, alone or in combination with drugs/molecules, promote 
regeneration and improve implant-tissue interfaces. For instance, this bio- 
camouflage that also occurs in human plasma could be used as a neuroprotective 
system to capture the massive calcium influx that occurs in ischemic stroke that is a 
major cause of death or disability of humans. Nowadays, the new tendency in regen-
erative medicine is to use ions released from metallic biomedical devices (e.g. hip 
prostheses, dental implants) to immunomodulate and heal tissues and organs 
(Vasconcelos et al. 2016). This approach can create ionic, debris and protein envi-
ronment that in combination with specific molecules (e.g. drugs) can promote tissue 
regeneration but also improve the implant-tissue interface and the quality of life of 
the patient.
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Frequently, NPs can be also combined with different scaffolds to regenerate 
tissues and organs (Feng et al. 2016). For example, TiO2 NPs were introduced in 
PLLA scaffolds to improve the physicochemical characteristics of the scaffolds. 
Results demonstrate that NPs improve the polymeric degradation, highlighting the 
potential application of this system in tissue engineering.

The selection of the nanotube features is of crucial importance, and it must be 
accomplished based on its final application. These nanostructures may be easily 
produced with different morphology, topography, length and chemistry. The func-
tionalization of NTs may be achieved by several techniques, and it may strongly 
dictate the cellular responses. A very interesting functionalization study was car-
ried out by Shen et  al. (2015) in which TiO2 NT surface was covered by ECM 
secreted from human umbilical artery muscle cells, which significantly improved 
the proliferation of human umbilical vein endothelial cells. An additional motivat-
ing work was recently conducted by Khoshroo et al. (2017), who have incorpo-
rated TiO2 NTs into a polycaprolactone (PCL) scaffold for improving mechanical, 
biological and physicochemical properties of a composite for bone tissue engineer-
ing. The results showed that PCL-TiO2 NT scaffold presented an increased cell 
viability and evidenced to be a good substrate for cell differentiation leading to 
ECM mineralization. Kendall and Lynch (2016) have created a Ti implantable 
device by growing TiO2 NTs on Ti for loading bone morphogenetic protein 2 
(BMP2). The nano- reservoirs were covered with biomimetic multilayered coatings of 
gelatin/chitosan for controlled release of BMP2, which has promoted osteoblastic 
differentiation of MSCs.

6.5  Regulatory Challenges Applied to Nanostructures

Nanotechnology advances have led to the use of nanomaterials and nanodevices 
for diagnostic and therapeutic purposes. At the moment, there is already several 
FDA- approved nanotherapeutic and nanodiagnostic structures for clinical use; 
however, some of them in clinical trials had denied authorization due to poor speci-
ficity but also high number of false negatives. In some cases, the unique physical 
and chemical properties that make nanomaterials so appealing may have a dual 
effect that is associated with their potentially toxic effect on cells, tissues and 
organs, causing side effects. The knowledge of their metabolism and distribution in 
the human body is mandatory. In the regulatory background, NPs are mostly treated 
as chemicals where there is no specific guideline for their regulation, although 
some scientific opinions were already reported. Currently, the EU guidelines for 
testing medicines do not require any nanospecific protocols; however, reviewing 
published literature of nanoparticle for therapeutic applications relates some cases 
of toxicity (Kendall and Lynch 2016). Therefore, the need to include information 
about size, exposure, dose, the population involved, and the life cycle evaluation of 
their impact in human health is urgent and mandatory. Till the moment, the risk 
assessment and management of TiO2 NPs and its implications in human health 
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effects are still incipient although TiO2 NPs have been studied significantly in 
recent years. Till the moment it was not defined occupational or environmental 
limits to TiO2 NPs by any other regulatory agency (Shi et al. 2013). The International 
Agency for Research on Cancer indicates that TiO2 NPs have possible human car-
cinogen (group 2B), where there is a vast literature demonstrating that TiO2 
nanoparticle exposure leads to cell death (Shi et al. 2013). Most of the toxicologi-
cal studies suggest that anatase NPs are cytotoxic and genotoxic; however, in vitro 
and in vivo results are conflicting possibly due to the high doses that were admin-
istrated as well as by the incipient physicochemical characterization of the NPs in 
the biological milieu. Whether human exposure to TiO2 NPs triggers reproductive 
and developmental toxicities is unclear. There is an emerging concern about the 
potential effects of TiO2 NPs on health; however, specific mechanisms and path-
ways related to its carcinogenicity remain unknown (Shi et al. 2013).

There is a world consensus that nanomaterials require a more arduous assess-
ment of their potential effect in human health due to their surface area. The specific 
mechanisms and pathways through which NPs can exert their toxicity are multiple 
and not so well clarified. NPs can induce intracellular (DNA damage, mitochondrial 
dysfunction, ROS formation) but also extracellular (release of cytokines) processes 
that can go beyond cellular to tissue and organ level compromising patient’s health. 
Basic issues concerning the exposure of nanomaterials in the human body have not 
been explored. Till the moment, scientists are not able to understand how NPs pen-
etrate and how they are distributed inside the body; what are the mechanisms of 
action, the toxico-kinetics and transport across biological barriers; as well as how 
NPs are degraded and excreted. The gap in knowledge is elevated, where there is the 
need to develop precise methods both analytical and biological, as well as validated 
in vitro and in vivo models for the safety assessment of NPs. The tools for in situ 
evaluation and detection of therapeutic NPs must be established. Profound investi-
gations of the use of TiO2 NPs in human health are necessary to fully elucidate 
whether these NPs should be used in biomedical applications. It is known that cyto-
toxicity, as in any pharmacological substance, depends on the dose and time of the 
contact. Most of the in vitro and in vivo data with low doses of TiO2 NP exposure 
demonstrate absent toxicity. Besides in vitro studies, before animal studies, the use 
of in silico nanotoxicology systems such as ‘organ-on-a- chip’ devices may be use-
ful. These approaches will follow the 3Rs approach improving cell culture models 
and giving rise to accurate, high-throughput and cost-effective semi-in vivo stages 
for toxicology applications. In fact, Organization for Economic Co-operation and 
Development (OCDE) guides are accepted as a starting point to evaluate the hazard 
of NPs, although some adaptation in the methods could be required. Although the 
methods for safety assessment of therapeutic NPs for human health were not 
 established and defined, long exposure analysis (chronic exposure) in human should 
be assessed as well as NP biotransformation, degradation, excretion, adsorption 
and distribution in the human body. Likewise, it is necessary that patients under-
stand the risk, if any, related with the use of therapeutic NPs and decide based on the 
information available to them.
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6.6  Conclusion

Nanotubular structures of TiO2 have demonstrated unique morphological and physi-
cochemical features to stimulate implant bone integration, both in vitro and in vivo, 
and therefore become very promissory candidates to improve the clinical outcomes of 
osseointegrated implants. Additionally, both nanostructures (nanotubes and nanopar-
ticles) have potential to behave as a platform for drug-eluting and local delivery and 
may be tailored with multiple functionalities due to their ability to incorporate several 
bioactive elements into their structure. Beyond that, TiO2 NTs and NPs are also prom-
ising candidates to be used for localized cancer thermotherapy. However, the poten-
tial local and systemic toxicity effects of TiO2 nanostructures remain unclear, and 
therefore, the study of the mechanisms and pathways involved on the interactions 
between TiO2 NTs and the complex biological structures existing in the human body 
must be urgently conducted following standard protocols.
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Chapter 7
Inhibition of Bacterial Quorum Sensing 
Systems by Metal Nanoparticles

Krystyna I. Wolska, Anna M. Grudniak, and Katarzyna Markowska

Abstract Quorum sensing (QS) is a commonly used way for intercellular 
communication utilizing small, self-generated signal molecules called autoin-
ducers. QS-controlled genes can constitute as much as 10% of bacterial 
genome. This system controls a variety of bacterial physiological traits, including 
biofilm formation and pathogenesis. QS signaling pathways are well described in 
several species including Pseudomonas aeruginosa and Staphylococcus aureus. 
The inhibition of QS, called quorum quenching (QQ), can be a potential and prom-
ising strategy to combat bacterial infections. Nanoparticles (NPs) are considered to 
be potential QS inhibitors which was proved mainly by in vitro experiments. The 
QQ potential was proved for silver nanoparticles (AgNPs) which was demonstrated 
by their ability to inhibit bacterial biofilms. Antibiofilm activity of gold nanoparti-
cles (AuNPs), zinc oxide nanoparticles (ZnONPs), copper nanoparticles (CuNPs), 
and platinum nano particles (PtNPs) was also shown. As an antibacterial potential of 
metal NPs is well documented, the ability to inhibit QS additionally argues toward 
their future usage as an alternative of antibiotics. Moreover, the development of 
bacterial resistance to NPs was not yet well documented.

Keywords Biofilm • Nanoparticles • Pseudomonas aeruginosa • Quorum quench-
ing • Quorum sensing • Staphylococcus aureus • Virulence factors
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CuNPs Copper nanoparticles
HSLs Homoserine lactones
MRSA Methicillin-resistant S. aureus
PIA Polysaccharide intercellular antigen
PQS Pseudomonas quorum sensing
PtNPs  Platinum nanoparticles
QQ  Quorum quenching
QS Quorum sensing
RIP RNAIII inhibiting peptide
ROS Reactive oxygen species
ZnONPs Zinc oxide nanoparticles

7.1  Introduction

Quorum sensing (QS) is a common communication mechanism in bacteria. This 
mechanism allows intra- and interspecies cell communication. QS based on chemical 
signaling is considered as the main communication mechanism and along with rela-
tively recently described electrical signaling, allows bacterial populations to communi-
cate in coordinated manner. It was originally described in the genus Vibrio fischeri 
(Nealson et al. 1970), and since then this system has been intensively studied. The lit-
erature of this subject is really huge and includes a variety of review papers (e.g., de 
Kevit and Iglewski 2000; Whitehead et al. 2001; Ng and Bassler 2009; Monnet et al. 
2014; Majumdar and Pal 2017). Single bacterium synthesizes and releases the special, 
chemical compounds named autoinducers which can be transported through cell mem-
branes in the passive or active manners. When certain cell density is reached and the 
concentration of autoinducers exceeds the threshold level, the gene expression profile 
is altered and the number of genes is switched on or off. The details of QS systems 
differ between Gram-negative and Gram-positive bacteria, mainly by the chemical 
nature of autoinducers. Gram-negative bacteria utilize L-homoserne lactones (HSLs) 
which usually, but not always, diffuse passively in and out the cell, while Gram-positive 
species preferentially utilize actively transported short peptides (Miller and Bassler 
2001). The schematic diagram of QS systems in both types of bacteria is shown in 
Fig. 7.1, and their functioning is described in the legend to the figure. Gram-negative 
bacteria utilize yet another QS system mediated by alkyl quinolones (Pesci et al. 1999).

QS-controlled genes constitute around 10% of bacterial genome (Wagner et al. 
2003) and comprise the information encoding adapting, collective traits which 
allow bacteria to change their metabolism in the way beneficial for the group (Goo 
et al. 2015). The list of functions regulated by QS is long and includes sporulation, 
enzyme production, resistance to antimicrobials, and siderophore synthesis (for 
review, see Jimenez et al. 2012; Monnet et al. 2014). Recently, it was shown that the 
production of bacteriocins and the entry into competent state which allows natural 
transformation in Streptococcus pneumoniae are also regulated by QS (Shanker and 
Federle 2017). Regulation of bacterial virulence determinants by QS with the focus 
put on biofilm formation will be described in the following chapters. It should be 
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noted that QS communication systems are also utilized by eukaryotic microorganisms 
and human cells for the development of several biological functions (Hornby et al. 
2001; Chen and Fink 2006; Hickson et al. 2009).

Search for the compounds able to inhibit bacterial QS systems is carried out in 
many laboratories. The list of QQ factors includes, among others, metal nanoparti-
cles with the special emphasis put on AgNPs. In this review, we describe the ability 
of metal nanoparticles to inhibit QS, especially the inhibition of biofilm formation 
that creates the perspective to interfere with bacterial pathogenicity.

7.2  Role of Quorum Sensing Systems in Bacterial 
Pathogenesis

QS systems are utilized by several bacterial pathogens to coordinate the expression 
of multiple virulence factors and the traits influencing their pathogenesis, such as 
biofilm formation and swarming motility (Castillo-Juárez et al. 2015). It was dem-
onstrated both in vitro and in vivo, in animal models and in human infections, that 

A. B.

Fig. 7.1 QS signal transduction in (a) Gram-negative (Pseudomonas aeruginosa) and (b) Gram- 
positive (Staphylococcus aureus) bacteria. (a) L-homoserine lactones serve as the system inducers. 
These particles freely diffused in and out the cell. When their threshold concentration is reached, 
inducer molecule forms the complex with transcription regulator protein. Complex, after binding to 
promoter sequence in DNA, activates transcription of QS-regulated operons (b) Short peptides serve 
as system inducers. They are actively translocated trough the membranes which is concomitant with 
peptide modification. When the threshold concentration is achieved, modified peptides activate 
typical two-component system of signal transduction composed of protein kinase and transcription 
regulator. After phosphorylation, regulator protein binds to promoter sequence in DNA and activates 

transcription of QS-regulated operons (Adapted from Wolska K.I. et al. 2016b)
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QS enhances bacterial virulence and coordinates bacterial attack against the host, 
thus maximizing the probability to establish infection, especially for pathogens that 
relay on high infection doses (Gama et al. 2013). In the following part of this chap-
ter the role of QS in the pathogenesis of two bacterial species, Pseudomonas aeru-
ginosa and Staphylococcus aureus, whose QS systems are the best studied and 
understood among all bacterial species, will be shortly described.

7.2.1  QS Systems in P. aeruginosa

P. aeruginosa is a major, opportunistic, human pathogen causing chronic nosoco-
mial and lung infections, preferentially in transplantation, cancer, and cystic fibrosis 
(CF) patients and also found in dermal and burn wounds (Ammons et al. 2009). This 
bacterium has three functional QS circuits. One is mediated by HSLs and contains 
gene lasI encoding protein LasI, required for the synthesis of an autoinducer which 
is N-(3-oxo-dodecanopyl)-L-homoserine lactone, and gene lasR encoding tran-
scriptional activator, LasR. The second circuit also mediated by homoserine lactone 
contains gene rhlI, an enzyme synthesizing autoinducer N-(butanoyl)-L-homoserine 
lactone and gene rhlR coding for transcriptional activator RhlR (Pearson et al. 1994, 
1995). The third QS system, called Pseudomonas QS (PQS), is mediated by alkyl 
quinolones, especially 2-heptyl-3-hydroxy-4-quinolone synthesized by the products 
of pqsABCDEH genes and controlled by PqsR regulator (Pesci et al. 1999). All three 
systems are regulated hierarchically: LasR positively regulates RhlR, and RhlR 
negatively regulates PQS (Wade et al. 2005).

It was shown by in vitro studies that Las circuits positively regulate the synthesis 
of several P. aeruginosa virulence factors, such as elastases LasA and LasB, exo-
toxin A, and alkaline protease (Gambello and Iglewski 1991; Passador et al. 1993). 
In turn Rhl circuits control the expression of pyocyanin  – green/blue pigment  – 
enhancing the synthesis of reactive oxygen species (ROS) and thus causing the 
oxidative damage of host eukaryotic cell (Gloyne et al. 2011). PQS system increases 
the expression of elastase and pyocyanin (Déziel et al. 2005). The QS-dependent 
regulation of all P. aeruginosa virulence factors can be influenced by environmental 
conditions, such as the presence of calcium, iron, and several bacterial metabolites 
like 2,3-butanediol (Jensen et al. 2006; Sarkisova et al. 2014). It should be also men-
tioned that QS systems regulate several physiological traits leading to the enhanced 
stress tolerance which in turn allows to avoid host immune system attack and 
 therefore indirectly enhances bacterial virulence (Telford et  al. 1998; Garcia-
Contraras et al. 2015).

P. aeruginosa is an example of bacterium able to form biofilm. Biofilm is a struc-
tured bacterial community characterized by an increased tolerance to the exogenous 
stress, including treatment with antibiotics and other antibacterial factors and strate-
gies, and severely influences bacterial pathogenesis (Hall-Stoodley and Stoodley 
2009). The involvement of QS signaling in biofilm development is well established. 
It was shown that QS is important in the late stage of biofilm development however 
also participates in the former stages. It is executed by its involvement in rhamnolipid 
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synthesis and allows to form the channels in mushroom-shaped structures which 
results in proper distribution of nutrients and oxygen and the removal of waste prod-
ucts (Davey and O’Toole 2000). The overproduction of rhamnolipids in the late 
stage of biofilm development causes the biofilm detachment from the surface and its 
subsequent dispersal, which is documented for several bacterial species (Boles and 
Horswill 2005). Biofilm dispersal (in contrary to its eradication) is very important 
to the colonization of new environmental niches. QS, precisely PQS system, is 
involved in cell autolysis of bacterial subpopulation and the release of a large 
amount of extracellular DNAs (eDNA) being one of the main compounds of biofilm 
matrix (Allesen-Holm et al. 2006). The regulation by QS of previously mentioned P. 
aeruginosa virulence factors, such as lectins and siderophores, pyoverdine and pyo-
chelin, has also an impact on biofilm formation. Siderophores exert their action 
through the participation in iron metabolism, and it was demonstrated that not opti-
mal concentration of iron results in the inhibition of biofilm formation (Singh et al. 
2002). Yet another factor regulated by QS and involved in the first stage of biofilm 
formation is the ability of swarming-type movement. QS-controlled production of 
extracellular polysaccharides and biosurfactants by the “swarmers” allows bacteria 
to colonize the new environmental surfaces (Rashid and Kornberg 2000).

QS controls the pathogenesis of P. aeruginosa also in vivo which was proved in 
various animal models, such as nematode Caenorhabditis elegans, fruit fly 
(Drosophila melanogaster), zebra fish (Danio rerio), and mouse (Mus musculus) 
(Bjarnsholt et al. 2010; Papaioannou et al. 2013). The in vivo experiments were con-
ducted using two main strategies: the utilization of mutant strains with QS genes 
disrupted and the quenching of QS systems. The results of these studies demon-
strated that the disruption of QS diminishes the production of phenazines thus 
decreasing the concentration of active oxygen species and subsequently decreasing 
the killing rate of C. elegans (Tan et al. 1999). In turn various P. aeruginosa mutants 
defective in QS circuits showed a substantially lower D. melanogaster killing rate 
than wild-type strain (Lutter et al. 2012). It was also demonstrated, applying murine 
model, that the inhibition of quinolone signals restricts the systematic spread of PA14 
strain and decreases the animal death by 30–50% (Lesic et al. 2007). The importance 
of QS in human infections caused by P. aeruginosa is also well documented. Many 
experiments showed that about 90% of P. aeruginosa isolates able to cause infections 
have active HSL systems. For example, it was demonstrated that the main P. aerugi-
nosa autoinducer, N-(3-oxododecanoyl)-HSL is often detected in the patients with 
cystic fibrosis (Sing et al. 2000). The QS-controlled virulence  factor, the polysaccha-
ride alginate, which is an important compound of matrix produced by mucoid P. 
aeruginosa strains protects biofilm from macrophage killing (Leid et al. 2005).

7.2.2  QS Systems in S. aureus

S. aureus is a Gram-positive, nonmotile coccus, forming cell clusters and producing 
yellow pigment. This bacterium is responsible for the infections of skin and other 
tissues, bacteremia, endocarditis, sepsis, and many other diseases (Lowy 1998). It is 
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also characterized by the fluent evolvement of multidrug-resistant strains, known as 
methicillin-resistant S. aureus (MRSA) (Lowy 2003). The infections caused by S. 
aureus are facilitated by the production of broad repertoire of various virulence fac-
tors including enzymes, exotoxins, and adhesions (Gordon and Lowy 2008). Many 
of them are controlled by QS-dependent accessory gene regulator – Agr system 
(Painter et al. 2014). Agr locus contains agrA, agrC, agrD, and agrB genes consti-
tuting the so-called RNAII transcript and hld gene. The pheromone AgrD is exported 
and modified by AgrB along with SpsB peptidase leading to the pro-peptide AgrD 
conversion into autoinducing peptides – AIPs (Qui et al. 2005). The length of these 
peptides varies between seven and nine amino acids, but all contain thiolactone ring 
at C-terminus (Malone et al. 2007). AIPs activate a typical two-component system 
AgrC/AgrA, where AgrC has the activity of histidine kinase and AgrA serves as 
transcriptional activator and, when phosphorylated, regulates hld and agr operons 
providing an autofeedback loop (Ji et al. 1995).

The hld gene encodes RNAIII effector molecule that posttranscriptionally regu-
lates several virulence factors (Fechter et al. 2014). In total, RNAIII (and AgrA) 
regulates the transcription of around 200 genes encoding virulence factors. Among 
the upregulated genes are these coding for α-hemolysin which destroys the mem-
brane structures and can cause pneumonia (Bubeck Wardenburg and Schneewind 
2008), proteases, toxins, and components of bacterial capsule. Downregulated 
genes are responsible for the synthesis of adhesins and protein A – a factor allowing 
S. aureus to evade opsonization (Novick and Geisinger 2008). RNAIII is also 
involved in the regulation of biofilm formation by S. aureus. This bacterium, due to 
its lack of motility, forms flatter biofilm than the one formed by motile genera 
(Mann et al. 2009). S. aureus biofilm is embedded with glycocalyx or slime layer 
composed of teichoic acid (Husain et al. 2013). Besides, the significant biofilm con-
stituents are polysaccharide intercellular antigen (PIA) and eDNA released in con-
sequence of massive cell lysis by holin homolog, CidA (Wolska et al. 2016a). The 
appreciable strain-dependent variations in biofilm composition are noticed 
(Kiedrowski and Horswill 2011).

The involvement of the ability to form biofilm on S. aureus pathogenesis is not 
unambiguous. The formation of biofilm is closely related to the character of infec-
tion; therefore, the determinants of acute and chronic infections are regulated by QS 
in an opposite fashion. QS is important in acute virulence characterized by the 
 formation of differentiated biofilm with the capacity to disseminate, which is facili-
tated by the QS-dependent synthesis of surfactants (Otto 2014), peptidases and 
nucleases (Lauredale et al. 2009). In chronic infections, biofilm is downregulated 
with concomitant presence of mutations in the genes coding for QS components 
(Shopsin et al. 2010).

The participation of QS in S. aureus pathogenesis was proved using numerous 
animal models and the experimental approaches described above for P. aeruginosa. 
It was demonstrated in the mice model that agr mutants showed strongly reduced 
ability to induce septic arthritis in comparison to the wild-type strain (Abdelmour 
et al. 1993). Also C. elegans killing in consequence of feeding with S. aureus arg 
mutant was much lower with respect to wild-type strain (Sifri et al. 2003). At the 
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other site, the inhibitors of QS, such as autoinducer analog AIP-II peptide, decreased 
formation of abscesses (Wright et al. 2005), and yet another RNAIII-inhibiting pep-
tide, RIP, significantly reduced the bacterial load and mortality in mouse sepsis 
model when administrated with antibiotic, e.g., vancomycin (Giacometti et  al. 
2005). Until now the importance of QS for the S. aureus ability to cause human 
infections has not been experimentally proved; however, the link between QS and 
biofilm formation suggests that QS is very important for the establishment of 
chronic infections (Yardwood and Schlievert 2003).

7.3  Inhibition of Bacterial QS Systems

It is well proved that bacterial QS systems can constitute the target for antibacterial 
treatment, and their inhibition can be exploited against infections caused by 
antibiotic- resistant bacteria (Castillo-Juarez et al. 2015). Targeting QS in order to 
combat bacterial infections has an advantage over the usage of antibiotics because 
the disruption of communication mechanisms without killing should generate a 
lower selective pressure and therefore reduce the rate of resistance developing 
(Clatworty et  al. 2007). Various chemical compounds which attack the different 
steps of QS transduction signal are described. The mechanisms of action of QS 
inhibitors are usually repression of signal generation, blockade of signal receptors, 
and disruption of QS signals (Reuter et al. 2016). The efficiency of quorum quench-
ers is genus dependent. The largest number of literature positions described anti-QS 
potential of organic inhibitors inducing those of plant, animal, and bacterial origin 
(for review, see Reuter et al. 2016; Wolska et al. 2016a, b). In the following chap-
ters, antibacterial potential of metal nanoparticles with the emphasis put on their 
quorum quenching activity will be described.

7.3.1  Antibacterial Activity of Metal Nanoparticles

Nanoparticles are the clusters of atoms of size ranging from 1 to 100 nm (Lemire et al. 
2013). The antimicrobial potential of NPs is considered to be stronger than respective 
metal ions, and their effect depends on size and shape. The global surface area of NPs 
is inversely correlated with their size, so small particles have a greater interaction with 
the surrounding environment; the triangular-shape NPs are more bactericidal than 
rods or spherical forms (Pal et al. 2007). Another characteristic affecting the activity 
of NPs is zeta potential which plays a significant role in the ability of nanoparticles to 
penetrate into the cell (Seil and Webster 2012). NPs can be obtained from the natural 
sources, but more often they are synthesized using physical, chemical, and biological 
methods; the last are considered to be the most friendly and safe for the environment 
(Iravani et al. 2014; Patil and Kim 2017). Among all metal nanoparticles, the best 
studied are silver nanoparticles (Durán et al. 2016; Zhang et al. 2016).
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AgNPs exert a pleiotropic effect on bacterial cell and have multiple mechanisms 
of antibacterial activity (Dakal et al. 2016). The multiplicity of AgNPs’ targets and 
mechanisms of activity contributes to the fact that they can overcome existing 
mechanisms of microbial drug resistance (Pelgrift and Friedman 2013). Two mech-
anisms are believed to be a primary cause of bacterial killing. The first is based on 
AgNPs’ effect on bacterial envelope permeability which is correlated with their 
ability to modify the potential of cell membranes (Morones et al. 2005). AgNPs are 
able to interact with membrane proteins but also with cytoplasmic proteins, prefer-
entially those containing thiol groups which are found, e.g., in respiratory enzymes 
and also with phosphate residues in DNA (Sondi and Salopek-Sondi 2004). The 
second mechanism of antibacterial activity is based on the induction of ROS pro-
duction (Hwang et al. 2008). ROS, as highly oxidative agents, inactivate many bac-
terial components which invariably leads to bacterial death (Khan 2012). Schematic 
representation of AgNPs’ effect on bacterial cell is presented in Fig. 7.2. Generally, 
Gram-negative bacteria are more susceptible to NPs than Gram-positive species due 
to the differences in their cell wall. The cell wall of Gram-negative bacteria consists 
of thin peptidoglycan layer and outer membrane containing lipopolysaccharide 
complex. Gram-positive bacterial cell wall primarily consists peptidoglycan and is 
much thicker. Nanoparticles are very effective not only against planktonic cells but 
also bacterial biofilms which will be described in the next chapter (Markowska et al. 
2013). Due to the pleiotropic mechanism of action, the evolution of nanosilver 
resistance is slow and of less concern than the resistance to conventional antibiotics. 

Fig. 7.2 Schematic representation of silver nanoparticles mechanism of action and their cellular 
targets (Adapted from Markowska et al. 2013)
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However silver resistance determinants located on mobile genetic elements were 
found in Pseudomonas stutzeri, Klebsiella pneumoniae, and Salmonella enterica 
(Durán et al. 2016). It is believed that the main mechanism of resistance is based on 
the efflux of silver ions arising in result of AgNPs’ oxidation (Percival et al. 2005).

Apart from AgNPs, the antibacterial potential was proved also for gold, copper, 
zinc oxide, titanium oxide, and organic nanoparticles among which polycations, 
chitosan, triclosan, poly-ε-lysine, and 5-chloro-8-hydroxyqinolines should be men-
tioned (Wolska et al. 2016b).

7.3.2  Quorum Quenching Potential of Metal NPs

The literature treating directly on QQ ability of NPs is scarce, and the molecular 
basis of this ability is not known until now. However, quite recognized knowledge 
about antibiofilm potential of NPs together with the QS involvement on the various 
steps of biofilm development allows to argue that QS signal transduction can be at 
least one of the several targets of NPs’ effect on bacterial cells. The literature of this 
subject deals mainly, but not only, with AgNPs and their inhibitory potential against 
P. aeruginosa and S. aureus biofilms.

The early studies of Fabrega and coworkers (2009) demonstrated that AgNPs 
significantly inhibited Pseudomonas putida 24-h biofilm. The average diameter of 
AgNPs used in this study, 65 ± 30 nm, was quite high considering that the most 
active nanoparticles are within the range 1–10 nm. The study of Kalishwaralal et al. 
(2010) showed that AgNPs of mean diameter of 50 nm almost completely prevented 
biofilm formation by P. aeruginosa and Staphylococcus epidermidis impeding the 
initial step – bacterial adhesion to the colonized surface. Nanosilver of smaller par-
ticle size (average diameter: 25.2 ± 4  nm) was found to effectively prevent the 
 formation of P. aeruginosa biofilms and also effectively kill bacteria in the estab-
lished biofilm structure; 4-log reduction in the number of colony-forming units was 
observed (Martinez-Gutierrez et al. 2013). Another study showed that AgNPs are 
also effective against Mycobacterium smegmatis biofilm, preventing its formation 
on the membranes coated with nanosilver. AgNPs decreased the biofilm formation 
by 98% and reduced bacterial survival to 0.03% (Islam et  al. 2013). In another 
study, it was shown that the spherical AgNPs with diameter ranging from 15 to 
34 nm substantially inhibited biofilms formed by marine bacteria (Inbakandan et al. 
2013). The results of our group demonstrated that AgNPs of size ranging from 1 to 
10 nm applied in concentration of 4 μg mL−1 efficiently reduced the early stages of 
biofilm formation by P. aeruginosa inhibiting bacterial adhesion to the polystyrene 
surfaces. Reduction in the production of biofilm matrix components along with 
decreasing cell viability in biofilm and changes in cell morphology, e.g., condensa-
tion of cytoplasm, were also observed (Markowska 2016). The antibacterial effect 
of nanosilver is usually studied in static conditions, but it was proved that AgNPs 
can also kill bacteria under turbulent fluid condition in bioreactors (Martinez- 
Gutierrez et al. 2013).
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Many studies on antibacterial potential of nanosilver were carried out using medical 
devices such as catheters and other biomaterials. Roe et al. (2008), when studying the 
efficacy of coating the catheters surface with nanosilver, demonstrated the positive 
effect of this procedure against Gram-positive and Gram-negative bacteria and 
Candida albicans. In addition, these authors showed that no significant accumula-
tion of silver was detected in the major organs of mice fitted with the treated cathe-
ters which suggested the lack of nanosilver toxicity. Subsequently, Cheng et  al. 
(2012) showed that dental nanocomposites containing AgNPs reduced the metabolic 
activity and lactic acid production by Streptococcus mutans biofilm. The successful 
usage of nanosilver has also been confirmed for coating surgical masks (Li et al. 
2006). Recently the stabilized or modified preparations of nanosilver are under 
study; the amendments impede AgNPs’ aggregation thus extending the period of 
their successful usage. It was shown that starch-stabilized AgNPs disrupted P. aeru-
ginosa and S. aureus biofilms at a very low concentration, 1–2 mM (Mohanty et al. 
2012). Park et al. (2013) showed that citrate-capped AgNPs were efficient against P. 
aeruginosa biofilms, and Hartman and coworkers (2013) demonstrated that AgNPs 
anchored on the agarose beads inhibited biofilm formed by P. putida. Recently it was 
shown that the combination of AgNPs and curcumin nanoparticles has an enhanced 
antibiofilm activities when comparing to the compounds applied separately (Loo 
et al. 2016). In yet another study, it was demonstrated that AgNPs synthesized using 
fresh leaf extract of Cymbopogon citratus (lemongrass) enhanced QQ activity 
against S. aureus biofilm and prevented biofilm formation (Masurkar et al. 2012).

Several papers reported antibiofilm activity of gold nanoparticles, AuNPs. The 
significant reduction of S. aureus and P. aeruginosa biofilms by AuNPs applied in 
high concentration, exceeding 50 μg mL−1, was demonstrated (Sathyanarayanan 
et  al. 2013). In opposite, the changes in morphology of Legionella pneumophila 
biofilm were observed even after the exposure to very low AuNPs’ concentration 
(Raftery et al. 2013, 2014). Recently it was demonstrated that AuNPs inhibited bio-
film formation and invasion of dental pulp stem cells by Candida albicans and P. 
aeruginosa (Ramasamy et al. 2016). In another study it was shown that nanogold, 
when applied in concentration 100 μg mL−1, was efficient in the inhibition of bio-
film formed by the multiple antibiotic-resistant Enterococcus faecalis (Vijayakumar 
et al. 2017). The comparison of AgNP and AuNP antibiofilm activity revealed that 
the latter was substantially less effective in biofilm inhibition (Vijayan et al. 2014).

Strong antibiofilm properties were reported also for ZnONPs (Appelrot et  al. 
2012). Seil and Webster (2012) suggested that ZnONPs are more effective against 
Gram-positive than Gram-negative bacteria. This suggestion can be questioned in 
light of the results obtained by Lee et al. (2014). These authors in their excellent 
study demonstrated that ZnONPs efficiently inhibited P. aeruginosa biofilm forma-
tion without inhibiting planktonic growth. ZnONPs hampered also several virulence 
determinants – pyocyanin, pyochelin, and hemolytic activity. Moreover, the authors 
showed that ZnONPs were active in inhibiting one of P. aeruginosa QS circuits, 
PQS, and suggested that the functions controlled by RhL circuits were also dis-
rupted. The ability of ZnONPs to inhibit quorum-sensing-dependent virulence fac-
tors and biofilm formation by clinical and environmental P. aeruginosa strains was 
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also confirmed by Garcia-Lara et  al. (2015). The broad-spectrum inhibition of 
QS-regulated functions was recently demonstrated in Chromobacterium violaceum, 
P. aeruginosa, Listeria monocytogenes, and Escherichia coli (Al-Shabib et al. 2016).

The number of publications describing antibiofilm activity of other metal 
nanoparticles is scarce. For example, the efficient inhibition of oral biofilm forma-
tion was proved for CuNPs (Allaker 2010), and the eradication of L. pneumophila 
biofilm by citrate-coated PtNPs was also demonstrated (Raftery et al. 2014).

7.4  Conclusions

The ability of nanoparticles to inhibit QS indicates their good potential to treat the 
infections caused by bacterial biofilms. Until now the molecular mechanism of QQ 
activity just started to be resolved, and the details of the multistep QS signal trans-
duction impairment by nanoparticles are still under study. The antibacterial activity 
of metal nanoparticles including their antibiofilm potential is well documented. 
Their practical applications are however still limited, and NPs are used mainly to 
cure skin infections and as components of medical devices. It should be noted that 
several disappointing clinical trials with medical devices coated with nanosilver 
were reported. The problem was probably due to the possible covering of their sur-
faces with dead cells or blood which highly impede antimicrobial potential of 
nanoparticles (Rai et al. 2009). The restricted usage of NPs is undoubtedly due to 
their poor specificity as compared to the conventional antibiotics (Pauksch et  al. 
2014). The full knowledge about the mechanism of QQ activity and thus the NPs 
interference with bacterial virulence will be very valuable for their clinical applica-
tions. To understand the beneficial and adverse effects of NPs, further detailed stud-
ies are required before the approval of broad clinical use of nanoparticles.
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Chapter 8
A Novel Strategy for Antimicrobial Agents: 
Silver Nanoparticles

Heejeong Lee and Dong Gun Lee

Abstract Metals, such as copper, gold, and silver, have typically been used for the 
synthesis of stable dispersions of nanoparticles. Metallic nanoparticles have high 
biocompatibility owing to their high surface area to lack of charge, volume ratio, and 
lack of toxicity to humans. In particular, silver nanoparticles (nano-Ag) are widely 
used in the field of pathogenic microbiology owing to their potent antimicrobial activ-
ities. Their antimicrobial efficacy has been evaluated against bacteria, viruses, and 
other eukaryotic microbes based on interactions with membranes or cell walls, 
DNA, or proteins. Nano-Ag exerts antimicrobial activity via a variety of mechanisms, 
e.g., membrane disruption, apoptosis, and synergy. Accordingly, nano-Ag has wide 
applications ranging from burn treatments to silver-coated medicinal devices, such as 
coating stainless steel materials, dental materials, nanogels, nanolotions, etc. Nano-Ag 
is a potential alternative strategy for the development of cosmetic and pharmaco-
logical agents for pathogens that are resistant to existing antibiotics.

Keywords Silver nanoparticles • Pathogenic microorganism • Mechanism of action 
• Cell membrane • Apoptosis

Nomenclature

DHR-123 Dihydrorhodamine
DiBAC4(3) Bis-(1,3-dibutylbarbituric acid)-trimethine oxonol
DiOC6(3) 3,3′-dihexyloxacarbocyanine iodide
DPH 1,6-diphenyl-1,3,5-hexatriene
HPF 3′-(p-hydroxyphenyl) fluorescein
Nano-Ag Silver nanoparticles
ROS Reactive oxygen species
TUNEL Terminal deoxynucleotidyl transferase dUTP nick end labeling

H. Lee • D.G. Lee (*) 
School of Life Sciences, College of Natural Sciences, Kyungpook National University,  
80 Daehakro, Bukgu, Daegu 41566, Republic of Korea
e-mail: dglee222@knu.ac.kr

mailto:dglee222@knu.ac.kr


140

8.1  Introduction

Infectious diseases caused by pathogenic bacteria represent one of the greatest 
health problems worldwide and the main causes of worldwide morbidity and 
mortality (Li et al. 2015). Life-threatening human diseases caused by the bac-
teria Escherichia coli, Pseudomonas aeruginosa, and Salmonella spp. and the 
fungi Aspergillus fumigatus and Candida albicans with increased virulence 
and an enhanced ability to induce disease have emerged; therefore, a variety of 
antibiotics have been developed and used to cure human diseases (Mantareva 
et al. 2007; Paulo et al. 2010; Li et al. 2015). Unfortunately, their continued 
usage in clinical applications raises a serious problem, i.e., the development of 
microbial resistance to conventional drugs, with unique properties (Sharma 
et al. 2009).

Silver is a rare, basic, and naturally occurring element with high electrical and 
thermal conductivity; it has been used to produce utensils, monetary currency, 
jewelry, photography, dental alloy, and explosives since ancient times (Rai et al. 
2016). Silver has been known for centuries to be curative and has been used exten-
sively to fight against infections (Rai et al. 2016). Since the discovery of antibiot-
ics, however, silver use as an antimicrobial agent has been limited. Nanotechnology 
provides a platform to modify and develop the properties of metals by reducing 
them to metal nanoparticles, which have huge applications in a range of fields, 
such as diagnostics, biomarkers, drug delivery systems, antimicrobial agents, and 
other nanomedicines for the treatment of various diseases (Singh and Nalwa 
2011). Owing to their high surface area to volume ratio and unique chemical and 
physical properties, with no charge and lack of toxicity to humans, nanoscale 
materials are considered novel antimicrobial agents (Retchkiman-Schabes et al. 
2006; Aruguete et  al. 2013). Nanoparticles are particularly promising as they 
show good antimicrobial effects against pathogenic microorganisms. There are 
various types of nanoparticles, including copper, zinc, titanium, gold, and silver, 
with antimicrobial activity (Oberdörster et al. 2005; Gong et al. 2007; Gurunathan 
et al. 2009).

The mechanisms by which silver nanoparticles (nano-Ag) affect pathogenic 
microorganisms have been examined by many researchers. Additionally, nano-
Ag is nontoxic to humans, like silver ions that are nontoxic to humans according 
to centuries of use (Oberdörster et al. 2005; Gong et al. 2007; Gurunathan et al. 
2009). It is generally reported that nano-Ag interacts with three main compo-
nents of microorganisms to exert an antimicrobial effect: membranes or cell 
walls (Yamanaka et  al. 2005; Kim et  al. 2009), DNA (Yang et  al. 2009), and 
microbial proteins (Yamanaka et al. 2005). Therefore, in the present chapter, the 
mechanisms by which nano-Ag functions against microorganisms, including 
the genetic mechanisms and the roles of cell walls, proteins, and bacterial 
enzymes, are described. The properties and applications of nano-Ag are also 
summarized.
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8.2  Antifungal Activity and Mechanism

8.2.1  Decrease of Membrane Integrity and Changes 
in Membrane Depolarization

Nano-Ag has the ability to anchor the microbial cell wall and then penetrate it, 
thereby affecting the permeability of the cell membrane that causes structural 
changes, eventually resulting in cell death (Prabhu and Poulose 2012; Ortega et al. 
2015). Moreover, proteins and polymeric carbohydrates that accompany to nanopar-
ticles would favor interactions with the cytoplasmic membrane (Fernández et al. 
2016). Among membrane functions, maintaining membrane integrity is important 
for cell survival because the membrane protects the cells from the external environ-
ment and regulates cellular responses (Benyagoub et al. 1996; Portet et al. 2009). 
1,6-Diphenyl-1,3,5-hexatriene (DPH), an indicator of changes in membrane integ-
rity, interacts with an acyl group of the membrane lipid bilayer and does not disturb 
the membrane. When cells experience severe damage, such as membrane disruption 
and pore formation, DPH becomes detached from the membrane (Vincent et  al. 
2004). Nano-Ag decreases fungal membrane integrity, and this effect tends to 
increase depending on the concentration.

Fungal cells establish various ion gradients across the membrane to retain their 
membrane potential. The ion gradients are sustained by restricted membrane permea-
bility to small solutes and ions (Yu 2003). However, when a membrane loses its stabil-
ity after severe damage, increased membrane permeability leads to the leakage of a 
variety of ions from the cell. Then, undesired ion leakage causes the depolarization of 
the fungal membrane (Bolintineanu et  al. 2010). Alterations to fungal membranes 
could be detected by a bis-(1,3-dibutylbarbituric acid)-trimethine oxonol [DiBAC4(3)]. 
Increased DiBAC4(3) fluorescence has been observed after treatment with nano-Ag, 
suggesting that nano-Ag induces membrane depolarization via increased membrane 
permeability.

8.2.2  Release of Intracellular Glucose and Trehalose and Cell 
Cycle Arrest

During stress challenge such as toxic agents, dehydration, desiccation, and oxida-
tion, fungal cells exhibit the inactivation and denaturation of proteins and mem-
branes. Trehalose appears to stabilize membranes and native proteins, suppress the 
aggregation of denatured proteins, and further repair damaged proteins (Alvarez- 
Peral et al. 2002; Leaper 2006; Landolfo et al. 2008). The effect of nano-Ag on 
fungal membranes could be detected by measuring trehalose and glucose released 
in a cell suspension (Alvarez-Peral et al. 2002). After treatment with nano-Ag, the 
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amounts of both released and intracellular glucose and trehalose from C. albicans 
cells increase. These results confirm that nano-Ag induces cellular stress on mem-
branes, leading to the release of several intracellular components, such as glucose 
and trehalose.

As cells progress through the cell cycle, they undergo cell cycle arrest to progress 
to programmed cell death or repair cellular damage when intracellular damage is 
too extensive to be recovered. The position of arrest within the cell cycle varies 
depending upon the phase in which the damage is sensed (Elledge 1996). DNA- 
damaged cells are prevented from entering mitosis at the G2/M or G1/S cell cycle 
checkpoint (Samuel et al. 2002). The growth inhibition of budding cells is corre-
lated with membrane damage, and cell cycle arrest can occur by the disruption of 
membrane integrity (Endo et al. 1997). After treatment with nano-Ag, the amount 
of cells in the G2/M phase increases while that in the G1 phase significantly 
decreases. This demonstrates that nano-Ag induces physiological damage, leading 
to cell cycle arrest at the G2/M phase of C. albicans (Fig. 8.1).

8.2.3  Reactive Oxygen Species (ROS) Accumulation

ROS, including hydroxyl radicals, hydrogen peroxide, and superoxide anions, 
are continuously produced during normal aerobic metabolism and act as second 
messengers in signal transduction pathways in fungal cells (Costa and Moradas-
Ferreira 2001). Increases in intracellular ROS bring about reduced mitochondrial 
enzyme activity and damage to lipids, nucleic acids, and cellular contents (Costa 

Fig. 8.1 Antifungal mechanisms of silver nanoparticles. Membrane disruption leading to leakage 
of intracellular components and cell cycle arrest was caused by silver nanoparticles. Furthermore, 
silver nanoparticles promoted apoptosis through mitochondria dysfunction and DNA damage, 
according to ROS generation
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and Moradas-Ferreira 2001; Landolfo et al. 2008). ROS accumulation could be 
detected by the ROS-sensitive fluorescence probe dihydrorhodamine (DHR-
123). A significant increase in DHR-123 fluorescence has been observed after 
treatment with nano-Ag, indicating excessive ROS levels and the generation of 
oxidative stress. Hydroxyl radicals are the neutral form of hydroxide ions and are 
highly reactive, promoting cellular oxidative damage (Haruna et al. 2002). In the 
presence of hydrogen peroxide and metal ions, hydroxyl radicals are produced 
by the Fenton reaction and damage intracellular molecules, such as lipids, DNA, 
and proteins, resulting in cell death (Rollet-Labelle et  al. 1998). Increased 
3′-(p-hydroxyphenyl) fluorescein (HPF) fluorescence, indicating hydroxyl radi-
cal formation, has been detected in nano-Ag-treated cells, suggesting that 
hydroxyl radical formation is induced by nano-Ag in C. albicans cells. To inves-
tigate the effect of hydroxyl radicals, a potent hydroxyl radical scavenger, thio-
urea, was used to establish hydroxyl radical scavenging effects in both eukaryotes 
and prokaryotes (Novogrodsky et  al. 1982). Nano-Ag and thiourea co-treated 
cells significantly reduced hydroxyl radical formation. These results indicate that 
hydroxyl radical formation plays an essential role in nano-Ag-induced cell death 
(Fig. 8.1).

8.2.4  Fungal Apoptosis

8.2.4.1  Phosphatidylserine Exposure and DNA Fragmentation

In most cells, the plasma membrane consists of asymmetric phospholipids, such as 
phosphatidylcholine, phosphatidylethanolamine, phosphatidylserine, and sphingo-
myelin (Fadok et  al. 1998). Phosphatidylcholine and sphingomyelin are concen-
trated on the outer leaflet of the plasma membrane, whereas phosphatidylethanolamine 
and phosphatidylserine are concentrated on the inner leaflet of the cytoplasmic 
membrane (Mantareva et al. 2007). Almost 90% of phosphatidylserines are oriented 
toward the inner leaflet of the cytoplasmic membrane, but by inhibiting flip-flop 
action, they can be translocated to the outer leaflet in yeast (Cerbon and Calderon 
1991; Suzuki et  al. 2013). In apoptotic cells, phosphatidylserine exposure is 
observed in the early stage. Annexin V detects to phosphatidylserine with high 
affinity in the presence of Ca2+ and therefore is used as an early apoptosis marker 
based on the detection of phosphatidylserine exposure (Smrz et al. 2007). The cell 
population exhibiting early apoptosis significantly increases after treatment with 
nano-Ag, whereas no increase in early apoptosis is detected in thiourea co-treated 
cells. Nano-Ag induces phosphatidylserine exposure in C. albicans cells and apop-
totic death in the presence of hydroxyl radical formation (Hwang et al. 2012).

Apoptosis involves diverse cellular processes, including phosphatidylserine exter-
nalization to the outer leaflet of the plasma membrane, active chromatin condensa-
tion, and DNA fragmentation (Kyrylkova et al. 2012; Léger et al. 2015). In particular, 
DNA damage from oxidative stress triggers cell death, and the fragmentation of 
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DNA by activated endonucleases is considered a feature of late-stage  apoptosis 
(Wadskog et al. 2004). DNA fragmentation could be revealed by a terminal deoxy-
nucleotidyl transferase dUTP nick end labeling (TUNEL) assay. Nano-Ag treatment 
results in TUNEL-positive cells, showing an increase in fluorescence or intense fluo-
rescent spots. However, these cells are not observed after co-treatment with thiourea. 
Nano-Ag promotes the oxidative condition, resulting in phosphatidylserine and DNA 
fragmentation (Hwang et al. 2012).

8.2.4.2  Attenuation of Mitochondrial Functions

Mitochondria play a central role in yeast apoptosis because they contain many pro-
apoptotic factors and are the major organelle of ROS production (Reiter et al. 2005). 
Especially, enhancement of mitochondrial permeability and the loss of mitochon-
drial membrane potential are hallmarks of the early stage of apoptosis (Jakubowski 
et al. 2000). The opening of membrane pores that are located in the mitochondrial 
membrane induces a decrease in mitochondrial inner membrane potential. 
Additionally, as a consequence of the decline in mitochondrial membrane potential, 
mitochondrial structures are altered, including cristae unraveling and matrix con-
densation, and these structural changes result in the redistribution of cytochrome c 
from the cristae to the intermembrane spaces, facilitating release (Anantharaman 
et  al. 2010). To investigate whether nano-Ag decreases the mitochondrial mem-
brane potential, the fluorescent voltage-dependent probe 3,3′-dihexyloxacarbocya-
nine iodide [DiOC6(3)] was used. It accumulates in mitochondria and fluoresces 
green. The dissipation of mitochondrial membrane potential was revealed by nano- 
Ag- treated cells. In contrast, cells treated with nano-Ag and thiourea did not undergo 
substantial changes (Hwang et al. 2012). Moreover, changes in mitochondrial inner 
membrane potential were investigated by a JC-1 assay to confirm the effect of nano-
 Ag on mitochondrial membrane potential. Nano-Ag induced the breakdown of the 
mitochondrial inner membrane potential, which is a crucial stage in apoptotic cells, 
and increased mitochondrial permeability (Yao et al. 2006).

Many studies have demonstrated that mitochondria play a key role in fungal 
apoptosis via cytochrome c release. A decrease in the mitochondrial membrane 
potential causes the translocation and activation of the apoptotic factor cytochrome 
c (Gottlieb et al. 2003). Cytochrome c release from mitochondria to the cytosol is a 
crucial event in the apoptotic pathway. It binds electrostatically to the mitochondrial 
outer membrane and is an essential component of the respiratory chain in mitochon-
dria (Dejean et al. 2006). Additionally, cytochrome c is leaked to the cytosol during 
apoptosis and subsequently provokes the caspase cascade, representative of apop-
totic proteases. Released cytochrome c from mitochondria binds to apoptotic 
protease- activating factors in cytosol (Pereira et al. 2007). A large amount of cyto-
chrome c is found in the cytosol after treatment with nano-Ag, and a small amount 
of cytochrome c is found in thiourea co-treated cells. Nano-Ag causes the release of 
cytochrome c from mitochondria to the cytosol, and hydroxyl radical formation 
affects cytochrome c release (Fig. 8.1).
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8.3  Antibacterial Activity and Mechanism of Action

Silver has been used as a therapeutic agent against various diseases; in the past, it 
has been used as an antimicrobial and antiseptic agent against Gram-positive and 
Gram-negative bacteria (Costa and Moradas-Ferreira 2001; Mantareva et al. 2007; 
Landolfo et al. 2008) because it exhibits low cytotoxicity (Rai et al. 2009). Although 
the highly antibacterial effect of nano-Ag has been widely described, the mecha-
nism of action is yet to be fully elucidated. In fact, the potent antibacterial and 
broad-spectrum activity against metabolically and morphologically diverse micro-
organisms seem to be correlated with a multifaceted mechanism by interacting with 
microbes (Fig. 8.2).

8.3.1  Bacterial Cell Membrane

8.3.1.1  Leakage of Intracellular Contents

Protection from outside is granted by two structures used to classify bacteria as 
Gram-positive or Gram-negative (Durán et al. 2016). Gram-negative bacteria reveal 
only a thin peptidoglycan layer between the outer membrane and the cytoplasmic 
membrane (Morones et al. 2005); in contrast, Gram-positive bacteria lack the outer 
membrane but have a peptidoglycan layer of approximately 30 nm thick (Morones 
et al. 2005). The outer membrane is important for protecting bacteria from harmful 

Fig. 8.2 Antibacterial mechanisms of silver nanoparticles. Silver nanoparticles exerted the anti-
bacterial effect via membrane damage and process according to oxidative stress. Also, silver 
nanoparticles showed the synergistic effect in combination with conventional antibiotics
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agents, such as degradative enzymes, toxins, drugs, and detergents. The outer leaflet 
of the outer membrane is composed of lipopolysaccharide molecules that cover 
approximately three quarters of the surface, and the remaining quarter is composed 
of membrane proteins (Amro et al. 2000). Reducing sugars exhibit leakage from 
nano-Ag-treated cells. Similarly, nano-Ag elevates the leakage of proteins through 
the membrane of E. coli. Furthermore, nano-Ag reduces the levels of intracellular 
adenosine triphosphate, inducing bacterial cell death (Mukherjee et al. 2014). These 
results demonstrate that nano-Ag induces bacterial membrane damage and permea-
bilizes the outer membrane, resulting in the leakage of cellular materials, such as 
reducing sugars and proteins.

8.3.1.2  Effect on Respiratory Chain Dehydrogenases

Bactericidal mechanisms include binding to thiol group agents, involving the induc-
tion of hydroxyl radical formation and the inactivation of respiratory chain and TCA 
cycle enzymes (Gordon et al. 2010). Since respiratory chain enzymes are bound 
to the cell membrane, they can be considered strongly, early affected targets of 
nano- Ag. Additionally, the respiratory chain contains iron, mainly coordinated in 
iron- sulfur clusters (Panáček et  al. 2016). The most widely known bactericidal 
mechanism of nano-Ag is its interaction with the thiol groups of the l-cysteine 
residue of proteins and the consequent inactivation of their enzymatic functions 
(You et al. 2012). Nano-Ag interacts with the thiol group of cysteine by replacing 
the hydrogen atom, thus inactivating the function of protein and inhibiting the 
growth of E. coli and S. aureus (Durán et  al. 2016). It is assumed that nano-Ag 
breaks the barriers of outer membrane permeability, periplasm, and peptidoglycan 
and enters the inner membrane to destroy respiratory chain dehydrogenases (Li 
et al. 2010, 2011). Accordingly, respiration is inhibited, interfering with the normal 
growth and metabolism of bacteria cells (Li et al. 2011).

8.3.1.3  Dissipation of Membrane Function

Nanoparticles naturally interact with the bacterial membrane, disrupting membrane 
integrity and increasing permeability, leading to cell death (Hajipour et al. 2012). 
The structures of E. coli cells have been observed based on electron micrographs 
obtained by electron microscopy. In SEM micrographs, smooth surfaces and the 
typical rod-shaped characteristic are modified, resulting in extensive leakage as well 
as additional morphological changes and fragmentation in nano-Ag-treated cells. In 
TEM micrographs, nano-Ag-treated cells exhibit membrane disruption and severe 
efflux of the cytoplasm; many pits and gaps appear, and the membrane is frag-
mented. Furthermore, membrane fragments of E. coli could form vesicles spontane-
ously (Li et al. 2010; Grigor’eva et al. 2013). Thus, ribosomes and other structural 
components of the cytoplasm lose their structure and aggregate in clumps of high 
electron density located in the electron-lucent cytoplasm (Grigor’eva et al. 2013).
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8.3.2  ROS Generation and Oxidative Stress

Nanotoxicity is generally caused by the induction of oxidative stress by free radical 
formation, i.e., ROS, following the administration of nanoparticles (Hajipour et al. 
2012). ROS result from the damage of the respiration chain and lead to protein, 
DNA, and lipid peroxidation damage (Radzig et al. 2013). Thus, ROS generation 
and oxidative stress can be used as a paradigm to assess nano-Ag toxicity (You et al. 
2012). Nano-Ag induces an increase in the respiration rate, thus accumulating intra-
cellular ROS (You et al. 2012). The generation of ROS by nano-Ag results in free 
radical formation and powerful bactericidal action. Since antioxidative enzymes 
rely on thiol groups, they most likely do not detoxify ROS generated from the dam-
aged respiratory chain (Gordon et al. 2010). Glutathione contributes to cellular pro-
tection from oxidative stress (Mukherjee et al. 2014). The nano-Ag inside cells may 
interact with cellular glutathione and oxidize it. This oxidized glutathione results in 
the formation of extensive ROS, which may promote bacterial cellular toxicity and 
consequently inhibit bacterial growth (Mukherjee et al. 2014).

8.3.3  Cell Filamentation and Change in Membrane Potential

Filamentation describes anomalous bacterial growth in which cells do not undergo 
septum formation and continue to elongate with multiple chromosomal copies, 
resulting in a lack of cell division (Chatterjee et  al. 2014). The incubation of 
Salmonella typhimurium with nano-Ag arrested cell division; the number of divid-
ing cells decreased significantly. Nano-Ag increased the size of E. coli cells due to 
the inhibition of cell division progression. Bacterial cell filamentation occurs by the 
action of an external agent that induces either a dissipated cell membrane potential 
or an SOS-like stress response in cells. A change in membrane potential could be 
measured by DiBAC4(3) staining, which is sensitive to cell membrane potential and 
enters depolarized cells (Liao et al. 1999). An increase in DiBAC4(3) fluorescence 
has been observed in nano-Ag-treated cells, indicating a change in membrane 
potential. This result indicates that nano-Ag exerts its antibacterial effect via mem-
brane depolarization.

8.3.4  DNA Damage and Damage Repair System

When bacterial cells suffer from severe DNA damage, the SOS response is oper-
ated by RecA to repair DNA damage (Li et al. 2011). DNA fragmentation and dam-
age by nano-Ag have been observed (Lee et al. 2014). During DNA damage repair, 
SulA stops cell division by binding to FtsZ, and this causes filamentation (Lee et al. 
2014). The integrity of damaged DNA can be repaired by DNA repair mechanisms. 
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A primary defense mechanism for cells is the SOS response, which plays a role in 
the exposure of prokaryotic cells to DNA-damaging or DNA replication-interfer-
ing agents by producing about 30 proteins involved in damage tolerance (Chatterjee 
et al. 2014). RecA may act as a major regulator in the SOS repair system. RecA has 
a co-protease function in the autocatalytic cleavage of the LexA repressor, which 
restrains the expression of genes involved in the bacterial repair system (Li et al. 
2011). The activation of the SOS response could be confirmed by measuring RecA 
expression by Western blotting. Blots from nano-Ag-treated cells showed higher 
RecA expression levels than those of untreated cells. This result indicates that bac-
terial cell death involves severe DNA damage by nano-Ag and also suggests that 
the DNA repair system is activated by the RecA protein. Additionally, the influence 
of mutations in genes in the base excision repair system on bacterial sensitivity to 
nano-Ag has been explored. BER is the most essential mechanism for cellular 
DNA protection from oxidative damage caused by nano-Ag-induced ROS in bacte-
rial cells (Radzig et al. 2013). The bases in DNA are susceptible to oxidative dam-
age; the most common lesion is 8-oxoguanine, leading to oxidative mutagenesis 
(Radzig et al. 2013).

8.4  Synergistic Effect

In order to move toward practical uses in the medical field, the synergistic effects 
of nano-Ag have been examined in many studies using conventional antibiotics 
(Hwang et al. 2012; Ghosh et al. 2013; Markowska et al. 2014). The minimum 
inhibitory concentration and fractional inhibitory concentration have been used to 
confirm synergistic effects and antibacterial susceptibility (Hwang et al. 2012). 
These synergistic activities of nano-Ag in the presence of conventional antibiotics 
may enable reductions in the viability of bacterial strains at lower concentrations 
(Ghosh et  al. 2012; Panáček et  al. 2016). Nano-Ag and antibiotics can lead to 
bacterial cell death via different mechanisms. Therefore, the synergistic effects 
can act as an influential tool against resistant microorganisms. A bonding reaction 
between antibiotics and nano-Ag ultimately increases the sensitivity of antimicro-
bial agents at specific points on the cell membrane. This may be attributed to the 
selectivity of nano-Ag toward the cell membrane, consisting of phospholipids and 
glycoprotein. Thus, nano-Ag facilitates the transport of antibiotics to the cell sur-
face. The permeability of the membrane increases, facilitating enhanced infiltra-
tion of antibiotics into the cell as nano-Ag binds to sulfur-containing proteins of 
the bacterial cell membrane (Ghosh et al. 2012). Based on a different approach, it 
can be demonstrated that the generation of ·OH is a common mechanism by which 
antibiotics cause bacterial cell death. Indeed, nano-Ag is capable of ·OH genera-
tion, and two different classes of bactericidal antibiotics, kanamycin and ampicil-
lin, induce OH formation according to a study of synergistic effects of nano-Ag 
with conventional, indicating that ·OH is an important cause of synergistic effects 
(Grigor'eva et al. 2013).
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8.5  Applications

Many studies focused on clinical and industrial applications of nano-Ag have been 
performed over the past few decades. The application of nano-Ag demonstrates the 
possibility of additional clinical and industrial uses (Chen and Schluesener 2007). 
Nano-Ag can be used to prepare and develop nanomedicines, new generations of 
biosensors, antimicrobials, drug delivery systems, silver-coated medicinal devices, 
silver-based dressings, nanogels, and nanolotions (Sahu et al. 2013). Dressings are 
important in the management of wounds, and newly designed wound dressings are 
required to prevent pathogenic infections. Silver nanocrystalline dressings reduce 
bacterial infections in chronic wounds (Ip et al. 2006; Leaper 2006). Medical appli-
cations in the form of nanolotions, nanogels, silver-coated medicinal devices, and 
silver-based dressings have been incorporated (Oberdörster et al. 2005). Moreover, 
the advantages of silver-coated medical devices include the protection of both the 
outer and inner surfaces of devices. The continuous release of silver ions provides 
antimicrobial activity (Rai et al. 2009).

8.6  Conclusion

Owing to its effective antimicrobial properties, silver has been used for centuries to 
treat various diseases, most notably infections, and its biological safety has been 
demonstrated. Although silver is a practical antimicrobial agent, its use has a major 
drawback, i.e., is easily inactivated by complexation and precipitation. However, 
nanotechnology has resolved this issue by the development of nano-Ag, which 
exhibits unique chemical and physical properties that are beneficial for the develop-
ment of new antimicrobial agents. Antimicrobial mechanisms against pathogenic 
microorganisms have been reported. Nano-Ag induces membrane disruption in fun-
gal and bacterial cells. Apoptosis hallmarks have been observed in yeast cells. 
Efficiency with respect to ROS has been indicated, such as DNA damage, cell fila-
mentation, and the induction of DNA repair systems in bacterial cells. Its synergis-
tic capacity against various representative pathogenic bacteria has been confirmed. 
Considering the significant antimicrobial efficacy of nano-Ag in clinical and indus-
trial applications, it has emerged as a potent and practical antimicrobial agent. These 
studies clarify the efficient antimicrobial activity and mechanism of nano-Ag. 
Further investigations of the specific clinical implications are needed.
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Chapter 9
Synthesis of Gold Nanoparticles and Their 
Applications in Drug Delivery

Lian-Hua Fu, Jun Yang, Jie-Fang Zhu, and Ming-Guo Ma

Abstract Nanotechnology is a rapidly growing area of research because of its wide 
biomedical applications. Exploring effective drug-delivery systems in nanomedi-
cine is still a challenging task. Gold nanoparticles (AuNPs) have been widely used 
in drug-delivery systems because of their high stability, high dispersity, tunable 
monolayers, functional flexibility, non-cytotoxicity, and biocompatibility There are 
numerous recent reports on the applications of AuNPs in the delivery of antitumor 
drugs, showing enhanced efficacy of treatment. AuNPs can be functionalized with 
active targeting ligands to increase their specific binding to the desired drug- delivery 
systems. This chapter focuses essentially on the synthesis, functionalization strate-
gies, and potential applications of AuNPs in the field of drug delivery. We review 
current progress with AuNPs in the drug-delivery field, present their unique proper-
ties in drug-delivery applications, discuss their toxicity and biological interactions, 
and suggest future work in this area.

Keywords Nanotechnology • Gold nanoparticles • Drug delivery • Applications

9.1  Introduction

Nanomaterials have been a source of particular interest for scientists over the course of 
the past few decades. Gold nanoparticles (AuNPs) are one of the most widely investi-
gated nanomaterials, owing to their unique optical and physical properties, as well as 
their safe use in the biological environment (Austin et al. 2015). Compared with other 
nanomaterials, AuNPs are chemically stable, non-toxic, and easy to functionalize 
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(Lu et al. 2012). With the rapid development of nanoscience, the synthesis of AuNPs 
has made great progress, with AuNPs tailored as different morphologies, such as nano-
spheres, nanorods, nanoshells, nanocages, nanocubes, and nanostars (Alkilany et al. 
2012; Khan et al. 2013; Tian et al. 2016). DNA, enzymes, antibodies, and some func-
tional polymers can be easily conjugated with AuNPs without, in most cases, affecting 
their activities (Lu et al. 2012; Capek 2017), a feature that has encouraged researchers 
to explore the ultimate potential of AuNPs for biomedical purposes, especially for 
cancer therapy and drug delivery (Kumar et al. 2013; Abadeer and Murphy 2016). 
Different functionalized AuNPs can be designed and assembled as required; thus, 
AuNPs provide a promising platform for various types of applications in bio-nano-
technology. Mainly because of the high surface-to- volume ratio and the functional 
versatility of their monolayers, AuNPs work efficiently as drug-delivery vehicles, and 
the drugs can be delivered to specific areas if targeting ligands are utilized (Cheng et al. 
2011). AuNPs are 100–10,000 times smaller than human cells and, consequently, they 
can offer unprecedented interactions with biomolecules, both on the surface of and 
inside biological cells (Fratoddi et al. 2014). Thus, the application of AuNPs in drug-
delivery systems is a rapidly expanding field.

Because this field has already been covered by excellent reviews, herein we nar-
row the focus to consider only recent studies in which AuNPs have been used to bind 
specific targeting drugs and recent studies in which AuNPs have been used as new 
agents for drug delivery. In this chapter, we first discuss AuNPs as a versatile plat-
form for drug-delivery systems, followed by an outline of progress in the synthesis 
of AuNPs. Current progress in the application of AuNPs with different morpholo-
gies (including nanospheres, nanorods, nanoclusters, nanoshells, nanocages, nano-
cubes, and other shapes) in the drug-delivery field is also presented in this chapter, 
showing the unique properties of AuNPs in drug-delivery applications, and illustrat-
ing how these nanostructures can be exploited as promising agents in drug delivery. 
Finally, we discuss the toxicity of AuNPs and suggest future work in this area.

9.2  Synthesis of Gold Nanoparticles

The fabrication of AuNPs with different shapes, sizes, and decorations with differ-
ent functionalities makes them an appealing platform for drug-delivery systems. 
AuNPs can be produced by the reduction of gold salts in the presence of stabilizing 
agents in order to prevent agglomeration. Khan et al. (2013) classified the synthesis 
of AuNPs into four different methods.

 (I) Physical methods. These include microwave irradiation, sonochemical meth-
ods, ultraviolet (UV) radiation, laser ablation, thermolytic processes, and pho-
tochemical processes. (Shang et  al. 2013; Wei et  al. 2013; Li et  al. 2014; 
Raveendran et al. 2017).

 (II) Chemical methods. These methods often involve chemical reactions during 
the synthesis of AuNPs in the presence of reducing agents and/or stabilizing 
agents, such as sodium citrate, heparin, hyaluronan, ascorbic acid, and sodium 
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borohydride (NaBH4) (Kemp et al. 2009; Muddineti et al. 2016; Piella et al. 
2016; Li et  al. 2017a). AuNPs show relative ease of functionalization with 
various targeting ligands, such as peptides, proteins, and oligosaccharides 
(Ding et al. 2015; Peng et al. 2016; Manivasagan et al. 2016).

 (III) Supercritical fluid technique (Smetana et al. 2008; Machmudah et al. 2011). 
Supercritical fluid is defined as a solvent at a temperature and pressure above 
its critical point, at which the fluid remains as a single phase regardless of 
pressure. Supercritical CO2 is the most widely used typical supercritical fluid, 
owing to its mild critical conditions, non-toxicity, non-flammability, and low 
cost (Khan et al. 2013).

 (IV) Biological methods (Das et al. 2012; Vala 2015). Biological methods use fungi 
or bacteria as a source to produce AuNPs, avoiding the use of organic solvents, 
compared with chemical and physical processes, thus making biological pro-
cesses an ecofriendly approach for the production of AuNPs.

Pandey et al. (2013a) synthesized a blend of carbon dots and gold nanorods as a 
complex (C-dots/AuNRs) for the controlled release of doxorubicin (Dox) under 
physiological conditions. C-dots were prepared by dissolving gum arabic in pre- 
chilled double-distilled water. Three distinct bands, labeled as F1, F2, and F3, were 
observed and they displayed exceptionally sharp contrast under both white and UV 
light (λex = 365 nm) (Fig. 9.1b(i)). Pandey et al. (2013a) obtained AuNRs by a seed- 
mediated method, using HAuCl4 and NaBH4 in cetyltrimethylammonium bromide 
(CTAB), and the experiment was performed at 20 °C to initiate rod formation. In 
order to prepare the C-dots/AuNR complex, AgNO3 and ascorbic acid were added 
to the HAuCl4 solution with CTAB. Then, the purified C-dots complex from F3 was 
added to the above solution and the solution was vigorously agitated for 5 min. 
After that, 4 μL of seed solution was added to this mixture, which was stored for 2 h 
until the solution turned royal blue.

In the transmission electron microscopy (TEM) image of C-dots/AuNRs 
(Fig. 9.2a), complete coating on AuNRs and the bridging of C-dots between AuNR 
surfaces are observed. This observation indicated that selective adsorption of C-dots 
on the surface of AuNRs showed the presence of irregular C-dot-nanoparticle con-
jugates. Figure 9.2b shows the C-dots/AuNRs present in the supernatant separated 
during centrifugation, while Fig. 9.2c, d shows a magnified view of a representative 
AuNR coated with C-dots and a further enlarged image to highlight the coating of 
the AuNR surface by C-dots. The lattice constant of the coat confirmed the presence 
of C-dots on the surface. Figure 9.2e depicts spherical nanoparticles formed during 
the growth of AuNRs in the solution. Owing to the mild reducing capacity of the 
C-dots, the spherical AuNRs also became covered with C-dots from darker zones 
(Fig. 9.2e); a magnified high-resolution (HR) TEM image is shown in Fig. 9.2f.

The prepared C-dots/AuNRs were used for anchoring Dox via covalent and 
non- covalent pH-sensitive chemical bonds. Under physiological conditions, the 
drug- loading capacity of the C-dots/AuNRs was 94.08%, which was greater than 
previously reported (Pandey et  al. 2013b). The authors (Pandey et  al. 2013a) 
thought that the high drug-loading capacity shown by C-dots/AuNRs occurred 
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owing to the porous nature of the C-dots. Another beneficial effect of the Dox-
loaded C-dots/AuNRs was found to be a rapid burst of drug release under near 
infrared radiation (NIR, 808 nm), thus showing highly biocompatible thermo-
chemotherapy for solid tumors. Cytotoxicity studies showed that protection of the 
AuNRs surface with bio- friendly C-dots reduced the obvious toxicity of the 
nanorods owing to the presence of the cationic surfactant CTAB. In vitro photo-
thermal therapy and bioimaging were also carried out to evaluate the in-vitro killing 
capacity of the C-dots/AuNRs-Dox conjugate. All the experimental results indi-
cated that the obtained C-dots/AuNR- Dox complex was a tri-pronged ‘molecular 
weapon’ for drug delivery,  photothermal therapy, and biological imaging. 

Microwave
assisted heating

a

b

Complete

carbonisation

Partialcarbonisation

Carbon dots
(C-dots)

Graphene Oxide
(GO)

24 minutes

F1

F2

F2

F3

F3

(i) (ii) (iii) (iv)

1 cm

1 cm

Gum arabic extract Deep brown coloured
solution after heating

Fig. 9.1 (a) Microwave-assisted pyrolysis of gum arabic extract and the formation of dark brown- 
colored solution containing graphene oxide and a blend of carbon dots and gold nanorods as a 
complex (C-dots). (b) Sucrose density gradient with distinct separation of fractions in (i) ambient 
light and (ii) ultraviolet (UV) light (365 nm); (iii) a closer view of the fluorescent fractions, (iv) 
separated fractions in ambient light (top) and UV light (bottom) (From Pandey et  al. 2013a. 
Reprinted with permission from the Royal Society of Chemistry)
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Moreover, this research could be extended by introducing synaptic targeting mol-
ecules such as folic acid (FA) to further improve the drug efficacy of the complex. 
This is yet another theranostic application of hybrid nanocomplex molecules com-
bining chemotherapy and diagnosis in nanomedicine.

Fig. 9.2 (a) Transmission electron microscopy (TEM) images of C-dots/gold nanorods (AuNR) 
complex with various degrees of coating (red arrows show complete coating of C-dots on AuNR, 
blue arrows show bridging of C-dots between two rod surfaces, yellow arrows show the selective 
adsorption of C-dots onto the rod surface, and white arrows show the presence of irregular C-dot 
nanoparticle conjugates). (b) TEM of post-centrifugation supernatant displaying the presence of 
C-dots with a minimal amount of rods. (c) Representative high-resolution (HR) TEM of single C-dots/
AuNR complex, which is magnified and shown in (d) and has a 1-nm-thick layer of C-dots. (e) 
Representative HR TEM of C-dots/AuNR complex; magnified image is shown in (f) with a 0.41-nm-
thick layer of adsorbed C-dots (From Pandey et al. 2013a. Reprinted with permission from CE: Royal 
Society of Chemistry (RSC))
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Recently, green synthesis of AuNPs using plant extracts has been developed, 
where the extracts themselves simultaneously act as stabilizing and reducing agents 
for AuNPs (Siddiqi and Husen 2017). The use of plant extracts meets the require-
ments of green chemistry perspectives. Green chemistry perspectives have empha-
sized three main steps for the synthesis of AuNPs: the selection of solvent medium 
for the synthesis, the selection of an environmentally benign reducing agent, and the 
selection of non-toxic materials for the stabilization of metal nanoparticles 
(Raveendran et al. 2003). In addition, the plant-based biological synthesis of AuNPs 
is gaining importance owing to its low cost, high reproducibility, ecofriendliness, 
and elaborate process of purification, compared with other ecofriendly biological 
methods (Ganeshkumar et al. 2013). Ganeshkumar et al. (2013) reported the spon-
taneous synthesis of mono-dispersed punicalagin-stabilized gold nanoparticles) by 
mixing a gold solution with an extract of Punica granatum (pomegranate) fruit peel. 
Pomegranate peel, one of the most valuable by-products of the food industry, con-
sists of ellagic acid and its derivatives, such as the ellagitannins, gallic acid, querce-
tin, kaempferol, and naringenin. Pomegranate peel has been used in the preparation 
of tinctures, cosmetics, therapeutic formulae, and in food recipes. Moreover, pome-
granate peel extract has been reported to have antioxidant and antimicrobial activi-
ties, and high chemopreventive potential for skin, colon, prostate, and lung cancer, 
and it is also used as adjuvant therapy for human breast cancer.

With the above method reported by Ganeshkumar et al. (2013), the mean particle 
diameter of the obtained pAuNPs was 70.90 ± 8.42 nm, and the punicalagin-coated 
shells on AuNPs resulted in the formation of small and stable colloidal Au nanopar-
ticles. Punicalagin was able to simultaneously reduce Au3+ to form PAu0 and serve 
as a stabilizing agent to prevent the agglomeration of pAuNPs. In vitro stability was 
analyzed by incubating the pAuNPs with saline (1, 2, 3, and 4 M) and phosphate 
buffer solution (PBS; pH 4.5 and 7.4) at 37 ± 1 °C for different times. The experi-
mental results confirmed that the pAuNPs had excellent stability in biological fluids 
at various physiological pH values. Temperature-dependent stability was also inves-
tigated by storing the pAuNPs in a refrigerator. The pAuNPs were found to be 
stable, confirmed by UV-visible spectroscopy, and they were stable for more than 
12 months under refrigerated conditions. The hemocompatibility of pAuNPs was also 
evaluated in human blood samples, and the prepared pAuNPs exhibited excellent 
hemocompatibility.

5-Fluorouracil (5-Fu) has been used as a chemotherapeutic agent for several 
decades; however, the problem in using this drug is its toxicity to bone marrow and 
the gastrointestinal tract when it is used in conventional dosage form. In a study by 
Ganeshkumar et al. (2013), casein was employed to couple pAuNPs for FA func-
tionalization . These pAuNPs functionalized by FA (pAuNPs-FA) were used for 
targeted drug delivery to cancer cells, using 5-Fu as a model drug. The toxicity of 
free 5-Fu, 5Fu/pAuNPs, and 5Fu/pAuNPs-FA was analyzed in zebrafish embryos, 
an ideal model in which human diseases, nanoparticle toxicity, and drug screening 
can be studied. The tumor targeting efficiency of free 5-Fu, 5Fu/pAuNPs, and 
5Fu/pAuNPs-FA was also evaluated in the MCF-7 cell line. Regarding the in vitro 
cytotoxicity of free 5-Fu and 5-Fu/pAuNPs-FA, the amount of 5-Fu required to 
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achieve 50% growth inhibition (IC50) was observed. The in  vitro drug release, 
cytotoxicity, and therapeutic efficacy results showed that 5-Fu/pAuNPs-FA could 
be a promising alternative carrier for targeting breast cancer.

Gold nanoclusters (GNCs), which consist of several to several hundred gold 
atoms, have drawn much attention owing to their unique physicochemical proper-
ties, catalytic activities, and potential applications in biomedical fields (Zhang et al. 
2015; Zhao et al. 2016). The key factor for the practical application of GNCs is their 
stability. Zhang et al. (2015) developed a synthetic method for preparing ultrastable 
and multifunctional GNCs. They fabricated GNCs based on thiol-containing short- 
chain polyethylene glycols (PEGs) “HS-C11-EG6-X” by using two methods 
(Fig. 9.3). Each HS-C11-EG6-X molecule consists of four parts: A mercapto group 
(−SH), a methylene group (C11), a short-chain ethylene glycol (EG6), and a terminal 
functional group (X, where X = OH, COOH, NH2, or glycine-arginine-glycine-
aspartic peptides (GRGD). In method A, histidine and HAuCl4 were blended and 
incubated for more than 2  h to synthesize GNC precursors. After that, HS-C11- 
EG6-OH was added to the above-prepared GNC precursors to form the final GNCs. 
In method B, HAuCl4, histidine, and HS-C11-EG6-OH were mixed together in one 
pot to form the final GNCs. Both the products prepared by methods A and B exhib-
ited ultrahigh stability in aqueous solutions with different pH values, in high salt 
concentrations, and even in cell medium. Moreover, the GNCs were still stable even 
when conjugated with the anticancer drug Dox. Confocal imaging experiments 
were carried out to demonstrate that the drug-carrying GNCs could enter cells, even 
entering the cell nucleus.

Zhang et al. (2015) noted that these two synthetic methods have their respective 
pros and cons. For example, the quantum yield (QY) of GNCs prepared by method 
A was higher than that for method B, while the preparation of GNCs by method B 
was easier. The GNCs prepared by both methods were ultrastable and had good 
monodispersity in aqueous media. It was found that the HS-C11-EG6-X-capped 
GNCs exhibited superior stability under various solution conditions for at least 
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NH2HN

N

HAuCl4
(1)

1 2 3

Histidine
(2)

HS-C11-EG6-OH
(3)

Fig. 9.3 Schematic illustration of the formation of gold nanoclusters (GNCs) (From Zhang et al. 
2015. Reprinted with permission from Elsevier)
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6 months, even after conjugation with the anticancer drug Dox. Also, HS-C11-EG6-X 
significantly increased the QY of the synthesized GNCs, while the GNCs capped 
with carboxyl groups had the highest QY.  Furthermore, the terminal functional 
group X could be any functional group, such as OH, NH2, COOH, or GRGD, as 
demonstrated in this study. Other functional groups such as the azido group (−N3), 
biotin, the nitrilotriacetic group, and the acylamino group are also commercially 
available and can be readily used for various purposes. This study demonstrates the 
importance of using thiol-terminated, alkyl-containing short-chain PEGs to fabri-
cate and stabilize GNCs.

9.3  Applications of Gold Nanoparticles in Drug Delivery

9.3.1  Gold Nanorods

Gold nanorods (AuNRs) have received much attention as a drug-delivery vehicle 
owing to their low cytotoxicity and their biocompatibility, excellent stability, and 
suitable physicochemical parameters (Marangoni et al. 2016). The length and diam-
eter of nanorods have to be determined; the diameter is completely dependent on the 
pore diameter of the template membrane, whereas the length can be controlled by 
keeping a check on the amount of gold deposited within the pores of the template 
membrane (Khan et al. 2013). Hu et al. (2013) fabricated AuNR-covered kanamycin- 
loaded hollow SiO2 nanocapsules herpes stromal keratitis gold nanorods 
(HSKAuNR). They prepared CTAB-stabilized AuNRs by a seed-mediated and 
silver(I)-assisted growth method, with slight modifications. As shown in Fig. 9.4a, 
the AuNRs had an average aspect ratio (length/diameter) of 4.6 ± 0.7, resulting in an 
average longitudinal surface plasmon resonance wavelength of 770 nm and a weak 
transverse plasmon band at 512 nm. The spherical silica nanoparticles were pre-
pared by tetraethyl orthosilicate (TEOS) hydrolysis in ethanol in the presence of 
ammonia, based on the Stöber process, with some modification. By regulating the 
volume of ammonia at fixed TEOS and ethanol/deionized (DI) water concentra-
tions, monodispersed SiO2 nanospheres were obtained with an average hydrody-
namic size of ca. 205 nm (Fig. 9.4b). Hollow SiO2 nanocapsules were obtained by 
etching the nanocapsules with NaBH4 at 51 °C for 6 h. As shown in Fig. 9.4c, the 
hollow SiO2 nanocapsules had well-defined hollow nanostructures with smooth 
SiO2 shells and discernable pores on the surface, which allow kanamycin to pass 
through and load onto the SiO2 shells. In the etching process, polyvinylpyrrolidone 
(PVP) was added to prevent aggregation of the hollow spheres and to serve as a 
bridging agent between the hollow SiO2 nanocapsules and AuNRs. The SiO2 
nanoparticles exhibited an obvious solid-to-hollow structure conversion after etch-
ing in NaBH4-PVP solution (Fig. 9.4e). Hollow SiO2 nanocapsules were used as 
carriers for drug delivery, with kanamycin as a model drug, and the nanocapsules 
were covered with AuNRs to avoid drug leakage and realize photothermal treatment; 
as a consequence, HSKAuNR was obtained. The sterilizing effect was investigated 
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by incubating Escherichia coli BL21 with HSKAuNR under NIR for 20 min. The 
sterilizing rate was found to be 53.47% under NIR, with respect to a net sum steril-
izing rate of 34.49% for the individual components of the HSKAuNR nanocapsules. 
This result may have occurred owing to the synergistic effect of the chemical drug 
(kanamycin) and physical sterilization (AuNRs under NIR). This hybrid material 
can realize chemical drug/physical photothermal sterilization and drug release; 
thus, it has great potential as an alternative adjuvant therapeutic material for steril-
ization or even for the control of disease.

Shanmugam et al. (2014) synthesized external stimuli-responsive dual drug car-
riers with AuNRs as the platform. Functionalized single-stranded (ss) DNA with 5′ 
thiol (SH-5′-(CH2)6-T20-ATCGCATGCTAGCGATCGTCGTCGTCGTCG (T20- 
ssDNA)) ? were added to the AuNR surface by thiol conjugation; thus, complemen-
tary DNA (Gold nanorods (AuNRs):cDNA) strands were obtained. This hybridized 
double-stranded (ds) DNA functioned as a Dox binder through the intercalation of 
Dox into the CG base pairs of dsDNA. The cDNA was designed with a 5′ amine 
functional group to tether platinum (IV) [Pt (IV)] prodrugs by establishing an amide 
bond with the acid group in the axial ligand. The other axial acid group in Pt (IV) 
was conjugated with FA to target folate receptors that are overexpressed in cancer 
cells (Fig. 9.5). Compared with Pt (II) compounds, the Pt (IV) prodrug is inert and 
would cause fewer side effects. This targeting vehicle provided remote-controlled 
delivery of the highly toxic cargo cocktail at the tumor site, ensuring extra specific-
ity that can avoid acute toxicity, where the release of Dox and Pt (IV) was achieved 
upon NIR 808-nm diode laser irradiation. The dehybridization set the Dox free to 
bind to the cell nucleus, and cellular reductants reduced Pt (IV) to yield toxic Pt (II), 
an active drug. The significant effect of this external stimulus-responsive combina-
tion drug delivery was studied both in vitro and in vivo. The drugs were released 
with the NIR-laser stimulation, through the dehybridization of the dsDNA, which 
caused significant cell toxicity in vitro. In vivo studies showed that the FA-Pt (IV)/
Dox-dsDNA-AuNRs with laser assistance effectively controlled solid tumor growth 
in a mouse model.

Liu et al. (2015) synthesized a drug-delivery system consisting of AuNRs coated 
with a mesoporous silica shell (AuNR/mesoporous silica nanoparticle (MSNP)) 
according to the classical protocol, which is known to produce disordered meso-
pores in the silica shell over each individual AuNR core. CTAB was used as a soft 
template to generate the mesopores during the polymerization of silanes around the 
AuNRs, and a shell of ≈ 35 nm in thickness was obtained. The AuNR/MSNP was 
partially uploaded with phase- changing molecules (1-tetradecanol [TD]) as gate-
keepers to regulate drug (Dox) release, and a remote NIR was used to activate the 
phase change and subsequent drug release. Almost zero premature release was evi-
denced at physiological temperature (37 °C), whereas Dox release was efficiently 
achieved at higher temperatures upon external and internal heating generated by the 
AuNR core under NIR. Considering the high efficiency of the photothermal conver-
sion of AuNRs, prominent NIR-triggered release is expected to be accomplished 
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Fig. 9.5 (a) Doxorubicin (Dox)/platinum (Pt (IV)) loading and folic acid (FA) conjugation on 
double-stranded (ds) DNA-AuNRs. (b) Targeting drugs, laser-stimulated dehybridization, drug 
release, and hyperthermia; the released Pt (IV) prodrugs were reduced inside the cancer cells to 
form cytotoxic Pt (II) complexes (From Shanmugam et al. 2014. Reprinted with permission from 
the American Chemical Society)
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under an optimal feeding dose. When tagged with folate moieties (FA), AuNR/MSNPs 
specifically target KB cells. With the improved targeting efficiency, prominent 
cancer/tumor cell killing efficacy was expected with a relatively low feeding dose 
and optimal activation energy. The targeted Dox-loaded GNR/MSNPs-FA nanopar-
ticles were considered to act as a synergistic therapy tool for local heating and che-
motherapy to selected tumors, with the phase-changing molecule TD as the gating 
modality to control the release behaviors. This versatile combination of local heat-
ing, phototherapeutics, chemotherapeutics, and gating components opens new pos-
sibilities for constructing a new generation of drug-delivery systems for antitumor 
chemotherapeutics.

Park et al. (2016) synthesized CTAB-coated AuNRs (CTAB-AuNRs) through a 
seed-mediated growing method, and then the CTAB-AuNRs were further modified 
by 1-octadecanethiol (ODT) to obtain hydrophobic ODT-AuNRs. Finally, a micro- 
organogel containing ODT-AuNRs and flurbiprofen (FBIU) was prepared by ultra-
sonic emulsification using vegetable oils and self-assembled 12-hydroxystearic acid 
(HSA) gelator fibers. FBIU, a non-steroidal anti-inflammatory drug, was chosen as 
a model hydrophobic drug to explore the potential application of micro-organogels 
in drug delivery. The micro-organogel was found to efficiently respond after NIR 
caused an increase in temperature in the surrounding GNRs, as the temperatures 
recorded were 25.9 °C (with AuNRs only), 29.3 °C (with NIR only), and 61.4 °C 
(with both NIR and AuNRs). The FBIU encapsulated in micro-organogels was 
released slowly in the absence of NIR, while FBIU rapidly increased in the presence 
of NIR owing to the increase in the temperature surrounding the AuNRs that trans-
formed the micro-organogel into liquid. Thus, Park et  al. (2016) believe that 
 micro- organogels can be efficiently used as a versatile scaffold for on-demand drug-
delivery systems.

More recently, Li et al. (2017b) reported multiple AuNRs encapsulated in hierar-
chically porous silica nanospheres (MAuNRs/HPSNs) synthesized in an oil/water 
system. The MAuNRs were loaded into the interior of the HPSNs, which contain 
large pores (13.2 nm) throughout the whole sphere and small pores (2.7 nm) in the 
silica framework. After PEGylation, the MAuNRs/HPSNs displayed high loading 
capability for the anticancer drug Dox (69.2 ± 7.2 mg g−1) and for bovine serum 
albumin (BSA; 248.1 ± 12.3 mg g−1) owing to the hierarchically porous structure, as 
well as displaying remarkable NIR light-induced thermal effects both in aqueous 
solution and at the cell level. Thus, these prepared MAuNRs/HPSNs not only act as 
promising drug/protein nanocarriers, but can also be used as photo absorbers for 
photothermal tumor therapy under NIR laser irradiation.

9.3.2  Gold Nanocages

Gold nanocages (AuNCs) with hollow interiors, porous walls, and tunable localized 
surface plasmon resonance (LSPR) peaks in the NIR region represent a promising 
platform for therapeutic applications, and can be used for orthogonally triggered 
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release by choosing the right laser according to the AuNC’s LSPR (Shi et al. 2014). 
AuNCs are hollow porous AuNPs, whose size basically ranges from 10 to 150 nm. 
They are generally produced by silver nanoparticles with HAuCl4 in boiling water. 
The nanocages are prepared by a galvanic replacement reaction, which occurs 
between solutions containing metal precursor salts and silver nanostructures. The size 
of the nanocages can be easily controlled by adjusting the molar ratio of silver to 
HAuCl4 (Khan et al. 2013).

Shi et al. (2014) reported NIR light-encoded orthogonally triggered and logically 
controlled intracellular release based on an AuNC-copolymer (poly(N- 
isopropylacrylamide- co-acrylamide)) shell by combining photothermal-sensitive 
release and a prodrug activation process. AuNCs were prepared with different LSPRs 
(670 and 808 nm) and were covered with a smart polymer shell. Experimental results 
showed that laser irradiation in resonance with the LSPR triggered the release of a 
pre-loaded effector. As a proof of concept, enzyme and substrate (prodrug) were 
selectively released from two different AuNCs. Enzymatic reactions occurred only 
after successful opening of both types of AuNC capsules (670- and 808-nm AuNC-
copolymers). The system acted as an “AND” logic gate. Furthermore, if the AuNC 
was loaded with isoenzyme or enzyme inhibitor, it achieved an “OR” or “INHIBIT” 
logic gate operation. Combining NIR light-encoded orthogonally triggered release 
with prodrug activation processes achieved different defined logical operations for 
regulating the dosage of active drug in a specific region. Importantly, this strategy is 
simple in design, sophisticated to control, and provides new insights into developing 
NIR light-encoded, logically controlled, intracellular release systems.

The achievement of noninvasive and pinpointed intracellular drug release that 
responds to multiple stimuli is still a formidable challenge for cancer therapy. In 
their study in this field, Wang et al. (2014) reported a multi-stimuli-responsive plat-
form based on drug-loaded AuNCs/hyaluronic acid (AuNCs-HA) for pinpointed 
intracellular drug release and targeted synergistic therapy. The key difference of 
their delivery system from previously reported multi-stimuli-responsive platforms 
was that the pH and NIR stimuli could be activated to trigger the release of the 
encapsulated drug only after the nanoparticles were internalized (Fig.  9.6). The 
multi-stimuli-responsive system released Dox from Dox-AuNCs-HA only in intra-
cellular environments, such as endosomal and lysosomal vesicles, where HA was 
degraded by intracellular hyaluronidases. HA has been used as a drug carrier or 
targeting moiety because of its specific interaction with CD44, and so AuNCs-HA 
nano- hybrids can specifically recognize cancer cells via HA-CD44 interactions and 
can be efficiently endocytosed by a receptor-mediated process. Subsequently, the 
coated HA molecules can be degraded in lysosomes, resulting in the release of the 
encapsulated drug. In addition, because of their excellent photothermal properties, 
the AuNCs can accelerate the release of the encapsulated drug and produce higher 
therapeutic efficacy upon NIR. Both in vitro and in vivo results demonstrated that 
the combination of photothermal therapy and chemotherapy resulted in high cell 
toxicity, while chemotherapy or photothermal treatment alone did not achieve this 
outcome. Another exciting feature of the design of this study is the excellent syner-
gistic effect of combining chemotherapy and photothermal therapy. The exceptional 
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synergistic therapy was evidenced by the ablation of tumor both in vitro and in vivo. 
The rational integration of these functionalities could markedly enhance therapeutic 
efficiency while minimizing side effects. Taken together, the results of this study 
provide new insights into the development of pinpointed, multi-stimuli-responsive 
intracellular drug release systems for synergistic cancer therapy.

Hu et al. (2015) fabricated double-walled AuNC/SiO2 nanorattles by combining 
two hollow-excavated strategies—galvanic replacement and surface-protected etch-
ing. As shown in Fig. 9.7, first, Au nanocubes were prepared using a sodium hydro-
sulfide (NaHS)-mediated polyol method with PVP as a capping agent, and then the 
nanocubes were transformed into AuNCs using HAuCl4 in boiling water via gal-
vanic replacement. This process obtained AuNCs with an outer edge length of 
39 ± 5 nm and wall thickness of ∼4 nm. Secondly, the AuNCs were modified with a 
layer of p-aminothiophenol (pATP), followed by the fabrication of a dense SiO2 
shell via the base-catalyzed hydrolysis of TEOS in a water/isopropanol mixture to 
prepare SiO2-coated AuNCs. Each AuNC was well encapsulated inside a uniform 
and dense SiO2 layer with a thickness of ∼45 nm. Then Au/SiO2 nanorattles, with a 
uniform size of 120 ± 10 nm, were synthesized with the protection of a PVP coating 
based upon a surface-protected etching strategy, and an internal cavity was observed 
between each AuNC and the porous SiO2 shell. Finally, the Au/SiO2 nanorattles 
were functionalized with a Tat peptide to improve cellular uptake efficacy.

loading

Dox

Endocytosis

Iysosomal escape

HA fragments

Lysosomal

Hyal

Nucleus
Hyal

NIR

DA-HA

Fig. 9.6 Schematic representation of a multi-stimuli-responsive platform based on Dox-loaded 
gold nanocages (AuNCs)-hyaluronic acid (HA) nanoparticles for pinpointed intracellular drug 
release and synergistic therapy (From Wang et al. 2014. Reprinted with permission from Elsevier)
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The obtained Tat peptide-capped Au/SiO2 nanorattles exhibited a Dox loading 
efficiency of 53%, and showed a pH-dependent drug-release response. A small 
amount of Dox (8.7%) was initially released from the Dox-loaded Au/SiO2 nanorat-
tles in a slow fashion, while the release of Dox eventually became much faster and 
was then steady, with a great amount of Dox (46.2%) being released after 22-h 
incubation (Fig. 9.8b). The therapeutic effect of Dox-loaded Au/SiO2 nanorattles 
against MCF-7 breast cancer cells was evaluated. As shown in Fig. 9.8c, the Dox- 
loaded Au/SiO2 nanorattles induced more cell death than free Dox, indicating better 
uptake of Dox-loaded nanorattles by MCF-7 cells through endocytosis compared 
with the uptake of free Dox, which enters the cells via a passive diffusion process. 
The Dox-loaded Au/SiO2 nanorattles, which combined Dox chemotherapy and the 
nanorattles’ photothermal therapy , showed the best treatment effect under NIR 
compared with the effect of chemotherapy (nanorattles + Dox, without NIR) and the 
effect of photothermal therapy (nanorattles + laser, without Dox), suggesting the 
advantages of the multimodality of the reported Au/SiO2 nanorattles. A TEM 
image further proved that the nanorattles were located around the nuclei of the 
MCF-7 cells (Fig. 9.8d), indicating that they facilitated the transportation of Dox 
into the nucleus. This therapeutic effect was consistent with surface-enhanced 
Raman scattering (Gold nanocages (AuNCs):SERS mapping) mapping and μ-X-
ray fluorescence observations (XRF).

Huang et al. (2016) reported a novel strategy for the effective therapy of hepatocel-
lular carcinoma (HCC) by loading a microRNA-181b inhibitor (anti-miR-181b) into 
polyethyleneimine-modified and folate receptor (FR)-targeted PEGylated AuNCs to 
obtain a novel tumor-targeting miRNA delivery system, which was designated as anti-
miR-181b/PTPAuNCs nanocomplexes. The synergistic effects of gene-photothermal 

Fig. 9.7 Schematic illustration of the synthesis of double-walled Au/SiO2 nanorattles (From Hu 
et al. 2015. Reprinted with permission from Wiley)
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therapy induced by the anti-miR-181b/PTPAuNCs nanocomplexes were investigated 
in vitro (in a cultured SMMC-7721 cell line) and in vivo (in SMMC-7721 tumor-bearing 
nude mice). The experimental results showed that this gene delivery system efficiently 
delivered anti-miR-181b into target sites to suppress tumor growth, and considerably 
decreased tumor volumes in SMMC-7721 tumor-bearing nude mice under 
NIR. Moreover, the anti-miR-181b/PTPAuNCs nanocomplexes with NIR exhibited bet-
ter therapeutic effects against HCC than single gene or sole photothermal therapy, both 
in vitro and in vivo. Thus, Huang et al. (2016) believe that an anti-miR-181b/PTPAuNCs-
mediated synergistic therapeutic strategy could enhance conventional treatments for 
patients afflicted with HCC.

Cell-specific targeted drug delivery and controlled release of the drug into cancer 
cells are the main challenges for anti-breast cancer metastasis therapy. Sun et al. 
(2017) incorporated an anticancer drug (Dox) into AnNCs as an inner core 
(DAuNCs), and then cancer-cell membranes, derived from 4T1 breast cancer cells 
(a typical metastatic tumor cell line with high metastatic capability), were coated on 
the surface of the DAuNCs as outer shells. The obtained biomimetic drug-delivery 
system consisting of cancer-cell membrane-DAuNCs was designated as CDAuNCs. 
The CDAuNCs exhibited stimuli-provoked release of Dox under NIR, which indi-
cated hyperthermia-responsive drug-release behavior. Also, the superior targeting 
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efficiency of the 4T1 cells and the higher accumulation of CDAuNCs in tumor tis-
sues demonstrated that the obtained CDAuNCs achieved selective targeting of the 
4T1 tumor cells in vitro. Moreover, in 4T1 orthotopic mammary tumor models, the 
excellent combination therapy showed an inhibitory rate of 98.9% on tumor volume 
and an inhibitory rate of 98.5% in metastatic nodules. All of the experimental results 
showed that the reported CDAuNCs with tumor-directed and hyperthermia- 
responsive drug-release capacity could be promising drug-delivery systems for the 
future therapy of breast cancer.

9.3.3  Gold Nanoshells

Gold nanoshells (AuNSs) are spherical nanoparticles with diameters of 10–200 nm. 
They can be easily modified to absorb/scatter light at specific wavelengths in the 
visible and near infrared regions of the spectrum (Khan et al. 2013). Mohammad 
and Yusof (2014) prepared Dox-loaded gold-coated superparamagnetic Fe3O4 
nanoparticles (SPIONs/Au) for the combination therapy of cancer by means of both 
hyperthermia and drug delivery. The magnetic properties of these particles were 
greatly enhanced (Ms of 84 emu/g at 5 K) on stabilization with a cysteamine (Cyst) 
biomolecule and the particles were also found to exhibit magnetic susceptibility at 
higher temperatures (201  K than the SPIONs/Au particles. Dox molecules were 
conjugated with the SPIONs/Au nanoparticles, with the help of Cyst as a 

Fig. 9.9 Schematic representation of the multiple steps involved in the formation of superpara-
magnetic nanoparticles (SPIONs)-Dox (From Mohammad and Yusof 2014. Reprinted with per-
mission from Elsevier)
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non- covalent space linker, to achieve the non-covalent conjugation of Dox mole-
cules with this system (Fig. 9.9), and Dox loading efficiency was found to be 0.32 mg 
mg−1 (i.e., loading efficiency of 63%). The hyperthermia studies were strongly 
influenced by the applied frequency and the solvents used. The Dox delivery studies 
indicated that the drug-release efficacy was strongly improved by maintaining 
acidic pH conditions and oscillatory magnetic fields. Namely, Dox release was 
enhanced by the oscillation of particles owing to the applied frequency, and was 
not affected by heating of the solution. In vitro cell viability and proliferation stud-
ies were conducted using cancerous (MCF-7 breast cancer) and non-cancerous 
(H9c2 cardiomyoblast) cell types. The SPIONs/Au-Cyst did not induce much 
change in the viability of either the H9c2 cardiomyoblasts or the MCF-7 cancer 
cells. However, under similar conditions, the drug-loaded SPIONs/Au-Cyst parti-
cles exhibited a significant decrease in the viability and proliferation of both the 
cell types at concentrations of more than 100 μg mL−1. With their non-toxic behav-
ior and high magnetic susceptibility (which helps to generate enough heat and also 
induces Dox release by the coupling of magnetic moment with the applied field 
even at low frequencies), SPIONs/Au-Cyst particles could be employed as a 
sophisticated method for the application of simultaneous hyperthermia and exter-
nally controlled drug delivery.

AuNS/silica core nanoparticles have a broad spectrum of applications owing to 
their unique tunable plasmon resonance (Jain et al. 2008). In recent years, AuNSs 
have been used for the photothermal ablation of tumors and for imaging, and their 
use has reached the clinical trial stage. Nguyen and Shen (2016) compared the 
capacity of bare AuNSs and PEGylated AuNSs (PEG-AuNSs) to stimulate the pro-
duction of interleukin (IL)-1β in a human macrophage cell line (THP-1). IL-1β is 
related to several diseases, such as silicosis, gout, asbestosis, and type II diabetes 
mellitus, and many other disorders. In the in vivo studies, AuNSs formed large 
aggregates in cell culture medium and induced the production of IL-1β, while 
PEG- AuNSs did not form aggregates in cell culture medium, nor did they induce 
the production of IL-1β in macrophage cell lines. Confirming the in vitro results, 
AuNSs induced a significant level of neutrophil influx in the peritoneal cavity, and 
PEG- AuNSs reduced the level to one-quarter of that seen with AuNSs. The density 
of PEG on the particle surface had little effect on either the induction of IL-1β or 
the neutrophil influx induced by PEG- AuNSs. Nguyen and Shen (2016) explored 
the capacity of AuNSs and PEG-AuNSs to induce and scavenge reactive oxygen 
species (ROS); the AuNSs induced and scavenged ROS, while the PEG-AuNSs did 
not show this capacity. The excess of ROS induced by AuNSs could potentially 
cause the activation of inflammasomes, and thus the secretion of IL-1β. Aggregations 
of AuNSs can lead to ROS generation and IL-1β secretion, possibly owing to 
incomplete phagocytosis. Nguyen and Shen (2016) concluded that surface 
modification of AuNSs or other nanoparticles by PEGylation could potentially 
reduce the probability of stimulating ROS and IL-1β production. Finally, they 
thought their finding on the reduction of IL-1β production by the PEGylation 
of nanoparticles had implications for the use of other particulates in drug delivery, 
imaging, and therapy.
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9.3.4  Gold Nanoclusters

Metal nanoclusters, which consist of several to hundreds of atoms with a size 
smaller than 3 nm, have drawn much attention owing to their unique physicochemi-
cal properties, catalytic activities, ion detection capacity, and potential applications 
in biolabeling and sensing (Zhang et  al. 2015). Gold nanoclusters (GNCs) have 
attracted wide attention owing to their outstanding surface and physical properties, 
such as high fluorescence, unique charging properties, optical chirality, and ferro-
magnetism (Zhang et al. 2016). Furthermore, GNCs exhibit other fascinating fea-
tures, including ease of synthesis, good water solubility, low toxicity, surface 
functionality, biocompatibility, and excellent stability, features which indicate their 
great promise in biology and medicine (Chen et al. 2012). GNCs have a wide range 
of applications, such as in single-molecule photonics, sensing, and biolabeling. In 
contrast to organic dyes and quantum dots, GNCs do not contain toxic heavy metals 
and have no chemical functions. Their near-infrared range of emission avoids inter-
ference from many biological moieties, making GNCs ideal for biological assays 
and cell imaging; thus they may become a powerful alternative to the usual fluores-
cence labels (Pan et al. 2007; Wang et al. 2011).

Wang et  al. (2011) prepared inorganic phase GNCs by a conventional Brust- 
Schiffrin procedure and transformed them into aqueous phase in one step. The 
GNCs readily interacted with reduced graphene oxide (RGO), while their size, nar-
row size distribution, morphology, and fluorescent properties were maintained. In 
vitro dose-dependent MTT toxicity tests and microscopic analyses in HepG2 cells 
showed that GNC-RGO inhibited the HepG2 cells at a high concentration, but more 
interestingly for oncotherapy, te GNC-RGO nanocomposites carried Dox inside the 
cells, leading to some synergy in inducing karyopyknosis. Despite their moderate 
fluorescence intensity, the swift absorption of GNC-RGO nanocomposites by the 
cells allowed clear imaging of the edges and morphology of the cells, thus showing 
that these nanocomposites have interesting prospects for cellular imaging, as well as 
acting as synergistic drug carriers. Moreover, Raman spectroscopic investigations 
revealed several characteristic features substantiating interactions between GNC- 
RGO nanocomposites and proteins and DNA, thus affording mechanistic clues 
about the origin of their inhibition of cancer cells. Generally speaking, GNC-RGO 
nanocomposites could be employed as multimodal probes and drug carriers for tar-
geting, detection, and oncotherapy.

Chen et  al. (2012) reported core-shell structured multifunctional nanocarriers 
(GNCs-PLA-GPPS-FA) of GNCs with a core and an FA-conjugated amphiphilic 
hyperbranched block copolymer acting as a shell, based on a poly L-lactide (PLA) 
inner arm and an FA-conjugated sulfated polysaccharide (GPPS-FA) outer arm 
(GNCs-PLAGPPS-FA) for targeted anticancer drug delivery. This was an attempt to 
prepare drug carriers with certain antitumor activities that were achieved with GPPS 
as a hydrophilic outer shell. In this drug-delivery system, the GNCs were used for 
fluorescence labeling, and the amphiphilic hyperbranched block copolymer 
improved the nanocarriers’ stability and drug-loading capacity. Camptothecin 

9 Synthesis of Gold Nanoparticles and Their Applications in Drug Delivery



174

(CPT) was used as a model hydrophobic anticancer drug, and the drug-loading and 
in vitro-release behaviors were studied at different pH values. Both types of nano-
carriers (i.e., GNCs-PLA-GPPS-FA, CPT-loaded GNCs) showed a relatively rapid 
release of CPT in the first stage (up to 1 h), followed by a sustained release period 
(up to 15 h), then reaching a plateau at pH 5.3, 7.4, and 9.6. The slow and steady 
release of CPT from the nanocarriers may have resulted from the strong interactions 
of the hydrophobic PLA with the drug molecules. Moreover, the release rate of CPT 
was significantly accelerated by increasing the pH, and the CPT release from the 
two types of nanocarriers at pH 9.6 was much greater than that at both pH 5.3 and 
7.4. The in vitro cytotoxicity of GNCs-PLA-GPPS-FA copolymers was investigated 
by employing human cervical cancer Hela cells. The CPT-loaded nanocarriers pro-
vided high anticancer activity against the Hela cells and showed specific targeting 
of some cancer cells owing to the enhanced cell uptake mediated by the FA moiety. 
These results indicated that not only could the GNCs-PLA-GPPS-FA copolymers 
act as an excellent tumor- targeted drug-delivery nanocarriers, but that they could 
also have an adjuvant role in the treatment of cancer.

Khandelia et  al. (2015) reported the generation of nanotheranostic BSA ) 
nanoparticles with GNCs as a luminescent probe (henceforth referred to as a com-
posite nanoparticle) and the use of these composite nanoparticles for the in vitro 
delivery of an anticancer drug (Dox) to HeLa cells. These composite nanoparticles 
were biocompatible, non-cytotoxic, highly photostable, had a suitable QY, and 

Fig. 9.10 Schematic illustration of the formation of Dox-loaded Au nanocluster-embedded bovine 
serum albumin (BSA) nanoparticles, followed by the uptake and release of Dox inside HeLa cells, 
leading to apoptotic cell death; two-photon imaging is also shown (From Khandelia et al. 2015. 
Reprinted with permission from Wiley)
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showed high Stokes-shifted emission. For example, the QY of GNCs embedded in 
BSA nanoparticles was found to be 1.9% at pH 8.2, while BSA-stabilized GNCs 
showed a QY of 5.8% at pH 12.0. In addition, excitation (by two-photon) and emis-
sion wavelengths of the GNCs were in the NIR 650- to 900-nm window, indicating 
that the GNCs embedded in BSA nanoparticles could be candidates for in  vivo 
imaging. Further, the drug efficiency of these composite nanoparticles was found to 
be 83.05% when explored by using Dox as a model drug through a fluorescence 
spectroscopic technique. This high efficiency may have resulted from electrostatic 
interactions and the hydrogen bonding of Dox with several BSA amino acids that 
have hydrophilic and hydrophobic characteristics. An in vitro cell viability assay 
indicated that the drug-loaded composite nanoparticles released Dox to the HeLa 
cells, leading to apoptotic cell death.

Figure 9.10 shows a schematic description of the use of Dox-loaded GNC- 
embedded BSA nanoparticles for in  vitro drug delivery and the effect of these 
nanoparticles on HeLa cells, capturing the essence of the work. The luminescence 
of GNCs as well as Dox in the BSA nanoparticles was found to be useful. GNCs 
helped in tracking the uptake of the nanoparticles by the HeLa cells, while the lumi-
nescence of Dox helped in probing the intracellular release of the drug. Interestingly, 
the Dox-loaded composite nanoparticles are known to be suitable for the passive 
targeting of tumor cells through an enhanced permeation and retention effect and 
they are stable and retain their luminescence in human blood serum. These nanopar-
ticles have the potential for use in clinical applications, especially for in vivo imag-
ing and combination therapy, where the nanoclusters in conjunction with a 
conventional drug could be employed for therapy using radiation.

Yahia-Ammar et  al. (2016) prepared monodisperse and stable self-assembled 
particles with sizes around 100–150 nm at room temperature in aqueous medium, 
using a cationic polymer to cross-link GNCs. The prepared GNCs exhibited pH- 
dependent swelling and shrinking properties, excellent colloidal stability and pho-
tostability in water, buffer, and culture medium, as well as a fourfold fluorescence 
enhancement, compared with fluorescein, owing to aggregation-induced emission 
(AIE) occurring with the electrostatic interaction between polyelectrolyte and 
GNC- stabilizing surface ligands. The AIE effect involving electrostatic interaction 
inside the self-assembled particles was confirmed by controlling the particle swell-
ing, followed by steady-state and time-resolved fluorescence detection. Multiple 
imaging techniques (electron and fluorescence intensity and lifetime microscopy) 
and flow cytometry demonstrated efficient cellular uptake without compromising 
the integrity of the self-assembly inside the cytoplasm. Peptides and antibodies 
could be loaded in the GNCs using a single-step reaction, and this led to strongly 
enhanced biomolecule uptake with a clear co-localization of the nanoparticle carrier 
and the biomolecules. The versatility of the design of the self-assembled GNCs was 
demonstrated by selecting GNCs that were stabilized using different molecules, 
glutathione and zwitterions, and two different cationic polyelectrolytes, polyallylamine 
hydrochloride and polyethylenimine. These results showed a promising approach 
for the easy production of self-assembled nanoparticles from metal nanoclusters 
with different types of polymers as cross-linking agents, with these nanoparticles 
exhibiting stimuli-responsive properties to temperature and enzymatic or redox 
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reactions. The multimodal imaging properties of the nanoparticles, the strong 
interaction of GNCs with light or X-ray irradiation, and the ability of the nanopar-
ticle drug carriers to disassemble into non-toxic ultrasmall gold particles (<2 nm) 
with high renal clearance offer an elegant strategy for the design of new drug-deliv-
ery systems for improved theranostic applications.

Functional nanocarriers capable of transporting a high drug content without pre-
mature leakage and capable of the controlled delivery of various drugs are needed for 
better cancer treatments. Croissant et al. (2016) described the co-delivery of the anti-
cancer drugs gemcitabine (GEM) and Dox via an inorganic nanocarrier. This involved 
mesoporous silica nanoparticles (MSNs) encapsulating a high content of GEM 
(40 wt%) and electrostatically gated with a GNC-protein shell acting as a reservoir 
for Dox (32 wt%). The co-delivery of Dox and GEM was achieved via an inorganic 
nanocarrier, with zero premature leakage, as well as a drug-loading capacity seven 
times higher than that of polymersome nanoparticles. Unlike the majority of strate-
gies used to cap the pores of MSN, AuNC/BSA nanogates are bio-tools that were 
applied for targeted red nuclear staining and in vivo tumor imaging. The straightfor-
ward non-covalent combined MSN and gold-protein cluster bioconjugates thus led to 
a multifunctional nanotheranostic for the next generation of cancer treatments. 
Also, unlike the previous systems with covalently attached MSN-BSA obtained by 
multi-step methods, negatively charged GNCs/BSA were electrostatically attached 
to ammonium-functionalized MSN to effectively block the MSN pores, and provided 
pH-responsiveness for cargo release and delivery.

The interaction of Dox with BSA proteins was found to induce the formation of 
a highly loaded shell around the GEM-loaded MSN nanoparticles, leading to excep-
tionally high payloads (Fig. 9.11). The MSN-GNC/BSA drug-delivery system has 
many advantages, such as a straightforward preparation method; marked robustness 
in blood serum, with less than 3% drug leakage after 1 week; and higher dual load-
ing of Dox and GEM (32 + 40 wt%) than that reported for liposomes (7 + 3 wt%) and 
polymersomes (6 + 6  wt%). This drug-delivery system also forms an ideal drug 
combination for the treatment of ovarian and breast cancers, with the spatial segre-
gation of one drug in the pores of MSN, and a second drug inside the GNC/BSA 
layer. Furthermore, the dual drug-release experiments and the Dox and GEM mul-
tidrug delivery were performed in an inorganic carrier, with almost total cancer cell 
killing. Unlike previous designs for capping on MSNs, the GNC/BSA nanogates 
were applied not only to provide a secondary means of drug loading, but also for 
nuclear staining and in vivo tumor dual imaging with Hoechst- loaded MSN-GNC/
BSA, suggesting preferential tumor accumulation.

9.3.5  Gold Nanoparticle Vesicles

In recent years, approaches to the assembly of various kinds of nanoparticles have 
been developed for electronic and bio-applications. For example, the vesicular 
assembly of nanoparticles, which assume a hollow structure with a nanoparticle 
shell, has been reported as a new type of capsule (He et al. 2012; Seo et al. 2015; 
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Fig. 9.11 Self-assembly of fluorescent negatively charged gold nanoclusters (GNCs)/BSA with 
positively charged Dox-loaded mesoporous silica nanoparticles (MSN)-NH3

+ leading to Dox- 
loaded MSN-GNCs/BSA carrier (a). Self-assembly of fluorescent negatively charged GNCs/BSA 
and Dox with positively charged gemcitabine (GEM)-loaded MSN-NH3

+ leading to an MSN- 
GNCs/BSA carrier loaded with two drugs (b), which could be disrupted by an acidic pH trigger 
(c). Applications of multifunctional dual drug-loaded MSN-GNCs/BSA nanocarriers (d) (From 
Croissant et al. 2016. Reprinted with permission from Elsevier)
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Hou et al. 2017). In particular, the response of gold nanoparticle vesicles (AuNVs) 
to light irradiation is expected to be more sensitive than that of single nanoparticle 
systems, owing to the high AuNP content (Niikura et al. 2013). In fact, the increase 
in the gold content in the lipid bilayer of the liposome improves the response to light 
irradiation (An et al. 2010). Therefore, AuNVs were expected to be highly light- 
responsive drug carriers. Niikura et al. (2013) demonstrated that water-dispersible 
AuNVs could encapsulate drugs and rapidly release them upon light irradiation that 
was low enough for in vivo use. This also demonstrated that AuNVs could act as 
light-sensitive drug carriers into cells. The cross-linking of each AuNP within a 
vesicle by thiol-terminated polyethylene glycol (dithiol-PEG) made the AuNVs 
water dispersible (Fig.  9.12) and their hollow structure remained stable even in 

Fig. 9.12 Fabrication of gold nanoparticle vesicles (AuNVs) encapsulating dye or drug molecules and 
their light-triggered release. (a )Surface modification of gold nanoparticles (AuNPs) with semi-fluori-
nated ligands (SFL). (b) Self-assembly of SFL-AuNPs to form AuNVs. (c) Cross- linking of AuNPs of 
the AuNVs with dithiol-polyethyleneglycol (PEG) in tetrahydrofuran (THF) and the cross- linked 
AuNVs dispersed in water. (d) Encapsulation of dye or drug molecules at 62.5 °C, and subsequent 
cooling down to room temperature. (e) Dye release through opened interparticle nanogaps induced by 
laser irradiation (From Niikura et al. 2013. Reprinted with permission from ACS)
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water, so that the cross-linked vesicles could work as drug-delivery carriers enabling 
light-triggered release. Rhodamine dyes and an anticancer drug (Dox) were encap-
sulated within the cross-linked vesicles by heating to 62.5 °C. At this temperature, 
the gaps between nanoparticles open, confirmed by a blue shift in the plasmon peak 
and more efficient encapsulation than that observed at room temperature. The cross- 
linked AuNVs released encapsulated drugs upon short-term laser irradiation (5 min, 
532 nm) by again opening the nanogaps between each nanoparticle in the vesicle. 
The vesicles were more efficiently internalized into cells, compared with discrete 
AuNPs, and they released anticancer drugs upon laser irradiation in the cells. The 
drug delivery of Dox into cells and its light-triggered release were proven by using 
cross-linked AuNVs. This system, using a 532-nm laser, could open the possibility 
of using AuNVs as drug-delivery systems in combination with optical fiber tech-
niques for localized therapy.

Song et al. (2012) reported the development of bio-conjugated plasmonic vesi-
cles assembled from SERS-encoded amphiphilic AuNPs for cancer-targeted drug 
delivery. Their research demonstrated that amphiphilic AuNPs carrying mixed poly-
mer brush coatings with distinctly different hydrophobicities could self-assemble 
into vesicles, in which the functional nanoparticles embedded in the shell (formed 
by the hydrophobic brushes and the hydrophilic brushes) extended into an aqueous 
environment and stabilized the structures, as illustrated in Fig. 9.13. A key finding 
was that this type of plasmonic assembly with a hollow cavity could play multifunc-
tional roles as delivery carriers for anticancer drugs and plasmonic imaging probes 
to specifically label targeted cancer cells, when tagged with cancer-targeting ligands. 
More interestingly, the pH-responsive disassembly of the plasmonic vesicle (stimu-
lated by the hydrophobic-to-hydrophilic transition of the hydrophobic brushes in 

Fig. 9.13 (a) Schematic illustration of amphiphilic AuNPs coated with Raman reporter business 
group for latin america (BGLA) and mixed polymer brushes of hydrophilic PEG and pH-sensitive 
hydrophobic poly(methyl methacrylate) 4-vinylpyridine (PMMAVP) grafts, and a drug-loaded 
plasmonic vesicle tagged with HER2 antibody for cancer cell targeting. (b) The cellular binding, 
uptake, and intraorganelle disruption of surface-enhanced Raman scattering (SERS)-encoded pH-
sensitive plasmonic vesicles (From Song et al. 2012. Reprinted with permission from ACS)
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acidic intracellular compartments) allows for triggered intracellular drug release, 
which can be monitored in real time by both plasmonic imaging and Raman spec-
troscopy. Song et al. (2012) prepared Dox-loaded plasmonic vesicles by a modified 
film-rehydration method with PBS solution (pH 7.4) or sodium bicarbonate buffer 
solution (pH 10). They found that the use of pH 7.4 PBS for vesicle preparation 
consistently led to loading efficiencies that were about 10% lower than those in the 
experiments performed at pH 10, and the highest loading efficiency, 71%, was 
obtained at a Dox feeding weight ratio of 25% at pH 10. They thought that the 
higher loading efficiency of Dox at pH 10 may have been a result of the efficient 
entrapment of insoluble Dox molecules in the hydrophobic shell of the plasmonic 
vesicles. In contrast, at pH 7.4, water-soluble Dox had a tendency to partition into 
the aqueous medium, leading to Dox being partially encapsulated in the aqueous 
cavity, whereas those Dox molecules that leaked into the exterior environment 
would be lost. The drug-release profile of the plasmonic vesicles also showed strong 
pH-dependence. In vitro cytotoxicity tests showed that the targeted plasmonic vesi-
cles were biocompatible in nature and had no adverse effect on the proliferation of 
SKBR-3 cells. When loaded with Dox, the targeted plasmonic vesicles became 
highly toxic to SKBR-3 cells, with an estimated half maximal inhibitory concentra-
tion (IC50) of 0.31 μg mL−1, which was about fivefold lower than that of the non- 
targeted vesicles. The targeted pH-insensitive AuNP vesicles coated with PEG and 
polymethyl methacrylate grafts did not lead to obvious cell toxicity, further demon-
strating that the effective cancer cell killing was a result of pH-triggered Dox release. 
Thus, the authors thought that the plasmonic vesicles could have considerable 
potential for targeted combination therapy, by offering the possibility for cargo 
loading in both the hydrophobic shell and the aqueous cavity, and by integrating 
photothermal therapy based on the plasmonic nanostructures and chemotherapy of 
the therapeutic agents loaded inside the vesicles.

Song et al. (2013a) also reported a type of photo-responsive plasmonic vesicle 
that allowed for the active delivery of anticancer payloads to specific cancer cells 
and personalized drug release regulated by external photo-irradiation. Benefiting 
from the interparticle plasmonic coupling of AuNPs in close proximity, the plas-
monic vesicles assembled from amphiphilic AuNPs exhibited optical properties that 
were distinctively different from those of single nanoparticle units. These authors 
have shown that the dense layers of PEG grafts on the vesicles not only endow the 
plasmonic vesicles with excellent colloidal stability, but also serve as flexible spac-
ers for the bio-conjugation of targeting ligands to facilitate the specific recognition 
of cancer cells. The targeted delivery of an anticancer drug was investigated by 
dual-modality plasmonic and fluorescence imaging and toxicity studies, using Dox 
as the model drug. The experimental results showed that the loading content of Dox 
released in response to increasing Dox concentrations leveled off at 30% when the 
weight ratio of Dox and the vesicles reached 50%. Cytotoxicity tests in MDA-MB-435 
cells showed that the plasmonic vesicles were highly biocompatible. Cell viability 
was over 80% for the drug-loaded vesicles, as well as for the targeted and non- 
targeted vesicles. When the vesicles were exposed to light irradiation, they showed 
greatly enhanced cytotoxicity owing to the drug release, and the targeted vesicles 
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were more efficient than the non-targeted vesicles. The half-maximal inhibitory 
concentration (IC50) of folate-targeted vesicles against MDA-MB-435 cells was 
0.44 μg mL−1, which was fivefold lower than that of the non-targeted vesicles, dem-
onstrating fairly high therapeutic effectiveness. Therefore, the authors concluded 
that these folate-targeted photolabile plasmonic vesicles provide the opportunity to 
selectively deliver anticancer drugs to cancer cells by taking advantage of ligand- 
directed active targeting and triggered release regulated by light irradiation.

9.3.6  Other Gold Nanoparticles

Vivero-Escoto et  al. (2009) reported the synthesis of a gold nanoparticle-capped 
mesoporous silica nanosphere (AuNP-MSN) material for the photo-induced intra-
cellular controlled release of an anticancer drug, paclitaxel, inside human fibro-
blasts and liver cells, as depicted in Fig. 9.14. In this study, they functionalized the 
surface of the AuNP with a photoresponsive linker (thioundecyl- 
tetraethyleneglycolester- o-nitrobenzylethyldimethyl ammonium bromide; TUNA). 
The organically derivatized AuNPs (PR-AuNPs) with an average particle diameter 
of 5 nm were positively charged (ξ-potential = + 4.2 ± 1.4 mV) in PBS (pH 7.4). 
Then these authors synthesized spherical MSN material with an average diameter of 

Fig. 9.14 Schematic illustration of the photoinduced intracellular controlled release of photores-
ponsive (PR)-AuNPs- MSN. Upon UV irradiation, the photolabile linker on the PR-AuNPs was 
cleaved, changing the surface charge property (-potential) of these gold nanoparticles from posi-
tive to negative. The charge repulsion between the AuNPs and MSN would then uncap the meso-
pores and allow the release of guest molecules (From Vivero-Escoto et al. 2009. Reprinted with 
permission from ACS)
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100 nm, a total surface area of 1083 m2 g−1, and a narrow Barrett-Joyner-Halenda 
(BJH) pore size distribution, with an average pore size of 3.0 nm. They proposed 
that the capping mechanism of this PR-AuNPs-MSN system was based on electro-
static interaction between the positively charged PR-AuNPs and the negatively 
charged MSN material (ξ-potential = −23.8 ± 1.8 mV) in water. As illustrated in 
Fig. 9.14, upon photoirradiation, the photolabile linker covalently attached to the 
surface of the PR-AuNPs was cleaved, resulting in the formation of a cationic com-
pound, as well as the formation of negatively charged thioundecyltetraethylenegly-
colcarboxylate (TUEC)-functionalized AuNPs (NC-AuNPs). The charge repulsion 
between the NC-AuNPs and MSN uncapped the mesopores and allowed the release 
of guest molecules. In order to explore the feasibility of using the PR-AuNPs-MSN 
system for intracellular drug delivery in live human cells, an anticancer drug (pacli-
taxel) was chosen as a model drug for a controlled release study in human liver and 
fibroblast cells. Vivero-Escoto et  al. (2009) found that the paclitaxel-loaded 
PR-AuNPs-MSN material was rapidly endocytosed by these two cell types. After 
UV irradiation for 10 min, significant decreases in the cell viability, of 44.2% and 
43.5%, respectively, were observed for the liver and fibroblast cells containing pacli-
taxel-loaded PR-AuNPs-MSN.  This result indicated that PR-AuNPs-MSN could 
indeed transport and release paclitaxel inside these live human cells under photoir-
radiation control. This “zero premature release” characteristic is of importance for 
the delivery of toxic drugs in chemotherapy. Furthermore, the authors proved that the 
cargo-release property of the PR-AuNPs-MSN system could be easily controlled by 
low-power photoirradiation under biocompatible and physiological conditions. They 
believe that their results could lead to a new generation of carrier materials for the 
intracellular delivery of a variety of toxic hydrophobic drugs.

Song et  al. (2013b) developed a pH-responsive DNA-AuNP drug nanocarrier 
that has the capacity of pH-triggered drug release, which is suitable for effective 
cancer chemotherapy at the cellular level. They found that PEGylation of the proton- 
fuelled DNA nanomachine-conjugated AuNP (PF-DNA-AuNP) nanocarrier greatly 
increased its resistance to non-specific adsorption of serum proteins, and this nano-
carrier could effectively deliver Dox into cancer cells with high cytotoxicity. The 
PF-DNA system could be employed for the effective delivery and pH-triggered 
release of Dox. Dox, being a DNA intercalator, can be conveniently loaded to the 
PF-DNA system by simple mixing, avoiding the use of chemical conjugation or 
encapsulation steps. Compared with other drug-delivery systems, this carrier offers 
simple drug loading, requiring no chemical modification or coupling step, and it can 
be easily extended to other DNA-binding drugs. The authors showed that the 
PF-DNA nanocarrier bound Dox effectively and stably at pH 7.4, and only released 
Dox as the environment became acidic (pH <5.3). The PF-DNA-Dox binding/
release process is efficient, rapid, and reversible. The conjugation of a PEG-modified 
DNA to AuNP produces a multivalent PF-DNA-AuNP nanocarrier that resists non- 
specific adsorption and can be used for the efficient delivery and pH-responsive 
release of Dox into model cancer cells, leading to high cytotoxicity. This nanocar-
rier has numerous features required for a drug nanocarrier, i.e., it has uniform small 
nanoscale size (∼60 nm), which resists non-specific serum protein adsorption; it is 
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non-toxic and biocompatible; it is water-soluble; it is stable with a high drug- loading 
capacity (∼1000 Dox/AuNP); and it has the capacity for controlled release (in intra-
cellular endosomal/lysosomal acidic environments). Song et al. (2013b) developed 
an active targeting version of the nanocarrier by incorporating cancer cell-specific 
targeting agents, and extending the drug delivery and toxicity evaluation to preclini-
cal models.

Park et al. (2014) constructed a drug-delivery system by developing gold nano-
spheres (GNSs) conjugated to four α-helical cell-penetrating peptides (CPPs). They 
examined the applicability of this cell-selective drug-delivery system by evaluating 
its cell-penetrating (CP) and cell death activities and comparing them with these 
activities in the Tat peptide. Using a 25-nm-diameter GNS, they obtained higher cell 
death induction activity for the anticancer drug Dox than that obtained with a 41-nm 
GNS. After entering the cell, the peptide-conjugated GNS (25 nm) complexes accu-
mulated around the cell nucleus. High cell selectivity by the α-helical CPP sequences 
was also demonstrated. Their results indicated that these α-helical peptide and 
25  nm GNS conjugates were useful elements in an efficient cell-selective drug- 
delivery system. They constructed five nanoprobes by conjugating either the Tat 
peptide or one of four α-helical peptides (RF, RA, EF, and EA) to a 25-nm GNS 
(P-GNS25). These five nanoprobes were coated with PEG (P-PEG-GNS25) to 
maintain high stability during long incubations for nuclear targeting. The P-PEG- 
GNSs were expected to be taken up by the cell via endocytosis, and the P-PEG- 
GNSs in endosomes or lysosomes would then be expected to migrate to the nucleus. 
Therefore, a pH-sensitive Dox-PEG was synthesized, using a hydrazone linkage, 
and conjugated with a 25-nm GNS (P-Dox-PEG-GNS25) to allow the controlled 
release of Dox from the vesicles at pH 5 (Fig. 9.15). The four α-helical peptide- 
conjugated nanoprobes showed similar CP and cell death activities compared with 
the Tat peptide in three cell lines, HeLa, A549, and 3T3-L1, with high cell selectiv-
ity shown according to cell type and peptide sequence. Moreover, P-Dox-PEG- 
GNS25, which contained a pH-sensitive Dox linkage, showed levels of cell death 
induction by Dox (20–40%) that were approximately two times higher than those 
(10–20%) reported in a previous study, in which the EF and EA peptides were con-
jugated with 41-nm GNS (Park et al. 2013). The 25-nm GNS complexes accumu-
lated around the cell nucleus, where Dox was effectively released from the GNS, 
resulting in a higher induction of cell death than that seen with 41-nm GNS com-
plexes. These data indicate that P-PEG-GNSs25 could be applied to the construc-
tion of highly efficient and less toxic cell-selective drug-delivery systems for cancer 
research, including cancer diagnosis and therapy development.

Peptide-based capping agents for AuNPs are possible alternatives for capping 
and derivatizing AuNPs, but they have a major disadvantage, sensitivity to non- 
specific proteases, which may limit their in vivo utility. Using non-natural analogs 
of natural α-amino acids offers an attractive alternative strategy to circumvent this 
potential bottleneck in realizing the full potential of peptide-based capping agents 
for AuNP biological applications. Parween et  al. (2013) synthesized and investi-
gated the capping efficiency of AuNPs with a series of pentapeptides incorporating 
non-natural amino acids (α,β-dehydrophenylalanine [ΔPhe]; and α-aminoisobutyric 
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acid [Aib]). The introduction of ΔPhe and Aib in peptide sequences is well-known 
to provide them with increased resistance to enzymatic degradation. All these 
peptides were able to efficiently cap AuNPs and, moreover, peptide-induced aggre-
gation was not observed. The peptide-capped AuNPs showed excellent cytocompat-
ibility with mammalian cell lines (HeLa and L929), as well as with mouse 
splenocytes. Parween et al. (2013) encapsulated small hydrophobic drugs (such as 
Dox, mitoxantrone, and chloroquine) and found that the cytotoxicity of the drugs 
entrapped in the peptide-capped AuNPs to HeLa cells was higher than that of the 
free drugs. These results indicate that these non-natural amino acid-containing 
peptide-capped AuNPs may be further developed as promising alternative drug- 
delivery vehicles.

Multifunctional biocompatible nanomaterials with both fluorescent and vehicle 
functions are highly favored for bioimaging, therapeutic, and drug-delivery applica-
tions. Nevertheless, both the rational design and the synthesis of highly biocompat-
ible multifunctional materials remain challenging. Ding et al. (2015) reported the 
development of a method for the synthesis and assembly of protein-gold hybrid 
nanocubes (PGHNs) that consisted of GNCs, BSA, and tryptophan, and examined 
their application in cell imaging and drug delivery (Fig. 9.16). The green- synthesized 
PGHNs were blue-emitting under UV irradiation and cube-like in structure, with a 

Fig. 9.15 (a) TEM image of 25-nm GNS; scale bar, 100 nm. (b) Dox-PEG with pH-sensitive 
hydrazone linkage and a lipoic acid moiety for GNS conjugation. (c) Illustration of migration of 
peptides and Dox-PEG-conjugated 25-nm GNS (P-Dox-PEG-GNS25) inside a cell (From Park 
et al. 2014. Reprinted with permission from Elsevier)
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size of ~100 nm. The PGHNs were highly biocompatible and the whole synthetic 
process was ecofriendly and toxicity-free. The biocompatibility of PGHNs ensures 
that they can be readily internalized by different types of cells, which suggests that 
this material has high endocytosis efficiency. Moreover, PGHNs can function as 
nanovehicles that can deliver dyes and drugs into cells. This protein-metal hybrid 
nanomaterial can serve as a dual-purpose tool: as a blue-emitting cell marker in 
bioimaging investigations, and as a nanovehicle for drug-delivery studies.

9.4  Toxicity of Gold Nanoparticles

The basis of a targeted drug-delivery system is to concentrate the drug in the tissues 
of interest while reducing the concentration of the drug in other surrounding tissues. 
Nanoparticle-based therapeutic approaches have great potential for application in 
this field, because nanoparticles can be delivered at specific disease sites and then 
the drug release is triggered for alteration of the physiological microenvironment 

Fig. 9.16 Schematic presentation of protein-gold hybrid nanocube (PGHN) synthesis and its 
application in cell imaging and drug-delivery studies. The yellow dot, the blue cube, and the red 
circle indicate AuNCs, PGHNs, and Rh 6G (or Dox), respectively (From Ding et  al. 2015. 
Reprinted with permission from ACS)
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(Kumar et  al. 2013). The principal advantages provided by nanoparticles in 
drug- delivery applications are related to: (1) enhancing the aqueous solubility of the 
drug; (2) protecting the drug from degradation; (3) producing a more prolonged 
effect over time; (4) reducing the toxicity of the drug and enhancing its bioavail-
ability; and (5) providing targeted delivery (Parveen et al. 2012). AuNPs have been 
widely used in drug-delivery systems owing to their stability, high dispersity, non- 
cytotoxicity, and biocompatibility (Cheng et  al. 2011; Alkilany et  al. 2012; 
Ganeshkumar et  al. 2013; Ding et  al. 2015; Hu et  al. 2015; Li et  al. 2017b; 
Manivasagan et al. 2016). Based on broad experimental investigations, such as via-
bility assays, ROS analyses, gene expression, and cellular morphology assays, it is 
considered that AuNPs are fairly non-toxic even though the capping agents may 
change the toxicity profile (Fratoddi et  al. 2014). However, AuNPs can cause 
adverse effects if they are taken up and stored by cells, because the AuNPs may 
become effective catalysts (Caballero-Díaz and Valcárcel 2014). Caballero-Díaz 
and Valcárcel (2014) classified the toxicity or adverse effects caused by AuNPs into 
nine different types, including interaction with DNA (genotoxicity), the generation 
of ROS, mitochondrial damage, apoptosis/necrosis, leakage of toxic materials, inter-
action with lipids and proteins, endocrine disruption, and change of cellular morphol-
ogy. It is evident that size and shape, as well as the electrical charge of the AuNPs, play 
a critical role in cytotoxicity and genotoxicity (Vijayakumar and Ganesan 2013; 
Carnovale et  al. 2016). In particular, charged AuNPs induce apoptosis and neutral 
AuNPs induce necrosis (Fratoddi et  al. 2014). A cytotoxicity test of water-soluble 
AuNPs (0.8–15 nm), which were stabilized with triphenylphosphine derivatives, was 
carried out in four cell lines that represent major functional cell types (Pan et al. 2007). 
Sung et al. (2011) studied the toxicity of AuNPs in Sprague Dawley rats by using inha-
lation; cellular differential counts were investigated and cytotoxicity was measured. 
The results revealed that there was no statistically significant difference in cellular dif-
ferential counts; however, histopathological results showed minimal alveoli, an inflam-
matory infiltrate, and increased macrophages in the rats that were highly dosed.

Although there are numerous publications concerning the toxicological effects of 
AuNPs, the findings reported are disparate, in that they have been obtained by diverse 
methods, by testing AuNPs with different sizes or shapes in different cell lines, and 
under diverse incubation conditions and doses (Caballero-Díaz and Valcárcel 2014). 
Besides, one must take into account that AuNPs undergo stability changes in the 
physiological environment as a consequence of their interaction with biomolecules 
and other components. Regarding toxicological assessment, there are some limita-
tions in the current studies related to the lack of the exhaustive characterization of the 
AuNPs involved. This characterization should include, at least, the size distribution, 
shape, specific surface area and chemistry, and stability of the AuNPs. In most cases, 
the degree of characterization performed is dependent on the facilities available at 
each laboratory. Differences in the results may also originate in the use of various 
measurement techniques or even in the use of different operating conditions. Errors 
associated with different sample preparation methods or with the fact that the sam-
ples taken for characterization are not representative of the entire sample can lead to 
inconsistent results. Furthermore, it is important to mention that in many in vivo 
studies, organisms are treated with quantities of nanoparticles that are much higher 
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than those that would be expected in the actual scenarios. High concentrations of 
nanoparticles favor the formation of aggregates and lead to unrealistic scenarios for 
toxicity assessment (Dhawan and Sharma 2010). Taking into account the potential 
application of AuNPs in biomedicine, it would be reasonable to perform systematic 
studies that investigate a broad range of exposure conditions involving nanoparticles 
with different physicochemical features. This would help us to construct an accurate 
picture of the variables that influence nanostructure pharmacokinetics (absorption, 
distribution, metabolism, and excretion) and would help to determine whether toxic-
ity will be observed (Fischer and Chan 2007).

9.5  Conclusion

AuNPs show great potential for the creation of drug-delivery systems, owing to 
features such as their stability, high dispersity, tunable monolayers, functional flex-
ibility, low toxicity, and ability to control the release of drugs. Currently, there are 
numerous reports on the synthesis of AuNPs and the development of applications 
for these entities. Although much investigation remains to be done, at present the 
physiological destination of AuNPs in vivo is still far from completely understood, 
although it is considered that nanoparticles definitely have the potential to revolu-
tionize medical therapies, particularly in the case of multimodal cancer treatment. 
More investigations are still needed to gain a better understanding of how we can 
extrapolate the potential effects of nanoparticles on human health from the biologi-
cal behavior that the particles exhibit in animal studies, and how the characteristics 
and properties of these nanoparticles influence their fate and behavior in  vivo. 
Hence, additional investigations of drug-delivery systems based on AuNPs will be 
required to fully understand their pharmacokinetics, interactions with the immune 
system, and the extent of their cytotoxicity owing to their surface and size. Continued 
research into nanoscale delivery vehicles will expand the understanding of the inter-
actions of these materials with biological systems, promoting the development of 
more effective drug-delivery systems.
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Chapter 10
Magnetic Hyperthermia-Using Magnetic 
Metal/Oxide Nanoparticles with Potential 
in Cancer Therapy

Costica Caizer

Abstract Magnetic hyperthermia (MHT) is heat dissipation in magnetic nanopar-
ticles (MNPs) in an alternating magnetic field (AMF) of hundreds of kHz. This is an 
alternative method, non-invasive, and appears to be non-toxic compared to the usual 
methods – chemotherapy and radiotherapy used today in the therapy of malignant 
tumours – and with great future potential in cancer therapy. For the MHT to be 
effective in destroying tumour cells the temperature of biocompatible magnetic 
nanoparticles (Bio-MNPs) in the tumour must reach 42–43  °C, leading to local 
necrosis. There are many factors that increase the temperature of MNPs, depending 
on the nanoparticles’ size (NPs) and type, metals or oxides with metallic ions. In 
this chapter, I will discuss application of metal/oxide magnetic nanoparticles 
(Me/O-MNPs) in MHT as possible candidates for increasing the hyperthermic effi-
ciency in cancer therapy. I will present the basic physical aspects of MHT, the mag-
netic properties of Me/O-MNPs with potential use in MHT, the results obtained 
in vitro and in vivo and future development trends of the MHT technique, such as 
superparamagnetic hyperthemia (SPMHT), proposed as alternative, non-invasive 
and non-toxic cancer therapy.
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Nomenclature

AMF Alternating magnetic field
BioC Bioconjugation
BioFS Biofunctionalised surface
BioFS-NPs Nanoparticles with biofunctionased surface
Bio-L Biocompatible layer
Bio-MNPs Biocompatible magnetic nanoparticles
CDs Cyclodextrins
FeM Ferromagnetic
FeMNPs Ferromagnetic nanoparticles
FiM Ferrimagnetic
FiMNPs Ferrimagnetic nanoparticles
FS Functionalised surface
FS-NPs Nanoparticles with functionalised surface
LPs Liposomes
MeIs Metallic ions
Me-MNPs Matallic magnetic nanoparticles
Me-FeMNPs Metallic ferromagnetic nanoparticles
Me-SPMNPs Metallic superparamagnetic nanoparticles
MFHT Magnetic fluid hyperthermia
MHT Magnetic hyperthermia
MNPs Magnetic nanoparticles
NPs Nanoparticles
O-FiMNPs Oxide ferrimagnetic nanoparticles
O-MNPs Oxide magnetic nanoparticles
SAR Specific absortion rate
SPM Superparamagnetic
SPMHT Superparamagnetic hiperthermia
SPMNPs Superparmagnetic nanoparticles

10.1  Introduction

Magnetic hyperthermia (MHT) is today one of the most promising alternative meth-
ods, that is non-invasive and has low toxicity upon the living organism, and with a 
great future potential in cancer therapy (Gordon et al. 1979; Pankhurst et al. 2003; 
Ito et al. 2005a; Kawai et al. 2006; Gazeau et al. 2008; Kobayashi et al. 2014; Datta 
et al. 2015). The method relies on getting a higher temperature inside the tumor 
where the magnetic nanoparticles (MNPs) are found, ~43  °C respectively, com-
pared to the normal temperature of the surrounding tissues, by using an external 
alternating magnetic field (AMF) (Rosensweig 2002; Pankhurst et al. 2003; Hergt 
et al. 2006). Local heating occurs through the Néel – Brown magnetic relaxation 
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(Néel 1949; Brown 1963; Rosensweig 2002). The high temperatures destroy the 
tumour cells through apoptosis or even necrosis (up to 45–46  °C) (Prasad et  al. 
2007; Gazeau et al. 2008). Since Gordon et al. (1979) revealed for the first time in 
1979, the hyperthermic magnetic effect on tumour cells through the use of MNPs 
coated with dextran exposed to an AMF, it has been considered that MHT with 
nanoparticles (NPs) can be a viable alternative method in cancer therapy compared 
to chemotherapy and radiotherapy (Gordon et al. 1979). Chemo- and radiotherapy 
used today to treat cancer are highly toxic, and in many advanced cases these are 
even inefficient. Therefore, finding an alternative method, which is non-invasive, 
with a reduced or no toxicity, and more efficient than the current methods is desir-
able. Even more, the importance of finding better alternatives for cancer therapy is 
emphasized by the high rates of cancer diagnosis in many European countries.1 
According to the World Health Organisation findings, cancer is the second leading 
cause of death globally with an expectancy of 70% increase in deaths over the next 
two decades.

By using a natural thermal effect instead of chemicals or radiations which are 
highly destructive for health cells, MHT has the advantage of a very low toxicity 
rate from the beginning. In addition, under the action of AMF, thermal effects occur 
only locally, inside only the tumour where are MNPs, and can be controlled by 
using MNPs without affecting the other surrounding healthy tissue. Moreover, AMF 
used in MHT has no negative biological effects on healthy tissues, as long as a cer-
tain threshold is not passed (Hergt and Dutz 2007). Some MNPs, such as magnetite, 
are well tolerated by the body (Lacava et al. 1999; Hilger et al. 2003; Naqvi et al. 
2010). Furthermore, to eliminate the possible toxicity of the MNPs and to increase 
their affinity to the tumor cells, they are made biocompatible (Safarik and Safarikova 
2002; Kobayashi et  al. 2014) by various techniques used in bionanotechnology. 
Usually, these techniques are used for coating/covering the surface of NPs with a 
non-toxic organic layer (polymer, non-polymeric or different biological molecules) 
(Molday and MacKenzie 1982; Portet et al. 2001; Zhang et al. 2002; Berry et al. 
2003; Mart et al. 2009; Guandong et al. 2010). Given all this, MHT with MNPs 
appears to be toxicity free.

However, following hyperthermic effect, MNPs can remain interstitial in the 
tumour area or in the bloodstream and can possibly migrate towards some organs 
(liver, spleen, etc.) (Johannsen et al. 2005). Regarding intracellular MNPs in the 
tumor, those can be eliminated naturally due to their reduced sizes (a few nanome-
ters). These issues and others that can affect the toxicity and efficacy of thermo-
therapy are taken into account when studying the efficiency of the magnetic method.

Another important aspect of the MHT is finding the most suitable MNPs to get a 
maximum hyperthermic effect and a reduced toxicity. From this point of view, 
besides using ferrimagnetic nanoparticles (FiMNPs) of Fe3O4 and γ-Fe2O3 with 

1 World Cancer Research Fund International, Data for Cancer Frequency by Country, accessed at 
http://www.wcrf.org/int/cancer-facts-figures/data-cancer-frequency-country.
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Fe+2/Fe+3 metallic ions (MeIs), which seem to be most suitable, metallic ferromag-
netic nanoparticles (Me-FeMNPs) of small sizes (only a few nm), such as Fe, Co, 
etc., are also considered for future use in superparamagnetic hyperthermia (SPMHT). 
This would greatly increase the hyperthermic effect and ultimately, the efficiency of 
the method (Zeisbergera et  al. 2007; Habib et  al. 2008; Mehdaoui et  al. 2010a, 
2010b; Kappiyoor et al. 2010; McNerny et al. 2010; Wu et al. 2011).

Also, another aspect worthy of attention is the homogenous dispersion and accu-
mulation of MNPs inside tumours. Moreover, if until now the more solid localized 
tumors were targeted through MHT, being easily accessible by injecting the bio-
compatible magnetic nanoparticles (Bio-MNPs) suspension directly in the tumour, 
with the current development of bionanotechnology, also the hidden and harder to 
reach tumours or extensively metastatic have started to be widely addressed. 
Through encapsulating NPs in liposomes (LPs) or coating them with a biocompat-
ible layer (Bio-L) and then functionalising the surface (FS) of the NPs (FS-NPs) 
with molecules/bionanostructures and specific ligands with a high selectivity of 
tumor cells, and then administer them intravenously, these new techniques become 
viable alternatives (Shinkai and Ito 2004; Malhi et al. 2013; Le Renard et al. 2010;  
2011). As a result of this type of thermotherapy by MHT there are also other 
advanced effects such as induced anti-tumor immunity (Kobayashi et  al. 2014). 
Bioconjugation/biofunctionalisation the surface of nanoparticles (BioC/BioFS- 
NPs) with specific antibody (Ito et al. 2005a, b), or by encapsulating the drug/anti- 
tumor substances in cyclodextrins (CDs) (Fagui et al. 2011; Li et al. 2011; Nigam 
et al. 2011; Yallapu et al. 2011; Hayashi et al. 2014) with double action (thermal and 
biochemical) are current approaches in MHT.  In vivo results so far have clearly 
demonstrated tumour regression following MHT therapy (Hergt et  al. 1998; Ito 
et  al. 2003a; Johannsen et  al. 2005; Tanaka et  al. 2005; Hilger et  al. 2005) with 
promising future use in the clinical trial and as alternative method in cancer 
thermotherapy.

This chapter discusses the MHT with Me-MNPs (FeM) and O-MNPs (FiM) that 
contain MeIs, and presents some results obtained in vitro and in vivo about the pos-
sible use in therapy of malignant tumours. The physical principle of MHT, and in 
particular, of the SPMHT, which is the best method currently used for obtaining the 
magnetic hyperthermia effect with a maximum efficiency, will be discussed in detail 
further on. Also, other aspects of the MHT efficiency and real prospects of using 
this alternative method in the future cancer therapy will be further addressed.

10.2  Principle of Magnetic Hyperthermia

10.2.1  Hyperthermia with Magnetic Nanoparticles

MHT consists in increasing the temperature environment (physical or biological) 
that contains a magnetic material, metal (FeM) or oxides (generally based on irons) 
with MeIs (FiM), under the action of an external AMF. In the case of a biological 
environment, when aiming at destroying tumour cells by using hyperthermic effect 
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(more than the normal value of ~37 °C), the goal is to increase the tissue’s tempera-
ture at target values of 42–43 °C.

The magnetic effects that can lead to heating the magnetic material (FeM or 
FiM) located in an external AMF are: (i) eddy currents that occur through electro-
magnetic induction in metallic magnetic materials, (ii) magnetic hysteresis, (iii) 
magnetic relaxation and (iv) magnetic resonance (ferro- or ferrimagnetic). In the 
case of MNPS, because they are very small (10−7 to 10−9 m) and generally isolated 
from each other in a suspension, turbionari currents (i) are negligible, even in con-
ductive MNPs (Fe, Ni, Co, etc.).

In addition, for obtaining MHT, the AMFs are used at a frequency of tens – hun-
dreds of kHz. Having in view that the magnetic resonance in a fero- or ferrimagnetic 
material (FeM when NPs are metals or FiM when NPs are metal oxides) is achieved 
at much higher frequencies (hundreds of MHz – tens of GHz), MHT can not be 
generated by magnetic resonance (iv). Only the hysteresis effect (ii) (Pankhurst 
et al. 2003) and the magnetic relaxation (iii) (Néel 1949; Brown 1963) may produce 
heat to the material.

Magnetic hysteresis (ii) (Fig. 10.1a is obtained, in general, in the case of large 
MNPs, that have a structure of magnetic domains (Fig. 10.1b).

Power dissipation per unit of material volume in AMF can be expressed by the 
formula (Pankhurst et al. 2003)

 
P f HdM= ( )∫µ0

3o , /in W m
 

(10.1)

where f is the frequency of AFM with H magnitude and M is the magnetization of 
the material. Basically, this power is the surface S of hysteresis loop (Fig. 10.1a) 
which gives the power dissipated during a hysteresis loop, on a period of time 
t(t = 1/f) of the magnetic field multiplied by frequency (P = μ0fS). When the sample 
is comprised of MNPs the specific power dissipation is used (Habib et al. 2008)

FM

M

S

H

a

b

Ms

Fig. 10.1 (a) The magnetization (M) of multidomain nanoparticles in the external magnetic field 
(H); (b) magnetic structures in multidomain nanoparticles of cubic (left) and uniaxial (right) 
anisotropy
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ρ
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(10.2)

where ρ is the density of the sample (nanoparticles system). For small amounts of 
material, such as NPs, it is customary the use of the expression of specific power 
dissipated in W/g (see Sect. 10.2.2). The loss power in NPs in the form of heat (Q), 
will lead to their heating. When the MNPs are found in a biological tissue (after 
previously being made biocompatible with the enviroment), as a result of applying 
AMF to obtain a temperature increase of the tissue compared to normal value (ex. 
~37 °C), the MNPs suffer hyperthermic effect.

However, it was found that the practical use of MHT as an effect of magnetic 
hysteresis has some drawbacks (Pankhurst et al. 2003). Mainly for getting an effi-
cient heating of a tissue is needed to increases its temperature in a short time and 
also to reach the necessary value in a MHT. This requires that the hysteresis loop to 
be as broad and saturaturated as possible, which implies the existence of high fields 
for magnetization and magnetic saturation. This is hard to have at frequencies of 
hundreds of kHz. Also, NPs should be large enough and be structured as magnetic 
domains in order to have a pronounced hysteresis, and/or to have a large magnetic 
anisotropy. Using large MNPs raises many aspects of the biological toxicity or bio-
compatibility and transportation at cellular and intracellular level.

Recent research results have shown that MHT would be more effective if instead 
of large NPs (average diameter of tens of nm), with magnetic domains structure, its 
would use NPs that are smaller, single-domain and superparamagnetic, with a 
(mean) diameters in the ~5–25 nm range. In this case, it was found that MNPs can 
achieve higher power dissipation than using hysteresis losses (Pankhurst et al. 2003; 
Hergt et al. 1998), and in addition, their toxicity should be lower, due their smaller 
size. Moreover, small MNPs should be more effective in intracellular therapy (Fortin 
et al. 2008).

The main feature of MNPs, FeM or FiM, that have a superparamagnetic (SPM) 
behavior is the lack of hysteresis (Fig. 10.2a). Their magnetization is done by a 
function of Langevin type (Jacobs and Bean 1963). At the same time, the magnetic 
domains structure is missing, NPs having a single-domain (Fig. 10.2b) magnetized 
spontaneously to saturation. In this case, the spontaneous magnetization 


Ms( )  is 

not stable, but fluctuates along a direction, called the easy magnetization axis 
(e.m.a.) under the action of thermal activation, a process known as magnetic relax-
ation, respectively, in this case superparamagnetic relaxation (Néel 1949; Bean and 
Livingston 1959). The 180° magnetization reversal and the magnetic moment of 
nanoparticle 


m( )  which has volume V, respectively

 
 
m = VMs,  (10.3)

are done in the Néel magnetic relaxation time (Néel 1949; Aharoni 1964), which 
has the formula
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τ τN
B

KV
=









0 exp ,

k T
 

(10.4)

where KV is the energy barrier for the magnetic moment of NPs, kBT is the thermal 
energy and τ0 is a time constant (10−9 s Back et al. 1998). In Eq. 10.4 K is the mag-
netocrystalline anisotropy constant, which in the simplest case is considered uni-
axial, and kB is the Boltzmann constant.

This process of superparamagnetic relaxation in an external AMF leads to a dis-
sipation of energy in the form of heat. Thus, they heat up. This magnetic relaxation 
effect (iii) in superparamagnetic nanoparticles (SPMNPs) is used in MHT and 
appears to be more appropriate than the effect given by hysteresis (ii) both in terms 
of increased power dissipation obtained but also of lower toxicity, due to using 
smaller nanoparticles. According to some researchers in the field, the SPMHT is 
considered the future cancer therapy method, more efficient and with almost no 
toxicity compared with chemo- and radiotherapy, which are used today in treatment 
of cancer and have a high toxicity and in many cases are inefficient.

10.2.2  Superparamagnetic Hyperthermia

In an harmonic AMF with amplitude H0 and frequency f, power (volumetric) dissi-
pated is given by (Rosensweig 2002)

 P f HMHT = ′′πµ χ0
2 ,  (10.5)

where χ″ is the component of complex magnetic suspectivity, called the loss com-
ponent. This component is found (Shliomis 1974) as having the form of the Debye 
equation

SPM

a

b

M

Langevin curve

H

m

e.m.a.

Fig. 10.2 (a) The magnetization (M) of nanoparticles that have single domain in the external 
magnetic field (H); (b) magnetic structures in single domain nanoparticles with uniaxial 
anysotropi
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,

 

(10.6)

where χ0 is magnetic susceptibility of echilibrum, τ is magnetic relaxation time and 
ω = 2πf is pulsation.

When NPs are found in colloidal suspensions, magnetic relaxation can occur by 
two mechanisms, Néel and Brown, and relaxation time will be given by (Néel 1949; 
Brown 1963; Aharoni 1964)

 
τ

τ τ
τ τ

=
+
N B

N B

,
 

(10.7)

where τN is given by Eq. 10.4 and τB is (Brown 1963)

 
τ

η
B

h

B

=
3 V

k T
.
 

(10.8)

In Eq.  10.8 η it is the viscosity coefficient of the fluid in which the NPs are 
 dispersed and Vh is the hydrodynamic volume of the NPs (Fig. 10.3), which in a 
spherical nanoparticles approximation model (Fig. 10.3a have the expression

 
V Dh = +( )π

δ
6

2
3
.
 

(10.9)

In Eq. 10.9 D is the diameter of the NPs (Fig. 10.3a) and δ is the thickness of the 
biocompatible coating (Fig.  10.3b), such as dextran, liposomes, cyclodextrins, 
 polymers, etc., depending on biomedical application (Veiseh et al. 2010).

Considering Eq. 10.6, the loss power by magnetic relaxation in fluid (Eq. 10.5) 
will have the formula

 

P fH
f

f
MHT =

+ ( )
µ π χ

π τ

π τ
0

2
0 2

2

1 2
.

 

(10.10)

In many cases, NPs in biological environments are fixed, or thickness of the 
Bio-L is quite thick, so the condition is achieved τB ≫ τN, and relaxation time τ is 
reduced to τN (τ = τN). This approximation takes place in most practical cases. In this 
case, the loss power occurs only through Néel relaxation process, as by rotation of 
the magnetic moments within the MNPs under the action of the AMF.

In the case of different NPs, to be able to compare results, specific loss power is 
used (Eq. 10.2)

 

P H f
f

f
MHT S

inW g( ) =
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( )πµ χ
π τ
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2

2

1 2
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(10.11)

where δ is the density of NPs (δ = m/V, m is the mass).
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The formula found (10.11) determines the temperature of heating nanoparticles 
(∆T), considering the adiabatic system, when entire energy (power) is transformed 
into heat (Q) in a time period ∆t,

 Q mc T P V t= =∆ MHT ∆  (10.12)

and

 
∆

∆
δ

T
P t

c
= MHT ,

 
(10.13)

D

a

b

Dh

Fig. 10.3 (a) The core-shell model of compatible nanoparticles; (b) (color online) Illustration 
depicting the assembly of polymers onto the surface of magnetic nanoparticle cores (Reprinted 
from Veiseh et al. 2010, Copyright (2010), with permission from Elsevier)
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respectively, where c is the specific heat of NPs. In studies of magnetic hyperther-
mia often one will use the heating rate (speed)

 

∆
∆
T

t

P

c
=
( )MHT S

 
(10.14)

which is more suggestive.

10.3  Superparamagnetic Hypethermia in Cancer 
Thermotherapy

10.3.1  Factors That Can Influence the Efficiency 
of Superparamagnetic Hyperthermia

Given the loss power (Eq. 10.10) and specific loss power (Eq. 10.11) and heating 
rate (Eq. 10.14), we see that these observables depend on many factors, both specific 
magnetic nanoparticles (type, size, shape and distribution of MNPs, magnetic 
anisotropy, magnetic susceptibility, surface thickness of Bio-NPs, interactions 
between NPs, which can form agglomerates) and suspension in which nanoparti-
cles are dispersed (the concentration of NPs suspension, the viscosity of the fluid, 
the density of suspension) and an external magnetic field (external magnetic field 
amplitude and frequency, harmonic AC). In addition, when the suspension of NPs is 
introduced in a physiological environment (tissue, tumour, blood, fluid, etc.), 
depending on the biomedical/pharmaceutical application, we must take into account 
the characteristics of this environment, the interaction with Bio-NPs and the possi-
bility of movement or no movement (fixing) of NPs. All these factors should be 
considered when the maximum efficiency of the MHT application is pursued.

However, some of these can be considered critic parameters, such as the size of 
NPs. Besides thess, it quite critical is the magnetic anisotropy of MNPs that can 
change the power dissipation and heating rate, in order to get a maximum hyperther-
mic effect, with direct repercussions on the size of NPs to be used in MHT.

To get a clearer picture of the influence these parameters have on the MHT, 
Fig. 10.4 shows different curves of heating rates ΔT/Δt (Eq. 10.14) for different 
O-MNPs with Fe2+, Fe3+ and Co2+ metal ions (FiM nanostructures of Fe3O4 (magne-
tite), γ-Fe2O3 (maghemite), CoFe2O4 (cobalt ferrite) and Ba ferrite) dispersed in 
teradecane (carrier liquid) (Rosensweig 2002). The heating rates of these nanosys-
tems presents a maximum for each of the values of diameters (sizes) of the NPs, in 
range of 3–12 nm, bigger being at Fe3O4 and γ-Fe2O3. From the diagrams we can see 
that a small change in the NPs diameter leads to a high decreases of heating rate (ex. 
curves 3 and 4). This shows that the diameter of NPs is a critical measure in obtain-
ing the maximum heating rate. Also, magnetic anisotropy of NPs changes signifi-
cantly the maximum positions (the size of NPs where the maximum is obtained), 
that are obtained at slightly lower diameters when the magnetic anisotropy is high. 
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For example, this can be observed in the case of barium and cobalt ferrite (curves 1 
and 2) compared to magnetite and maghemite (curves 2 and 4). The curves were 
recorded in the magnetic field H = 71.6 kA/m (H = B/μ0, B = 0.09 T) and the fre-
quency f of 300 kHz, and the dispersion environment of the NPs had the following 
characteristics: the volume fraction of the NPs in liquid (ϕ) is 7.1% and the viscos-
ity coefficient of liquid (η) is 0.00235 kgm−1 s−1).

In Fig. 10.5 we can properly seen (in a 3D representation) the influence of the 
external magnetic field (amplitude H and frequency f) and of the mean diameter 
(<D>) of MNPs (taking into account a distribution of size of NPs in a real disper-
sion) on the specific loss power (SLP) (Eq. 10.11), in the case of Co ferrite NPs and 
in the absence of relaxation Brown (when the viscosity of the fluid is high or NPs 
are fixed), and when the magnetic susceptibility of equilibrium (χ0) is constant 
(Caizer 2010). For the magnetic field were considered the following values of 
10–30 kA/m and the variable parameters, frequency (f) and mean diameter (<D>) in 
the ranges of 100–500 kHz, and 4–7 nm, respectively. The study was done in a bio-
logical tissue without cellular damage by magnetic field (amplitude and frequency) 
(Hergt and Dutz 2007)

 H f⋅ ≤ × −5 109 1Am Hz.  (10.15)

One such study done with a professional software, optimizes MHT (finding 
the conditions to specify the highest specific loss power for a particular nanosys-
tem) study required both prior to the experiments in vitro and in vivo, and during 
these tests.

The purpose of my study is the possible future use of Co ferrite NPs encapsulated 
in LPs, with a SPM behavior in an external magnetic field of up to 150  kA/m 
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Fig. 10.4 Comparative heating rates for various magnetic solids. 1 Barium ferrite, 2 Cobalt ferrite, 
3 Magnetite, 4 Maghemite. ϕ = 0.071, η = 0.00235 kg m−1 s−1, f = 300 kHz, B = 0.09 T, δ = 2 nm 
(Reprinted from Rosensweig 2002, © (2002), with permission from Elsevier)
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(Fig. 10.6), in the therapy of malignant tumors. The curve was recorded for concen-
trations of 20 mg/ml of liposomal suspension of nanoparticles (magnetoliposomes 
in distilled water). Due to the LPs sizes (>100 nm), Brown relaxation (Eq. 10.8) has 
been neglected, losses taking place during Néel relaxation processes (Eq. 10.4), in 
the low field of 10–30 kA/m. An important finding of this study is that the high 
specific loss power is achieved at a lower mean diameter of Co ferrite NPs. This 
result leads to the idea that these NPs that would be suitable for use in intracellular 
therapy (Jordan et al. 1999a; Fortin et al. 2008) of hyperthermia may destroy tumour 
cells more effectively within them.

An excellent review, where the influence of other parameters on the SPMHT can 
be observed, is found in Gazeau et al. (2008). For example, the viscosity of fluid or 
the large dispersion of the MNPs that always exists in a real nanosystems, can sub-
stantially affect the SPMHT (Rosensweig 2002). In the case of the large dispersion 
of NPs we must consider the distribution function of the sizes (diameters) of 
nanoparticles. Experimentally, in most cases, it was found that the nanoparticle size 
distribution can be approximated by a lognormal function (Bacri et  al. 1986; 
O’Grady and Bradbury 1994; Caizer 2003)

Fig. 10.5 (Color online) 
3D SLP for cobalt ferrite 
nanoparticles as a function 
of f and <D>; (a) 
10 kAm−1 and (b) 
30 kAm−1 (Reprinted from 
Caizer 2010, © (2010), 
with permission from West 
University Publising 
House)

C. Caizer



205

 

f D
D

D d
( ) = −

( )









1

2 2

2

2πσ σ
exp

ln /

 

(10.16)

where D is the diameter of the NPs (Fig. 10.3) (in spherical nanoparticles approxi-
mation, for example) and d and σ are the distribution parameters. In this case, the 
mean diameter of the NPs will be (Baker et al. 2006)
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Given such ditribution, and the Eqs. 10.10 and 10.11, mean specific loss power in 
this case is calculated by formula

 
P f D P d D= ( ) ( )

∞

∫
0

MHT

 
(10.18)

In order to have a small influence of the NPs sizes over the power dissipated, is 
important to aims at achieving this by various methods used in obtaining nanoparticle 
systems with more narrow distributions. However, in real terms this condition often is 
difficult, and the formula (10.18) should be applied for assessing the correct loss power.

10.3.2  Superparamagnetic Hyperthermia with Metal Magnetic 
Nanoparticles

While aiming at increasing the loss power in a short time in a system of MNPs and 
given the theoretical and experimental results regarding the SPMHT, and other 
results and recent studies (Baker et al. 2006; Lee et al. 2007; Ondeck et al. 2009; 
Purushotham and Ramanujan 2010), an alternative route is considered in order to 

Fig. 10.6 (Color online) 
magnetisation of CoFe2O4 
nanoparticles encapsulated 
in liposomes (Reprinted 
from Caizer 2010, © 
(2010), with permission 
from West University 
Publising House)
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achieve the desired results. In order to reduce the side effects of toxicity on normal 
cells surrounding the tumour cells targeted through MHT, the use of metallic super-
paramagnetic nanoparticles (Me-SPMNPs) is used instead of those oxides that are 
limited (Kappiyoor et al. 2010).

Me-MNPs that are FeM would bring additional benefits in SPMHT compared to 
the oxides, primarily by strong increase in power dissipated due to the high mag-
netic moment (Eq. 10.3) and the high susceptibility of FeMNPs, which can be tens – 
hundreds of times higher than the FiM oxides (ferrites). In addition, the magnetic 
anisotropy of FeM metals such as Fe, Co, brings other advantages due its generally 
higher values than iron-based FiM oxides, such as Fe3O4 or γ-Fe2O3, the most suit-
able and used in experiments of SPMHT. This makes the maximum power dissi-
pated in SPMHT (Eq. 10.10) to be achieved at smaller sizes of NPs, which makes 
FeM more suitable for use in therapy of intracellular magnetic hyperthermia (Fortin 
et al. 2008). Me-FeMNPs are smaller than FiM oxides, and thus will have less effect 
on cell toxicity. Moreover, smaller NPs can easily get inside cells by active transpor-
tation mechanisms, making them more efficient in terms of effects of MHT. In addi-
tion, even using various biocompatible surfactants the hydrodynamic volume 
(diameter) (Fig. 10.3 and Eq. 10.9) will be smaller, thus facilitating both relaxation 
mechanisms in MHT and transportation mechanisms of biocompatible NPs to the 
target biological tissue.

The result shown in Fig. 10.7 is very suggestive in this regard. It can be observed 
very clearly that the loss power in Me-FeMNPs of Fe or Co is noticeably higher 
than in the case of O-FiMNPs of Fe3O4 or γ-Fe2O3. In addition, the diameter of 
Me-MNPs where can achieve the maximum power is approx. two times lower than 
that of the O-MNPs, being about 10 nm, aspect benefit for SPMHT. Another impor-
tant issue when using Me-FeMNPs in SPMHT is also their usage as metal alloys, 

Fig. 10.7 (Color online) 
volumetric power loss for 
various magnetic materials 
at 300 kHz and 50 mT ac 
field in aqueous dispersion 
with 10% particle 
concentration (Reprinted 
from Habib et al. 2008, 
with the permission of AIP 
Publishing)
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which gives the possibility of obtaining a magnetic anisotropy adjustable depending 
on the concentration of one or other of the chemicals used (ex. FeCo). This allows 
a modification of Me-MNPs size in a fairly wide range without the power dissipa-
tion having to change too much, which is great for SPMHT.

In addition, the limitation imposed by Eq.  10.15 could be easily met in 
Me-FeMNPs by the real possibility of using a magnetic field with amplitude or 
frequency reduced, and that will lead to the same hyperthermic effect as when iron 
O-MNPs are used.

Given the above advantages, preparation of colloidal suspensions of Me-FeMNPs 
based on Fe and Co, and their use in SPMHT, has already caught scientist’s atten-
tion (Zhang et al. 2003; Mendoza-Resendez et al. 2004; Hutten et al. 2005; Hergt 
et al. 2006; Zeisbergera et al. 2007; Habib et al. 2008; Mehdaoui et al. 2010a, b; 
Kappiyoor et al. 2010; McNerny et al. 2010; Wu et al. 2011).

In Fig. 10.8 I have a 3D computational result of a study that we did in the case of 
Me-MNPs of Fe as a possible use of their SPMHT. The study was aimed at finding 
optimal diameter of the NPs (considered as spherical) that gives the highest specific 
loss power, starting from simulating real conditions (considering the iron magnetic 
characteristics, a magnetic packing fraction (volumetric) of 10%, and NPs fixed in 
the future tissue (neglecting the Brown relaxation processes)). The result is surpris-
ing, because one can get a fairly high specific power dissipation even at low H and 
f (i.e., H < 40 kA/m and f < 100 kHz), making these MNPs very suitable for SPMHT.

Similar results were obtained by other authors. Mehdaoui et al. (2010a) reported 
MHT for iron FeMNPs with cubic shape and sizes of 11 nm and 16 nm, where they 
obtained a specific loss power (SAR – specific absortion rate) of 1,690 W/g in a 
magnetic field of 66 mT (~53 kA/m). This power exceeds that one reported in other 
nanosystems. In Fig. 10.9 SAR is shown for the two samples studied.

However, reduced biocompatibility compared to NPs of the iron oxide is a major 
issue when it comes to their use in SPMHT in tumors. If the problem of 

Fig. 10.8 The specific loss 
power for nanoparticles of 
Fe, according to the 
diameter of nanoparticles 
and frequency of 
alternating magnetic field
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 biocompatibility and stability of suspensions of Me-MNPs in aqueous solution will 
be solved the Me-FeMNPs would be used successfully in SPMHT instead of 
O-FiMNPs ones, this leading to greater efficiency of the hyperthermic method. The 
problem of biocompatibility and using oxide/metal NPs in MHT studies in vitro and 
in vivo will be discussed in the next section.

In this respect, a first step in reducing the toxicity of Me-FeMNPs on healthy 
tissues could be done by reducing from the start their concentrations in the tissue, 
respectively the volume fraction of magnetic material in suspension. Because of this 
there is an additional reserve of loss power that would be obtained in the case of 
Me-MNPs, compared with the oxide ones. Depending on the application targeted 
for using MHT, it is beyond doubt that we must find the most suitable organic 
 compounds, in order to obtain a good biocompatibility of Me-MNPs, so they can 
then be used in SPMHT.

Overall, it is observed that FiMNPs of iron oxide, such as Fe3O4 and γ-Fe2O3, are 
regarded today as the most suitable for use in MHT. A special attention should be 
paid to nanoparticle-based metallic iron, e.g. Fe or Co metal, that increases the 
power dissipated. In a good biocompatible that can be achieved, they could be used 
successfully and with high efficiency in SPMHT of tumours.

10.3.3  Biocompatibility of Magnetic Nanoparticles for Cancer 
Therapy by Magnetic Hyperthermia

One of the most important issues in the application of MHT is avoiding possible 
toxicity on healthy tissue, which can be caused by the MHT or mostly by the used 
MNPs. Damage to healthy tissue by a magnetic field can be avoided by using AMF 
with low amplitudes and frequencies, so that the conditions in Eq.  10.15 are 
respected. Also, the temperature achieved by the magnetic field must be maintained 

Fig. 10.9 Magnetic field 
dependence of SAR at 
300 kHz for the two 
samples (Reprinted from 
Mehdaoui et al. 2010a, 
Copyright (2010), with 
permission from Elsevier)
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at around ~43 °C with the effect of inducing apoptosis and necrosis in the tumour 
tissue, this being controlled by external electronic devices. Only in some cases, the 
temperature of localized tumors may be slightly higher in the tumor (44–46 °C), 
healthy tissue being unaffected, warming taking place only on the tumour in which 
there are MNPs.

It only remains that the NPs that mediate hyperthermia to be biocompatible with 
the tissues where they are to be introduced. In this direction, since the question of 
using MNPs in MHT, various methods/techniques were developed for making Bio- 
MNPs using different agents (polymeric, no-polymeric, biological molecules) coat-
ing/covering surface nanoparticles (surfacted, BioC, BioFS, etc.) or encapsulating 
NPs in different mebranes/biological nanostructures, creating hybrid bionanostruc-
tures core-shell (magnetic core and biocompatible biological shell (Molday and 
MacKenzie 1982; Portet et  al. 2001; Safarik and Safarikova 2002; Zhang et  al. 
2002; Berry et al. 2003; Mart et al. 2009; Guandong et al. 2010 Kobayashi et al. 
2014). A synthesis of these and highlighting MNPs used in MHT was made recently 
by Kobayashi et al. (2014). In Table 10.1 these are summarized (with permission 
from Kobayashi et al. 2014).

Current trends are in favour of BioC of the surface of MNPs with different spe-
cific molecular nanostructures, antibodies or by inducing through MHT an immune 

Table 10.1 (Color online) representative magnetic nanoparticles for magnetic nanoparticle- 
mediated hyperthermia

Name Core size Characteristics Ref.

Magnetite A few μm The first demonstration using 
magnetic particles

Fortin et al. (2008)

Dextran magnetite 6 nm The first demonstration using 
magnetite of nanometer sizes

Gazeau et al. (2008)

Aminosilane-coated 
magnetite

15 nm Enhaces the uptake by 
cancer cells and prevents 
intracellular digestion

Baldi et al. (2007)

Magnetite cationic 
liposome or cationic 
protein

10 nm Enhaces the uptake by 
cancer cells and stabilizes 
the colloidal solution

Gordon et al. (1979), 
Guandong et al. (2010), 
and Hayashi et al. (2014)

NPrCAP-conjugated 
magnetic nanoparticle

10 nm Targets melanoma cells and 
exerts chemotherapeutic 
effects

Hergt et al. (2006, 1998) 
and Hergt and Dutz 
(2007)

Antibody-conjugated 
magnetic nanoparticle

20 nm Targets human breast cancer 
and is conjugated with 
radioactive indium

Hilger et al. (2005)

Antibody or 
aptamer- conjugated 
magnetic nanoparticle

10 nm Targets tumor cells and 
stabilizes the colloidal 
solution

Hilger et al. (2003), 
Hutten et al. (2005), and 
Ito et al. (2005a, b)

Magnetic nanoparticle 
with encapsulated 
antitumor drug

20–30 nm Controlled drug release Ito et al. (2003a, 2004)

Republished with permission of Future Medicine Ltd., from Kobayashi et al. (2014), permission 
conveyed through Copyright Clearance Center, Inc
NPrCAP N-propionyl-cysteaminylphenol
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response to specific proteins to stimulate the antitumoral immunity (heat shock pro-
tein (HSP)  – mediated antitumor Immunity), which would make MHT possible 
even in tumour metastasis (Schlesinger 1990; Ito et al. 2005a). In Fig. 10.10 the 
BioC of LPs containing magnetite NPs with antibody G250 for targeting active 
tumor cells is shown.

Another way, which I have in mind as a possible biocompatibilization of MNPs 
for cancer therapy through MHT, is through the use of CDs. We can use CDs to 
decorate the surface of NPs, which could lead to increase in the overall efficiency of 
the method while minimizing cell toxicity (Fagui et al. 2011; Li et al. 2011; Nigam 
et al. 2011; Yallapu et al. 2011; Hayashi et al. 2014; Caizer 2014). CDs are fully 
biocompatible (are natural polysaccharides) being used today in pharmacy and 
medicine to deliver controlled release drug carriers (Pradhan et al. 2007; Bellia et al. 
2009). These form the toroidal cavity guest host for the drugs that can be encapsu-
lated in hydrophobic cavities. CDs are well dispersed in an aqueous solution. Of 
these, γ-CDs are most stable in aqueous solution and are more suitable for biocon-
jugation surface of MNPs using chemical agents.

In a recent study, the specific absorption rate in biocompatible Fe3O4 NPs mono-
dispersed in an aqueous solution, suitable for MHT, is still being shown (Caizer 
2014). The some results are presents below (republished with permission from 
CCL-IOP Publishing).

“Data used in calculations, according to the formulas in Sect. 10.2, are given in 
Table 10.2. I considered two cases: (i) Fe3O4 encapsulated in LPs and (ii) Fe3O4 
bioconjugated with CDs, strategy currently used in research on targeted therapy.

Fig. 10.10 Antibody- 
conjugated 
magnetoliposomes (AMLs) 
for active targeting. 
Magnetite nanoparticles 
were wrapped in a neutral 
liposome, and a G250 
antibody was covalently 
linked to the liposomal 
surface (Reprinted from Ito 
et al. 2005a, Copyright 
(2005) The Society for 
Biotechnology Japan, with 
permission from Elsevier)

Table 10.2 Characteristic observables of nanoparticles and alternating magnetic field parameters 
(Caizer 2014)

Samples
Ms 
(kA/m)

K  
(kJ/m3)

ρ  
(g/cm3) ε

dLs [3] 
(nm)

dCDs [14] 
(nm)

η (kgm−1 
s−1) f (kHz)

H 
(kA/m)

Fe3O4 
[13]

477 11 5.24 0.017 35 0.8 7 × 10−4 100–1,000 10–20

CCL 2014, IOP Publishing. Reproduced by permission of CCL-IOP Publishing
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When the NPs are encapsulated in LPs (i), Brown relaxation time becomes much 
higher than the Néel relaxation time (τB(167 × 103 ns) ≫ τN(122 ns)), and the relax-
ation time will be: τ = τN/(1 + τN/τB) ≅ τN (see Sect. 10.2.2). In this case the SAR 
diagram obtained is similar to that in Fig. 10.5, these being determined only by the 
Néel dissipation processes.

The results for Fe3O4-CDs are shown in Fig. 10.11 for two values of the magnetic 
field, considering biological accessibility limit, Hf ≤ 5 × 109 Am−1 Hz (Hergt and Dutz 
2007). In this case, two magnetic relaxation processes contribute to the SAR, both Néel 
and Brown, for magnetic diameters greater than 15  nm. Néel relaxation processes 
become dominant with the increasing frequency to the upper limit at the ~15.5–17 nm. 
At lower frequencies, such as 150 kHz, contributions to the SAR of the Néel and Brown 
relaxation processes become comparable and at the frequency of 100  kHz, Brown 
relaxation prevail, especially in large diameters. When the magnetic field reaches to 
20 kA/m (Fig.  10.11b), the highest maximum of SAR increases significantly from 
~15 W/g to about ~38 W/g, at the biological limit, for the 17 nm diameter. In this case, 
the SAR still remains high (~30 W/g) for D > 22 nm, due to Brown relaxation.

Fig. 10.11 (Color online) 
3D diagram of SAR until 
the biological limit in the 
case of Fe3O4 
nanoparticles 
bioconjugated with CDs, 
for magnetic field 
amplitude of (a) 10 kA/m 
and (b) 20 kA/m (Caizer 
2014) (CCL 2014, IOP 
Publishing. Reproduced by 
permission of CCL-IOP 
Publishing)
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In conclusion, the 3D study allowed us to optimize SPMHT, in order to apply it 
in practice: by finding the most suitable bionanoparticles, as material and size, and 
also as magnetic field parameters (f, H), in order to obtain the highest SAR within 
the biological accepted limit.”

10.3.4  Main Results Obtained in Cancer Therapy by Using 
Superparamagnetic Hyperthermia

The results obtained so far, both in vitro and in vivo, have demonstrated to viability 
of the MHT method (Ito et al. 2003a; Johannsen et al. 2005; Tanaka et al. 2005; 
Hilger et al. 2005).

For example, Johannsen et al. (2005) demonstrated an in vivo experiment for 
treatment of prostate cancer done by means of MHT, using a magnetic fluid. In 
experiment 48 mice were used which had induced prostate cancer. The mice were 
injected once with a ferrofluid in the tumour, after which they were subjected to two 
MHT treatments. Ferrofluid was injected into the tumor at a rate of 0.5 ml/cm3. It 
was performed with a ferrofluid of magnetite particles in water, which were sur-
facted with aminosilane, having a mean diameter of 15 nm and a concentration in 
water of 120 mg/ml. The MHT treatment was made by applying a magnetic field 
with an amplitude between 0 and 18 kA/m, at a frequency of 100 kHz. The obtained 
results showed that the magnetic fluid hiperthermia (MFH) treatment leads to inhi-
bition of tumour growth by 44–51%.

Other experiments (Jordan et al. 1999b; Ito et al. 2003a; 2004; Ito et al. 2003b; 
Hilger et al. 2005; Sunderland et al. 2006; Baldi et al. 2007; Johannsen et al. 2007a) 
emphasize the viability of the MHT method and the possibility of applying them 
successfully in the not too distant future for the treatment of various cancers. Ito 
et al. (2003a) showed the complete regression of mammary carcinoma by repeating 
MHT with magnetite nanoparticles.

A synthesis of tumour regression results obtained by applying MHT and the 
conditions used are shown in Fig. 10.12 and in the text of Figure (Gazeau et al. 

Fig. 10.12 (continued) Although the rectum temperature did not increase by more than 1  °C, 
tumors injected were heated up to 45 °C (10 °C increase). (iii) Prussian blue staining of the tumor 
after thermotherapy treatment: the injection of the aminosilane-coated particles led to the forma-
tion of stable deposit into the tumor: the nanoparticles (in blue) were still distributed throughout 
the tumor after treatment. (iv) Effect of treatment temperature on the survival rate after thermo-
therapy (one round, 30 min). Intratumoral temperature greater than 43 °C significantly increased 
the lifespan of tumor-bearing rats compared with nontreated controls (survival fraction null at days 
8–13, data not shown). The gain of survival was correlated with the intratumoral temperature 
(Adapted with permission from Jordan et  al. 2006). MCL magnetic cationic liposomes. 
(Republished with permission of Future Medicine Ltd., from Gazeau et al. 2008; permission con-
veyed through Copyright Clearance Center, Inc)
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Fig. 10.12 (Color online) examples of tumor regression following magnetic hyperthermia. (a) 
Complete regression of mouse mammary carcinoma by frequent repeated hyperthermia using 
magnetic cationic liposomes. (i) Magnetite nanoparticles were embedded into cationic liposomes 
(MCLs) and injected directly into 15-mm tumors, which were induced subcutaneously in mice. (ii) 
Alternating magnetic field (AMF) of frequency 118 kHz was generated by a horizontal coil, where 
the mouse was placed. (iii) Temperatures in the rectum and at the surface of the tumor were 
recorded with an optical fiber probe during AMF exposure. For each irradiation AMF, the tumor 
was heated to 45 °C for 30 min by controlling the AMF intensity. (iv) The therapeutic effect of 
tumor irradiation. MCLs were injected directly into 15-mm diameter tumors (2 mg magnetite). 
Tumors were irradiated for 30 min, repetitively (one to six rounds). Compared with control (blue 
lines), the tumor growth was stopped after AMF irradiation (red lines). Each line represent a single 
tumor (n = 5 for both control and treated mice). After repeated hyperthermia, complete regression 
of the tumor was observed. (v) Percentage of survival for the same group of mice. Control mice: 
full circles; treated mice: open circles. All the treated mice survived for 120 days after treatment, 
with no regrowth of the tumor (Adapted with permission from Ito et al. 2003a, 2005a; Kawai et al. 
2006). (b) Effect of magnetic hyperthermia on rat malignant glioma. (i) Tumors were induced by 
implantation of rat glioma RG-2-cells into the brains of rats and were visualized by MRI 
(T1-weighted MR image). (ii) Magnetic nanoparticles with two different coatings and sizes were 
administered in to the tumors by stereotactic injection (20 μl at 2 mol/l iron concentration). AMF (100 kHz, 
0–18 kA/m) was generated using an applicator system (MFH 12-TS®, MagForce Nanotechnology, 
Germany). Temperature into the tumor was measured using a fiber optic thermometry device. 
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2008) based on the works of authors: Ito et  al. (2003a, 2005a) and Kawai et  al. 
(2006) for Fig. 10.12a; Jordan et al. (2006) for Fig. 10.12b. Important results have 
been obtained at animals with breast cancer, prostate cancer, brain cancer, renal 
cancer and melanoma.

In the most advanced MHT state reached today even in the preclinical phase 
(clinical trial) (in Germany) (Gazeau et al. 2008) for non-invasive treatment of pros-
tate cancer (Johannsen et al. 2007a, b, c) and glioblastoma (Maier-Hauff et al. 2007; 
Jordan and Maier-Hauff 2007) by intratumoral injection of suspension of Bio- 
MNPs and control by computed tomography (CT) and medical resonance imaging 
(MRI), with good results. These treatments, when applicable, are combined with 
radiation therapy to increase the effectiveness of irreversible destruction of malig-
nant tumours.

Although many results attest to the viability of the method of SPMHT, there are 
many aspects still to be clarified before this method can be applied clinically, with 
maximum effectiveness against tumors (complete destruction and irreversibly 
against tumors) without side effects and without a longer need for radiotherapy. 
Concerning the characteristics of the magnetic field, things are quite clear, and in 
terms of MNPs best suited for hyperthermia, it is still necessary here to optimize. 
The current efforts of researchers in the field are focused heavily on bionanostruc-
tures from the surface of MNPs, which give them specific properties for targeting 
tumor cells and are mediators of MHT. Furthermore, the suspension of suitable Bio- 
MNPs must be injected into the blood vessel of hidden tumours, inaccessible from 
the outside. All these could result in future MHT in advanced stages of cancer, 
metastases, or even cancer detection in early stages (Levy et al. 2010). In addition, 
it is considered that MHT method combining with others, such as chimioterapy, 
genetherapy, micro-RNA (Yin et al. 2014) etc., lead to an increase in efficiency of 
destroying tumorus cells.

10.4  Conclusions

MHT, and in particular, SPMHT based on temperature increase in a tissue at ~43 °C 
by Néel – Brown relaxation in SPMNPs that are biocompatible and injected inside, 
it has a great potential for future use in cancer therapy. According to the results 
obtained so far in vitro and in vivo, and recently even in clinical trial in the treat-
ment of prostate cancer and glioblastoma, the chances of using MHT in the not so 
far future are promising. SPMHT is a advanced stage of the alternative cancer ther-
apy, non-invasive and with very low toxicity compared to chemotherapy and radio-
therapy, which are highly toxic and sometimes in advanced stages of cancer are 
ineffective. SPMHT efficiency depends on: (i) using SPMNPs best suited for this 
experiment (type, size, size distribution, magnetic anisotropy, etc.), (ii) AMF param-
eters and how to apply it on tumours (amplitude, frequency, time of exposure, tem-
perature control, etc.), (iii) biological nanostructures coating of SPMNPs to make 
them biocompatible with the tissue and increase their affinity to targeted tumor 
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cells. A future perspective of increasing the loss power in specific tumours in a short 
time and reduce the side effects on healthy cells, is also an avantage resulting from 
using SPMNPs of FeM metals instead of FiM oxides. While the first two issues (i) 
and (ii) are well developed and addressed in the contemporary research, the third 
issue (iii) has high development potential.

Future advances in bionanotehnology and finding chemical agents most suitable 
for coating the MNPs with high specificity and affinity for different target tumors, 
opens real prospects for the SPMHT method to become, in the not too distant future, 
an alternative method, non-invasive, the most effective in cancer therapy.
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Chapter 11
Biocompatible Magnetic Oxide Nanoparticles 
with Metal Ions Coated with Organic Shell 
as Potential Therapeutic Agents in Cancer

Costica Caizer, Alice Sandra Buteica, and Ion Mindrila

Abstract The magnetic nanoparticles (MNPs) of oxide with metal ions (MeIs-O) 
encapsulated with biological membranes or decorated with different organic shells 
are widely used in nano-biotechnology and nanomedicine, either as drug carriers in 
diagnosis and therapeutic biomedical fields or as a result of their specific magnetic 
effects on biological tissues. The MNP applications in pharma are closely related 
with their coating, shape, surface charge, core, and hydrodynamic size. The main 
characteristic of MNPs is the possibility to manipulate them with an external mag-
netic field (e-MF), which strongly depends on the magnetic structure of nanoparti-
cles (NPs), multi-domain structure, in the case of NPs having sizes greater than 
approximately 30 nm or single domain in the case of NPs of sizes generally below 
30 nm (depending on the type of NPs). A special structure of MNPs is the super-
paramagnetic (SPM) state when the magnetization of single-domain NPs is not 
stable and fluctuates along the easy magnetization axis under the action of thermal 
activation. This effect generally occurs when NPs have sizes smaller than approxi-
mately 15 nm. Depending on the targeted application in biotechnology/nanomedi-
cine, only the NPs having the magnetic characteristics suitable for the type of 
application envisaged should be considered, in order to obtain the expected effect. 
In this chapter, we present the specific magnetic properties of MNPs depending on 
their size, the physical principle of handling NPs with an e-MF, magnetization of 
NPs, biocompatible MNPs (BC-MNPs) with salicylic acid (SA) and other organic 
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coating, vascular nanoblocking of tumors, in vivo results using the chick embryo 
chorioallantoic membrane (CAM) model, and cytotoxicity of SA-MNPs.

Keywords Metal ions • Oxides • Magnetic nanoparticles • Biocompatibility • 
Cytotoxicity • Tumors

Nomenclature

Bio-MNPs Biocompatible magnetic nanoparticles
CAM  (chick embryo) Chorioallantoic membrane (model)
e-MF External magnetic field
FeO-MNPs Iron oxide magnetic nanoparticles
FiM Ferrimagnetic
FiMNPs Ferrimagnetic nanoparticles
HR-TEM High-resolution transmission electron microscopy
LDH Lactate dehydrogenase
MeIs Metal ions
MeIs-O Oxide with metal ions
MF Magnetic field
MNPs Magnetic nanoparticles
MONPs Magnetic oxide nanoparticles
MRI  Magnetic resonance imaging
MTS 3-(4,5-Dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)- 

2-(4-sulfophenyl)-2H-tetrazolium
MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
NPs Nanoparticles
ROS Reactive oxygen species
SA Salicylic acid
SA-Fe3O4 Fe3O4 (magnetite) nanoparticles coated with salicylic acid
SA-MNPs Magnetic nanoparticles coated with salicylic acid
SPM Superparamagnetic
TEM  Transmission electron microscopy

11.1  Introduction

Since the early twentieth century, ultrafine particles have been extensively studied 
due to their different properties that they present in comparison with the bulk 
material, and their synthesis became a scientific field of interest. The impact of 
nanotechnology on the global economy estimated for 2015 was 3.1 trillion dollars 
(Schmidt 2009). A significant challenge related to the use of the magnetic 
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nanoparticles (MNPs) as therapeutic tools is their in vivo behavior. In vivo behavior of 
MNPs can now be designed or tailored on demand by various nanofabrication tech-
niques that can control the size, shape, composition, morphology, or surface charge.

Engineering these physicochemical properties of MNPs can directly influence 
their properties such as responsivity toward external stimuli, including magnetic 
field (MF) or light, drug release characteristic, blood circulation time, immunoge-
nicity, therapeutic toxicity and their subsequent pharmacokinetics, and biodistribu-
tion (Sun et al. 2008; Zhang et al. 2008). After functionalization/envelopment with 
various coatings, MNPs can be conveniently positioned in  vitro and in  vivo, by 
applying an MF. Among the materials commonly used for coating the magnetic core 
are surfactants, polymers, antibodies, enzymes, specific proteins, and ligands, which 
make it possible to link other biologically active compounds or receptors on the cell 
surface. Biocompatibility, biodistribution, and bioavailability evaluation is a manda-
tory testing stage that MNPs with use in various medical fields have to go through. 
The lack of standardized methods for rapid assessment of nanoparticles (NPs) 
impacts on human tissue functions (Hofmann-Amtenbrink et al. 2015) transform 
in vitro methods and preclinical models in basic tools currently used in testing bio-
logical properties of MNPs. In vitro cytotoxicity evaluation and in vivo experimen-
tal studies have shown that changes in chemical composition, molecular structures, 
or surface properties and potential toxicity of NPs influence their work (Jiang et al. 
2008). The most used in vivo models to study and evaluate the MNPs cytotoxicity, 
biodistribution, tissue damage, and biomedical potential were zebra fish model, 
chorioallantoic membrane model (CAM model), and also murine model.

For MNPs, in order to present a favorable therapeutic potential, they must have 
(Chomoucka et al. 2010) (i) a magnetic core (to drive the NPs to target’s vicinity 
and also the particle or hyperthermic effects of drug release to be increased at high 
temperatures), (ii) a recognition layer (to which are attached proper receptor mole-
cule/recognition), and (iii) a therapeutic load (a therapeutic substance inside the 
pores or inner cavities that envelope the NPs).

Consequently, the biomedical applications of the MNPs in general can be sepa-
rated into two big categories: diagnostic and therapeutic with potential promising 
technologies and potential uses in biosensing, medical imaging, and administration 
of drugs and in particular, for the treatment of cancer. With its own design, NPs can 
cover both diagnostic and therapeutic functions, the so-called individualized ther-
apy. Regarding the function of therapy, recent advances in nanotechnology have 
already been implemented in the pharmaceutical industry.

Investigation on MNPs for their biomedical applications’ perspective dates back 
to more than 40  years and has opened a wide field of applications in medicine 
(Pouliquen et  al. 1989; Cunningham et  al. 2005; Ito et  al. 2005; Varshney et  al. 
2005; Jurgons et al. 2006): in magnetic separation techniques, as contrast agents in 
magnetic resonance imaging (MRI) (Combidex®, Resovist®, Endorem®, 
Sinerem®), and to produce local hyperthermia and magnetic carriers targeted for 
multiple transport systems of drugs. Drug delivery and imaging are the most impor-
tant nanomedical fields in which the MNPs are used successfully (Kim et al. 2005; 
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Sun et  al. 2008). MNPs have attracted scientists’ attention because of their 
bioapplications as heating mediators for cancer therapy (hyperthermia treatment). 
Magnetic fluid hyperthermia consist of targeting the magnetic nanoparticles to 
malign tumors and applying an MF oscillating in the tumor region, the NPs dis-
perse the energy in the form of heat energy, and the rise of temperature induces 
apoptosis of cancer cells. In order to obtain an efficient target of cancerous tissues, 
NPs must be systemic administered to obtain the following: to extravagate from the 
bloodstream and pass through the extracellular matrix of the tumor; to bind cells 
and cross the membrane surface to enter into the targeted cells and linked to intra-
cellular sites (Brannon-Peppas and Blanchette 2004).

In the scientific literature, there are also mention of other innovative MNPs, for 
example, mutational analysis of the gene for detection of the pathogen immunologi-
cal agent, separation of nucleic acids and cells, protein purification, and based on 
the magnetic force, tissue engineering (Pankhurst et al. 2003). MNPs embedded in 
the cell and routed away from MFs can apply tensile forces which would stretch the 
neuronal membrane, and it would trigger and lengthen the axons and would lead to 
a goal without toxic effects on cells (Riggio et al. 2012). The MNPs bind around the 
nerve, applying an MF, resulting in a mechanical strain that stimulate nerve renewal 
in the necessary direction by the magnetic force.

Also, the potential application of magnetic techniques in the pharmaceutical 
industry is growing, especially thanks to the contribution of the MNPs to improving 
the kinetics and distribution of drugs and in this way opening the prospect of safer 
and more specific therapies. With the discovery of NPs, as any new biomedical 
finding, the compromise risk versus benefit should be measured to assess whether 
risks can be justified.

Magnetic nanoparticles of iron oxide (FeO-MNPs) with metal ions (MeIs), such 
as Fe3O4 (magnetite) and its oxidized form γ-Fe2O3 (maghemite), were subjected to 
a number of research studies because they are nontoxic and are thermally stable 
(Wu et al. 2008). Besides, the FeO-MNPs may be regarded as an indicator of 
biosafety because they do not cause oxidative stress and can be used at high doses 
(Hohnholt et al. 2011).

In this chapter, first, we present some important magnetic aspects which must 
be considered when using magnetic oxide nanoparticles (MONPs) with MeIs in 
pharmaceuticals and biomedicine, such as (i) the magnetization of ferrimagnetic 
nanoparticles (FiMNPs), considering the distribution of MeIs in the tetrahedral and 
octahedral magnetic lattices, (ii) the magnetic structure and the ferrimagnetic 
(FiM) and superparamagnetic (SPM) behavior of the NPs depending on their size, 
(iii) the stability issues of the MNP suspensions in pharmaceutical and biomedical 
applications, and (iv) the handling and control of the MNPs with an external mag-
netic field (e-MF), uniform or with a field gradient. We also present the biocompat-
ible MNPs (bio-MNPs) with salicylic acid (SA) and other organic coating, vascular 
nanoblocking of tumors, in  vivo results using the chick embryo chorioallantoic 
membrane (CAM) model, and cytotoxicity of SA-MNPs.

C. Caizer et al.



223

11.2  Magnetic Properties of Magnetic Oxide Nanoparticles 
with Metal Ions

MONPs with potential applications in pharma and biomedicine (Safarik and 
Safarikova 2002; Tartaj et al. 2003; Pankhurst et al. 2003; Shinkai and Ito 2004; Ito 
et al. 2005) are those containing different MeIs, generally divalent or trivalent, group 
3d, such as iron, nickel, cobalt, zinc, manganese, chromium, and copper (Fe, Ni, Co, 
Zn, Mn, Cr, Cu); ions of the rare earth group 4f as dysprosium, gadolinium, terbium, 
holmium, erbium, and thulium (Dy, Gd, Tb, Ho, Er, Tm) (Caizer 2004); or ions of 
other groups, such as magnesium, cadmium (Mg, Cd), or sometimes platinum, gold, 
silver, palladium (Pt, Au, Ag, Pd), etc. The compounds mostly used are those that 
have the general chemical formula X2+Y2

3+O4
2− (Smit and Wijin 1961; Caizer 2013), 

where X2+ is a bivalent MeI (Me2+: Ni2+, Zn2+, Cr2+ etc.; sometimes it can be also Fe2+) 
and Y2

3+ is a trivalent MeI, usually Fe3+. The most representative compound is the 
magnetite Fe2+Fe2

3+O4
2−. The final positive electric charge on a cation X and two 

cations Y is 8 units, with the most common valence combination of 2+(X) – 3+(Y), 
for example, Ni2+Fe2

3+O4
2−, Co2+Fe2

3+O4
2−, etc., also called ferrite (ferrite nickel, 

cobalt ferrite).
The crystal structure of these compounds with MeIs is one of a spinel type 

(Smit and Wijin 1961) (as in the MgAl2O4 spinel mineral). The elementary unit cell 
contains eight molecules of XY2O4 and has a cubic symmetry (Fig. 11.1c, d) (Cullity 
and Graham 2009). The distribution of ions is present below (Cullity and Graham 
2009; Caizer 2013).

The structure of the spinel is formed by the O−2 ions (anions) which form a 
face- centered cubic lattice (fcc) with a filling factor of 0.74 (Fig. 11.1d). Cations 
(MeIs), with size smaller than the ions of oxygen, are disposed in an orderly manner 
in the interstices, along the spatial diagonals in tetrahedral positions (Fig. 11.1a) or 
in the middle of the cube edges in octahedral positions (Fig.  11.1b). Interstices 
(between the oxygen ions) are therefore of two types: tetrahedral, or type A, and 
octahedral, or type B. In the tetrahedral arrangement, the MeI of type A (Me2+) is 
surrounded by four ions O2− (the closest ones) placed on the peaks of a regular 
tetrahedron (Fig. 11.1a), while in the octahedral arrangement, the MeI type B (Me3+) 
is surrounded by six ions O2− (neighbors’ first order) placed on the peaks of a regu-
lar octahedron (Fig. 11.1b).

The MeIs in tetrahedral positions form a cube having the edge equal to half the 
edge of the cube formed by the oxygen ions. In the unit cell of the spinel, there are 
64 tetrahedral interstices and 32 octahedral interstices, of which only 8 and 16, 
respectively, are filled with the cations, the rest being free.

Most of the MeIs have their magnetic moments. In Table 11.1, the value of the 
magnetic moments is given for some metal ions, expressed in Bohr magneton μB 
(Smit and Wijin 1961) (μB = eℏ/2m0, where e is the electron charge, ℏ = h/2π, h is 
Planck’s constant (h = 6, 63 ⋅ 10−34J ⋅ s), m0 is the mass of the electron). Bohr magneton 
has the following value: μB = 9 , 27 × 10−24J ⋅ T−1.
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Fig. 11.1 Crystal structure of a cubic ferrite (a) metal and oxygen ions in tetrahedral lattice; (b) 
metal and oxygen ions in octahedral lattice; (c) cubic structure of unit cell; (d) distribution of 
metal and oxygen ions in two minor cubes along “a” lattice parameter (see fig. (c)). 
(Republished with permission from John Wiley & Sons from Cullity and Graham 2009, © 2009 
of the Institute of Electrical and Electronics Engineers, Inc.; permission conveyed through 
Copyright Clearance Center

Table 11.1 The spin magnetic moments values for different types of 3D ions

Cation Fe3+ Fe2+ Ni2+ Co2+ Cu2+ Zn2+

Magnetic moment 5μB 4μB 2μB 3μB 1μB 0μB

Reprinted from Caizer 2013, © (2013), with permission from Eurobit
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These MeIs with magnetic moments in tetrahedral (A) and octahedral (B) sublattices 
lead to the existence of two magnetic lattices (Néel 1948) that have magnetic 
moments aligned parallel to one direction but in opposite (Fig. 11.2), one to the 
extent of a Weiss domain (Clark 1980) and under superexchange interaction 
(Anderson 1950; Van Vleck 1951) between the magnetic moments, which takes 
place in this case through the oxygen ions. Thus, there will be a magnetization 
(spontaneous) (M) of the magnetic domain (Weiss) given by the difference between 
the two sublattices’ magnetizations, the tetrahedral (MA) and octahedral (MB):

 M M MS A B= −  (11.1)

If MB > MA, the difference will be reversed (MS = MB − MA). The magnetization is 
defined as the sum of the magnetic moments 

µi( )  per unit volume (V):

 

 
M V

i
i= ∑µ / ,

 
(11.2)

(in A/m in SI units) and characterizes, from a magnetic standpoint, a substance/
material at a macroscopic level. This is the case for the ferrimagnetic (FiM) struc-
ture, which we will refer further on and which differs significantly from the ferro-
magnetic one, where the magnetic moments are all aligned in one direction and 
have the same sense (Rado and Suhl 1973).

Given the Y3+[X2+Y3+]O4
2− structure for a molecule for the reversed spinel, for the 

purpose of highlighting the A and B magnetic lattices, the bracket contains MeIs in 
the octahedral positions from the spinel structure, while the rest of Y3+ represent the 
MeIs from the tetrahedral lattice. For example, for the FiM nickel structure, one 
could use the formula Fe3+[Ni2+Fe3+]O4

2−, where the Ni2+ MeIs occupy octahedral 
positions and the Fe3+ MeIs occupy both octahedral positions and tetrahedral 
positions. Considering the magnetic moments of the spin ions 3d Ni2+ and Fe3+ in 
Table 11.1, we can theoretically calculate the total magnetic moment per molecule 
(2μB + 5μB) − 5μB = 2μB (Smit and Wijin 1961), a value which is close to the experi-
mental value of 2.3μB. The variations which appear between the theoretical and 
experimental values are due to the fact that, in reality, the spinels are in an intermediate 
structure, especially at room temperature. Thus, the following formula is more appro-
priate, where x can have a value between 0 and 1, which reflects more accurately the 
total magnetic moment per molecule:

 
Me Fe Me Fex x x x O2

1
3

1
2

1
3

4
2+

−
+

−
+

+
+ −( )    

(11. 3)

A

B

Fig. 11.2 The schematic 
representation of the ionic 
magnetic moments 
orientation within the 
ferrimagnetic structure
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In this case, the parenthesis contains MeIs (which can be fully magnetic) in tet-
rahedral positions.

11.2.1  Ferrimagnetic Nanoparticles

For large FiM nanostructures in the range of few nm – tens of nm (an area of great 
interest being ~1 to 100 nm) – we are mainly addressing the nanoparticles/nano-
crystallites/nanostructures. However, depending on their size and magnetic anisot-
ropy, those can be multi-domains (with a structure of magnetic domains) (Cullity 
and Graham 2009; Rado and Suhl 1973) (Fig. 11.3a) or single domain (without the 
structure of magnetic domains) (Caizer 2004) (Fig. 11.3b). A certain structure of 
magnetic domains depends on the crystal symmetry. If the symmetry is uniaxial, the 
characteristic structure is the one in Fig. 11.3a with magnetic poles free, and if the 
symmetry is cubic, then the characteristic structure is the one in Fig. 11.3a2 without 
magnetic poles free or with magnetic flux closure domains. These are formed out of 
magnetic domains spontaneously magnetized at saturation, separated by walls of 
magnetic domains.

In general, the FiMNPs are single domain when their diameter is <20 to 30 nm, 
in the case of soft magnetic, and <7–10 nm in the case of hard magnetic. At larger 
sizes than those approximated, the NPs will always have a structure of magnetic 
domains, depending also on their crystal symmetry. In Fig. 11.4, the transmission 
electron microscopy (TEM) image of MNPs is shown, where the single crystal 
structure is revealed in inset by high-resolution transmission electron microscopy 
(HR-TEM).

Large NP magnetization, with magnetic domain structure, in external magnetic 
field is with hysteresis, the width of the hysteresis loop (Fig. 11.5) depending on the 
size of the NPs and also on their magnetic anisotropy, respectively, if they are soft 
(Fig. 11.5a) or hard (Fig. 11.5b).

The magnetization (M) is a nonlinear magnetic field (H) function:

 M H= χ  (11. 4)

Ms

a b

Ms

Fig. 11.3 Magnetic structures of nanoparticles: (a) multi-domain nanoparticles with a1 uniaxial 
and a2 cubic symmetry, (b) single-domain nanoparticle
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where χ is the magnetic susceptibility, because χ depends on the field, and χ = χ(H), 
being a complex function of H and having a shape similar to that of the variation 
from Fig. 11.5c.

However, in a high e-MF, toward saturation, also the larger NPs end up consist-
ing of a single magnetic domain, magnetized at saturation. This will cause a mag-
netic moment (Caizer 2015) for the larger NPs:

 
 
m VM= s  (11.5)

Since the volume of NPs, now occupied by a single magnetic domain, will be high, 
this will cause a quick and strong reaction of the NP to the external magnetic field. 
Such NPs can be used in magnetorheological suspension, with applications in 
nanotechnology, pharmaceuticals, and biomedicine (Safarik and Safarikova 2002; 
Pankhurst et al. 2003; Tartaj et al. 2003).

Fig. 11.4 TEM image of 
the MNPs (scale 
bar = 20 nm). Inset: 
High-resolution TEM 
image of the MNPs 
showing the lattice fringes 
(scale bar = 10 nm) 
(Reprinted from Yin et al. 
2014, © 2014 Wiley-VCH 
Verlag GmbH & Co. 
KGaA (Weinheim), with 
permission from John 
Wiley and Sons)

M
a b c

H

M

H

χ

H

Fig. 11.5 (a, b) Hysteresis loops and (c) magnetic susceptibility for different magnetic nanopar-
ticles with magnetic domains structure
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11.2.2  Superparamagnetic Nanoparticles

A special case is that of the behavior of small FiMNPs in e-MF (Caizer 2015). For 
small sizes, generally <10 to 15 nm, in the case of the single-domain NPs, their 
magnetization will no longer be stable but fluctuant along a direction (the axis of 
easy magnetization (e.m.a.)) (Fig. 11.6a) under the action of the thermal activation 
(Néel 1949). Under an e-MF (H), their magnetization (spontaneous magnetization 
Ms) or the magnetic moment (m) will quasi-instantly point toward the MF, similar 
to the paramagnetic atoms, following Langevin function (Fig. 11.6b) (Rado and 
Suhl 1973):

 
M MSPM sat cth= −






α

α
1

 
(11.6)

where

 Msat nm=  (11.7)

is the saturation magnetization, and

 
α

µ
= 0m H

k T
p

B  
(11.8)

is the Langevin parameter. In Eqs. 11.7 and 11.8 , the observables are n is the NP 
concentration, μ0 is the permeability of vacuum, kB is the Boltzmann constant, and 
Τ is the temperature (ex. room temperature).

The magnetization of NPs in an e-MF (H) and at the temperature Τ shows no 
hysteresis in this case (Fig. 11.6b), and the susceptibility has a variation as the one 
in Fig. 11.6c, with a constant decrease to zero until reaching a high field. In this 
case, the behavior of NPs in the e-MF is superparamagnetic (SPM) (Bean and 
Livingston 1959; Rado and Suhl 1973), and the magnetic moment of the nanopar-
ticles follows quasi-instantly the magnetic field.

Ms

e.m.a.

a b c

M

H

H

χ

Fig. 11.6 (a) Superparamagnetic nanoparticle; (b) Magnetization and (c) susceptibility as a function 
of external magnetic field H of superparamagnetic nanoparticles
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11.3  The Stability of the Suspension of Nanoparticles 
Dispersed in a Fluid

For different applications in the pharmaceutical and biomedical, the FiMNPs with 
MeIs (see Sect. 11.1) must be dispersed in various pharmaceutical liquids, thus form-
ing magnetic suspension (Figuerola et al. 2010; Medeirosa et al. 2011; Bucak et al. 
2012; Cherukula et al. 2016; Hajba and Guttman 2016). These can then be handled 
with various e-MFs (Whitesides et al. 1983; Zborowski 1997; Jeong et al. 2007) for 
achieving the desired magnetic, mechanical, thermic, and lightning effects.

An essential condition for the suspension of NPs to be applied in the pharmaceu-
tical and biomedical field is its stability over time and at room temperature, or at the 
human body temperature (~37 °C), and not sedimenting. The suspension stability of 
the ferrimagnetic relies on keeping the NPs in suspension in the pharmaceutical 
liquid without letting them agglomerate or sedimenting as a result of possible inter-
actions of various internal or external environmental actions. In addition, the NPs 
also need to be biocompatible with the biological environment where they are going 
to be introduced. For the latter condition, there are different techniques used for 
making it biocompatible, depending on the intended purpose and nanoparticle size, 
by coating with various organic molecules, bioencapsulation in different biological 
membranes, and bioconjugation or by decorating/functionalizing the surface of the 
NPs with different molecules and organic agents (Safarik and Safarikova 2002; 
Tartaj et  al. 2003; Pankhurst et  al. 2003; Shinkai and Ito 2004; Ito et  al. 2005; 
Kobayashi et al. 2014).

In Fig. 11.7a, the image of bioencapsulating NPs in liposomes is shown, which 
is a natural membrane (cell), perfectly biocompatible, and made up of phospholipids 

Fig. 11.7 (a) Nanoparticle encapsulated/surrounded by the lipid bilayer (Stathopoulos and 
Boulikas 2012) (CCL: © (2012) CNRS Phototheque/SAGASCIENCE/ Réalisation 3D: François 
Caillaud/Ligneris Studio. Reproduced by permission of CCL – Hindawi Publishing); (b) Cryo- 
TEM image of EPC liposomes sterically stabilized by DDP (EO)92 at copolymer contents of 
2.1  mol  %. [EPC] = 1  mM, bar  =  100  nm (EPC egg-phosphatidylcholine, DDP (EO) 
1,3- didodecyloxy-propane-2-ol (ethylene oxide)) (Reproduced with permission from Rangelov 
et al. 2003, Copyright (2003) American Chemical Society)
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arranged in a double layer with the hydrophilic head outward and the hydrophobic 
tails inward the membrane. The MNPs can be encapsulated in cavities formed by 
liposomes by different preparation techniques depending on their size. A major 
disadvantage of using liposomes is their large size (medium diameter) (of the order 
of 102 nm) (Fig. 11.7b) compared with the size of the encapsulated single-domain 
NPs (of the order of 10–20 nm), which makes the desired magnetic effect to become 
weak and ineffective.

One of the current methods used in the pharmaceutical industry and medicine, 
with great potential also for the MNPs, is the bioconjugation of the nanoparticles 
with cyclodextrins (Fig. 11.8) (Wang et al. 2003). To do this, γ-cyclodextrins are 
most suitable due to their stability and, in addition, due to the advantage of includ-
ing in their toroidal cavities the inclusion complexes achieving a double action, 
magnetic and chemical (Pradhan et al. 2007; Bellia et al. 2009).

More about this issue will be presented in the next section where the effectiveness 
of our method of efficiently making biocompatible Fe3O4 (magnetite) MNPs with 

Fig. 11.8 (a) Schematic illustration of phase transfer of oleic acid stabilized nanoparticles from 
an organic to an aqueous medium by surface modification with a-cyclodextrin (a-CD). (b, c) TEM 
images of iron oxide nanoparticles before and after phase transfer (Reprinted with permission from 
Wang et al. (2003), Copyright (2003) American Chemical Society)
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SA will be discussed also. The magnetite has the formula Fe3+[Fe2+Fe3+]O4
2 containing 

the MeIs of Fe2+ and Fe3+ with the magnetic moments 4μB and 5μB (see Table 11.1), 
which will give a higher magnetic moment per molecule, ~4μB. The magnetite is 
frequently used in pharmaceutical and biomedical applications due to (i) their very 
good magnetic properties (Smit and Wijin 1961), which makes it suitable for such 
applications, but also due to the fact that (ii) small NPs are well tolerated by the living 
organisms, having a low toxicity (Hilger et al. 2003; Naqvi et al. 2010). However, 
for the complete elimination of their toxicity, the NPs need to be made biocompatible 
before actually being used in the biological environment. For the MNPs, making 
them biocompatible through different techniques and by using different organic 
substances, they will also determine another desired effect, namely, isolating them 
from each other and, thus, eliminating the magnetic dipole interaction. As a result, 
the NPs remain suspended in the pharmaceutical liquid, this being one of the desired 
effects for practical purposes.

The main interactions that may affect the stability of a suspension of FiMNPs in 
a liquid are (Rosensweig 1985; Odenbach 2002; Caizer 2002, 2004, 2008) the 
gravitational interaction, the Van der Waals interaction, the dipole-dipole interaction, 
or dipole-magnetic field interaction. The dipole-external magnetic field interaction, 
uniform or irregular, will be discussed in Sect. 19.4.

The gravitational interaction can lead to sedimentation of the NPs in suspension 
under the influence of the gravitational field and the concentration gradients which 
can occur inside the liquid columns. Considering the particles approximately spheri-
cal which are suspended in a liquid, and given the sedimentation rate determined 
from Stokes formula, and the speed determined by the Brownian motion as a result 
of the heat activation at a certain temperature T, the maximum diameter (d) which the 
particles can have without settling is given by the following:
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where 𝜂 is the viscosity coefficient of the fluid, ρ is the particle’s density, ρl is the 
liquid density, and g is the gravitational acceleration. For usual liquids, the cal-
culations show that the magnetic particles can have diameters up to hundreds of nm 
without them sedimenting and the colloidal suspension remaining stable in the gravi-
tational field. At larger diameters, however, one must consider the possible sedimen-
tation and, thus, the instability of the colloidal suspension.

Where the suspension of NPs was found in testing tubes forming columns of 
liquids with different heights, one must consider also the presence of concentration 
gradients along the vertical column. Under the barometric law, the height z of the 
liquid column must meet the following condition:
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(11.10)
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in order not to have a concentration gradient between the extremities of the column. 
In the formula, V is the volume of the NPs. For MNPs with a diameter <15 to 20 nm, 
inside the usual liquid and at usual column heights, the sedimentation as a result of 
the concentration gradients is excluded. However, for larger particles or those 
embedded in large biocapsules, like the magnetoliposomes, one must consider the 
effect of the sedimentation inside the liquid column.

The Van der Waals interaction may occur between the suspended NPs when they 
are not surfactants or biocompatible (coated with an organic shell) due to induced 
electric dipoles at the nanoparticle’s surface as a result of the fluctuations in electron 
orbitals. Given that usually in pharma and biomedicine applications, the MNPs gen-
erally have a layer of biocompatible surface, the Van der Waals interaction will not 
show or is very weak when the surfaces of NPs are coated with surfactants that form 
molecular chains of reduced length (<0.1 nm), allowing the NPs near each other to 
come closer. Therefore, we will not discuss this type of interaction here.

The dipole-dipole interaction can affect the stability of the suspension of MNPs 
the most, even when they are surfactants, but the thickness of the surfactant layer is 
not big enough (Caizer 2002, 2008). Therefore, this type of interaction which 
always exists between NPs, since they are magnetic and have their own magnetic 
moment (Eq. 11.5), should be considered and, on a case-by-case basis, also evalu-
ated prior to obtaining or using a magnetic suspension.

Below we show (Caizer 2008) a case where assessment of the strength of 
dipole- dipole interaction for the Zn0.15Ni0.85Fe2O4 FiMNPs, with MeIs of Zn2+, 
Ni2+, and Fe3+, surrounded with SiO2 (MNPs dispersed in silica matrix) 
(Fig. 11.9) is performed (republished (with minor changes) with kind permis-
sion from Elsevier © (2007) Elsevier).

Fig. 11.9 (a) TEM images of (Zn0.15Ni0.85Fe2O4)0.15/(SiO2)0.85 (Reprinted from Caizer et al. 2003, 
© (2003) Acta Materialia Inc., with permission from Elsevier); (b) HR-TEM images of (Zn0.15Ni0.

85Fe2O4)0.15/(SiO2)0.85 (Reprinted from Caizer (2008), © (2007), with permission from Elsevier)
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The intensity of the interactions between the NPs is evaluated with the coupling 
parameter:

 
λ = ( )−W k Td d max

/ B  
(11.11)

defined as the ratio between the maximum interaction energy of the magnetic 
moments 


mi  and 


mj  of two NPs approximated as being spherical and the thermal 

energy kBT (Söffge and Schmidbauer 1981). In agreement with Fig.  11.10a, the 
interaction energy between the magnetic moments 


mi  and 


mj  of the particles i and 

j, fixed by the position vectors 

ri  and 


rj , is (Jackson 1974; Jonsson et al. 1995)
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In the case of a maximum interaction, the energy is
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where we considered mi  =  mj  =  m. Taking into account the image HR-TEM from 
Fig. 11.9b, in the case of NPs from the silica matrix, there is a nonmagnetic interface 
layer (nanoparticle matrix), because the mean magnetic diameter (〈Dm〉 = 8.9 nm〉) 
(obtained after magnetic measurements Caizer 2003; Caizer et al. 2003) is much smaller 
than the mean physical diameter (〈D〉 = 11.6 nm) obtained from TEM (Caizer 
et al. 2003). This layer has a mean thickness of 〈η〉 = (〈D〉 − 〈Dm〉)/2 ≅ 1.4nm 
(Fig.  11.10b). In the presence of this interface layer, the magnetic moment 
m = VmM = πDm

3/6 (in the approximation of the spherical particles) can be written as

 
m D M= −( )π η2 6

3
/ .

 
(11.14)

Taking into account the average distance between the magnetic moments i and 
j, 〈rij〉 = 〈D〉 + 〈d〉, and the magnetic diameter 〈Dm〉 = 〈D〉 − 2〈η〉 
(Fig. 11.10b), the maximum energy of dipolar interaction will be (according to 
Eqs. 11.13 and 11.14 )
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and in agreement with Eq. 11.11 , the coupling parameter will have the expression
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(11.16)

After replacing in Eq. 11.16 the values for 〈D〉 , 〈Dm〉, and 〈d〉 ≅ 3 nm 
(values obtained from the processing of the electron micrograph) (Fig. 11.9a), we 
obtain the value of the coupling parameter λ = 0.12 <<1. This result shows that the 
dipolar interactions between the NPs, in the presence of thermal agitation, are very 
weak and thus can’t couple the magnetic moments with each other. Under these 
conditions, the interactions are negligible.
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However, the coupling parameter value λ depends strongly on the distance d 
between the surfacted/biocompatible NPs, this increasing rapidly (with d3) when the 
distance between NPs decreases. Moreover, also when the η thickness of the surface 
layer of the NPs is reduced, the value of the coupling parameter increases rapidly.

Given above, for the Bio-FiMNPs dispersed in various pharmaceutical liquids, 
there may be situations when λ > 1 or even λ > > 1, when the magnetic dipolar inter-
actions can no longer be neglected and could lead to the agglomeration of NPs or 
even their sedimentation and separation inside the liquid. In preparing the colloidal 
suspension with biocompatible MNPs and their applications in pharmaceuticals and 
biomedicine, the abovementioned is a very important aspect which should be 
considered when the NPs are needed to remain in suspension and form a colloidal 
solution which is stable over time.

mi

Dm

i j

D

d

η

0

mj

j

i
(q)

a

b

rij

rj

ri

Fig. 11.10 (a) Diagram of the interacting magnetic dipole moments (mi and mj); (– – –) is the axe 
(q) that passes through the center of the nanoparticles i and j and (b) nanoparticles i and j from the 
silica matrix separated by the distance d (Reprinted from Caizer 2008; copyright (2007), with 
permission from Elsevier)
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In conclusion, given the possible interactions discussed above, the stability of a 
suspension where MNPs are dispersed can be made possible, primarily, by increas-
ing the distance between the NPs in the liquid (isolating them from each other), up 
to a certain value, and maintaining it over time. This is usually done by making an 
organic shell on the surface of the NPs, by having a certain thickness, by surfactat-
ing with various organic compounds (steric stabilization) (Molday and Mackenzie 
1982; Tiefenauer et al. 1993; Halbreich et al. 1998; Domingo et al. 2001; Pardoe 
et al. 2001; Sousa et al. 2001), by electrical polarization (+ or −) of the NP surface 
(ionic stabilization) (Massart 1981), or even by using both methods (stabilization 
mixed), leading to a high stability. Besides maintaining the NPs at a certain distance 
between each other, in order for them to remain suspended, the NPs must be smaller 
than a certain size (mean diameter smaller than a certain value), taking into account 
also the thickness of the surface or the size (diameter) of the biocapsules in which 
the NPs are embedded, such as liposomes or other bio-nanostructures. In addition, 
sometimes, we must also consider the action of the e-MF upon the MNPs (their 
magnetic moments), if it is uniform or not and their strength, which can sometimes 
influence the stability and lead to the agglomeration of NPs or even their separation 
in liquid, an unexpected effect.

11.4  Handling Magnetic Nanoparticles with an External 
Magnetic Field

The influence of an e-MF, uniform or nonuniform (field gradient), upon the stability of 
the MNPs inside a colloidal suspension and the handling of the nanoparticles with an 
e-MF, is presented below (Caizer 2004) (republished (translated) with kind permission 
from Eurobit Publishing © (2004) Eurobit). This issue is very important in practice for 
assessing the conditions in which a suspension of MNPs can remain stable over time, 
without the formation of agglomerates and/or their sedimentation, under the action of an 
e-MF and in the presence of the gravitational field and thermal agitation.

A nonuniform e-MF can radically affect the stability of the magnetic suspensions, 
even those using very small particles (nm).

Comparing the energy of the particles in suspension at the height h in the 
gravitational field,

 
Wh l ghV= −( )ρ ρ ,

 
(11.17)

with the energy of the magnetic dipole (particle) in a uniform field,

 W Mm sHV= µ0 ,  (11.18)

the following ratio is obtained
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This relationship allows, in specific cases, to determine which of the two fields 
(gravitational or magnetic) influence the stability and in what proportion. For exam-
ple, for r a value of ~0.05 can be obtained in normal conditions of a magnetic fluid, 
with magnetite particles of (Δρ = (ρ − ρl) = 10g/cm2)in a field of 10  kA/m and 
h ~ 5 cm. The result shows that for this particular value of the e-MF, the influence 
of the gravitational field is much weaker than that of the MF, and thus, it can be 
neglected.

When the e-MF is nonuniform, its tendency is to agglomerate the particles 
inside the liquid in areas of intense field (Fig. 11.11) because on a particle with 
volume V and spontaneous magnetization 


Ms , it acts on the following force 

(Rosensweig 1985):

 

  
F V M H= ⋅∇( )µ0 s .

 
(11.20)

When the magnetization direction is the same with the one of the MF, explaining 
the vectors and considering the case of a conductive fluid and displacement currents 
equal to zero ∇× =( )

H 0 , Eq. 11.18 becomes

 

F H= ∇µ0VM ,  (11.21)

where ∇H is the MF gradient. This is a good approximation, since in general the 
NPs inside the magnetic fluid are free to rotate quasi-instantly, having the magne-
tization vector along the MF.

The agglomeration trend is opposed by the thermal agitation, whose energy can 
be expressed by the following:

 W k TT B⊕  (11.22)

For the system to be stable, the following condition must be satisfied:
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Fig. 11.11 Magnetic field 
gradient action on 
magnetic nanoparticles in a 
fluid (Reprinted from 
Caizer 2004, © 2004, with 
permission from Eurobit 
Publishing)
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when the thermal agitation manages to disperse the particles against the MF. Close 
to the edge, for the spherical particles approximation, the maximum diameter
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up to which the NPs can still be dispersed is obtained.
Thus, for the colloidal system to be stable (not having agglomerations under the 

e-MF action) the NP diameter must bed < dmax. For example, for Fe3O4, where 
H = 10 KA/m and T = 300 K, the condition of D < 10 nm must be met. For NPs with 
D ≥ 10 nm, the NPs can agglomerate under the MF action, opposite to the thermal 
agitation.

According to the formula (11.19), the bio-MNPs found in suspension in a phar-
maceutical or biological fluid (blood, blood plasma, etc.) can easily be handled from 
the outside with an MF gradient. Primarily, this is shown schematically in Fig. 11.12 
(Jeong et al. 2007). Small MNPs (SPM) can get inside the tissue (Fig. 11.12) and 
larger NPs (over 50 nm), which cannot pass through the blood vessel walls, will 
accumulate in the bloodstream around the MF, forming blockages preventing the 
blood flow (nanoblocking). The magnetic force acting upon the MNPs depends, 
besides the strength of the MF gradient (∇H), also on the volume of the nanoparticle 
(V). Knowing the size of the MNPs, one could determine the MF gradient necessary 
for an efficient handling of the NPs, either for assuring a certain movement or for 
maintaining a certain position for a certain amount of time. This problem can be 
addressed vice versa as well; knowing the MF gradient, produced by a permanent 
magnet, one could find the proper size (volume) of the MNPs necessary for an effi-
cient handling or fixing/locking their position.

Fig. 11.12 Schematic drawing of a magnetic drug delivery system. A magnet is placed outside or 
inside the body so that the magnetic gradient can drive the magnetic carriers flowing in the circula-
tory system into the specific site of a tissue (Reprinted from Jeong et al. 2007, © 2007 Wiley-VCH 
Verlag GmbH & Co. KgaA (Weinheim), with permission from John Wiley and Sons)
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In Sect. 11.6, in order to obtain a vascular nanoblockage, effective and lasting for the 
therapy of malignant tumors, an e-MF gradient (derived from a permanent magnet) 
was used for handling and controlling the spatial agglomeration of Fe3O4 FiMNPs. 
The NPs were coated with SA, at a mean diameter between 30 and 90 nm, and injected 
(from the suspension) directly into the blood vessel that feeds the tumor.

11.5  Biocompatible Magnetic Oxide Nanoparticles 
with Metal Ions

11.5.1  Magnetic Iron Oxide Nanoparticle Surface 
Modification

In general, the parameters as size, surface, shape, composition, and coating of 
MNPs are the most important properties for establishing the cytotoxicity, and the 
changes of their surface are an important tool to decrease toxicological side effects. 
A clear example proving a wide range of applicability of MNPs is their versatility 
and individualized therapy due to their biocompatibility and the absence of toxicity 
compared to other metal derivatives (Corchero and Villaverde 2009).

Berry et al. (2003) showed that the uncoated FeO-MNPs have a cytotoxicity 
than those functionalized with specific coating like biomolecules, polymers, dif-
ferent acids, etc. Functionalization of the MNPs minimizes hydrophobic interac-
tions, thereby increasing the colloidal dispersion property, and bioavailability, 
facilitating the use of NPs in various combinations with drugs and other target 
molecules in the treatment of various types of cancer and other diseases, and this 
is being a recent and promising application of NPs (Alexiou et al. 2006; Bucak 
et al. 2012).

A rising applicability of the MNPs is related to the surface modification that can 
be obtained using three types of coatings:

 (i) Polymeric shell: poly(N-isopropylacrylamide), poly(L,L-lactic acid), poly(vinyl 
alcohol), poly(acrylic acid), polyethylene glycol, poly(ethyleneimine), 
poly(lactic-co-glycolic acid), poly(vinylpyrrolidone), chitosan, dextran, starch, 
and gelatin (McCarthy and Weissleder 2008; Thanh and Green 2010)

 (ii) Non-polymeric shell: oleic acid, citric acid, salicylic acid, lauric acid, dodecyl/
hexadecyl phosphonate, glucose, L-dopa, threonine, betaine, amino acid, 
vitamin, and cyclodextrin (Sahoo et al. 2005; Du et al. 2007; Wu et al. 2008; 
Buteică et al. 2010; Mihaiescu et al. 2013)

 (iii) Biological molecules: antibody, biotin, avidin, protein, human serum albumin, etc.

The research’s focus is to design, synthesize, and functionalize FeO-MNPs with 
good dispersability in aqueous medium, in order to obtain magnetic nanomaterials 
suitable for biomedical applications with higher biological compatibility and a lower 
toxicity (Bucak et al. 2012). Zhang et al. (2002) showed that the MNP surface 
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modification using polymers generates a high biocompatibility, but induced a low 
tissular penetration and distribution and also adverse effects. In spite of that, Feridex 
I.V.® and Resovist are MRI agents for liver diagnosis, as nanoformulations contain-
ing FeO-MNPs coated with dextran/carboxydextran, authorized by Food and Drug 
Administration/European Medicine Agency (Wang 2011).

Du et al. (2007) synthesized and evaluated in vitro and in vivo biocompatible 
FeO-MNPs coated with betaine (a liver-born S-adenosylmethionine generator) that 
are useful as drug delivery system for the liver disease treatment. The Fe3O4 FiMNPs 
coated with oleic acid/cephalosporins demonstrated bacteriostatic effect on E. coli 
and S. aureus and showed their potency to use as drug delivery nanosystem (Buteică 
et al. 2010). A therapeutic radionuclide, a pharmaceutical substance or shell, or a 
magnetic targeting can be bound to a magnetic nanocomposite, introduced into the 
body, and focused in the target zone through a magnetic field action.

In Table 11.2, the different types of coating agent used for surface modification 
and functionalization of FeO-MNPs (polymeric shell, non-polymeric shell, biological 
molecules) are shown.

11.5.2  Magnetic Nanoparticle Uptake and Internalization 
in Cultured Cells

The complex mechanisms of cell uptake with NPs have been intensively studied 
lately, and their knowledge could be very useful in the process of NP designing. 
There are applications regarding some NPs designed in large amounts to be accu-
mulated into the cytosol, such as photothermal and photodynamic therapies 
(Pekkanen et al. 2014), nonviral gene vectors in gene therapy (Liu and Zhang 2011), 
and intracellular drug delivery (Paulo et al. 2011). On the other hand, there are also 
applications which are designed to obtain NPs with long-term intravascular persis-
tence such as vascular nanoblock, and in this case, reduced cell uptake with NPs is 
mandatory.

Key factors directly affecting NP internalization in cultured cells are the size, 
coating properties, surface electric charge of NPs, surface hydrophobicity, and the 
type of cells used. Additionally, cell uptake with NPs could also be influenced by 
the time of exposure and NP concentration (Li et al. 2012). MNPs penetrate cells 
by active transport (receptor-mediated endocytosis). Passive transport was observed 
only on NPs with Au (Taylor et al. 2010). Depending on the size, NPs can be inter-
nalized into the cell through multiple pathways: clathrin-mediated endocytosis, 
caveolae-mediated endocytosis, pinocytosis, macropinocytosis, and phagocytosis 
(Zhao et al. 2011a; Kou et al. 2013).

NPs with sizes around 500 nm are rapidly opsonized and loaded intracellularly 
by phagocytosis; pinocytosis is responsible of NP cell uptake smaller than 200 nm, 
while NPs loaded by clathrin-mediated endocytosis have a diameter of about 
100  nm, and those loaded by caveolae-mediated endocytosis have dimensions 
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between 60 and 80 nm (Shin et al. 2015). With the exception of caveolae-mediated 
endocytosis, the other endocytic pathways use lysosome path, where macromole-
cules could be degraded; in the case of caveolae-mediated endocytosis, NPs can 
directly reach the Golgi bodies and endoplasmic reticulum avoiding lysosomal 
degradation. The clathrin-mediated endocytosis is the fastest; NPs which use this 
path are rapidly internalized by the cell. Cells presenting numerous caveolae 
(smooth muscle cells, fibroblasts, adipocytes, and endothelial cells) preferentially 
use this route; these path features of NP cell uptake explain the variability of workload 
and different intracellular localizations of NPs (Huang et al. 2010). Nonphagocytic 
cells have higher rates of NP cell uptake with dimension between 20 and 50 nm, 

Table 11.2 Different types of coating agents used for surface modification and functionalization 
of iron oxide magnetic nanoparticles

Coating agent Advantages References

Polymeric 
shell

Chitosan Biocompatible and natural 
compounds

Lee et al. (2005)
Goodwin et al. (2009), 
Molday and 
MacKenzie (1982)

Dextran, carboxymethylated 
dextran, carboxydextran

Alginate Ma et al. (2007)
Gelatin Lee et al. (1996), 

Zhang et al. (2002), 
Högemann- Savellano 
et al. (2003), and 
Lawaczeck et al. 
(2004)

Starch
Arabinogalactan
Sulfonated 
styrene-divinylbenzene

Increase the 
biocompatibility and the 
stability, low toxicityPolyethylene glycol (PEG)

Polyvinyl alcohol (PVA)
Polyacrylic acid
Poly(D,L-lactide)

Non- 
polymeric 
shell

Folic acid Label the tumor cells Jiang et al. (2014)
Salicylic acid Improve stabilization in 

aqueous medium
Laurent et al. (2008) 
and Mihaiescu et al. 
(2013)

Citric acid
Oleic acid
Lauric acid
Gluconic acid Fauconnier et al. 

(1996) and Fauconnier 
et al. (1997)

Dimercaptosuccinic acid

Phosphorylcholine Portet et al. (2001)
Dodecylphosphonic acid
Hexadecylphosphonic acid Thermodynamically stable 

nanoparticle dispersion
Sahoo et al. (2001)

Dihexadecyl phosphate
Biological 
molecules

Human/bovine serum 
albumin

Improve biocompatibility 
and are useful in 
separation techniques

Berry et al. (2003)

TAT peptide Lewin et al. (2000)
Antibody Smith et al. (2011)
Biotin Wu et al. (2008)
Avidin
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with the exception of enterocytes; they load rapidly NPs ranging in size between 
100 and 200 nm (Fröhlich 2012).

The amount of NPs which penetrates the cell is directly influenced by the size of 
NPs. In a study over fibroblastic mouse cells (RAW 264.7), cell uptake with polyvi-
nylpyrrolidone shell FeO-MNPs ranging in size between 30 and 120  nm was 
strongly influenced by their diameters, yielding the optimum loading for the 37 nm, 
followed by 65 nm, 8 nm, and 23 nm (Huang et al. 2010). It seems that the size of 
NPs affects more cell uptake rate rather than the type of loading surface (Yu et al. 
2012). The second important factor which influences NP cell uptake is the surface 
charge. It is well known that NPs with positive surface charge have a greater degree 
of internalization than those with neutral or negatively charged surface.

This different behavior of NPs has enabled multifunctionalized design of MNPs 
such as contrast agents for MRI, and intravital fluorescence microscopy. Also the 
loaded NPs by macrophages is used to improve targeting the hepatocytes, and 
splenic cells, for tumor imaging (Li et al. 2012). Coating properties can in turn influ-
ence the degree of cell uptake by the MNPs, for example, macrophages show a 
higher degree of carboxylate NP loading, while monocytes load preferentially 
amino-functionalized NPs (Lunov et al. 2011). Other studies have shown that pep-
tide sequences attached to the surface of NP function as ligands that favor the 
merging of NPs with cell membrane and work as enhance agents for NP cell uptake 
(Lee et al. 2014).

11.5.3  Cytotoxicity

The safe use of MNPs in biomedical applications requires detailed studies to investi-
gate the cytotoxicity or to confirm biocompatibility of functionalized MNPs. It is man-
datory for NPs designed for diagnostic and therapeutic purposes to go through in vitro 
cytotoxicity studies. In order to test the effects of the MNPs on cells, generally, several 
categories of tests are being used to evaluate cell uptakes, cellular viability, reactive 
oxygen species (ROS) production, cellular stress, or cellular genotoxicity.

Mitochondrial functions are measured using 3-(4,5-dimethylthiazol-2-yl)-5-(3- 
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) and 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) tests and the 
integrity of cellular membrane by lactate dehydrogenase (LDH) test. These tests 
are simple and could be performed rapidly. Both tests are inexpensive and assure reli-
able and reproducible results without the use of animal models (Patil et al. 2015).

The majority of cytotoxicity studies revealed production of ROS at the site of mito-
chondria, and it is the principal cause underlying the cytotoxic action of MNPs. Cells 
have detoxification mechanisms which involve glutathione and several enzymes such 
as superoxide dismutase and glutathione peroxidase. This mechanism activates 
when ROS level increases and results in oxidation of glutathione after interaction with 
ROS; subsequently, glutathione is decreased by one NADPH-dependent reductase; 
thus, the amount of ROS is correlated with level of oxidated glutathione.
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After internalization into the cell, MNPs could be degraded in iron atoms by 
lysosome enzymes; ferrous iron (2+) could pass in the mitochondria where it reacts 
with hydrogen peroxide and oxygen to produce hydroxyl radicals and ferric ions (3+), 
by Fenton reaction. Hydroxyl radicals are linked with the appearance of lipid per-
oxidation, DNA strand breaks, alteration in gene transcription, alters appearance 
proteins of protein radicals or affects the immunity system. Cytotoxicity of MNPs 
could be influenced by size, shape, and surface chemistry, for example, rod-shaped 
NPs are accumulated mostly in the cytoplasm. On the other hand, spherical-shaped 
NPs are aggregated in vacuoles, and this different mode of internalization would 
explain the higher toxicity rod-shaped compared to spherical-shaped nanoparticles 
(Lee et al. 2014). Additionally, more studies conducted over MNPs synthesized by 
different techniques have highlighted that cytotoxicity of bare NPs is higher than 
coated NPs (Mahmoudi et al. 2010; Magdolenova et al. 2015). Another factor which 
influences the toxicity of MNPs is their chemical composition (stoichiometric ratio 
of Fe2+ and Fe3+) or crystalline nature (magnetite and maghemite). It was noticed 
that magnetite nanoparticles (Fe3O4) have higher cytotoxicity than maghemite 
(γ-Fe2O3), probably because dissolution of maghemite releases only Fe3+ ion, while 
magnetic nanoparticles can release both iron ions (Park et al. 2014).

However, cell uptake is the determining factor for NPs’ toxicity. Experiments on 
normal cells and tumor cells revealed tumor cell uptake of MNPs are higher than 
normal cells, and this feature would be responsible of MNPs’ specificity for tumor 
cells. FeO-MNPs with sizes below 100 nm have antitumor activity preferentially 
affecting the mitochondria of tumor cells, at this site decreases cellular production 
of ATP, which affects membrane potential of the mitochondria, leading to 
mitochondrial- dependent apoptosis of the tumor cells (He et al. 2016). At the site of 
tumor cell mitochondria, ferromagnetic NPs affect electron transport chain, which 
has an important role in the process of oxidative phosphorylation and production of 
ATP (Birsoy et al. 2015). Intrinsic mitochondrial-dependent apoptosis pathways are 
activated by the release of apoptotic factors which activates caspases and produces 
cellular protein alteration (Dix et al. 2008). Other studies have shown that ferromag-
netic NPs decrease the antioxidative capacity of tumor cell mitochondria by decreas-
ing synthesis of glutathione and expression of some antioxidant genes (GRLX5 
codifies synthesis of glutaredoxin 5 protein with iron homeostasis role; HSPA9 
codifies synthesis of heat shock 70 kDa 9 protein with the role of cells protection 
against oxidative stress), but in the case of an increase in mitochondrial oxidative 
stress, they contribute on specific cytotoxic affect over tumor cells, a characteristic 
of ferromagnetic NPs (Camaschella et al. 2007; Ye et al. 2010; Zhao et al. 2011b; 
Chen et al. 2013; Ryu et al. 2014). In conclusion, ferromagnetic NPs have the ability 
to destroy specific tumor cells by affecting functions and morphologies of mito-
chondria (Shiff et al. 2003).

Given these mechanisms of actions, the multitude of coating types, and methods 
of MNP synthesis, the different results could be explained, more often contradicto-
ries obtained from in vitro testing on normal cells or tumor cytotoxicities of MNPs 
(Naqvi et al. 2010). Coating instability in cellular lining and dissolution by lyso-
somal enzymes during endocytosis charging are factors which would increase 
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 cytotoxicity that should be taken into account in the process of NP designing; 
antitumor effects of NPs could be enhanced by the sum of cytotoxic effect of NP 
coat together with the core.

11.5.4  Biocompatible Salicylic Acid-Fe3O4 Nanoparticles

Based on observations, we tried to obtain a nanocomposite which would combine 
antitumor effects of FiMNPs and SA, which finally led to the synthesis of FeO- 
MNPs functionalized with SA by modified Massart method (Fig. 11.13) (Mihaiescu 
et al. 2013). From a physicochemical point of view, these FiMNPs functionalized 
with SA (SA-Fe3O4) have a hydrodynamic diameter of 50 nm, a 10–15 nm diameter 
of iron oxide core, a 35–40 nm coat of SA, very good stability (zeta potential of 
40 mV) (Fig. 11.13c), a 0.356 mg/ml concentration of iron, and a handling static 
increased MF.

A number of studies that have used colon cancer cells have shown that acetylsali-
cylic acid could prevent tumor growth and induce apoptosis of cancer cells (Thun 
et al. 2012; Dovizio et al. 2013). Aspirin and its primary metabolite, SA, induce 
apoptosis of tumor cells (Shiff et al. 2003) and inhibit angiogenesis (Abdelrahim 
and Safe 2005) by affecting COX-2 expression both at the transcriptional and post-
transcriptional level (Xu et al. 1999). By inhibiting cyclooxygenase 2, SA increased 
the level of arachidonic acid, with favorable effect over the conversion of sphingo-
myelin in ceramide, which is an important mediator of apoptosis (Chan et al. 1998). 
On the other hand, acetylation of cyclooxygenase 2 by aspirin has enzymatic 
activity modification effect resulting in lipoxin generation with antiproliferative and 

Fig. 11.13 (a, b) Macroscopic aspect and (c) physicochemical characteristics of iron oxide function-
alized with salicylic acid dispersion. Placement of nanoparticles on the wall of the container is being 
observed (b) after exposure to the action of an external static magnetic field; SA salicylic acid
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 antiangiogenetic effect (Ferrandez et al. 2012). In addition to the antitumor action 
due to the inactivation of cyclooxygenase 2, aspirin and salicylic acid inhibit kinase 
IkBβ and prevent activation of NF-kB gene, responsible of some proteins involved 
in anti-inflammatory and angiogenesis response (McCarty and Block 2006). SA 
also inhibits the penetration of calcium in mitochondria leading to the blockage of 
cell proliferation (Nunez et al. 2006). Antiproliferative effect of aspirin and SA is 
also due to the blocking activities of 6-phosphofructo-1-kinase which has a lowering 
effect on cell glucose consumption (Spitz et al. 2009).

11.6  Salicylic Acid-Fe3O4 Nanoparticles as a Therapeutic 
Carrier in Cancer

11.6.1  In Vitro Cytotoxicity of Salicylic Acid-Fe3O4 
Nanoparticles

Nowadays, in vitro assays are by far the most used methods to assess the biological 
properties of the MNPs because they present several advantages such as simplicity, 
convenience, and cost. In vitro assays can use both normal human cells and a wide 
variety of tumor cells, which are usually grown as monocultures in a single layer of 
cells adherent on culture plates (2D cultures). Cells in 2D culture have optimal 
access to nutrients, oxygen, and tested MNPs. In general, conventional 2D cultures 
are utilized to evaluate the cytotoxicity, cellular uptake, and intracellular trafficking 
or antiproliferative effects of the MNPs. Also in vitro 2D culture is the test of choice 
when trying to assess the effect of MNPs on DNA and RNA.

In vitro cytotoxicity studies over NPs with SA shell showed a high degree in their 
loading, which could be explained by chemical and biological properties of the 
coating; it has been shown that SA increases cellular permeability and enhances 
transmembrane transport of some drugs (Jahn et al. 2012). As well, negative charge 
to the nanoparticle coating promotes cell uptake (Kajii et al. 1986).

Cell proliferation assays performed on human glioblastoma and fibroblast cells 
showed that no important effect on the cell proliferation was recorded after SA-Fe3O4 
NPs treatment with lower concentration than 1 μg/mL of bio-MNPs aqueous disper-
sion (Buteică et al. 2014). These results are concordant with other published results 
showing that coated and uncoated FiMNPs don’t have cytotoxic effect at lower 
concentration than 10 ug/mL (Singh et al. 2010).

Using higher concentration of MNPs on human pleural malignant mesothelioma 
and on rat malignant mesothelioma cell line (CARM-L12 TG3), a decrease in via-
bility below 30 % was observed at 72 h and below 5 % at 120 h after SA-Fe3O4 
MNP treatment in doses greater than 100 mg/dL.

Prussian blue staining revealed the high degree of transmembrane diffusion of 
FeO-MNPs coated with SA (Fig. 11.14). Regarding intracellular localization, it was 
shown that once penetrated into the cell, NPs are accumulated juxtanuclear, and as 
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the amount of intracellular NP deposit increases, they are being placed like a 
perinuclear crown, which eventually completely blocks the core. The blocked core 
by the intracellular deposits of MNPs is followed by alteration of cell function, 
which would lead to cellular apoptosis (Fig. 11.15) (unpublished data).

11.6.2  In Vivo Cytotoxicity

The chorioallantoic membrane model (CAM) is a useful preclinical in vivo model 
for studying and understanding MNPs’ biological properties and mechanism of 
action. It is often used due to their lack of a functional immune system, inexpensive, 
and easy to manipulate for the development of human tissue xenografts, facile 
handling, ethically correct, etc. (Mihaiescu et al. 2013). Using CAM model enables 
evaluation of intravascular embolic risk assessment, distribution to tissues and 
organs, viability in MF, and toxicities of MNPs coated with SA.

In vitro models based on cell cultures may not provide complete information on 
NP interactions with biologic systems; on the other hand, animal models are expen-
sive, time-consuming, and laborious, and it has begun to be used less and less by 

Fig. 11.14 Smear with 
malignant pleural 
mesothelioma of murine 
cells 24 h after treatment 
with 100 ug/mL iron oxide 
nanoparticles 
functionalized with 
salicylic acid (Prusian blue 
staining; Ob ×100)
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researchers because of the ethical issues it raises. To avoid this inconvenience, 
in vivo models have been used on nonmammalian vertebrate embryos for the study 
of NP biologic properties.

Of these, the most used models are models using embryos of zebra fish, frog, and 
chicken; these models are very reliable for the study of NP adverse effects because 
embryos are very easily affected if NPs influence intracellular communication or if 

Fig. 11.15 The steps of tumor cells uptake of iron oxide nanoparticles functionalized with salicylic 
acid deposits. Penetration of nanoparticles into the cell is followed by formation of perinuclear 
deposits (a, b), as it accumulates, leads to the blocking of the core (b–d) and initiation of cellular 
apoptosis (d, e) (Prussian blue staining)
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molecular signaling is needed for the process of development; thus, various devel-
opmental disorders may appear that cause morphologic malformations or even 
death of the embryo (Giannaccini et al. 2014). These development anomalies are 
easy to pinpoint, given that these models have a short-term development and the 
embryos allow direct visualization during the development.

Using CAM models allows evaluation of intravascular compartment, evaluation of 
embolic risk, distribution to the tissue and other organs, handling in e-MF, and toxicity 
of NPs functionalized with SA, because CAM vessels are easily accessible; it has the 
advantage that NPs could be administered intravascularly, which makes it an ideal 
model for directly evaluating NPs into the blood vessel. Another major advantage 
which CAM presents is the lack of a functional immune system, which makes it an 
inexpensive bioreactor and easy to manipulate for the development of human tissue 
xenografts; thus, CAM provides a powerful tool to study the anticancer effects of NPs, 
because biopsies of tumors implanted into the CAM allow the tumor cells to grow in 
microenvironment conditions similarly to those of the human body.

Knowing the intravascular behavior is essential when trying to design NPs with 
long circulating time. Generally, in vitro models could not provide useful information, 
and other animal models are difficult to work with when trying to analyze NP coating 
interactions with protein medium of the blood. It is known that proteins attached on 
the surface of the NPs could form an outer layer (corona protein) which influences NP 
properties such as cellular charge or tissue distribution (Li et al. 2012).

Using CAM model allows easy evaluation of intravascular compartment of 
FeO-MNPs because the vascular system allows intravascular administration of NPs, 
a maneuver which can be done easily starting from day 10 of the embryo’s develop-
ment when the vascular system is almost completely developed and vessels are 
easily accessible. Additionally, the vessel could be examined in vivo by an optic 
microscope and could be subjected under directly static e-MF action, which allows 
follow-up of aggregation of FeO-MNPs in the bloodstream.

The intravascular behavior of FeO-MNPs coated with SA is much influenced by 
the hydrodynamic diameter of nanoparticles. Administering the same doses of 
SA-Fe3O4 FiMNPs intravascularly, it was noticed that NPs with a diameter greater 
than 190 nm have superior embolic potential risk when subjected to an MF gradient 
action. Moreover, SA-Fe3O4 NPs with hydrodynamic diameter of 278 nm adminis-
tered intravenously produce emboli even in the absence of intravascular aggregation 
under MF action (Fig. 11.16).

SA-Fe3O4 bio-MNPs with a hydrodynamic diameter smaller than 50 nm do not 
have embolic risk, and neither can be aggregated in bloodstream with the help of 
0.18 T NdFeB (neodymium-iron-boron) magnet. This behavior may be due to the 
rapid leaving of the vascular bed by the FeO-MNPs through endothelial fenestration 
and partly because MNP attraction by the magnet is defeated by the blood viscosity 
which washes NPs from this level of endothelia subjected to the action of MF.

SA-Fe3O4 bio-MNPs with hydrodynamic diameter between 50 and 100 nm could 
be aggregated easily by an e-MF gradient and do not present embolic risk neither 
before nor after redispersion of the intravascular NP aggregates (Buteică et al. 2016). 
Arterioles and venules with the diameter lesser than 100 μ are rapidly blocked by 
the aggregates of SA-Fe3O4 NPs, obtained by the short-time (5–15 min) action of 
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the MF of 0.18 T (Fig. 11.17). If the MF time increases to 30 min, it could block the 
vessels with the diameter of 1–2 mm.

After removing the MF, veins are rapidly unblocked by redispersion of NP 
aggregate, but capillaries remain blocked by the aggregates of NPs, thus making the 
repermeabilization difficult. These observations show that nanoblockage by an MF 
of nutritive vascularization of a tumor is possible and efficient if the blockage of 
capillary networks is complete (Mîndrilă et al. 2016).

Fig. 11.16 Aspect of an 
arteriolar chorioallantoic 
membrane nanoblocked by 
emboli formed after 
intravascular injection of 
278 nm SA-Fe3O4 
nanoparticles

Fig. 11.17 Intravascular 
aggregates of SA-Fe3O4 
nanoparticles and 
nanoblocked CAM vessels, 
after a magnetic field 
action
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The cytotoxicity evaluation of SA-Fe3O4 bio-MNPs on different types of human 
tumor xenografts (breast, glioblastoma, malignant mesothelioma xenografts) 
implanted on the CAM showed a rapid aggregation of the NPs into the xenograft 
blood vessels under an e-MF action (Fig. 11.18a). The nanoblockage effect on 
capillaries and arterioles induced a slower tumor xenograft growth due to reduced 
intake of nutrients and stopped the migration of tumor cells as well local or distance 
metastasis (Fig. 11.18b–d).

Fig. 11.18 The SA-Fe3O4 magnetic nanoparticles effect on human glioblastoma xenografted on 
the chorioallantoic membrane; (a) tumor vessels blocked with SA-Fe3O4 magnetic nanoparticles 
aggregates under magnetic field action (black arrow); (b) tumor growth inhibition after 4 days 
from vascular nanoblockage; (c) intravascular magnetic nanoparticles aggregates; (d) nanoblocked 
tumor capillaries (black arrow)
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The possibility to aggregate FeO-MNPs functionalized with SA into the region 
of the tumor using an e-MF is beneficial because it can be administered at low 
concentrations, nontoxic at the site of tissues, but which at the tumor site exceeds 
the toxicity threshold (Buteică et al. 2014).

11.7  Conclusions

The FiMNPs with iron oxides can be successfully used in various pharmaceutical 
and biomedical applications. However, depending on the application intended, first, 
one must know very well their magnetic properties in order to efficiently use them. 
Given the possible vascular nanoblocking presented in this chapter, as a possible 
alternative method in therapy of malignant tumors, noninvasive and nontoxic, we 
show some basic magnetic properties in relation to the size of the NPs. However, for 
their use in a biological environment, without toxicity, the FiMNPs must be 
biocompatible. Also, in order to be efficiently injected, the MNPs must be dispersed 
in a fluid in a certain concentration which could determine magnetic suspensions. 
We also presented and discussed at length the necessary requirement for obtaining a 
stable suspension for a longer time, without forming agglomerates or particle sedimen-
tation and separation under the action of gravitation, magnetic dipolar, or an e-MF. 
As a possible effective method for having bio-MNPs, and at lower costs, F3O4 (with 
metallic ions Fe2+ and Fe3+) NPs can be enveloped with SA to obtain an SA-Fe3O4 
nanocarriers with good results when it comes to vascular nanoblocking or other pos-
sible future applications. These bio-MNPs, having a magnetic core, can be easily 
handled and controlled by a MF gradient applied from the outside through various 
techniques. In addition, the physical principle for determining the field gradient or 
the nanoparticles’ size (volume), depending on the particularity of different types 
of applications, and how to obtain the field gradient in the area of interest, were 
studied.

In vitro experiments have demonstrated cytotoxic effects of SA-Fe3O4 NPs at 
higher concentration than 100 μg/mL. Intravascular behavior and in vivo cytotoxicity 
after intravascular administration of SA-Fe3O4 NPs aqueous dispersion showed that 
they do not produce embolism, neither after aggregation in a selected target under 
e-MF action. Vascular nanoblockage effects let to slow down tumor xenografts 
development and reduce metastasis.
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Chapter 12
Metal and Metal Oxide Nanoparticles 
in Photoinactivation of Pathogens

Irena Maliszewska and Katarzyna Popko

Abstract Bacterial infections pose serious health problem that has drawn public 
attention worldwide. Increased outbreak and infections of pathogenic strains, bac-
terial antibiotic resistance, emergence of new bacterial mutations, lack of suitable 
vaccine and nosocomial infections are global health hazard to human. Over the last 
few years, the increased attention of the researchers was directed to questions 
related to the biomedical use of different nanoparticles. Nanotechnology is a 
research hot spot in modern materials science. This technology can provide new 
applications that range from innovative fabric compounds, food processing and 
agricultural production to medicinal techniques.

This chapter summarizes the experimental results of the effect of metal (like 
silver, gold) and metal oxide nanoparticles (like zinc oxide or titanic oxide) and 
quantum dots on the microorganisms under light exposure. The following sec-
tions discuss the properties of gold nanoparticles in photothermal killing of vari-
ous pathogens, the ability of the conjugates of magnetic and plasmon-resonance 
nanoparticles with dyes, porphyrins and phthalocyanines to kill microorganisms 
as well as photocatalytic properties of ZnO and TiO2 in inactivation of 
microorganisms.

Keywords Metal nanoparticles • Oxide nanoparticles • Photodynamic inactivation 
• Microorganisms • Bactericide enhancement • Fungicide activity

12.1  Introduction

Since the discovery, antimicrobial medications have proved remarkably effective 
for the control of microbial infections. It was, however, found out that some patho-
gens very soon became resistant to many of the first-generation drugs. Research into 
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and development of new antimicrobial medicines, vaccines and diagnostic tools call 
for more innovation and investment.

Photodynamic inactivation (PDI) of microbes is one of the innovative and promis-
ing approaches that involves reactive oxygen species (ROS) to kill microorganisms by 
combining a non-toxic dye termed a photosensitizer (PS) with low-intensity visible 
light, which, in the presence of oxygen, produces a cytotoxic species (Hamblin and 
Hasan 2004; Kharkwal et al. 2011). Typically, type I reactions generate radical and 
radical anion species (e.g. O2

•−, HO•), while type II reactions produce reactive singlet 
oxygen (1O2). For the type II pathway, the impact of PDI is highly dependent on the 
oxygen content, which is the presence of oxygen. The mechanism of action of PDI is 
a multi-target damaging process without any specific photosensitizer–receptor inter-
action on the surface or inside microorganisms. The multiplicity of cellular targets in 
microorganisms should reduce the risk of selection of photo-mutant resistant strains, 
and this risk should be further minimized by the lack of mutagenic effects of PDI 
(Plaetzer et al. 2009). PDI turned out to be a particularly good technique for dental and 
dermatological applications, involving the light irradiation of a tissue containing 
microorganisms that were previously exposed to a photosensitizing dye.

It is well known that susceptibility of bacteria to PDI is related to the structures 
of cell envelopes. Gram-positive bacteria are more sensitive to photodynamic inac-
tivation than Gram-negative cells. The outer membrane of Gram-negative bacteria 
contains lipopolysaccharides and facilitates non-vesicle-mediated transport through 
channels. The complex structure of the cell wall makes the Gram-negative bacteria 
poorly permeable for photosensitizers and generated reactive species.

This therapy has some limitations particularly associated with the delivery of PSs 
(Ricchelli 1995; Lu et al. 2008). Most of the photosensitizers are hydrophobic and 
tend to aggregate in aqueous solutions, resulting in a reduced singlet oxygen genera-
tion (Kuznetsova et al. 2003). Therefore, in order to overcome this limitation, there is 
a great interest in developing photosensitizers based on nanoparticles incorporating 
PSs. Various approaches to utilizing nanoparticles for PDI have been reported, mostly 
using nanoparticles as a photosensitizer carrier. Nanoscale materials have unique 
physicochemical properties including extremely small size, high surface-to-mass 
ratio, high reactivity and special interaction with biological systems. By loading PSs 
into nanoparticles through physical encapsulation, chemical adsorption or coupling, 
many aspects of PDI can be improved, such as light dosimetry, photosensitizer bleach-
ing, production of singlet oxygen, pharmacokinetics and drug therapeutic index.

The aim of this chapter is to discuss the use of plasmonic, magnetic, semicon-
ductor and metal oxide nanoparticles in photodynamic inactivation of microbes.

12.2  Gold Nanoparticle-Mediated Photo Killing 
of Microorganisms

Gold nanoparticles (AuNPs) are considered to be very interesting nanomaterials in 
the photodynamic inactivation (PDI) field. Features such as oxidation resistance, 
biocompatibility or physical and chemical stability make AuNPs attractive for 
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various antibacterial technologies. Their optical properties can be evaluated by non-
linear optic measurements (Z-scan) (Olesiak-Bańska et al. 2012). In addition, syn-
thesis or separation of these agents is easy (Guo and Wang 2007; Huang et al. 2009; 
Gordel et al. 2014).

In 2006, Zharov et  al. described a new method for selective laser killing of 
bacteria targeted with light-absorbing gold nanoparticles conjugated with specific 
antibodies. AuNP-mediated PDT causes physical damage to the bacterium by 
using a combination of pulsed laser energy and the nanoparticles attached to the 
bacterium. When nanoparticles are irradiated, they absorb energy, which is 
quickly transformed through nonradiative relaxation into heat and other accompa-
nying effects. All these factors eventually lead to irreparable damage to the bacte-
rium. Efficient killing of S. aureus (above 90%) was achieved with 40 nm gold 
nanoparticles conjugated to a secondary IgG that targeted the bacterium by the 
use of a primary protein A (Zharov et al. 2006).

Norman (2008) performed covalent linking AuNPs to primary antibodies. The 
selectivity obtained through that linking was essential to destroying pathogenic 
Gram-negative Pseudomonas aeruginosa. There was a 75% decrease in cell viabil-
ity after exposure of nanorod-coated cells to NIR radiation, which corresponded to 
a significant increase in the number of dead or compromised cells. It was suggested 
that cell membrane damage following nanoparticle exposure to NIR radiation could 
be due to numerous factors, including a nanoparticle explosion, shock waves, bub-
ble formation and thermal disintegration.

Research concerning AuNP-mediated PDI is done with lasers working in the red 
and/or infrared spectral ranges. Investigation focused on the use of Au nanorods 
conjugated with photosensitizers or antibiotics to ablate MRSA via simultaneous 
PACT and NIR photothermal radiation. Au nanorods and nanocages simultaneously 
served as photodynamic and photothermal agents to deactivate MRSA (Kuo et al. 
2009; Meeker et al. 2016).

Huang et al. (2007) proved that vancomycin-bound gold nanoparticles are capa-
ble of selective binding onto the cell walls of pathogenic bacteria. A large portion 
(>99%) of bacteria targeted by the AuNPs was destroyed under illumination by NIR 
light within 5 min. Next the inhibition of pathogenic bacteria cell growth, including 
Gram-positive, Gram-negative and antibiotic-resistant bacteria, was investigated 
(Huang et al. 2009).

Jijie et al. (2016) noticed an additional modality of nanoparticle-based photoin-
activation of E. coli in their research on gold nanorods. The authors explain that 
antibacterial activity under pulse laser light is linked to the generation of singlet 
oxygen with the capacity of reducing bacterial viability by 2.5 log10. As ROS are 
highly reactive, they are believed to penetrate about 200 nm into solution from the 
site of the generation.

A photothermal effect of gold nanoparticles was observed during the biogenic 
AuNP-enhanced, MB-induced phototoxic effect on S. epidermidis. Irradiation with 
He–Ne laser (632 nm) caused significant kills in the presence of the free AuNPs. 
After 5 and 10 min of laser irradiation, the viable count showed a reduction of 1.84 
and 2.04 log10, respectively (Maliszewska et al. 2014).
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12.3  Conjugates of Gold Nanoparticles

It is well known that various molecules could be successfully attached to the surface 
of the gold nanoparticles and achieve their affinity in binding to the target cell. 
Therefore, improvement of sensitivity or bacteria detection speed in PDI methods 
by AuNP enhancement can be obtained. The detailed mechanism responsible for 
such phenomena is yet to be discovered although in many research papers, different 
hypotheses are advanced. Some of them discuss the AuNP presence that changes 
the relative distribution of ROS agents or increases their production. It is possible 
that various mechanisms are apparently involved in killing the bacteria, including 
the local increase in the concentration of the photosensitizer through targeted deliv-
ery of nanoparticles, selective interaction with the cell wall of bacteria and the reso-
nance heating of AuNPs under laser light irradiation (Bucharskaya et al. 2016).

Researchers from Wellman Center for Photomedicine from Massachusetts admit 
that there are a few main advantages of using PS-containing nanoparticles (Sharma 
et al. 2012). First of all, the ability of the target cell to pump the drug molecule back 
out is limited; therefore the possibility of drug resistance is reduced. Passive or 
active targeting via the charged surface of the nanoparticle improves treatment 
selectivity, and finally the nanoparticle matrix is non-immunogenic (Konan et al. 
2003; Pagonis et al. 2010).

It has been proven that the effectiveness of light-activated antimicrobial agents 
was amended by AuNPs combined with methylene blue in polysiloxane polymers. 
A significant antimicrobial activity has been shown against methicillin-resistant S. 
aureus and E. coli. A 3.5 log10 reduction in the viable count was obtained, when 
these bacteria were exposed for 5 min to light from a low-power 660 nm laser (Perni 
et al. 2009).

Perni et al. (2010) investigated the antimicrobial activity of light-activated sili-
con containing methylene blue (MB) and AuNPs of different sizes. In their study, 
they found that only gold nanoparticles of 2 nm diameter enhanced the antibacterial 
activity of MB, while 20 nm AuNPs reduced the antibacterial activity of the dye.

Another research concerning S. aureus was performed by Naik et  al. (2011). 
Polyurethane polymer sheets embedded with MB or toluidine blue (TBO) as photo-
sensitizer and 2 nm AuNPs also exhibited a good antibacterial activity. The incorpo-
ration of gold nanoparticles with the dyes enhanced the observed kill from 2.8 to 
3.8 log10 (MB) and from 4.3 to 4.8 log10 (TBO).

Maliszewska et  al. (2014) presented another promising PDI technique. 
Monodispersed colloidal AuNPs were synthesized by a reduction in Au3+ in the 
presence of Trichoderma koningii cell-free filtrate. Afterwards, these biogenic gold 
nanoparticles with MB as a photosensitizer were used as successful enhancers of S. 
epidermidis lethal photosensitization. MB showed a significant 1.5 and 1.8  log10 
unit reduction in S. epidermidis after 5 and 10 min of irradiation by Xe lamplight. 
The AuNP–MB mixture showed a reduction in CFU of 4.7 log10 after 5 min of irra-
diation, which is a 99.997% kill compared with a 1.5 log10 or 95.238% kill for MB 
of the same concentration.
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Besides the antibacterial potential described above, the AuNP–PS conjugates 
(MB or TBO) and 540 nm irradiation inactivated Candida albicans fungal biofilm. 
The AuNP-enhanced photodynamic therapy of MB against recalcitrant pathogenic 
C. albicans and S. aureus biofilm was also described (Khan et al. 2012; Darabpour 
et al. 2017). The treated cells lost their wall integrity and increased gold nanoparti-
cle–methylene blue (AuNP–MB) conjugate permeability. The conjugate penetrated 
into the cell, causing cell wall disintegration and fragmentation of the nucleus or 
degradation of nuclear DNA.

It was suggested that the AuNP conjugate based on PDT could be employed 
effectively for treatment of cutaneous C. albicans infections in model animals 
(Mohd et al. 2015).

In 2007, it was demonstrated that toluidine O–tiopronin–GNP (GNP–gold 
nanoparticles) agents were much more effective in bacteria killing, compared to the 
non-enhanced with NPs toluidine O. The conjugate was active under both 632 nm 
laser and white light that significantly exceeded that of TBO. At a 1 mM concentra-
tion and a 30-min white light exposure, the conjugate showed a reduction in CFU of 
4.5 log10, while 0.5 log10 value was obtained for TBO at the same concentration. The 
cited authors connected these results with the increased extinction coefficient of the 
conjugate compared to free toluidine (Gil-Toma’s et al. 2007).

Tuchina et al. (2011) showed a 5% enhancement of photodynamic and photo-
thermal effects after a 30-min laser illumination (λ = 808 nm) of S. aureus treated 
with conjugates of indocyanine green and gold nanocages.

A reduction in size of the E. coli has recently been achieved through a combina-
tion of gold nanorods with indocyanine green (ICG) photosensitizer (PS) and pulsed 
laser light (810 nm) (Jijie et al. 2016).

The combination of near-infrared (NIR) photothermolysis and photodynamic 
therapy against different models of bacteria (S. aureus, S. epidermidis, both methi-
cillin susceptible and resistant) was shown by Ratto et al. (2011).

The antibacterial effect of conjugates of gold nanoparticles with dyes and por-
phyrins against S. aureus is compared in Table 12.1. These results show the strong 
bactericidal effect of these conjugates, and it seems that gold nanocages AuNCg2–
haematoporphyrins conjugate show the highest antistaphylococcal activity.

One of the latest studies reports on a successful photodynamic inactivation of 
planktonic and biofilm cells of C. albicans using Rose Bengal (RB) in combination 
with biogenic gold nanoparticles synthesized by the cell-free filtrate of Penicillium 
funiculosum BL1 strain. Spherical gold nanoparticles (24 ± 3 nm) were coated with 
proteins; a Xe lamp (80 mW) was used as a light source. Rose Bengal showed a 
significant 1.74 log10 and 2.19 log10 unit reduction in planktonic cells of C. albicans 
after 20 and 30 min of irradiation. The RB + AuNP mixture showed a reduction in 
CFU of 4.7 log10 and 4.89 log10, after the same amount of time, that is, a 99.91% and 
99.99% kill compared with that of 98.21% and 99.37% for RB of the same concen-
tration. The authors presume that the enhanced phototoxic effect of RB by the bio-
genic gold nanoparticles may involve improvement of RB accumulation in C. 
albicans cells and a change of the main oxidative mechanism of Rose Bengal from 
type II to type I photosensitization (Maliszewska et al. 2017).
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Intensively studied, a new type of fluorophores–nanoclusters (NCs) is also 
emerging in PDT. Highly fluorescent bovine serum albumin (BSA)-directed Au–
BSA NCs combined with human antistaphylococcal immunoglobulin (antiSAIgG) 
and Photosens™ used as photosensitizer created an effective complex. Khlebtsov 
et al. (2015) and Khlebtsov and Dykman (2017) demonstrated that photodynamic 
treatment of methicillin-sensitive and methicillin-resistant S. aureus with Au–BSA–
antiSAIgG–PS complexes and 660 nm light irradiation significantly inactivates both 
types of bacteria.

12.4  Quantum Dots as Photosensitizer

One of the main predictions regarding quantum dots (QDs) as photosensitizer was 
made by Bakalova et al. in (2004), who suggested the possibility for energy transfer 
between quantum dot particles and cell molecules (as triplet oxygen, reducing 
equivalents, pigments). Potentially, this particular feature could induce the genera-
tion of reactive oxygen species, which may provoke apoptosis in cells (Bakalova 
et al. 2004). Quantum dots are known to be highly selective energy donors (Fisher 
et al. 2004). They are species with well-defined size, shape and composition and can 
be synthesized by relatively simple and inexpensive methods. QDs have been shown 
to be non-toxic in the absence of light, but have the potential to be cytotoxic under 
irradiation. Notwithstanding, it is their tunable optical properties and surface chem-
istries that are the biggest advantage of quantum dots over molecular photosensitiz-
ers (Samia et al. 2009).

Table 12.1 Antibacterial effect of conjugates of gold nanoparticles against S. aureus 209P

Abbr.
Nanoparticle 
Shape

Photosensitizier 
(PS)

Average 
size, nm

Type of 
radiation

Maximal inhibition of 
S.aureus 209 P after 30 
min-light exposure; 
CFU, % (Reference)

AuNRd1 Nanorods ICG 30 × 10 808 nm, 50 
mW/cm2

65 (Ratto et al. 2011)

AuNS Nanoshells ICG 140 805 nm, 46 
mW/cm2

55 (Tuchina et al. 2011)

AuNCg Nanocages ICG 53 808 nm, 60 
mW/cm2

64 (Tuchina et al. 2011)

AuNR2 Nanorods HP 50 × 10 808 nm, 
100 mW/
cm2

90 (Khlebtsov et al. 
2013)

AuNCg2 Nanocages HP 50 625 nm, 
100 mW/
cm2

97 (Khlebtsov et al. 
2013)

AuNCl Nanoclusters PhS 1.8 (25 
Au 
atoms)

660 nm, 50 
mW/cm2

90 (Khlebtsov et al. 
2015)

ICG indocyanine green, HP hematoporphyrins, PhS PhotosensTM
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In order to improve antibacterial activity, Narband et al. (2008) used CdSe/ZnS 
quantum dots with toluidine blue O as a photosensitizer. The authors came to the 
conclusion that mixtures of QD and TBO enhance bacterial kills in solution upon 
irradiation with white light, but only at low QD concentrations.

According to the latest research by Chong et al. (2016), graphene quantum dots 
(GQDs) are a promising novelty for PDI application. It was revealed that GQDs can 
perform both anti- and pro-oxidant activities depending upon light exposure, which 
will be useful in guiding the safe application and development of GQDs in terms of 
their antibacterial properties. Upon exposure to blue light, graphene quantum dots 
accelerate the oxidation of non-enzymic antioxidants and promote lipid peroxida-
tion, contributing to its phototoxicity.

12.5  Conjugates of Magnetic and Plasmon-Resonance 
Nanoparticles with Porphyrins and Phthalocyanines

One of the most important aspects in photodynamic inactivation of microbes is 
the synthesis of functional cationic nanomagnet–porphyrin hybrids. Some 
researchers have investigated the possibility of using the PDT technique not only 
for clinical but also environmental application, more specifically for the inactiva-
tion of pathogenic microorganisms in water and wastewater (Jemli et  al. 2002; 
Carvalho et al. 2007; Kuznetsova et al. 2007; Oliveira et al. 2009). Carvalho et al. 
(2010) for the first time used magnetic nanoparticles functionalized with neutral 
and cationic porphyrins as antimicrobial materials. Three cationic hybrids 6, 8 
and 9 (Fig. 12.1) were synthesized, and their photodynamic therapeutic capabili-
ties were investigated for E. coli, Enterococcus faecalis and T4-like phages. These 
selected bacteria and the T4-like phages are commonly used as indicators of the 
presence of pathogenic microorganisms in wastewaters. The obtained results 
showed that these multi-charged nanomagnet–porphyrin hybrids are very stable in 
water and highly effective in the photoinactivation of bacteria and phages. Their 
remarkable antimicrobial activity, associated with their easy recovery, just by 
applying a magnetic field, makes these materials into novel photosensitizers for 
water or wastewater disinfection.

More recently, these researchers carried out the synthesis of new nanomagnet-
porphyrin hybrids with a CoFe2O4 core and studied the recycling and reuse capabil-
ity of this type of hybrids in water contaminated with bacteria. Bacterial inactivation 
was examined by monitoring the bioluminescence of Gram-negative Aliivibrio 
fischeri during photosensitization. It was shown that the synthesized cationic  nano-
magnet-porphyrin hybrids were highly efficient in bacterial photoinactivation and 
sustained several photoinactivation cycles (recycling and reuse) (Alves et al. 2014).

Haematoporphyrin derivative (HpD), a closely related mixture of oligomeric 
photosensitizers from blood, is the first-generation sensitizer for use in clinical PDT 
that engages in some activity against both bacteria and viruses. Their use in, for 
example, the disinfection of open wounds might, therefore, be problematic on the 
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grounds of endogenous light absorption causing a decrease in photosensitizing effi-
ciency, which is why some researchers adopted a new approach to this problem.

For example, Khlebtsov et  al. (2013) prepared composite nanoparticles (gold 
nanorods) consisting of a plasmonic core and used a haematoporphyrin (HP)-doped 
silica shell. They observed an enhanced inactivation of S. aureus 209 P by nano-
composites in comparison with the reference solutions. After a 15-min irradiation 
with 405  nm light, the PDT efficiency of the composites was four to five times 
higher than that of free HP, and the percentage of the CFU was less than 3% in the 
case of incubation with NCs.

A further example of hybrids is presented by Hu et al. (2014), who described a 
successful synthesis of Ag@mSiO2@photosensitizer hybrids. Ag@mSiO2@HPIX 
(HPIX, haematoporphyrin IX dihydrochloride) was tested against S. epidermidis 
(ATCC 35984). The bacterial culture was mixed with the Ag@mSiO2@HPIX 
hybrid and immediately irradiated with white light. The Ag@mSiO2@HPIX hybrid 
displayed an enhancement in bacterial killing efficacy of 5 log when the concentra-
tion of the adsorbed HPIX was 2 mM. These authors also examined the antibacterial 
effect of the Ag@mSiO2@HPIX hybrids against Gram-negative E. coli (ATCC 
35218) and A. baumannii (ATCC 19606). For E. coli, the hybrid with an adsorbed 
HPIX concentration of 1 mM and under a fluence of 400 J cm−2 resulted in the com-
plete eradication of the bacterium. In the case of A. baumannii, the same hybrid can 
completely eradicate the bacterium under a fluence of 200 J cm−2. Thus it is clear 

Fig. 12.1 Molecular structure of nanomagnet-porphyrin hybrids (Reproduced from Carvalho 
et al. 2010; American Chemical Society)
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that the Ag@mSiO2@photosensitizer hybrids display a synergistic effect in killing 
both Gram-positive and Gram-negative bacteria. The highly improved PDI effi-
ciency of the Ag@mSiO2@ photosensitizer hybrids was explained by (1) adsorption 
of photosensitizers in the mesopores of the silica matrix resulting in a very high 
local concentration, (2) the surface plasmon-photosensitizer coupling that enhances 
the singlet oxygen production efficiency and (3) the locally generated singlet oxy-
gen that may reach a higher concentration than when free photosensitizers act indi-
vidually, causing more damage to the bacteria.

Another study (Ding et  al. 2016) showed the synthesis of silver nanoparticles 
(AgNPS) stabilized by poly(N-isopropylacrylamide-block-styrene; BCP) and used 
this material to entrap hydrophobic photosensitizing molecules (haematoporphyrin; 
HP). Synthesized AgNP@BCP@HP demonstrated a very high efficacy in the photo-
inactivation of Staphylococcus epidermidis (ATCC 35984) and Escherichia coli 
(ATCC 35218) under white light illumination. The enhancement of PDI efficacy was 
defined as log10 (enhancement killing) = log10 (AgNP@BCP@HP killing) − log10 
(pristine HP killing) − log10 (AgNPs killing). A significant difference in the PDI effi-
cacy against S. epidermidis among AgNP@BCP, pristine HP and AgNP@BCP@HP 
was thus clearly demonstrated. AgNP@BCP exhibited only a little bacterial killing, 
while pristine HP had moderate PDI efficiency under white light illumination. In con-
trast, AgNP@BCP@HP was characterized by higher PDI efficiencies than the sum of 
AgNP@BCP and HP. A similar effect was also observed in the PDI tests against the 
Gram-negative rods of E. coli, with a PDI efficacy enhancement of up to ∼5 orders of 
magnitude. It should be noticed that AgNP@BCP@HP also photoinactivated bacteria 
under red/NIR illumination due to its broadened excitation profile. Again, AgNP@
BCP@HP displayed a much higher PDI efficacy against both Gram-positive and 
Gram-negative bacteria than the summary efficacy of AgNP@BCP and HP. Moreover, 
it was also observed that in these red/NIR illumination experiments, the photoinacti-
vation efficacy of AgNP@BCP@HP against E. coli appeared to be higher than that 
under white light illumination. This phenomenon was attributed to the longer illumi-
nation time (20 min) as compared to that under white light illumination (12 min), 
which may cause photothermal effect on the bacteria. This possibility was indirectly 
supported by the results of the control experiment involving only AgNP@BCP, where 
a longer illumination time also led to a higher killing efficacy.

Phthalocyanines have been studied extensively since the first synthesis in 1907 
(Braun and Tcherniac 1907). The central cavity of phthalocyanines is known to be 
capable of accommodating 63 different elemental ions, including hydrogens (metal- 
free phthalocyanine, H2-Pc). A phthalocyanine containing one or two metal ions is 
called a metal phthalocyanine (M-Pc) (Sakamoto and Ohno-Okumura 2009). 
Phthalocyanines and their derivatives, which have a similar structure to porphyrin, 
have been applied in important functional materials in many fields. Their useful 
properties are attributed to their efficient electron transfer abilities. Within the time-
frame of the years 1930–1950, the full elucidation of the chemical structure of 
phthalocyanines was determined, and their X-ray spectra, absorption spectra oxida-
tion and reduction, catalytic properties, magnetic properties, photoconductivity and 
many more physical properties were investigated. As a result of these studies, it was 
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concluded that phthalocyanines are highly coloured, planar 18 π-electron aromatic 
ring systems similar to porphyrins (De Diesbach and Von der Weid 1927).

In the last 20 years, phthalocyanine chemistry has been undergoing a renaissance 
because phthalocyanines and some of their derivatives exhibit singular and uncon-
ventional physical properties interesting for applications in materials science (Wöhrle 
et  al. 2012). They are very stable and have strong absorption at short- and long-
wavelength ends of the visible spectrum and are thus well suited for optical applica-
tions (Bonnett 1995; Kaliya et al. 1999; Loschenov et al. 2000; Makarov et al. 2007; 
Bohrer et al. 2009; Walter et al. 2010; Wang et al. 2012; Zhang et al. 2014). A great 
potential application is to use them as photosensitizers for photodynamic inactivation 
of pathogens (Minnock et  al. 1996; Segalla et  al. 2002; Caminos et  al. 2008; 
Kussovski et al. 2009; Spesia et al. 2010; Di Palma et al. 2013; Zafar et al. 2016).

Great efforts of some researchers were focused on the efficiency improvement of 
photoinduced processes in phthalocyanines. In this connection, synthesis of hybrid 
exciton−plasmon systems based on metal nanostructures is considered to be one of 
the most promising solutions.

Nombona et al. (2012) described the photoinactivation activity of Zn phthalo-
cyanine–polylysine conjugates in the presence of gold and silver nanoparticles 
against S. aureus. The obtained results showed that the antimicrobial efficacy of 
photosensitizers can be boosted by the presence of gold and more especially silver 
nanoparticles.

Masilela et al. (2013) reported on the axial coordination of zinc phthalocyanine 
and bis-(1,6-hexanedithiol) silicon phthalocyanine to silver and gold nanoparticles. 
An improvement in the photophysicochemical behaviour and antimicrobial activity 
was achieved in the presence of metal nanoparticles for both complexes. The bacterial 
inhibition was found to be best for the bis-(1,6-hexanedithiol) silicon phthalocyanine 
derivative in the presence of nanoparticles compared to the zinc phthalocyanine coun-
terpart. The highest antimicrobial activity was achieved for both conjugates against B. 
subtilis compared to S. aureus both in the dark and under illumination with light.

Mthethwa and Nyokong (2015) reported on the effective complex of aluminium 
phthalocyanine in combination with gold nanorods (Fig. 12.2) for the photoinacti-
vation of Candida albicans and Escherichia coli. The efficiency of this complex 
was evaluated by measuring the log reduction of the studied microorganisms after 
irradiation with visible light in the presence of photosensitizers. Aluminium phtha-
locyanine alone showed 1.78 log10 and 2.51 log10 reductions for C. albicans and E. 
coli, respectively. The conjugates showed higher photosensitization with 2.53 log10 
and 3.71 log10 for C. albicans and E. coli, respectively.

12.6  Photocatalytic Properties of ZnO and TiO2 
for the Removal of Pathogens

The development of visible light-active materials for the removal of infectious 
pathogens has become very desirable. In general, wide band gap semiconductors 
such as ZnO and TiO2 are recognized as efficient photocatalysts because of their 
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high redox potential of photocharge carriers. The mechanisms of the photocidal 
action of nanoparticles activated by light for microbial inactivation are different for 
various nanoparticles. It was found out that photocatalysis occurs in semiconductors 
such as ZnO and TiO2.

12.6.1  Titanium Oxide Nanoparticles

One of the first reports concerning inactivation of bacteria and yeast under the presence 
of TiO2 nanoparticles and the UV-A (360–400 nm) is the paper by Matsunaga et al. 
(1985). The authors reported that Lactobacillus acidophilus, Saccharomyces cerevisiae 
and Escherichia coli were killed photoelectrochemically with semiconductor powder 
(platinum-loaded titanium oxide, TiO2/Pt; halide lamp irradiation for 60–120 min.). It 
was suggested that coenzyme A was photoelectrochemically oxidized, and the respira-
tion of cells was inhibited, which caused death of the bacterial cells.

Later, it was shown that diffused solar light in the presence of TiO2 resulted in the 
inactivation of various bacteria (Saito et  al. 1992; Ireland et  al. 1993; Wei et  al. 
1994; Kikuchi et al. 1997; Sunada et al. 1998; Shchukin et al. 2004; Robertson et al. 
2005; Rao et al. 2006; Raulio et al. 2006; Kim et al. 2017) and viruses (Watts et al. 
1995; Lee et al. 1997; 1998; Gerrity et al. 2008).

A large amount of experimental material related to TiO2 nanoparticles’ bacteri-
cidal effect under UV-A light illumination is known. The fact that the increased 
concentration of photocatalyst TiO2 and UV-A light intensity results in a more rapid 
Bacillus anthracis killing has been considered non-direct evidence that the photo-
catalytic mechanism of their action occurs (Prasad et al. 2009; Sun et al. 2016).

Fig. 12.2 (a) Molecular structure of the AlPc derivative (complex 1). (b) Hypothetical structure 
based on the linking of complex 1 to gold nanoparticles (AuNPs) (Reproduced from Mthethwa and 
Nyokong 2015; Royal Society of Chemistry)
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An interesting observation was made by Bui et al. (2008). These authors sug-
gested that the effective inactivation of bacteria is due to the contact between TiO2 
nanoparticles and the cellular wall. It was shown that bacterial cell and titanium 
dioxide adsorption significantly depends on the surface charge of TiO2 nanoparti-
cles and the bacterial wall. The surface charge of nanoparticles is determined by 
several factors, such as the isoelectric point, pH and electrolyte content.

Photocatalytic inactivation of microbial cells is schematically shown in Fig. 12.3. 
The absorption of light quantum with energy exceeding the width of a forbidden 
band in TiO2 results in an electron and gap generation in conductivity and valence, 
respectively. Charges photogenerated in TiO2 nanoparticles recombine or partici-
pate in reactions on the semiconductor–electrolyte division border, and electron 
reduces air oxygen to the superoxide of anion O2

̅ • (HO2
•). The gap is responsible for 

the oxidation of hydroxide HO ̅ anion or the water molecule to the HO• radical 
(Linsebigler et al. 1995). HO• and O2

̅ • radicals attack the organic molecules of a cell, 
which finally results in bacterial killing.

An interesting approach to this topic is modification of TiO2 photocatalysts via 
doping by various atoms absorbing the light within the visible range. The effective-
ness of bacterial inactivation in some cases increases under visible light and with 
TiO2 doped by nitrogen and/or sulphur atoms (Bacsa et al. 2005; Liu et al. 2007; 
Vacaroiu et al. 2009; Zane et al. 2016) or Fe+3 (Rincon and Pulgarin 2007). There 
was observed an increased photocatalytic activity of TiO2 under visible light (pure 
TiO2 demonstrated rather little absorption under exposure to the visible light). 
Lately, researchers’ interest in the field of the inhibition of pathogenic bacteria by 
TiO2 has shifted to the study of TiO2 nanoparticles containing such metal nanopar-
ticles as Ag, Au, Pt, Pd, etc. The significant enhancement in bacterial killing was 
observed when the silver nanoparticles were inserted in TiO2. The complete inacti-
vation of E. coli was achieved in 1–2 min under exposure to UV-A light, whereas 
pure TiO2 was shown to suppress bacterial viability in a suspension in about 30 min 
(Sokmen et al. 2001). The authors suggested that the enhanced bactericidal effect 
after silver application was due to increased effectiveness of organic cellular mate-
rial oxidation in photocatalytic reactions. Changes in the kinetics of lipid oxidation 
and the malonic dialdehyde formation were reported while comparing the effects 
from the pure TiO2 and Ag/TiO2.

Fig. 12.3 Mechanism of 
the photocatalytic activity 
of TiO2 nanoparticles 
(Adapted from 
Nadtochenko et al. 2010)
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Some authors (Es-Souni et  al. 2008) indicated that Ag/TiO2 has reproducible 
bactericidal properties; however, the Ag/TiO2 system might also possess bacteri-
cidal activity under dark conditions (without exposure to UV-A light). The said 
authors posit that the bactericidal effect of Ag/TiO2 is due to the possibility of silver 
nanoparticles forming silver ions that are released into the solution.

The antimicrobial activity of nanostructural TiO2 and TiO2:In2O3 films and the 
effect of Ag or bimetallic Ag/Ni nanoparticles against Pseudomonas fluorescens 
and Lactococcus lactis were demonstrated by Skorb et al. (2008). The silver-mod-
ified TiO2 film reveals the highest photo biocide efficiency, enhancing the bacteri-
cidal activity of UV light ca. 71-fold, which results from a radical improvement of 
microorganism adsorption and suppression of recombination of photo-produced 
charge carriers. The inactivation of Gram-negative P. fluorescens was higher than 
that of Gram-positive L. lactis. This difference was explained by the various struc-
tures of the cell wall in the Gram-negative and Gram-positive bacteria and the 
resistance of outer membranes to the reactive oxygen species generated by photo-
catalytic reactions.

Ag–TiO2 was shown to possess a bactericidal activity against E. coli on the sur-
face of hydroxyapatites (Reddy et al. 2007). A hydroxyapatite effectively adsorbs 
bacterial cells and Ag–TiO2 inactivated them under the exposure to the visible light. 
Their combined action results in 100% bacterial death after 2 min. A study of this 
system using an electron microscopy technique revealed that photocatalyst nanopar-
ticles adsorbed on the bacterial cellular surface obstructed cell nutrition. Moreover, 
it was shown that Ag–TiO2 nanoparticles on hydroxyapatite inactivated bacteria in 
dark conditions.

Copper nanoparticles also demonstrate photocatalytic activity on the surface 
of TiO2 nanoparticles (Sunada et al. 2003). Their study focused on the copper-
resistant E. coli strain. Cu/TiO2 has no influence on bacterial growth under dark 
conditions, but it completely inhibited bacterial growth under very weak UV 
light. It was shown that the decay curve of survival of the bacteria studied on the 
Cu/TiO2 film under very weak UV light illumination consisted of two steps, simi-
lar to the survival change of normal E. coli on TiO2 films under strong UV illu-
mination. The first step was related to a partial decomposition of the outer 
membrane caused by photocatalytic oxidation, which further resulted in copper 
ions penetrating into the cytoplasmic membrane. The second stage was caused 
by a loss of cytoplasmic membrane integrity due to the copper ions, which 
brought about the loss of cell integrity. This two-step mechanism explains why 
the Cu/TiO2 film system shows an effective bactericidal activity even under very 
weak UV light illumination.

Palladium nanoparticles were dispersed on two metal oxide substrates TiO2 
and SnO2 (Erkan et al. 2006). The antimicrobial effect was studied for E. coli, 
S. aureus, Saccharomyces cerevisiae and Aspergillus niger. The antimicrobial 
efficiencies against different microorganisms and fungal spores were found to 
decrease in the following order: E. coli > S. aureus > S. cerevisiae > A. niger 
spores for which complexity and strength of the cell walls increased in the 
same order.
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12.6.2  Zinc Oxide Nanoparticles

ZnO is known as a functional, promising and versatile inorganic material with a 
broad range of applications. ZnO is currently listed as generally recognized as a safe 
(GRAS) material by the US Food and Drug Administration (21CFR182.8991). 
Research on ZnO as an antimicrobial agent started in the early 1950s. During the 
last 50 years, it has been shown that ZnO can be used for many antimicrobial appli-
cations (Sirelkhatim et al. 2015).

It has unique optical, chemical and electrical properties (Fan and Lu 2005). It is 
characterized by a direct wide band gap (~3.3 eV) in the near-UV spectrum, a high 
excitonic binding energy (60 meV) at room temperature (Wang 2004; Janotti and Van 
de Walle 2009) and a natural n-type electrical conductivity (Wellings et al. 2008). The 
wide band gap of ZnO has a significant effect on its properties, such as the electrical 
conductivity and optical absorption. It was proved that ZnO nanoparticles in aqueous 
solution under UV radiation produce ROS such as hydrogen peroxide (H2O2) and 
superoxide ions (O2−) (Fiedot et al. 2017; Prado-Prone et al. 2017). These generated 
active species penetrate into cells and are able to inactivate microorganisms. A detailed 
reaction mechanism of phototoxic antimicrobial activity of ZnO nanoparticles was 
proposed by Seven et  al. (2004) and Padmavathy and Vijayaraghavan (2011). 
Photocatalysis was described as a photoinduced oxidation (Baruah et al. 2010).

ZnO is currently being examined as an antibacterial agent in both microscale and 
nanoscale formulations, and it is well known that this compound exhibits a particu-
larly strong antimicrobial activity when particle size is reduced to a nanometre 
range. It was discovered that the improved antibacterial activity of ZnO nanoparti-
cles compared to its microparticles was related to the surface area enhancement in 
the nanoparticles. Padmavathy and Vijayaraghavan (2008) investigated the antibac-
terial activity of ZnO nanoparticles with various particle sizes (12–2000 nm). These 
authors demonstrated that the bactericidal efficacy of ZnO nanoparticles increases 
with decreasing particle size. It was proposed that both the abrasiveness and the 
surface oxygen species of ZnO nanoparticles promote the biocidal properties of 
ZnO nanoparticles. More recently, the same authors (Padmavathy and Vijayaraghavan 
2011) examined the antibacterial activity of ZnO nanoparticles with various particle 
sizes. The obtained results demonstrated that the bactericidal efficacy of ZnO 
nanoparticles also increased by decreasing particle size.

Prasanna and Vijayaraghavan (2015) conducted a systematic and complete anti-
bacterial study on microparticle and nanoparticle of ZnO in both dark and light 
conditions. It was shown that micro ZnO in the dark revealed no activity against the 
bacteria studied. In light, ZnO nanoparticles exhibit a bactericidal activity remark-
ably higher than micro ZnO. Moreover, these studies have conclusively proved that 
reactive oxygen species (ROS) such as •OH, •O2

− and H2O2 are significantly pro-
duced from ZnO aqueous suspension even in the dark.

Zhou et  al. (2008) showed the results of the antimicrobial activity of nano- 
hydroxyapatite/zinc oxide upon UV exposure toward E. coli and S. aureus. Their 
findings also proved that the bactericidal activity can be achieved under UV illumi-
nation, ambient light or even in the dark.
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Ann et al. (2014) studied the antibacterial activity against E. coli and S. aureus 
using ZnO of two forms (ZnO-rod and ZnO plate) which are exposed to UV-A illu-
mination (390 nm). These authors found that UV-A illumination significantly influ-
enced the interaction of both ZnO samples with the tested bacteria compared with 
unexposed ZnO by 13–21%. The antimicrobial activity depends on the shape of 
nanoparticles. Release of reactive oxygen species was proposed as an explanation of 
the mechanism of antimicrobial activity. The reactive oxygen species disrupted the 
DNA and protein synthesis of the bacterial cell, causing bacteriostatic effects toward 
E. coli and S. aureus.

Antimicrobial activity of photoactivated zinc oxide nanoparticles against 
human pathogens Escherichia coli O157:H7, Listeria monocytogenes ATCL3C 
7644 and plant pathogen Botrytis cinerea was investigated by Kairyte et  al. 
(2013). The obtained results suggested that ZnO nanoparticles in the presence 
of visible light exhibit a strong antibacterial and antifungal activity. Such prop-
erties could be used for the development of effective fungicides in agriculture or 
innovative physical antibacterial agents, so it is important in medicine and food 
microbial control.

The photocatalytic efficiency of modified ZnO was also evaluated for the inacti-
vation of pathogens. For example, Guo et al. (2015) prepared a novel photocatalyst 
of Ta-doped ZnO nanoparticles. The antimicrobial study of the impact/influence of 
these nanoparticles on several bacteria B. subtilis, S. aureus, E. coli and P.  aeruginosa 
was performed. The authors showed a particularly strong antimicrobial activity of 
Ta-doped ZnO nanoparticles under visible light irradiation.

Ta-doped ZnO nanoparticles exhibit an effective bactericidal efficacy due to the 
synergistic effect of enhanced surface bioactivity and increased electrostatic force 
(probably Ta5+ ions incorporated into ZnO).

ZnO nanoparticles with cobalt doping were synthesized by Oves et al. (2015), 
and antimicrobial properties were evaluated under sunlight deposition. The most 
effective bactericidal results were found for E. coli and Vibrio cholerae.

The F-doping was found to be effective against S. aureus (99.99% antibacterial 
activity) and E. coli (99.87% antibacterial activity) when irradiated with visible 
light. Reactive oxygen species production is one of the major factors that negatively 
impacts bacterial growth (Podporska-Carroll et al. 2017).

An interesting approach to this topic is the possibility to enhance the pathogen 
inactivation by combining ZnO and chlorophyllin. Chlorophyllin is a water-soluble 
food additive (E 140) known for its antimutagenic and anticarcinogenic properties 
and exhibiting a high antioxidant capacity (Kamat et al. 2000). The results obtained 
by Aponiene and Luksiene (2015) indicated that inactivation of E. coli by ZnO–
chlorophyllin-based photosensitization is fairly effective.

In spite of many years of research, the exact mechanism of antimicrobial activity 
of ZnO particles has not been well understood. A number of mechanisms such as 
generation of hydrogen peroxide, accumulation of the particles on the bacteria sur-
face, ROS generation on the surface of the particles, zinc ion release, membrane 
dysfunction, nanoparticle internalization and interruption of transmembrane elec-
tron transportation have been proposed as possible explanations.
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12.7  Conclusions

The PDI is a truly promising approach to fight with highly pathogenic microorgan-
isms. The variety of opportunities fuels constant development in this area of photo-
chemotherapy. Different kinds of metallic nanoparticles like gold or zinc oxide 
nanoparticles can be involved in photosensitization process acting as a carrier that 
is conjugated with the selected dye. For instance, gold nanoparticles are often com-
bined with such photosensitizers like MB, TBO or ICG, whereas plasmon- resonance 
and magnetic nanoparticles are conjugated with porphyrins and phthalocyanines. 
Crucial photocatalytic properties of quantum dots, ZnO, TiO2 and gold nanoparti-
cles are also intensively investigated in order to evaluate their antibacterial activity. 
Techniques presented here shed light on the potential environmental applications as 
well as on the improvement of already existing methods of PDI.
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Chapter 13
Colloidal Bio-nanoparticles in Polymer Fibers: 
Current Trends and Future Prospects

Zuzana Konvičková, Ondrej Laššák, Gabriela Kratošová,  
Kateřina Škrlová, and Veronika Holišová

Abstract Biotechnology and bio-nanotechnology are emerging fields that inspire 
vast scientific and engineering inquiry. Bio-nanotechnology is relatively new and 
dynamic, applying biological principles to produce new systems and materials at 
nanoscale level. Eco-friendly nanomaterial development and production by biosyn-
thesis have an interesting niche, where metallic and functionally diverse biosynthe-
sized nanoparticles (bio-NPs) are prepared by exploiting both biological processes 
in microorganisms and biochemical reactions in plant extracts and other biomass. 
The major advantage of this approach is one-step chemical reduction and stabiliza-
tion, with the two principal components providing toxic-free intermediates in the 
bio-NP genesis. This heralds exciting possibilities for inexpensive NP production 
and consequent rapid and wide adoption of novel applications, such as incorpora-
tion of bio-NPs to augment polymer nanofiber properties.

This chapter presents an overview of critical aspects of the composite materials’ 
design and development. The recognized mechanics of bio-NP formation is fol-
lowed by idiosyncrasies in choice of the core material and the “host” environment 
where synthesis occurs and the physical and chemical characterization of resultant 
bio-NPs. Application potential is then outlined, and highly biocompatible polymers 
are highlighted in a major review of nanofiber production. Finally, future prospects 
in bio-NP and nanofiber composition are investigated.
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Nomenclature

Ag Silver
Au Gold
CM Carboxy-methyl
CuO Copper oxide
DLS Dynamic light scattering
Fe2O3 Iron (III) oxide
FTIR Fourier transform infrared spectroscopy
MEMS Microelectromechanical systems
NP Nanoparticle
PCL Poly(ε-caprolacton)
Pd Palladium
PGA Poly(glycolic acid)
PLA Poly(lactic acid)
PLGA Poly(lactic-co-lactic acid)
Pt Platinum
PVA Poly(vinyl alcohol)
PVP Polyvinylpyrrolidone
SEM Scanning electron microscopy
TEM Transmission electron microscopy
XRD X-ray diffraction
ZnO Zinc oxide
ZrO2 Zirconia oxide

13.1  Introduction

Nanotechnology explores strategies for engineering, manipulating matter and energy 
on atomic and molecular levels. This technology creates nanosystems, assembles 
them in functional systems, and converts them to devices which facilitate novel 
applications. It provides access to their unusual properties which are emerging from 
the quantum realm. As the dimensions shrink to the nanoscale level, the quantum 
aspect dominates and defines a wide range of properties, including chemical, optical, 
electrical, mechanical, and thermal capacity (Narayanan and Sakthivel 2010; 
Krahne et al. 2011; Díez-Pascual et al. 2012; Son et al. 2012).

The two basic approaches in producing nanoscale materials and structures are 
top-down and bottom-up strategies (Narayanan and Sakthivel 2010). Top-down pro-
cedures reduce macro- and mesoscale materials to nanodimensions. Although pho-
tolithographic processes play a dominant role in nanofabrication, these are burdened 
by excessive cost and focus on fixed-bulk substrate nanostructures with very strict 
requirements for precision and accuracy. Expedient examples include specific 
 conditions such as production of integrated circuits, MEMS, and quantum optics; 
and this method is unsuitable for mass production of colloidal nanoparticles (NPs).
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Further application is ball milling. This is a mechanical method for NP produc-
tion with long processing time, low level of control over NP parameters, impurities, 
and common defects in crystal structure (Yadav et al. 2012), but these can be mini-
mized, and ball milling remains a preferred method for some types of materials and 
applications, such as gas sensing (Pentimalli et al. 2015).

Although the bottom-up approach appears most effective for NP production 
because it forms nanostructures by assembling single atoms and molecules, com-
bining the bottom-up and top-down procedures offers an optimal strategy for some 
applications, and their use together also provides the sole solution to some NP pro-
duction problems (Choi et al. 2008; Pinna et al. 2013; Hu et al. 2014).

An alternative dichotomy discerns between physical and chemical approaches 
and additive and subtractive methods (Engstrom et al. 2014). An example of a phys-
ical approach that also fits the bottom-up and additive categories is atomic force 
lithography where single atoms are manipulated under high control. However, there 
is a wide range of chemical methods to prepare nanomaterials in material science 
and nanotechnology. For example (a) sol-gel is used to fabricate silicon and TiO2 
metal oxides, and a general feature here is the homogenization of metal alkoxides in 
the solution and their transition to gel, (b) precipitation produces solid material from 
solution, and (c) synthesis using microwave radiation can be applied to chemical 
reactions (Nguyen et al. 2010; Junlabhut et al. 2014; Omri et al. 2015).

Biosynthesis fits the combined chemical, additive, and bottom-up approach, and 
this is further explored throughout the text because this specialized chemical method 
has emancipated into an individual research field. The application of biological reac-
tions and processes in living organisms contributes to the formation of nanomaterials, 
especially metal NPs (Castro-Longoria et al. 2011; Schröfel et al. 2011; Zhang et al. 
2011). In biosynthesis, an inorganic precursor plays the simple role of metal donor to 
the biological system. A further example occurs in herbal leachate extract. Although 
herbs lack living entities, added metal precursors such as tetrachloroauric acid 
(HAuCl4) are reduced by the active phytochemical leachate in the extract into capped 
and stable bio-NPs. Although this process in living bio-matter results from an active 
and complex effort to neutralize and eliminate exogenous elements, it is expected to be 
similar to that in inanimate species, and while the precise mechanism in both processes 
remains undetermined, biosynthesis retains a great potential for efficient NP produc-
tion from different precursors in a scalable and environmentally friendly manner.

13.2  Biosynthesis: A Simple Method for Metallic 
Nanoparticles Preparation

Processes involved in NP biosynthesis occur in living organisms such as bacteria, 
yeasts, algae, and/or in their immediate surroundings containing bioactive agents 
originating from the organisms. Other possible milieu is a biomass completely free 
of living organisms such as plant extracts. All aforementioned systems are capable 
of producing nanostructures and nanoparticles via the processes described below. 
Microorganism/plant extract and metallic precursor are mixed together in a single 
step, and NP formation starts after mutual contact.
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13.2.1  Formation of Nanoparticles

Biomasses contain large amounts of organic compounds composed of positively 
and negatively charged functional groups. Examples of negatively charged include 
hydroxyl (−OH), amino (−NH2), and carboxyl (−COOH) groups, and metal ions 
are reduced to the zero valent (or oxide) form when the biomass and a metal salt 
precursor are mixed (Vijayaraghavan et al. 2011). NP growth based on thermody-
namic models is observed simultaneously with their stabilization by organic com-
pounds. Although NP nuclei are generated homogeneously at the same time, growth 
and nucleation are discrete processes, and NPs subsequently grow without addi-
tional nucleation. Here, the La Mer model with its modifications is the commonly 
accepted model describing the general mechanism of NP formation, but this 
describes only the nucleation process followed by growth of the stable nuclei, and it 
cannot predict or characterize the evolution of NPs’ size distribution (Polte 2015). 
The complex nature of microorganisms and higher plants makes very difficult to 
determine the organic compounds responsible for NP biosynthesis and stabilization. 
For example, it was shown that NP biosynthesis can be initiated by enzymes present 
in live bacteria. Examples include the mechanism of intracellular biosynthesis using 
nitrate reductase and NP biosynthesis using Escherichia coli (Gurunathan et  al. 
2009) or Bacillus licheniformis (Duran et al. 2011). Flavonoids in fruit extracts also 
play a major role in NP biosynthesis, where Syzygium cumini fruit extract, for 
example, has been successfully utilized in Ag NP biosynthesis (Mittal et al. 2014).

While the stabilizing agent is an organic component from the microorganism or 
plant extract encasing the NP, the precise stabilization period depends on tempera-
ture changes denaturing the protein or acidic/alkaline pH fluctuations (Thatoi et al. 
2016; Yuan et al. 2017).

Different biosynthetic processes enable preparation of a wide spectrum of NPs includ-
ing Ag, Au, Pd, Pt, and the oxidic ZnO, ZrO2, and Fe2O3 NPs. For example, NPs can be 
synthesized on cell body or plant substrate matrices or directly in colloidal systems, 
depending on the type of organism involved. NP type and concentration also strongly 
depend on the following: capping agents, thermodynamic size control, and kinetic and 
stoichiometric influences. Different NP shapes can be due to organisms’ complex nature; 
while most NPs are spherical, others can be triangular, hexagonal, or rods.

NP synthesis is generally accompanied by color change of the final metal colloid 
solution (Fig. 13.1a, b) or biomass (Fig. 13.1c, d).For example, Au NPs change the 
color of the solution to dark red or purple (Fig. 13.1a) and Ag NPs to orange or 
brown (Fig. 13.1b). NP size also influences sample appearance.

Despite great biosynthetic ability of different organisms and plants and interesting 
catalytic and antibacterial properties of NPs, not all types of organisms have subse-
quent nanoparticle application potential. Bio-NPs can be attached to some parts of 
organism (scales, frustules, scaffolds, husks, etc.) or cellular parts; their separation 
may be an obstacle for further application (Fig. 13.2). In contrast,  metallic NPs embed-
ded on matrices could be easily dried to powder forming so-called bionanocomposite 
and can be resuspended in different solvents, including water and ethanol (Schröfel 
et al. 2011; Konvičková et al. 2016; Konvičková et al. 2017; Holišová et al. 2017).
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Phytosynthesis is a biosynthetic protocol used by many scientific teams. This 
involves the preparation of metallic NPs from selected plant extracts and eluates 
(Velmurugan et al. 2015; Yallappa et al. 2015). It is necessary to consider whether 
extract preparation or the use of nutritionally significant product fits appropriately 
with the concept of environmentally and economically friendly biological synthe-
sis. Considerations must also include the nanomaterials’ intended use, how often is 
it to be used, and in what quantities. The use of waste biomass from agriculture and 
food industries has therefore been intensively studied and tested for bioreduction 
potential in NP preparation (Yang et al. 2014). The focus should be on wastes which 
have no further use and are landfilled and on those which are not primarily toxic and 
used in secondary raw materials.

13.2.2  Phytosynthesized NPs and Their Stabilization

One of the most important aspects of NPs preparation is their stabilization in the 
dispersal medium. Nanoscale particles are unstable and tend to agglomerate because 
of short inter-particle distance and their attraction by van der Waals electrostatic 

Fig. 13.1 Biosynthesis protocols with different biomass. Colloidal solutions of Au (a) and Ag NPs 
(b) are prepared by linden extract. Color change is clearly visible due to reduction of metal precur-
sor and subsequent stabilization by organic compounds in the extract. Another biosynthesis of Au 
NPs using parts of a moss is presented. Optical microscopy images show a color change between 
pure biomass (c) and the moss with sorbed Au NPs (d)
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forces. Aggregation, agglomeration, and coalescence proceed in the absence of 
counteractive repellent forces. In contrast, electrostatically stabilized NPs have at 
least one electric double layer due to surface charging, with the resultant Coulomb 
forces between the particles decaying exponentially with distance between parti-
cles. Particle coagulation is prevented when this repulsion is sufficiently strong. The 
most commonly used stabilizing agents in chemical synthesis are sodium citrate, 
cetrimonium bromide, and thiols (Polte 2015). In phytosynthesis, the stabilization 
is mainly provided by phytochemicals released during biosynthesis process.

13.2.3  Preparation of Phytosynthesized NPs and Their 
Characterization

As outlined above, many NP types can be produced by biosynthesis including Ag 
NPs, Au NPs, zirconia oxide (ZrO2 NPs), copper oxide (CuO NPs), and platinum 
(Pt NPs). The simplest method of extract preparation is a biomass immersion in cold 
or hot distilled water. For example, this method provides rapid plant extract prepara-
tion in up to 30 min, with the final extract obtained by filtering through a strainer. 
The pure extract is then mixed with the metal precursor, and concentration ranges 
from 10−2 to 10−4 mol/dm−3 to synthesize NPs.

Fig. 13.2 TEM micrographs of Ag NPS on biosilica surface. NPs are synthesized on the diatom 
silica frustules (a). NPs are synthesized on the biosilica surface (b) where reduction of metal ions 
and stabilization of metal NPs occur. Diatoms are unicellular microorganisms with typical ornate 
frustules with pores on biosilica surface (a, c, d)
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UV/VIS spectroscopy verifies NP presence in colloidal solutions via absorption 
of atomic and molecular electron transitions from ground to excited states. Resultant 
peaks determine NP size, where narrow, sharp peaks estimate the size in tens of 
nanometers (Baset et al. 2011).

The dynamic light scattering method (DLS) determines the particle size in a col-
loidal solution via laser beam illuminating the particles and analyzing the scattered 
light intensity fluctuations. These fluctuations are associated with light interference 
in unsteady dispersed phase particles. An electrical double layer exists around each 
particle, and mV potential between this layer and the outer region is the ζ-potential. 
ζ-potential determination is suitable for colloidal system study because net charge 
development at the particle surface affects ion distribution at the interface, resulting 
in increased concentration of “counterions” with opposite charge to that of the par-
ticle. The magnitude of the ζ-potential indicates the potential stability of the col-
loidal system. When the suspension has a highly positive value above +30 mV or 
highly negative below −30 mV, the system provides no tendency for aggregation. In 
contrast, when the  ζ-potential approaches 0 mV, there is no force to prevent parti-
cles conglomerating. However, pH is a determining factor in ζ-potential; addition of 
alkali to the suspension increases particle negative charge, and this negative charge 
is neutralized if acid is added, and surfeit of acid causes positive charge. The 
ζ-potential and pH therefore have a strong relationship; ζ-potential will be positive 
at low pH and lower or negative at high pH (Bhattacharjee 2016).

Fourier transform infrared spectroscopy (FTIR) is widely applied in biosynthetic 
protocols. This is based on the absorption of infrared radiation passing through the 
sample and changing molecule vibrational energy levels according to changes in the 
molecule’s dipole moment. FTIR is thought to determine the specific functional 
groups such as -OH and -COOH responsible for bioreduction. Other spectroscopic 
methods useful for bio-NP characterization are also atomic emission (or absorption) 
spectroscopy, X-ray diffraction, or Raman spectroscopy.

Scanning electron microscopy (SEM) and transmission electron microscopy 
(TEM) are also integral parts of characterization. Here, the TEM micrographs deter-
mine particle size, shape, crystallinity, and chemical composition. The combined 
analytic capabilities of such methods are most important for identification and fur-
ther characterization of metal NPs used as antibacterial agents, in catalysis, for 
enzyme immobilization, drug delivery, sensing, detection, etc. Moreover, metallic 
bio-NPs can be incorporated in substrates, such as polymer fibers, dependent on 
their determined properties. For these purposes, biosynthesis and especially phyto-
synthesis are the most simple, rapid, and successful methods of preparing functional 
metallic NPs.

13.3  Fibers as Matrix for Bio-NPs

New fiber and nanofiber protocols have been developed for the following important 
applications: material engineering (Chronakis 2005), medicine (Sebe et al. 2013), 
or biotechnology (Nair and Laurencin 2007). Polymers are large molecules 
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composed of repetitive monomers (McMurry 2004), and initial polymer solutions, 
copolymers, and melts significantly control the chemical and physical properties of 
final fibers (Lukáš et al. 2009). Polymer nanofibers can range from tens of nanome-
ters to 1 μm in diameter.

13.3.1  Brief History of Fiber Spinning

Spinning in an electrostatic field has been known since the sixteenth century, and 
the first paper on fine-fiber spinning was published by William J. Morton at the 
beginning of twentieth century (Morton 1902). This was then followed by crucial 
work on modern capillary electrospinning by John Zelený who designed capillary 
apparatus to study liquid point electrical discharge (Zeleny 1914). Unfortunately, 
this advance had insufficient industrial application and development terminated, 
most likely due to lack of optical and analytical instruments to study at the nanome-
ter level, and it was also unnecessary to focus on this topic because of the limited 
number of applications. Although the first electron microscope prototype was 
designed in 1931 (Ruska 1980), it was not until the 1980s that application for its use 
emerged. The unique technique Nanospider™ patented by Czech scientist Oldřich 
Jirsák at the Technical University in Liberec heralded an important impetus in the 
field of polymer fiber preparation. Nanospider™ changed the spinning technique 
from needle-use to the new needleless innovation, producing fibers in the 200–
500 nm diameter range (Jirsak et al. 2009).

13.3.2  Fiber Preparation via Spinning Techniques

Electrospinning is a nonmechanical, electrostatic technique using a high-voltage 
electrostatic field to charge the surface of liquid solutions, especially polymers. The 
electric field is applied between the polymer solution and a grounded collector, 
polymer drops are drawn, and the charged jet is ejected when the electric field over-
comes liquid surface tension. The path of the charged jet is controlled by the electric 
field (Fig. 13.3). Electrospinning technology is divided into “capillary” and “needle-
less” categories, depending on the place where the fibers are extracted. While capil-
lary electrospinning is limited by the amount of injected polymer, the needleless 
technique has high fiber production from the free surface of the polymer via self- 
organization (Lukáš et al. 2009).

Electrospinning covers a wide range of physical phenomena in the field of elec-
trohydrodynamics, including electrophoresis, electro-diffusion, and electroosmosis. 
The liquid in electrospinning acquires surface tension from short intermolecular 
forces without influence from the external electrostatic field, but this can only occur 
when the liquid surface thickness lies within the range of the intermolecular forces. 
The external electrostatic field then acts on the liquid surface and charge is induced 
(Lukáš et al. 2009).
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Important technical parameters for polymer fiber preparation include polymer 
molecular weight and concentration, voltage and conductivity, viscosity, surface 
tension, flow velocity, distance between the spinneret and collector, and laboratory 
temperature and humidity (Lukáš et al. 2009). Polymer concentration is important 
because the fibrous sample becomes a mixture of fibers and defects when the con-
centration reaches a limiting value. Higher voltages and consequent higher Coulomb 
forces in the jet induce greater stretching of the polymer solution, leading to fiber 
diameter decrease and rapid evaporation of solvent from the fibers.

Centrifugal spinning is an alternate technique for fiber preparation, also called 
rotary-jet or force spinning, because it uses centrifugal force to extrude fibers from the 
spinning unit. The spinneret rotates around its axis, and a viscous jet is ejected as 
fibers onto a metal collector under maximized rotation speed (Mellado et al. 2011). 
Replacement of electrostatics by centrifugal force initiated increase in conductive 
fiber-spinning materials, and the application of heat near the spinning unit enhanced 
the melting and spinning of solid materials, thus negating chemical preparation 
(Sarkar et al. 2010). Centrifugal spinning also enables fiber preparation from solutions 
with higher concentrations than possible with electrostatic spinning (Lu et al. 2013).

13.3.3  Biocompatible Polymers Suitable for Fiber Formation 
via Electrospinning

Many materials are suitable for spinning natural polymers fibers with submicron 
diameters. These are extremely useful in tissue engineering, filtration membranes, 
and other biomedical fields. The natural collagen, gelatin, chitin, casein, cellulose 
acetate, and fibrinogen polymers have high biocompatibility and low immunogenicity 

Fig. 13.3 Preparation of 
polymer fibers by capillary 
electrospinning. The 
polymer is pressed from 
the syringe to the spinning 
unit and injected during the 
spinning process. After 
applied voltage, the 
polymer jets are taken out 
and fall on the collector. 
The jet path is 
accompanied by solvent 
evaporation and solid fiber 
formation
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compared to synthetic polymers. For example, (1) collagen scaffolds are used in 
wound dressing and tissue engineering, as they mimic the native collagen network, 
(2) gelatin is a natural polymer widely used in medical and pharmaceutical applica-
tions because of its biocompatibility and biodegradability in physiological environ-
ments, and (3) in tissue engineering, chitosan has beneficial physicochemical 
properties derived from its solid-state structure. One drawback of naturally derived 
polymer fibers, however, is that they can undergo partial denaturation, leading to deg-
radation of the initial material during spinning (Bhardwaj and Kundu 2010). A three-
dimensional (3D) fiber network can be prepared naturally by living organisms. These 
include the Acetobacter bacterium which forms cellulose (Yamada 1983). Its 3D 
fibrous structures are similar to plant cellulose, characterized by high porosity, water 
absorbance, high chemical purity and biocompatibility, and they are therefore called 
bacteria cellulose (Hu et al. 2009). A further inspiration from nature is mimicry of the 
insect cuticle. The main components here are chitosan and fibrin, with biodegradable 
and biocompatible features approved for clinical products. In addition to medical 
application, it replaces plastics in consumer products (Fernandez and Ingber 2012).

In the case of synthetic polymers, frequently used polymers are group of polyes-
ters such as poly(ε-caprolacton) PCL, poly(lactic acid) (PLA), or poly(glycolic 
acid) (PGA) and its copolymers. PCL is used in bone tissue engineering as its 
fibrous structure and high porosity provide viability, proliferation, and cell adhe-
sion, and its large pores enhance cell growth and bone integration (Erben et  al. 
2015). The mixture of PCL with gelatin improves the final scaffold for enhanced 
cell migration to the PCL mesh (Zhang et  al. 2005). Poly(lactic-co-lactic acid) 
(PLGA) is suitable for nonwoven scaffolds because their porosity is over 90% and 
their high surface area enables cellular attachment and fiber orientation. In addition, 
their subsequent impregnation with antibiotics reduces post-surgery adhesions 
(Bhardwaj and Kundu 2010).

Synthetic poly(vinyl alcohol) (PVA) combined with Ag NPs produces a nonwo-
ven membrane which controls antibacterial properties (Jia et al. 2007). It is also 
advantageous in a wide range of biomedical applications through its water- solubility, 
biocompatibility, and hydrophilic nature. PVA and carboxy-methyl (CM) chitosan 
are also promising carriers of Ag NPs for biomedical application, and chitosan and 
its derivatives’ biocompatibility and biodegradability make these the most widely 
used natural polysaccharides in biomedical applications (Nguyen et al. 2011).

13.4  Prospective Bio-NP Incorporation into the Polymer 
Fibers

Many types of colloidal NPs such as gold (Deniz et al. 2011), zinc (Virovska et al. 
2014), titanium (Fathona and Yabuki 2014), or carbon nanotubes (Salalha et  al. 
2004) and other particulates (Hansen et  al. 2005) can be incorporated into the 
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polymer fibers, polymer mixtures, or copolymers. NPs are usually obtained by 
chemical and/or thermal synthesis, dispersed in the polymer solution, inserted into 
the spinning unit, and spun into fibers with solvent evaporation (Reneker and Yarin 
2008). However, this approach can result in nonhomogenous NP dispersion in the 
polymer matrix or aggregation which destroys uniform composite structure (He 
et al. 2009). Dissolution of the metallic precursor prior to polymer spinning may 
prevent these problems (Wang et al. 2005).

Examples of conventionally prepared NPs in polymer fibers include:

 1. Chemically prepared ZnO is incorporated in a wide range of polymers including 
PEO, PVP, and PVA, and ZnO nanoparticles are incorporated in PLA fibers by 
combined electrospinning and electrospraying. This hybrid fibrous material 
combines the polymer and inorganic filler properties of biodegradability, photo-
catalytic, and antibacterial activity (Virovska et al. 2014).

 2. TiO2 NPs are also incorporated in polymer fibers, as in cellulose acetate electro-
spun fibers. While this composite enhances drug delivery systems, material tem-
plate fabrication, and composite fibril fillers, high NP concentration causes 
aggregation inside the polymer (Fathona and Yabuki 2014).

 3. Examination of chitosan/sericin/PVA fibers with incorporated Ag NPs highlights 
that chitosan is beneficial in filtration, drug delivery, tissue engineering, and 
wound dressings. Intermolecular interactions between chitosan and both sericin 
and PVA are through hydrogen bonding, and these compounds can reduce silver 
ions to Ag NPs. Impressively, these fibers completely inhibited bacterial growth, 
with 100% antibacterial activity against E.coli (Hadipour-Goudarzi et al. 2014).

 4. PVA/Ag NPs and PVP/Ag NPs fibers were tested against E.coli, Staphylococcus 
aureus, and Pseudomonas aeruginosa in two NP preparation methods: thermal 
synthesis and chemical reduction of silver nitrate. The NPs are produced by 
these methods and then incorporated in PVA and PVP. Further antibacterial test-
ing using disk diffusion formed a larger inhibition zone in PVA/Ag NPs than in 
PVP/Ag NPs (Pencheva et al. 2012).

 5. Silver selenide nanoparticle incorporation in PVP fibers highlighted that sele-
nide on the Ag NP surface effects a strong chemical interaction between NPs and 
the polymer. This hybrid nanocomposite’s antibacterial activity emanates mainly 
from the Ag NPs, and it can also be applied as a filter membrane in systems 
removing heavy metals and bacteria from water (More et al. 2015).

In addition to chemically prepared particles, metallic bio-NPs, and especially 
their colloid suspensions, also have spinning potential. Their major advantage is that 
preparation, stabilization (through organic layer on the NP surface), and reduction 
can be achieved in one simple step, and since bio-NPs are usually prepared in aque-
ous medium, the polymer precursor can be dissolved directly in the bio-NP solution 
(Fig. 13.4).The dissolution can be conducted at ambient temperature, and while con-
tinuous heating is also effective, this can have negative effects. Polymers can be 
hydrophilic and hydrophobic, so prior to commencing the experiment, it is crucial to 
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consider whether a water-soluble or oil-soluble solvent is appropriate for synthesis 
of chosen bio-NPs and also what type of biosynthesis is the most suitable.

13.5  Conclusions

Biosynthesis, and especially phytosynthesis, is a simple method for effective prepa-
ration of metallic nanoparticles suitable for a great variety of applications, most 
especially in antibacterial, medical, and chemical compound catalysis. This is 
proven in 4-nitrophenol, COx, and NOx (Schröfel et al. 2014; Holišová et al. 2017). 
The increasing trend of antibiotic and medicinal overuse has enabled bacteria to 
adapt in multidrug resistance to bacteriostatic and bactericidal agents, and nanopar-
ticles may be quite effective in countering this problem. The preparation of new 
composite materials based on natural and synthetic polymers with active antibacte-
rial particles heralds exciting possibilities for medical and pharmaceutical 
application.

Polymers must comply with exacting demands to satisfy these applications, 
especially biocompatibility, biodegradability, resistance to temperature changes, 
mechanical and chemical resistance, and chemical purity. This requires a new gen-
eration of active nanocomposites, where phytosynthesis-prepared nanoparticles 
incorporated in the fiber membranes release nano-sized killing agents against 
 bacteria colonies. Finally, these prepared products can be widely used, especially in 
medical equipment coatings, antibacterial gels, and air-conditioning systems.

Fig. 13.4 Fiber preparation containing bio-Ag NPs: metallic NPs can be directly dispersed in 
polymer solution. The mixture is continuously batched to the spinning unit and fibers containing 
NPs are formed. Calculated diameters highlight that polymer fibers have nonuniform diameter
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Chapter 14
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with Metallic Nanoparticles and Their 
Application as Antimicrobial Agents
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Abstract Effect on antimicrobial activity observed for several types of hybrid 
materials is described in our chapter. The substrates for functional antimicrobial 
particles are natural clay minerals and carbon materials for this review limited to 
graphite/graphene and carbon nanoparticles (nanotubes and fullerenes). Short 
description of substrate materials and their properties is followed by discussion of 
the effect of selected most popular antimicrobial metals (silver, copper) and several 
oxides (zinc, titanium and copper oxides) and it is conferred for Gram positive and 
Gram negative bacterial strains. The methods for preparation of such particles may 
vary but the most used are intercalation and decoration methods from solution for 
the clay minerals. Nanoparticles (NPs) of metals and metal oxides on carbon and 
nanocarbon materials are prepared using physico-chemical approach. The research 
confirmed that the shape and size of functional NPs can depend on used substrate, 
preparation conditions and used method. Interestingly, it was found that Ag-clay 
sample was as effective as the free Ag+ions. Generally, it was found the size of 
active surface area, mobility and availability of potential active particles (ions or 
nanoparticles) and chemical state of them plays an important role in antimicrobial 
activity.
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14.1  Introduction

The word antimicrobial was derived from three the Greek words anti (against), mik-
ros (little) and bios (life) and refers to all agents that turn against microbial organ-
isms. This is not synonymous with antibiotics, a similar term derived from the 
Greek word anti (against) and biotikos (concerning life). By strict definition, the 
word “antibiotic” refers to substances formed by microorganisms that act against 
another microorganism. Thus, antibiotics do not include antimicrobial substances 
that are synthetic (sulfonamides and quinolones), or semisynthetic (methicillin and 
amoxicillin), or those which come from plants (quercetin and alkaloids) or animals 
(lysozyme). In contrast, the term “antimicrobials” include all agents that turn against 
all types of microorganisms - bacteria (antibacterial), viruses (antiviral), fungi (anti-
fungal) and protozoa (antiprotozoal).

Antimicrobials are classified in several ways, as: spectrum of activity, effect on 
bacteria, mode of action or as the basic (cationic), the uncharged (neutral) and the 
acidic (anionic groups). Antimicrobials often display different minimum inhibition 
concentration (MIC) values, especially between Gram-negative (G−) and Gram- 
positive (G+) bacteria strains. The G− strains are less susceptible to antibiotics due 
to the permeability barrier provided by their outer membrane. Consequently, a full 
characterization of antibacterial activity should be assessed using both types of 
organisms. Examples of commonly found G− bacteria are Escherichia coli, 
Salmonella typhimurium and Pseudomonas aeruginosa, and examples of G+ strains 
are Streptococcus aureus and Streptococcus pyogenes.

There is interest to expand of range of antimicrobial agents for other than most 
popular silver, since extensive and uncontrolled use of silver, is increasing public 
interest to address and monitor the clinical risk related to silver resistance and in an 
environmental context to study the sources, fate, transport routes and toxicity of 
environmentally relevant forms of silver. Over the past few years, various nano- sized 
antibacterial agents such as metal and metal oxide nanoparticles have been evaluated 
by researchers. Several types of metal and metal oxide nanoparticles apart from sil-
ver (Ag) and silver oxide (Ag2O), the titanium dioxide (TiO2), zinc oxide (ZnO), 
gold (Au), copper oxide (CuO), and magnesium oxide (MgO) have been known to 
show antimicrobial activity (Jakobsen et al. 2011; Vargas-Reus et al. 2012).

Silver and copper belongs to the metals, which are by tradition known their anti-
bacterial behavior. In last years, silver compounds are studied as antimicrobial 
agents for many applications, for example, as silver-coated endotracheal tubes to 
reduce incidence of ventilator-associated pneumonia (Kollef et al. 2008) as a safe 
preservative for use in cosmetics Kokura et  al. 2010, as additive to water based 
paints (Holtz et al. 2012), in textiles (Üreyen et al. 2012) and other applications (Rai 
et al. 2009). Copper compounds are studied as antimicrobial agents, for example, 
for drinking water treatment (Dankovich and Smith 2014) and for other applications 
(Vincent et al. 2016).

The mechanism of the antimicrobial action of metal nanoparticles (NPs) is not 
fully understood. Some authors described possible action and interaction of metals 
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with the bacterial cell. The antibacterial tests showed the differences in antibacterial 
action of materials containing Ag between the G+ and the G- bacteria. This can be 
explained by differences in structure of bacterial cell. While the cell wall of the G+ 
bacteria consists of a thick layer of peptidoglycan with lipoteichoic acid or another 
acidic polymer, the cell wall of G- bacteria is formed by lipopolysaccharides and 
phospholipids and only a thin layer of peptidoglycan. The thick layer of peptidogly-
can can make bacteria more resistant before the metal ions and NPs (Russell 2001; 
Zhao et al. 2006). It was observed and confirmed that several actions take place 
during interaction of the Ag+ ions with bacteria: (1) the Ag+ ions penetrate during 
the cell wall into the bacteria cell, where (2) interact with thiol groups in proteins 
and caused their inactivation, and moreover, (3) the Ag+ in the bacteria cell caused 
that DNA molecules become condensed and lose their replication abilities (Feng 
et al. 2000).

In case of Ag NPs, the size of NPs play important role in antimicrobial action. It 
was observed that smaller particles exhibited higher antimicrobial activity (Panáček 
et al. 2006). The small Ag NPs were incorporated into the membrane structure. The 
treated bacteria cell showed changes and damage to membrane which leads to 
increase in their permeability. The bacterial cells incapable of properly regulating 
transport through the plasma membrane; the cytoplasmic content is released to the 
medium which is causing cell death without affecting proteins or nucleic acids 
(Sondi and Salopek-Sondi 2004; Rai and Bai 2011). Large specific surface area of 
NPs can influence the antimicrobial action as well. The antibacterial properties of 
Ag NPs are related to the total surface area of the NPs. Smaller particles with a 
larger surface to volume ratio are more efficient agents for antibacterial activity 
(Baker et al. 2005).

The proteomic analysis of Ag NPs on E. coli shows that the Ag NPs destabilized 
the outer membrane and disrupts the outer membrane barrier components. The 
mode of action Ag NPs was found to be like that of Ag+ ions. However, the effective 
concentrations of Ag NPs and Ag+ ions were found to be at nanomolar and micro-
molar levels, respectively (Lok et al. 2006).

The mechanism of the bacteria cells inhibition by Cu2+ ions and CuO or Cu2O 
NPs work in a similar way as silver agents. The G− bacteria with an outer membrane 
covering a thin layer of peptidoglycan which is negatively charged probably binds 
the Cu2+ ions. Both G+ and G− strains turned from normal rod-shape into irregular 
shape (round, ellipse, etc.) after treatment with Cu-montmorillonite. The cell wall 
was destroyed, bacterial inner vacuoles appeared, there was an efflux of nutrient, 
the space between the cell wall and cell membrane widened, and the cytoplasm 
tended to concentrate. The Cu2+ can combine with the plasma membrane by electro-
static attraction and penetrate into the cell membrane through opening or closing of 
the membrane channel. This affects the permeability of cellular membranes and 
results in leakage of intracellular ions and low molecular-weight metabolites. 
Moreover, the Cu2+ enters into the cell strongly combines with intracellular sulfur-
containing amino acids, which leads to denaturation of protein and bacterial death 
(Tong et al. 2005). The CuO or Cu2O NPs caused bacterial membrane damage. The 
NPs due to the appropriate charge and small size can penetrate the membrane and 
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cause bacteria cell death by the production of reactive oxygen species or by the 
disruption of cell function thereby affecting proteins and DNA (Meghana et  al. 
2015).

Titanium dioxide (TiO2) is known for its chemical stability, photocatalytic char-
acteristics, durability and antimicrobial activity, which could be attributed to its 
crystal structure (Chung et al. 2009). Anatase has stronger antimicrobial and photo-
catalytic activity than rutile (Chung et  al. 2007a, b, 2011). Titanium dioxide is 
known for reactive oxygen species (ROS) production via photoactivation due to 
UV-light. There are also studies which find ROS production in the absence of pho-
toactivation (Gurr et al. 2005). TiO2 can promote the decomposition of inorganic 
and organic compounds, which could be used in potential applications in sanitation 
and sterilization. Materials coated with TiO2 are already being used as antibacterial 
materials (Hashimoto et al. 2005).

Among metal oxide powders, ZnO demonstrates significant growth inhibition of 
broad spectrum of bacteria (Jones et al. 2008). The suggested mechanism for the 
antibacterial activity of ZnO is based on catalysis of formation of reactive oxygen 
species (ROS) (Yamamoto et  al. 2002). Since the catalysis of radical formation 
occurs on the particle surface, particles with larger surface area demonstrate stron-
ger antibacterial activity. Therefore, as the size of the ZnO particles decreases their 
antibacterial activity increases (Jones et al. 2008).

Nevertheless, metal ions and NPs could also be toxic for living organisms mainly 
at higher concentrations (Braydich-Stolle et al. 2005; Lu et al. 2010; Chang et al. 
2012). Therefore, it is desirable to control their gradual release. For this purpose 
metal ions or metal NPs and their oxides may be prepared anchored on various 
inorganic substrates. The most commonly used substrates include clay minerals, 
zeolites or carbon materials.

Clay minerals are widely used as supports for metals or metal oxides prepara-
tion. Clay minerals belong to the layered silicates (phyllosilicates) with structure 
consist from octahedral and tetrahedral sheets. Based on the sheets arrangement to 
the layers, clay minerals are divided to the two groups, with type of layer 1:1 and 
2:1. The 1:1 type consists of the repetition of one tetrahedral sheet and one octahe-
dral sheet. The 2:1 type consists of the repetition of one octahedral sheet sand-
wiched between two tetrahedral sheets. The composition of the 1:1 phyllosilicates 
is characterized by a predominance of Al3+ as central octahedral cations, although 
some isomorphous substitution of Mg2+, Fe3+, Ti4+ for Al3+ can occur. The composi-
tion of the 2:1 phyllosilicates is characterized by a predominance of Si4+ as central 
octahedral cations and Al3+ and Fe3+ as central tetrahedral cations. Central cations 
are usually substituted by cations with lower valance as Al3+, Fe3+, Fe2+, Mg2+, etc. 
and a negative charge arising on layers from these substitutions. The charge vari-
ability is one of the most important features of 2:1 phyllosilicates, because it induces 
occupancy of the interlayer space by exchangeable cations which compensate the 
negative layer charge. Due to the low proportion of substitution in 1:1 phyllosili-
cates the layer charge is usually close to zero, so the interlayer space is without 
exchangeable cations (Brigatti et  al. 2006). To the 1:1 phyllosilicates using as 
 supports for metal nanoparticles preparation belong, for example, kaolinite (Kao) 
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and halloysite (Hal) and to the 2:1 phyllosilicates belong montmorillonite (Mt), 
vermiculite (Ver), talc, palygorskite (Pal) and sepiolite (Sep).

Mt is defined as dioctahedral smectite. Smectites are swelling and turbostrati-
cally disordered minerals occurring in nature as the main component of bentonites. 
The term smectite is used for planar dioctahedral and trioctahedral 2:1 clay minerals 
with a layer charge between −0.2 and −0.6 per formula unit which contain hydrated 
exchangeable cations. Minerals of the smectite group have high specific surface 
area and ability of cation exchange capacity. Hydrated exchangeable cations 
between the layers compensate the negative charge and may be easily exchanged by 
other metal cations. The cation exchange capacity (CEC) is the measure of the cat-
ions, which balance the negative charge sites of the clay (Valášková and Martynkova 
2012). Ver is planar dioctahedral and trioctahedral 2:1 clay mineral with a layer 
charge between −0.6 and −0.9 per formula unit which contain hydrated exchange-
able cations. Hal is a 1:1 layered aluminosilicate structure chemically similar to 
Kao. The size of Hal tubules varies within 0.5–10 microns in length and 15–200 nm 
in inner diameter, depending on the deposit. Pal structure of 2:1 layers consists of 
the continuous two-dimensional tetrahedral sheet but lacking continuous octahedral 
sheet. Pal is characterized by microfibrous morphology, low surface charge and 
high surface area (Martynková and Valášková 2014).

Other groups of minerals are zeolites. Zeolites (Zeol) belong to the hydrated 
aluminosilicates with three-dimensional structures with independent component: 
the alumunosilicate framework, exchangeable cations and zeolitic water. The Zeol 
framework is composed from tetrahedron, which center is occupied by Si4+ or Al3+ 
cations, with four oxygen atoms at the vehicles. Due to the substitution of Si4+ by 
Al3+ arise the negative charge on the framework, which is compensated by cations 
located together with water. The water molecules can be in large cavities and bonded 
between framework and exchangeable ions. The most common representative of 
Zeol is clinoptilotite (Cli) (Wang and Peng 2010).

Health and environmental impacts of graphene-based materials need to be thor-
oughly evaluated before their potential applications. Graphene has strong cytotoxic-
ity toward bacteria. To better understand its antimicrobial mechanism, comparison 
of the antibacterial activity of four types of graphene-based materials (graphite (Gt), 
graphite oxide (GtO), graphene oxide (GO), and reduced graphene oxide (rGO)) 
toward a bacterial model – Escherichia coli is given. GO dispersion shows the high-
est antibacterial activity, sequentially followed by rGO, Gt, and GtO. The direct 
contacts with graphene nanosheets disrupt cell membrane. Conductive rGO and Gt 
have higher oxidation capacities than insulating GO and GtO. Antimicrobial actions 
are contributed by both membrane and oxidation stress. Physicochemical properties 
of graphene-based materials, such as density of functional groups, size, and conduc-
tivity, can be precisely tailored to either reducing their health and environmental 
risks or increasing their application potentials (Liu et al. 2011).

The ability of carbon nanotubes (CNTs) to undergo surface modification allows 
them to form advanced nanocomposites with different materials such as polymers, 
metal nanoparticles, biomolecules, and metal oxides. The biocidal nature, protein 
fouling resistance, and fouling release properties of CNT-NCs render them the per-

14 Decoration of Inorganic Substrates with Metallic Nanoparticles…



300

fect material for biofouling prevention (Narayan et al. 2005). Cytotoxicity of CNT 
can be reduced before applying them as substrates to promote biofilm formation in 
environmental biotechnology applications.

To understand the inherent antimicrobial nature of pristine CNTs is key issue that 
may determine the efficiency of biocidal CNT-nanocomposites. Microorganisms 
lose viability when they come in contact with nanotubes; due to the impingement of 
nanometer-sized fibers and the needle-like character of CNTs easily penetrate 
through the cell walls of bacteria (Narayan et al. 2005). CNTs in solution develop 
nanotube networks on the cell surface, and then destroy the bacterial envelopes with 
leakage of the intracellular contents (Liu et al. 2010). The antimicrobial effect of 
CNTs has been demonstrated over a wide range of microorganisms including bac-
teria provided confirmatory evidence that both, single wall carbon nanotubes 
(SWCNTs) and multiwall carbon nanotubes (MWCNTs) are able to decrease the 
metabolic activity of E. coli. SWCNTs can produce cytotoxic effects on microbial 
communities in macro-environmental entities. Efficient contact between the CNTs 
and bacterial cell surface is crucial the biocidal action of CNTs. However, this effort 
depends on a variety of factors, such as: (i) physical and structural properties of 
CNTs (size and length); (ii) physical condition of CNTs (aggregated or dispersed); 
(iii) type and concentration of impurities associated with CNTs and their availabil-
ity to bacteria (heavy metal impurities); and (iv) number of layers (single or multi- 
walled) of CNTs (Martynková and Valášková 2014). Normally, loosely packed, 
debundled, highly dispersed, and shorter length tubes can easily penetrate through 
the cell membrane and display higher cell cytotoxicity.

Fullerenes are soccer ball-shaped molecules composed of carbon atoms. 
Fullerenes showed antimicrobial activity against various bacteria. The antibacterial 
effect was probably due to inhibition of energy metabolism after internalization of 
the nanoparticles into the bacteria (Shvedova et al. 2012). It has also been suggested 
that fullerene derivatives can inhibit bacterial growth by impairing the respiratory 
chain (Cataldo and Da Ros 2008; Deryabin et al. 2014). In the beginning, a decrease 
of oxygen uptake (at low fullerene derivative concentration) and then an increase of 
oxygen uptake (followed by an enhancement of hydrogen peroxide production) are 
occurred. Another bactericidal mechanism, which has been proposed, was the 
induction of cell membrane disruption. Hydrophobic surface of the fullerenes can 
easily interact with membrane lipids and intercalate into them. The discovery of 
fullerenes ability to interact with biological membranes has encouraged many 
researchers to evaluate their antimicrobials applications (Tegos et al. 2005; Yang 
et al. 2014).

The cationic-substituted fullerene derivatives are highly effective in killing a 
broad spectrum of microbial cells after irradiation with white light. Affecting 
factor was an increased number of quaternary cationic groups that were widely 
dispersed around the fullerene cage to minimize aggregation. The quaternized 
fullerenes could be effectively applied in treatment of superficial infections, 
e.g. wounds and burns, where light penetration into tissue is not problematic 
(Mizuno et al. 2011).
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Nowadays, many publications are focused on the preparation, characterization 
and study of the functional properties (especially catalytic) of silver, copper, 
zinc and titanium oxide nanoparticles on inorganic substrates. In this chapter, we 
focus only on the research that describes study of antimicrobial properties of 
these materials.

14.2  Metals on Inorganic Substrates as Antimicrobial Agent

14.2.1  Silver on Clay Minerals

Silver can be synthesized on inorganic substrates via several methods: as Ag+ ions 
and Ag or Ag2CO3 NPs. Summary of selected preparation techniques of Ag on the 
various substrates, tested bacterial strains and methods used for studying the antimi-
crobial activity is shown in Table 14.1.

Montmorillonite is widely used clay mineral for various industrial and medical 
applications. Antibacterial properties of Ag modified Mt on Gram-negative (G−) 
bacterium Escherichia coli (E. coli) were studied. Mt was pretreated by calcination 
at 550  °C or by grinding, followed by enriching with Ag using cation exchange 
methods. The metallic Ag0 NPs precipitated on clay surface was confirmed. 
Nevertheless, the Ag+ ions were also incorporated in the interlayer of Mt structure. 
Results of antibacterial activity of Ag-Mt composites, evaluated via the disc suscep-
tibility (DS) test and by determination of the minimum inhibitory concentration 
(MIC) test, showed good inhibition properties on the growth of E. coli. The antibac-
terial behavior was affected by the availability of the ionic Ag+ to be in contact with 
the bacteria (Magaña et al. 2008).

The simple preparation process of Ag NPs on Mt matrix included the stirring of 
Mt with AgNO3 aqueous solution at room temperature. The mean particle size of Ag 
NPs on Mt surface was 50 nm and more on the edges of the Mt flakes. Antibacterial 
activity was tested via the broth dilution method by MIC value determination. The 
Gram-positive (G+) bacteria Staphylococcus aureus (S. aureus) and Enterococcus 
faecalis (E. faecalis) and the Gram-negative (G−) bacteria Klebsiella pneumoniae (K. 
pneumoniae) and Pseudomonas aeruginosa (P. aeruginosa) were used for antibacte-
rial test. Antibacterial action of samples started after 1.5 h against the G− bacteria and 
after 3–5 h against the G+ bacteria and action was persisting for the whole testing 
period 6 days. Moreover, authors studied release of Ag+ from Mt matrix into the 
water environment, which was determined as 0.1–0.3% from the total Ag content in 
the samples (Valášková et al. 2010). Antibacterial study of the Ag+- exchanged and 
Ag0- covered Mt samples showed good inhibition effect determined by the disk dif-
fusion method against bacteria P. aeruginosa (G−) and S. aureus (G+). The diameter 
of inhibition zone was in the range 20–21 and 21–22 mm for Ag+-Mt and Ag0-Mt, 
respectively (Özdemir et  al. 2010). The antibacterial and antifungal properties of 
Ag-Mt prepared by cation exchange method on Mt using AgNO3 aqueous solution 
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was investigated against E. coli (G−), Pycnoposus cinnabarinus (P. cinnabarinus) 
and Pleurotus ostreatus (P. ostreatus), respectively. It was found that Ag-Mt compos-
ite was as effective as the free Ag+ ions. Also, the inhibition of fungal growth on 
Ag-Mt composite was similarly active as free Ag+ ions (Malachová et al. 2011).

Cation exchange method by dry way was used for incorporating of Ag+ into ben-
tonite (Ben) pre-treatment with HCl or H2SO4. Raw and acid activated Ben was 
subjected to an ion exchange process with melt of AgNO3 and NaNO3 at 
435 °C. Authors studied antimicrobial properties of samples using bacteria E. coli 
(G−) and S. aureus (G+). Only Ben samples with Ag+ showed antimicrobial effect. 
Moreover, the microbiological results showed influence of acid pre-treated of Ben 
on antimicrobial effect. Ben activated by HCl showed better bactericidal properties 
than Ben activated by H2SO4. The MIC value was for S. aureus 0.022 g of sample 
Ag+-HCl-Ben and 0.038 g of Ag+-H2SO4-Ben and for E. coli 0.012 g of sample Ag+-
HCl-Ben and 0.038 g of Ag+-H2SO4-Ben (Santos et al. 2011).

Xu et al. (2011) introduced a novel way of preparation of Ag-Mt material with 
antibacterial activity exhibiting slow release property. At first, transparent 
[Ag(NH3)2] OH aqueous solution was prepared by adding NH3.H2O to Ag2O pow-
der. The solution was mixed with Mt and stirred at 60 °C in the dark. Mixture was 
added to poly (N-vinyl-2-pyrrolidone (PVP) and UV-irradiated at room tempera-
ture. Results shown, that after UV irradiation the Ag+ turned into metallic Ag0 NPs. 
This indirectly suggested change of Ag-Mt color from milk-white to black after 
irradiation. Antibacterial activity was tested against E. coli (G−). The MIC value 
was 100 × 10−6 of Ag-Mt and the sterilizing efficiency (SE) was reaching 100%. 
Even after five times washes with distilled water, the MIC value of sample was 
200 × 10−6 and the SE was more than 99%. Authors confirm slow release property of 
Ag from Mt substrate which can be explain by strong interactional force between 
Ag NPs and Mt due to a large Mt surface area and small diameter of Ag NPs (Xu 
et al. 2011). Antibacterial activity of Ag-Mt prepared using original Mt and Na+-
form of Mt was compared. The monoionic Na+-form of Mt (Na+Mt) was prepared 
using the most common cation exchanged process with NaCl aqueous solution. 
Original Mt and Na+Mt were shook with AgNO3 aqueous solution (protected by 
aluminum foil against the light). Total amount of Ag determined in samples was 
from 0.64 to 4.47 wt.% depending on initial concentration of AgNO3 solution and 
used matrix (Mt or Na+Mt). Samples prepared from monoionic Na+Mt form con-
tained higher amount of Ag and showed better inhibition effect on both tested bac-
teria P. aeruginosa (G−) and E. faecalis (G+) (Hundáková et al. 2013a).

The interesting studies were focused to application of Ag-Mt to packaging mate-
rials (Costa et al. 2011, 2012). In one study, prepared Ag-Mt samples were used to 
improve the shelf life of fresh fruit salad. The sensorial and microbiological quan-
tity was determined. The microbiological activity was evaluated by monitoring the 
principal spoilage microorganisms (mesophilic and psychotropic bacteria, coli-
forms, lactic acid bacteria, yeasts and molds). Results show that a significant shelf 
life prolongation of fresh fruit salad can be obtained by a straightforward new pack-
aging system by using Ag-Mt (Costa et  al. 2011). In second study, the effect of 
active coating loaded with Ag-Mt and film barrier properties on shelf life of fresh 
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cut carrots were investigated. The sensorial and microbiological quality was 
observed. For microbiological quality, the spoilage microorganisms as mesophilic 
and psychotropic bacteria, Enterobacteriaceae spp., Pseudomonas spp., yeasts and 
moulds were used. For sensorial evaluation, color, odor, firmness and product 
overall quality were evaluated) (Costa et al. 2012). Cao et al. (2014) published very 
interesting study about sutures modified by Ag+ loaded Mt (Ag+ Mt/sutures). The 
antibacterial properties of prepared materials were tested using bacteria E. coli (G−) 
and S. aureus (G+). Moreover, hemolysis tests and in vitro cytotoxicity test of Ag+ 
Mt/sutures were determined. The Ag+ Mt/sutures exhibited good blood and tissue 
biocompatibilities. In addition, the Ag+ Mt/sutures inhibited growth of E. coli by 
99% (Cao et al. 2014).

Several authors published study about antibacterial activity of Ag NPs prepared 
on substrates by the chemical reduction method with borohydride (NaBH4) as 
reducing agent.

Mt was shaken with AgNO3 aqueous solution at room temperature. To dried 
sample the NaBH4 aqueous solution was added and reduction under shaking took 
for several minutes. Antibacterial activity of Ag+ ions and metallic Ag0 prepared on 
Mt substrate was tested on E. coli (G−) and E. faecium (G+). The metallic Ag0 
showed no antibacterial effect (Malachová et al. 2009). The Ag NPson the surface 
and in the interlayer space of Mt was prepared by NaBH4 reduction in n-hexanol. 
Antibacterial activity against E. coli (G−) was determined by counting the CFU 
(colony forming unit) number. Samples were tested in the dark and under room 
light when a stronger antibacterial effect was observed. Authors also tested and 
confirmed antibacterial activity of samples after 12 years what confirmed their sta-
bility and suitability for application to industry use (Miyoshi et al. 2010). Shameli 
et al. (2011) synthesized Ag NPs on Mt with the mean diameter of Ag NPs from 
4.19 to 8.53 nm. The particles size increased with increased concentration of initial 
Ag+ ions. Moreover, intercalated structure of Mt was confirmed in Ag-Mt nano-
composites. Antibacterial activity was tested for AgNO3-Mt suspension and Ag-Mt 
nanocomposites on the G− bacteria E. coli and K. pneumoniae and the G+ bacteria 
S. aureus. Results showed that measured inhibition zone for AgNO3-Mt and Ag-Mt 
nanocomposites were similar for both type of bacteria. The antibacterial activity of 
Ag-Mt nanocomposites decreased with increased of Ag NPs particles size (Shameli 
et al. 2011). Girase et al. (2011) prepared Ag on Mt substrate, which was used as 
untreated or organically modified and both ball milling, by three methods 
(Fig. 14.1). The Ag NPs size on Mt depended on used method. The size distribution 
of the Ag NPs on Mt followed the sequence: UV > Calcined > NaBH4 reduced. The 
Ag NPs synthesized in the absence of Mt by all three method (calcination, NaBH4 
reduction and UV irradiation) were larger (~60–200 nm) than the particles precipi-
tated on Mt (5–25  nm). Results confirmed that the shape and size of NPs can 
depend on used substrate, preparation conditions and used method. Difference in 
size of Ag NPs synthetized on Mt substrate by three various methods is show in 
Fig. 14.1. Moreover, the Ag NPs precipitated ex-situ in solution prepared to com-
pare. The both ex situ Ag NPs and in situ precipitated Ag NPs on Mt indicated 
antibacterial activity against E. coli (G−) as a function of time. In situ precipitated 
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Ag NPs on Mt indicated good antibacterial performance, irrespective of the method 
used to Ag preparation  (reduction, calcination or UV method). In the case of Ag 
NPs-Mt nanohybrid structure, the CFU number of E. coli decreased by four orders 
of magnitude as compared to samples without Ag. Authors observed that the behav-
ior of antimicrobial activity is related to the behavior of release of Ag ions from Mt 
(Fig. 14.2) (Girase et al. 2011).

Sohrabnezdah et al. (2015) used Na+Mt as stabilizer for preparation of Ag2CO3 
and Ag NPs in aqueous and polyol solvent. Different treatments were used: In first, 
Mt with AgNO3 and Na2CO3 were ground and ethylene glycol (EG) was added 
under stirring. In second, the same procedure was used without Na2CO3. The metal-
lic Ag0 in these Mt nanocomposites was confirmed. In third, the same method was 
used with water instead EG. This process led primarily to the formation of Ag2CO3 
NPs in nanocomposite. Moreover, results also show Ag0 NPs present and probable 
the intercalation of both Ag and Ag2CO3 NPs into the Mt gallery. Results of antibac-
terial test on E. coli (G−) showed that the Ag2CO3-Mt nanocomposite exhibited an 
antibacterial activity higher than Ag-Mt. Authors explained higher antibacterial 
action of the Ag2CO3-Mt by higher release of Ag+ ions from Ag2CO3 and interaction 
with bacterial strain. In case of Ag NPs on Mt surface, less Ag+ ions are oxidatively 
released from Ag NPs surface.

Kheiralla et al. (2014) synthetized the Ag NPs on Mt substrate using the micro-
wave assisted method. The Ag NPs-Mt nanocomposites were prepared by mixing of 

Fig. 14.1 Schematic illustration of the synthesize Ag NPs-Mt nanohybrid material (in-situ 
precipitation of Ag NPs on the Mt surface). Reproduced with permission from (Girase et al. 2011), 
© 2011, Elsevier B.V
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aqueous solution AgNO3 with Mt. Formaldehyde and NaOH aqueous solution 
was added until the pH was 10 and citric acid was added. The solution was placed 
in a microwave. The samples with the weight ratio 1, 3 and 5% of Ag in Mt were 
prepared. The diameter of synthetized Ag NPs on Mt was below 15  nm. 
Antibacterial activity was evaluated against bacteria S. aureus (G+) and P. aerugi-
nosa (G−). The maximum inhibition zone diameters for concentration of Ag 1, 3 
and 5% were determined for S. aureus as 29, 39 and 45 mm and for P. aeruginosa 
as 10, 25 and 37 mm, respectively. The MIC value of Ag NPs was determined as 
0.031 mg for both bacteria, while the MBC value was 0.5 mg for S. aureus and 
0.25 mg for P. aeruginosa. Moreover, the synergistic effect of Ag NPs and antibi-
otics was observed.

Vermiculite (Ver) is used as substrate for Ag NPs preparation very sporadically.
The Ag NPs were prepared on Ver matrix by shaken of Ver with AgNO3 aqueous 

solution at room temp. The size of Ag NPs on Ver surface was heterogeneous, from 
smaller than 20–50 nm. Antibacterial action of samples started after 1–1.5 h against 
G− bacteria S. aureus and E. faecalis and after 2–3 h against G+ bacteria K. pneu-

Fig. 14.2 Schematic illustration of diffusion-controlled release of Ag ions from clay platelets (in-
situ precipitated Ag NPs) and ex-situ precipitated Ag NPs in solution and their antimicrobial 
behavior. Reproduced with permission from (Girase et al. 2011), © 2011, Elsevier B.V
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moniae and P. aeruginosa and action was persisting for the whole testing period 
6 days. Moreover, authors studied release of Ag+ from Ver matrix into the water 
environment, which was determined as 0.1–0.4% from the total Ag content in 
 samples. The Ag NPs on Mt were prepared by the same method. The amount of 
silver in Ag-Ver was higher than in Ag-Mt samples. The Ag NPs grew with a similar 
size on Mt and Ag NPs size was heterogeneous on Ver. The antibacterial action of 
Ag-Ver samples was better than Ag-Mt samples (Valášková et al. 2010). The origi-
nal and acidified Ver (with HCl) were compared as substrates for precipitation and 
growth of Ag NPs. The MIC values of samples against bacteria P. aeruginosa (G−) 
and E. faecalis (G+) were from 10% (w/v) to 0.37% (w/v) (Hundáková et al. 2011). 
The antibacterial activity of Ag-Ver, Cu-Ver and Ag, Cu-Ver materials was investi-
gated. The inhibition effect on bacterial growth was confirmed in all prepared Ag-, 
Cu-Ver samples. The synergic effect of Ag and Cu in combined samples was 
observed (Hundáková et al. 2013b). The antibacterial properties of Ag and Cu pre-
pared on two clay mineral matrices Mt and Ver were compared. The transmission 
electron microscopy (TEM) images of the Ag NPs reduced on Mt and Ver substrate 
are show in Figs. 14.3 and 14.4. Results of antibacterial test on E. coli (G−) show 
good inhibition effect on bacterial growth. Moreover, stability of Ag+ and Cu2+ on 
both matrices in water environment was studied and the relationship between 
amount of metal ions released from samples and antibacterial effect was confirmed 
(Hundáková et al. 2014a). The Ag-Ver, Cu-Ver and Ag-Cu-Ver were used as nano-
fillers to polyethylene (PE) matrix for a purpose to obtain the antibacterial PE mate-
rial. Antibacterial properties of powder Ver nanofillers and surfaces of PE/Ver 
composites was tested on the G+ bacteria E. faecalis. Samples Ag-Ver and AgCu-Ver 
showed the MIC value 10% (w/v) after 1 h and 3.33% (w/v) after 24 h. The sample 
Cu-Ver was slightly less effective and showed MIC value 10% (w/v) after 5 h and 
3.33% (w/v) after 48 h of inhibition. The surfaces of all tested PE/Ver-Ag,Cu com-
posites showed inhibition effect after 24  h in comparison to pure PE. The CFU 
number decreased from the countless number to several hundred colonies 
(Hundáková et al. 2014b).

Fig. 14.3 TEM images  
of Ag NPs on Mt substrate
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Clay minerals as talc, palygorskite, kaolinite, halloysite, sepiolite, etc. are very 
rarely used for metal nanoparticles preparation for a purpose to study their antibac-
terial activity.

Nevertheless, the Ag NPs were synthetized on the talc surface by the wet chemical 
reducing method with the NaBH4 solution (Fig. 14.5). The mean diameter of Ag 

Fig. 14.4 TEM images of 
Ag NPs on Ver substrate

Fig. 14.5 Schematic illustration of the synthesis of Ag NPs-talc composite material by the chemical 
reduction. The color change of AgNO3/talc suspension during process was from colorless (a0) to 
light brown (a1), brown (a2) and dark brown (a3) according the Ag NPs content. Reproduced with 
permission from (Shameli et al. 2013), © Springer Science+Business Media Dordrecht 2013

talc

1. Silver Nitrate

AgNO3 in talc Suspension

NaBH4

Ag NPs in talc (1wt%)
Mean= 7.60 ± 2.62 nm

Ag NPs in talc (2wt%)
Mean= 11.03 ± 4.06 nm

Ag NPs in talc (5wt%)
Mean= 13.11 ± 4.58 nm

2. Stirrer in Room
Temperature

(a0)

(a1) (a2) (a3)
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NPs anchored on talc surface was from 7.60 to 13.11 nm. Antibacterial activity of 
prepared samples was tested on bacteria E. coli (G−) and S. aureus (G+). Ag NPs- 
talc nanocomposite did not show any inhibition effect in contrast with AgNO3 -talc 
which inhibited the bacterial growth. Authors studied also Ag+ release from talc 
structure, which was fast at the beginning of experiment and becomes slower in 
time. The Ag+ release from Ag NPs-talc nanocomposites can last for more than 
16 days (Shameli et al. 2013).

The Ag- or Cu-Pal were prepared for purpose to removing bacteria from aqueous 
solution. Antibacterial testing was performed using E. coli (G−) and S. aureus (G+) 
as indicators of fecal contamination of water. The Ag- and Cu-Pal eliminated the 
pathogenic organisms from water after 12  h of contact time. Antibacterial test 
showed no activity of untreated Pal. The CFU number of E. coli decreased from 
initial 1.6 × 104 CFU to 0 CFU after 6 h in contact with Ag-Pal (0.6% Ag). For the 
same sample, the CFU number of S. aureus decreased from initial 1.5 × 104 CFU to 
0 CFU after 12 h in contact. The CFU number of E. coli decreased to 0 CFU after 
12 h and the CFU number of S. aureus decreased to 0 CFU after 24 h in contact with 
Ag-Pal (0.57% Cu). Authors showed the differences in the results to the structural 
differences in bacteria cell walls, concretely to a thicker cellular wall of S. aureus. 
The results of water erosion test indicated that Ag and Cu amount remained on 
80.2% and 72.5% in samples after 72 h in contact with water, respectively (Zhao 
et al. 2006).

Zhang et al. (2013) used Hal nanotubes as a support of Ag NPs. Hal was modi-
fied with [3-(2-aminoethyl) aminopropyl] trimethoxysilane in toluene. Modified 
Hal was mixed with AgNO3 methanol solution and reduction of Ag NPs with NaBH4 
aqueous solution was performed. The Ag NPs (average diameter about 5 nm) were 
uniformly distributed across the surface of Hal. Results of antibacterial test show 
the diameter of inhibition zone 12 mm for E. coli and 13 mm for S. aureus. The 
photographs of samples solutions in agar plates after 16 h exposure to bacteria E. 
coli, compared with the control, shows that Ag NPs and Ag NPs-Hal reaches anti-
bacterial rate of 94.58% and 100%, respectively. Authors ascribed the higher anti-
bacterial activity of Ag-NPs-Hal to the large surface area of the Ag-NPs on Hal. The 
Ag-NPs in suspension could aggregate what leads to reduce their effective surface 
area and worse inhibition activity. The quantitative antibacterial properties showed 
the MIC value 64 μg/mL of Ag-NPs and 32 μg/mL of Ag-NPs-Hal.

Karel et  al. (2015) prepared antibacterial Ag-Kao, Ag-Clinoptilotite (Cli) and 
Ag-Sep. Samples with Ag were prepared by ion exchange of Na+-forms of Kao, Cli 
and Sep with AgNO3 aqueous solution during continuously stirring at a dark envi-
ronment (physical treatments). Prepared materials were subjected to phosphoric acid 
solution (chemical treatments). The amount of silver incorporated in samples was by 
chemical treatment: 0.13 wt.% in Kao, 0.65 wt.% in Cli, and 0.75 wt.% in Sep and 
by physical treatment: 0.84 wt.% in Kao, 0.70 wt.% in Cli, and 0.79 wt.% in Sep. 
Chemically treated clays contained about 1.5  wt.% of Phosphorous. In samples 
treatment with phosphoric acid, the amount of Ag in samples was higher. Antibacterial 
halo test (Fig. 14.6) against E. coli (G−) showed that the physically treated clays 
exhibited greater circular zone diameter (25–28 mm) in comparison with chemically 
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treated clays (22–24 nm). Results of Ag release showed that Ag in chemically treated 
samples is more stable opposite physically treated samples. The amount of residual 
Ag in samples after 30 days of exposure to water was for chemical treatment sam-
ples: 0.06 wt.% in Kao, 0.26 wt.% in Cli, and 0.19 wt.% in Sep and for physical 
treatment samples: 0.70 wt.% in Kao, 0.54 wt.% in Cli, and 0.36 wt.% in Sep.

Antibacterial Ag-Kao samples were prepared by chemical modification of Kao 
pre-treatment with formamide, ammonium bromide, benzoylperoxide and vinylac-
etate monomer (polymerization in-situ) and subsequent treatment with AgNO3 
aqueous solution. Prepared materials were used as nanofillers to polypropylene (PP) 
matrix and antibacterial properties of PP/Ag-Kao composites were studied on the 
bacteria E. faecalis (G+) and P. aeruginosa (G−). Results show that inhibition effect 
increased with increasing content of Ag-Kao nanofiller in PP/Ag-Kao composite. 
Nevertheless, tested E. faecalis exhibited higher sensitivity to action of PP/Ag-Kao 
composites than P. aeruginosa and the CFU number of E. faecalis decreased about 
100% after 24 h of contact time with surface of PP/Ag-Kao composite (Hundáková 
et al. 2016).

Antibacterial zeolite material as a new antibacterial agent was described already 
in 1987 (Maeda 1987). Zeol are widely used as adsorbents in wastewater treatment, 
so their using as water filter media is possible. For example, water adsorption prop-
erties of Ag- and Zn-exchange Zeol were studied (Benaliouche et al. 2015).

The antibacterial effect of Zeol exchanged with Ag was tested on E. coli (G−) and 
S. aureus (G+) by number viable bacterial colonies (NVC) counted. Zeo was 
pretreated to Na+Zeo and put into contact with AgNO3 solutions (Ag-Zeo). 
Antibacterial effect is dependent on Ag content in Ag-Zeo samples. Nevertheless, 
the NVC of E. coli decreased to 0 after 2 h and the NVC of S. faecalis decrease to 

Fig. 14.6 Illustration of inhibition zone determination from antibacterial (modified halo) test. 
Adapted from (Karel et al. 2015)
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0 after 6 h in contact with the same samples. The Na+Zeo mineral without Ag not 
showed antibacterial behavior (Rivera-Garza et  al. 2000). Antibacterial effect of 
Ag-Zeol on oral bacteria under anaerobic conditions was studied. The oral bacteria 
Porphyromonas gingivalis (P. gimgivalis), Prevotella intermedia (P. intermedia), 
Actinobacillus actinomycetencomitans (A. actinomycetencomitans), Streptococcus 
mutans (S. mutans), Streptococcus sanguis (S. sanguis), A. viscosus and S. aureus 
were used. The MIC values were between 256 and 2,048 μg/ml of Ag-Zeol which 
corresponded to 4.8–38.4 μg/ml of Ag+. Release of Ag+ into the broth was also mea-
sured. Results of antibacterial test show that bacteria P. gingivalis, P. intermedia, A. 
actinomycetencomitans were more sensitive to the action of Ag-Zeol samples. 
According the study, Ag-Zeol may be a useful to provide antibacterial function for 
dentistry materials (Kawahara et al. 2000).

The water disinfecting behavior of Ag-modified Zeol was investigated (Rosa- 
Gomez de la et al. 2008, 2010). The ion exchange reaction was involved: Na+Zeol + 
AgNO3 ↔ Ag-Zeol + NaNO3. The water disinfecting behavior of Ag-modified Zeol 
was studied using E. coli (G−) bacteria as indicator of microbiological contamination 
of water in a column system. Glass columns were filled with tested samples and loaded 
with synthetic wastewater with E. coli or municipal wastewater polluted with coliform 
microorganisms. In both wastewaters the initial microorganism concentration was 
around 107 NVC/100 ml. The wastewater was pumped through the column at a flow 
rate of 2 ml/min. The Ag concentration and microorganisms were monitored. The aver-
age amount of Ag+ in Ag-Zeol was 4.33 wt.% (0.4009 meq Ag/g). After complete dis-
infection processes, it was found that 16.6% and 0.6% of E. coli survival. The amounts 
of silver determined in effluents were 220.9 and 305.7 μg corresponding to 5.1% and 
3.5% of the initial Ag. When the silver effluent was less than 0.6 μg/ml, the E. coli 
percentage increased and the volume of disinfected water diminished. After complete 
disinfection processes, 100% of coliform microorganism’s survival was recorded. 
The amount of silver determined in effluents were 263.7 and 222.4 μg corresponding 
to 6.1% and 2.5% of the initial Ag. The Na-Zeol sample did not show antibacterial 
activity in both cases. Moreover, authors studied interference of NH4+ and Cl− ions on 
the disinfection process. They found that the presence of NH4+ ions improves the anti-
bacterial activity of Ag-Zeol on E. coli and the presence of Cl− ions notably diminished 
the antibacterial activity (Rosa- Gomez de la et al. 2008).

Natural Cli-rich tuff was first pre-treated with oxalic acid (followed by treat-
ment with NaCl solution) (P1) and NaOH solution (P2). Samples were cation 
exchanged with AgNO3 aqueous solution. The amount of Ag in samples was 
1.9 meq Ag/g in the P1-Ag+ and 1.2 meq Ag/g in the P2-Ag+. The antibacterial 
effect of P1-Ag+ sample was observed stronger for the growth of E. coli (G−) 
(18% CFU/ml) opposite S. aureus (G+) (31.58% CFU/ml). Conversely, the anti-
bacterial effect of P2-Ag+ sample was observed stronger for the growth of S. 
aureus (62.71% CFU/ml) opposite E. coli (74% CFU/ml). The antibacterial action 
of sample prepared from Cli pre-treated with oxalic acid and NaOH was more 
effective in comparison with sample pre-treated with NaOH due to the different 
content of Ag (Copcia et al. 2011).

Guerra et al. (2012) evaluated Ag-Cli as a biocide for the G− bacteria E. coli and 
S. typhi. The Ag-Cli samples were prepared by shaking of Na+Cli with AgNO3 solu-
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tion and by reduction at 550 or 700 °C under H2. The Ag content in samples was 
determined as 2.1 wt.% and 4.0 wt.%. The X-ray diffraction patterns of samples 
with higher amount of Ag show well-defined narrow peaks of metallic Ag NPs. The 
size distribution of Ag NPs (spherical shape) determined was in the range 0.7–
9.2 nm depending on the amount of Ag in samples and on reducing temperature. 
Study of biocidal effect on E. coli show that Ag-Cli samples (0.06 g per 18 ml of 
culture media) with 4 wt.% or 2 wt.% of Ag eliminated all colonies during 30 min 
and 120 min, respectively. The higher amount of samples was needed to achieve 
similar inhibition for S. typhi. The Ag-Cli samples (0.12  g per 18  ml of culture 
media) with both 4 wt.% or 2 wt.% of Ag eliminated all colonies during 5 min. It 
was concluded that the shape and size of the Ag NPs dispersed on the support are 
not crucial for biocidal effect at high concentration of Ag. Authors also found that 
Ag did not leach from samples during the experiment with both bacteria, thus the 
biocidal material can be reused.

Hrenovic et al. (2013) prepared Ag-Zeol, Cu-Zeol and benzalkonium (BC)-Zeol 
materials and confirmed their antibacterial activity against isolates of A. baumannii 
(Eropean clone I (EUI) and II (EUII). Samples Ag-Zeol, Cu-Zeol and BC-Zeol 
contained 50.65 mg Ag+, 20.33 mg Cu2+ and 85.0 mg BC per gram, respectively. 
The A. baumannii from EUII was more sensitive to Ag-Zeol and Cu-Zeol with the 
MBC value 31.2 mg/l and 125 mg/l, respectively opposite EUI with MBC value 
250  mg/l for both samples. Authors compared antibacterial activity of Ag, Cu, 
BC-Zeol samples with Ag, Cu, BC cations. Results show that the modified Zeol did 
not show the pronounced activity opposite Ag, Cu and BC salts. The main reason is 
their stability and slow release of cations from modified Zeol.

The starting material NaY-Zeol was pre-treated with cetyltrimethyl ammonium 
bromide (CTAB). The CTAB-modified NaY Zeol was regenerated to NaY Zeol 
using thermal treatment calcination at 550  °C.  The regenerated NaY Zeol was 
cation exchange to Na-form because Na+ in Zeol could be easily exchange with 
Ag+. The AgY Zeol samples with different Ag amount were prepared by mixing 
of regenerated NaY Zeol with AgNO3 aqueous solution. The amount of silver in 
AgY samples was 9 mg/g, 63 mg/g and 90 mg/g with increasing concentration of 
initial AgNO3 solution. Results of antibacterial testing show that AgY Zeol sam-
ple had better inhibition effect on E. coli in comparison with S. aureus in distilled 
water, while both bacteria showed low sensitivity to samples in saline solution. 
The MIC value decreased with increasing content of Ag in samples (Salim and 
Malek 2016). The next interesting study was published about studied of Ag NPs-
coated Zeol as water filter media for fungal disinfection of rainbow trout eggs 
(Johari et al. 2016).

14.2.2  Copper on Clay Minerals

Copper can be prepared on inorganic substrates by several methods as Cu2+ cations 
or Cu, CuO and Cu2O nanoparticles. The most frequently used method of Cu2+ is 
preparation by cation exchange on clay substrates, while the most widely used is 
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montmorillonite. Summary of some preparation methods of copper on the various 
substrates, bacterial strains and testing methods used for studying the antimicrobial 
activity is shown in Table 14.2.

The antibacterial ability of Cu2+-Mt was studied on E. coli (G−) and S. aureus 
(G+) bacteria. The MIC value of Cu2+-Mt on these bacteria was 10 mg/l (equal to 
amount of Cu2+ ~ 100 ppm) after 24 h and 50 mg/l (equal to Cu2+ ~ 500 ppm) after 
6  h and 4  h, respectively. The MIC value of Cu2+- Mt for both bacteria was 
200 mg/l after 2 h of action. The Cu2+ concentration released from Mt was deter-
mined after 2 h of incubation as 0.07 mg/l from 10 mg/l Cu2+-Mt and 1.61 mg/l 
from 200 mg/l Cu2+-Mt (Zhou et al. 2004). The antibacterial activity of Cu2+-Mt 
was tested against the G− bacteria Aeromonas hydrophila (A. hydrophila). The 
MIC and minimum bactericidal concentration (MBC) of Cu2+-Mt were found to 
be 150 and 600 mg/l, respectively (Hu et al. 2005). The other authors published 
study about antibacterial effect of Cu2+-Mt on two G− bacterial strains E. coli and 
Salmonella choleraesius (S. choleraesius) and the MIC value of Cu2+-Mt was 
found as 1,024 μg/ml and 2,048 μg/ml, respectively. Authors divided the antibac-
terial process to two stages: adsorption of bacteria from solution and immobiliza-
tion on the Cu2+-Mt surface and action related to accumulation of Cu2+ on the Mt 
surface. The release concentration of Cu2+ ions from Mt into the broth increased 
with their increasing amount in Cu2+-Mt. Nevertheless, the released amount of 
Cu2+ from Cu2+-Mt into the broth was very low. The effect of Cu2+-Mt on bacterial 
cell walls, on enzyme activity of bacteria and on the respiratory metabolism of 
bacteria was confirmed (Tong et al. 2005). The original CaMt, monoionic form 
NaMt and acid activated (AA)Mt were cation exchange with CuSO4 to Cu2+-
CaMt, Cu2+-NaMt and Cu2+-AAMt. The antibacterial activity was tested on E. coli 
(G−). The initial CaMt, NaMt and AAMt showed reducing of bacterial plate 
counts by 14.2%, 13.4% and 37.4%, respectively. Nevertheless, the Cu2+-CaMt, 
Cu2+-NaMt and Cu2+-AAMt showed reducing of bacterial plate counts by 95.6%, 
97.5% and 98.6%, respectively (Hu and Xia 2006).

In order to use in veterinary medicine, the Cu2+-Mt was also studied in relating 
to the effect on the growth performance and intestinal microflora of weanling pigs. 
The weanling pigs (total 128 pigs with initial average weight 7.5 kg) were divided 
into four groups according the dietary treatments in single doses adjusted follows: 
(1) basal diet, (2) basal diet +1.5 g/kg Mt, (3) basal diet +36.75 mg/kg CuSO4 
(with the Cu2+ equivalent to that in Cu2+-Mt) and (4) basal diet +1.5 g/kg Cu2+-Mt. 
Experiment was carried out for 45 days. Effect of diet was studied on intestinal 
microflora (total aerobes, total anaerobes, Bifidobacterium, Lactobacillus, 
Clostridium, E. coli) in both small intestine and proximal colon of pigs. The diet 
supplemented with Mt and CuSO4 had no effect on growth performance, intestinal 
microflora and enzyme activities. Pigs fed with Cu2+-Mt had reduced total viable 
counts of Clostridium and E. coli in the small intestine and proximal colon oppo-
site control. The improvement of growth performance of weanling pigs and 
reduced of bacterial enzyme activities were found (Xia et al. 2005). The effect of 
two Cu2+ exchanged Mt, concrete Cu2+-CaMT and Cu2+-NaMt were studied as 
alternative agents to chlortetracycline. The growth performance, diarrhea, intesti-
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nal permeability and proinflammatory cytokine in weanling pigs were investi-
gated. Similar as in previous study, the weanling pigs (total 96 pigs with initial 
average weight 5.6 kg) were divided into four groups according the dietary treat-
ments adjusted follows: (1) basal diet (control), (2) basal diet +1.5  g/kg Cu2+-
CaMt, (3) basal diet +1.5  g/kg Cu2+-CaMt and (4) basal diet +75  mg/kg 
chlortetracycline. Experiment was carried out for 14 days. Results showed that 
diet with Cu2+-Mt was as effective as chlortetracycline against diarrhea and inflam-
mation, also improving intestinal microflora and mucosal barrier integrity of 
weanling pigs (Song et al. 2013).

The interesting study focused on potential use of Cu2+-Mt in fish farming indus-
try was also published. The effect of Cu2+-Mt was studied on growth performance, 
microbial ecology and intestinal morphology of Nile tilapia (Oreochromis niloti-
cus). The Nile tilapia (total 360 fingerlings with initial average weight 3.9 g) were 
divided into four groups according the dietary treatments adjusted follows: (1) 
basal diet, (2) basal diet +1.5 g/kg Mt, (3) basal diet +30 mg/kg CuSO4 (with the 
Cu2+ equivalent to that in Cu2+-Mt) and (4) basal diet +1.5 g/kg Cu2+-Mt. Experiment 
was carried out for 56 days. The Cu2+-Mt in diet improved growth performance, 
reduced the total intestinal aerobic bacterial counts and affected the composition of 
intestinal microflora in comparison with control and diet with Mt or CuSO4. The 
composition of microflora was evaluated according the counts of Aeromonas, 
Flavobacterium, Enterobacteriaceae, Vibrio, Pseudomonas, Acinetobacter, 
Alcaligence, Corynebactrium and Micrococcus (Hu et al. 2007).

Antibacterial effect of Cu2+-, Zn2+-, Ag+- and Ag0- and cetylpyridinium (CP – 
exchanged Mt against P. aeruginosa (G−) and S. aureus (G+) was determined. Both 
bacteria are highly resistant to antibiotics and cause infections in hospitalized 
patients. The Ag+-Mt, Cu2+-Mt and Ag0-Mt samples showed good antibacterial 
activity against both bacteria. The CP-Mt did not show antibacterial activity 
(Özdemir et  al. 2010). The Ag-Mt, Cu-Mt and Zn-Mt were prepared by cation 
exchange of Mt. The antibacterial activity against E. coli (G−), and antifungal activ-
ity against P. cinnabarinus and P. ostreatus were investigated. It was found that 
inhibition effect on E. coli decreased as Ag-Mt > Cu-Mt ≈ Zn-Mt. The inhibition 
effect on P. cinnabarinus decreased as Zn-Mt ≥ Cu-Mt > Ag-Mt. The inhibition 
effect on P. ostreatus decreased as Cu-Mt > Zn-Mt > Ag-Mt. The samples were as 
effective as the free Ag+ ions. The free Ag+, Cu2+, Zn2+ cations inhibited the bacterial 
and fungal growth in similar manner (Malachová et al. 2011).

The Cu NPs were synthetized on Mt substrate by in situ reduction of copper 
ammonium complex ion. As first, the Mt-[Cu(NH3)4(H2O)2]2+ powder was prepared 
followed: CuCl2 aqueous solution was made ammoniacal and copper ammonia 
complex ion [Cu(NH3)4(H2O)2]2+ was formatted (indicating according a dark blue 
color) and Mt was added. The dried powder was suspended in ammoniacal water, 
the hydrazine hydrate wad added and stirred to a bluish purple color, washed and 
dried. The results showed that the Cu NPs were both intercalated and adsorbed by 
the Mt. Antibacterial activity of prepared material was studied on the G− bacteria E. 
coli and P. aeruginosa and the G+ bacteria S. aureus and E. faecalis. Results showed 
mortality over 80% after 12 h of incubation. The MBC value of Cu NPs-Mt (Cu 
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NPs) determined for individual bacteria was 5.7 mg/mL (285 μg/ml) for S. aureus, 
5.2 mg/mL (260 μg/ml) for E. coli, 5.1 mg/mL (255 μg/ml) for E. faecalis, 7.2 mg/
mL (360 μg/ml) for P. aeruginosa. The antibacterial action of Cu NPs-Mt is based 
on Cu NPs/Cu ions mediated cell disruption which is aided by the Mt substrate 
which serves as a stable carrier for the Cu NPs and also increases the contact fre-
quency with the bacterial cell. The cytotoxicity study performed on two human cells 
showed a decrease in viability in both cell lines. Nevertheless, the stabilizing effect 
was observed with increase of Cu NPs-Mt concentration (Bagchi et al. 2013).

The CuO NPs were synthetized on Mt substrate by thermal decomposition 
method. The CuO-Mt was prepared by adding of Na2CO3 and CuSO4 to deionized 
water and stirred at 60 °C. Mt was added and suspension was stirred to forming 
green precipitate Cu4(SO4)(OH)6, separated by filtration and kept to a muffle fur-
nace at 600 °C. The mean diameter of small spherical CuO NPs agglomerated on 
Mt was determined as ~3–5 nm. The antibacterial test on E. coli (G−) shows that the 
MIC values for samples Mt, CuO and CuO-Mt were 100, 10 and 0.1 ng, respec-
tively. The results of disc susceptibility test show no antibacterial activity of Mt. 
Contrary, CuO and CuO-Mt show antibacterial behavior, and the inhibition zone 
was higher for CuO-Mt (Sohrabnezhad et al. 2014).

There are not many studies published on antibacterial activity of Cu2+ ions and 
Cu or CuO NPs on vermiculite as substrate.

The Cu-Ver was prepared by cation exchange and antibacterial activity was 
tested on E. coli (G−). Moreover, in order to determine the influence of heating on 
the antibacterial activity, the Cu-Ver sample was heated at 200 or 400 °C. Results of 
halo test show good antibacterial activity of Cu-Ver and no significant decrease in 
activity of samples after heating (Li et al. 2002). The antibacterial and antiprotozoal 
effects of Ag+, Cu2+ and Zn2+ cation exchanged in Mt and Ver were compared. 
Antibacterial activity was tested on the G− bacterial strains E. coli and P. aeruginosa 
and the G+ bacterial strain E. faecalis. Antiprotozoal effect was tested on Trichomonas 
vaginalis (T. vaginalis). Results show the high antibacterial and antiprotozoal effect. 
Moreover, it was found that T. vaginalis was the most sensitive on tested samples 
(Pazdziora et al. 2010).

Ver substrate was decorated with Cu NPs and antibacterial activity was studied 
against bacteria S. aureus (G+). The Cu NPs were prepared by heat treatment and H2 
reduction. First, the Cu2+-Ver samples were prepared by cation exchanged with 
CuSO4 aqueous solution. Second, the Cu2+-Ver were heat treated in a Lindberg 
hydrogen furnace filled with Ar. After achieved the reduction temperature 400 or 
600 °C, the H2 or air flow was introduced to the furnace. The Cu content in samples 
was from 1.7 to 3.5 wt.%. The size of Cu NPs distributed primarily on Ver surface 
was in the broad range from ~1 to 400 nm. The good antibacterial activity of pre-
pared Cu NPs-Ver samples was confirmed (Drelich et al. 2011). The antibacterial 
activity of Ag-Ver, Cu-Ver and Ag,Cu-Ver materials was compared. The inhibition 
effect on bacterial growth was observed in all prepared Ag-, Cu-Ver samples. The 
synergic effect of Ag and Cu in combined samples was observed. Nevertheless, the 
antibacterial activity of samples contained Ag was better compared to samples con-
tained Cu (Hundáková et al. 2013b, 2014a, b).
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The antibacterial activity of Cu NPs prepared on Zeol mineral sepiolite was also 
studied. The Cu NPs on Sep were synthetized using the process of cation exchange 
with CuSO4 aqueous solution and adjusting the pH with NaOH to precipitate the 
metallic cations. Then, the prepared powder was subjected to the reduction in a 
90% Ar/10% H2 atmosphere at 500 °C to obtain Cu NPs. The size of Cu NPs dis-
tributed on Sep was 2–5 nm. The antibacterial effect of Cu NPs-Sep was tested on 
E. coli (G−) and S. aureus (G+). The concentration of both bacteria was reduced 
about 99.99% after 24 h of action (Esteban-Cubillo et al. 2006). Hrenovic et al. 
(2012) compared antimicrobial activity of Cu2O, ZnO and NiO NPs supported on 
natural Cli. The numbers of viable bacterial cells of E. coli and S. aureus were 
reduced for four to six orders of magnitude after 24 h contact with Cu2O and ZnO 
NPs. Moreover, the Cu2O and ZnO NPs showed 100% of antiprotozoal activity 
against Paramecium caudatum (P. caudatum) and Euplotes affinis (E. affinis) after 
1 h of contact. The antibacterial and antiprotozoal activity of NiO NPs was less 
efficient. The Cu2+-Zeol and Zn2+-Zeol materials were prepared from commercial 
Zeol by cation exchanged with CuSO4 or ZnCl2 aqueous solution. Moreover, the 
encapsulation of a fragrance molecule  - triplal, was studied. The antimicrobial 
activity of materials before and after encapsulation was studied. The Cu2+-Zeol and 
Zn2+-Zeol inhibited the growth of S. aureus (G+) more than the growth of E. coli 
(G−) and P. aeruginosa (G−). The Cu2+-Zeol samples showed larger inhibition zone 
compared Zn2+-Zeol against all bacteria. On the contrary, in antifungal activities 
test, the Zn2+-Zeol samples showed larger inhibition zone compared Cu2+-Zeol 
against yeast Candida albicans (C. albicans) and fungus Aspergillus niger (A. 
niger) (Tekin and Bac 2016).

14.2.3  Silver and Copper NPs on Carbon Materials

Nanostructured Graphite Oxide (GO) and low-cost GO coated with silver or sand 
nanoparticles were developed and characterized. Antibacterial efficacy of these 
nanoparticles was investigated using waterborne pathogenic E. coli strain. Inhibition 
of pathogenic E. coli with sand and GO NPs. Highest bacterial removal efficiency 
(100%) by the Coated Graphite Oxide and the lowest by sand filters with 17.9–
88.9% reduction rate from 0 to 24 h, respectively. The filter system with GO com-
posite can be used as an effective filter for water disinfection and production of 
potable and pathogens free drinking water (Jakobsen et al. 2011). GO based nano-
composites have raised significant interests in many different areas silver nanopar-
ticle (AgNPs) anchored GO (GO-Ag) has shown promising antimicrobial potential. 
Factors affecting its antibacterial activity as well as the underlying mechanism 
remain unclear. GO-Ag nanocomposites with different Ag NPs to GO ratios exam-
ined for their antibacterial activities against both the G− bacteria E. coli and the G+ 
bacteria S. aureus. GO-Ag nanocomposite with an optimal ratio of AgNPs to GO is 
much more effective and shows synergistically enhanced, strong antibacterial activ-
ities at rather low dose (2.5  μg/ml) compare to pure AgNPs. The GO-Ag 
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nanocomposite is more toxic to E. coli than that to S. aureus. The antibacterial 
effects of GO-Ag nanocomposite are further investigated, revealing distinct, spe-
cies-specific mechanisms. The results demonstrate that GO-Ag nanocomposite 
functions as a bactericide against the E. coli (G−) through disrupting bacterial cell 
wall integrity, whereas it exhibits bacteriostatic effect on the S. aureus (G+) by dra-
matically inhibiting cell division (Tang et al. 2013). The effect of bactericide dosage 
and pH on antibacterial activity of GO-Ag was examined. GO-Ag was much more 
destructive to cell membrane of E. coli than that of S. aureus. Experiments were 
carried out using catalase, superoxide dismutase and sodium thioglycollate to inves-
tigate the formation of reactive oxygen species and free silver ions in the bacteri-
cidal process. The activity of intracellular antioxidant enzymes was measured to 
investigate the potential role of oxidative stress. According to the consequence, syn-
ergetic mechanism including destruction of cell membranes and oxidative stress 
accounted for the antibacterial activity of GO-Ag nanocomposites. All the results 
suggested that GO-Ag nanocomposites displayed a good potential for application in 
water disinfection (Jones and Hoek 2010) (Fig. 14.7).

The combination of silver with copper gave enhanced result. Ag, Cu monometal-
lic and Ag/Cu bimetallic NPs were in situ grown on the surface of graphene, which 
was produced by chemical vapor deposition using ferrocene as precursor and fur-
ther functionalized to introduce oxygen-containing surface groups. The antibacte-
rial performance of the resulting hybrids was evaluated against E. coli cells and 
compared experiments of varying metal type and concentration. It was found that 
both Ag- and Cu-based monometallic graphene composites significantly suppress 
bacterial growth, yet the Ag-based ones exhibit higher activity compared to that of 
their Cu-based counterparts. Compared with well-dispersed colloidal Ag NPs of the 
same metal concentration, Ag- and Cu-based graphene hybrids display weaker anti-
bacterial activity. However, the bimetallic Ag/Cu NPs-graphene hybrids exhibit 
superior performance compared to that of all other materials tested, i.e., both the 
monometallic graphene structures as well as the colloidal NPs, achieving complete 
bacterial growth inhibition at all metal concentrations tested. A systematic analysis 
of antibacterial activity of GO nanosheets, Ag and Cu NPs, and combinations of 
Cu-Ag NPs, and GO-Cu-Ag nanocomposites against E. coli, P. aeruginosa, S. 
aureus, K. pneumoniae and Methicillin-resistant S. aureus (MRSA) was performed. 
MRSA showed highest resistance in all cases (Perdikaki et al. 2016; Jankauskaitė 
et al. 2016).

Transition metal NPs such as Ag and Cu have been grafted onto carbon nanotube 
surface through wet chemical approach leading to the development of densely packed 
NP decorated carbon nanotubes. Chemically active surface and high- temperature sta-
bility are the basic attributes to use carbon nanotubes as the template for the growth 
of NPs. The antimicrobial properties of acid-treated MWCNT (MWCNT-COOH), 
Ag-MWCNT, and Cu-MWCNT are investigated against E. coli (G−) bacteria. 
Ag-MWCNT and Cu-MWCNT (97% kill vs. 75% kill), whereas MWCNT-COOH 
only killed 20% of bacteria. Possible mechanisms are proposed to explain the higher 
antimicrobial activity by NP-coated MWCNT.  These findings suggest that 
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Ag-MWCNT and Cu-MWCNT may be used as effective antimicrobial materials that 
find applications in biomedical devices and antibacterial controlling system.

Ag NPs attached to CNTs have also shown enhanced activity against E. coli. 
Although, this strategy gives enhanced antibacterial effect but parameters like struc-
tural defects, agglomeration and impurities could also lead to partial loss in the ulti-
mate expected results. Thus, precise control is required to further achieve the 
improved results. In the case of Ag-NPs attached to CNTs, it is believed that the 
antibacterial activity is due to Ag NPs. Several reports are available on the antibacte-
rial activity of Ag NPs (Jones and Hoek 2010). When Ag-NPs are exposed to air, 
oxidation at the surface occurs (Eq. 14.1) and when in acidic environment, Ag+ ions 
are released (Eq. 14.2) (Xiu et al. 2012). The released Ag+ ions bind to the thiol group 
(SH) in enzymes and proteins on cellular surface and produce holes to enter the cell.

 
4 0 22 2Ag O Ag O( ) + →

 
(14.1)

 Ag O H Ag H O2 24 4 2+ → ++ +

 (14.2)

Another important aspect is the formation of Ag-NPs-CNT interface, which is 
believed to be quite stable without adversely affecting the antibacterial activity of 
Ag-NPs. In fact, presence of substrate (CNTs) serves two purposes in the experi-
ment: (i) act as a host to increase the long term stability of NPs. Li et al. (2011) 
reported the long term stability for the about 1 month of MWCNTs and Ag-NPs 
composites. (ii) CNTs as possible substrates or a platform for drug delivery applica-
tion. Yuan et al. (2008) showed the improvement of antibacterial efficiency against 
S. aureus (G+) bacteria after the deposition of Ag-NPs on MWCNTs grafted with 
hyperbranched poly amidoamin (dMWCNTs), both d-MWNTs and d-MWNTs/Ag 

Fig. 14.7 Silver 
nanoparticle on graphite 
flake (SEM image acquired 
using secondary electron 
detector)
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were found equally effective against E. coli (G−) and P. aeruginosa (G−) bacteria. 
Jung et al. (2011) reported the antibacterial efficiency with pure MWCNTs, pure 
Ag-NPs and deposited Ag/CNTs against E. coli (G−) and S. epidermidis (G+), while 
higher inactivation of E. coli was observed relative to S. epidermidis. The present 
work dealt with the CVD growth of CNTs and synthesis of Ag-NPs and formation 
of composite by mixing CNTs in a mixture of AgNO3 resorcinol and ethanol in one 
reaction.

14.3  Metal Oxides on Inorganic Substrates as Antimicrobial 
Agents

14.3.1  ZnO on Clay Minerals

Several studies dealing with preparation a characterization of nanocomposites 
where ZnO NPs are attached or bounded at clay matrix were published. Preparation 
of ZnO/Pal composites was developed by Huo and Yang (2010). Fibers of Pal 
were uniformly coated by ZnO NPs with average size equal to 15 nm. This com-
posite exhibited antibacterial activity against E. coli (G−) stronger than pure ZnO 
NPs. Authors proposed that clay matrix positively affected production of H2O2, 
which is harmful to living cells, and led to the cell membrane destruction and 
growth inhibition of bacteria. Zinc-enhanced montmorillonites were prepared 
and their influence to intestinal microbiota and barrier function in weaned pigs 
was evaluated (Jiao et  al. 2015). Study revealed that providing 150 mg/kg Zn, 
supplementation prepared Zn-Mt improved postweaning diarrhea and enhanced 
growth performance in the weaned pigs. Explanation of results was attributed to 
the adsorption of the bacteria and immobilization on the surface of the composite. 
Alternatively, Zn was released from structure of the composite and directly 
exerted its antimicrobial effect on the bacteria. Therefore, the antibacterial effect 
of Zn-Mt may be explained by interactions of Mt with Zn. Also ZnO-Mt hybrid 
composite was investigated on performance, diarrhea, intestinal permeability and 
morphology (Hu et al. 2012). It was discovered that supplementing weaned pigs 
diets with 500 mg/kg of Zn from ZnO-Mt was as efficacious as 2,000 mg/kg of 
Zn from ZnO in promoting growth performance, alleviating diarrhea, improving 
intestinal microflora and barrier function. Pigs fed with 500 mg/kg of Zn from 
ZnO-Mt had higher performance and intestinal barrier function than those fed 
with Mt or 500 mg/kg of Zn from ZnO. ZnO-Mt composite was also tested as a 
material with potency to inhibit the cyanobacterial bloom (Gu et  al. 2015). 
Microcystis aeruginosa (M. aeruginosa) is cyanobacteria which has a negative 
impact on water quality and therefore to human health. It was proved, that ZnO-Mt 
has strong flocculation effect on the tested cyanobacteria in comparison with pure 
Mt or ZnO under visible light and better photocatalytic degradation under UV 
irradiation. Synergistic effect of flocculation and photocatalysis of ZnO-Mt pro-
moted removal of M. aeruginosa. Antibacterial activity of nanocomposite ZnO/
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kaoline (ZinKa) was evaluated (Dědková et  al. 2015a). ZinKa with 50  wt.% 
exhibited antibacterial activity under artificial day light against four common 
human pathogens (S. aureus (G+), E. faecalis (G+), E. coli (G−), P. aeruginosa 
(G−)). The highest antibacterial activity was observed against S. aureus, where 
the lowest value of MIC was determined equal to 0.41 mg/ml. As a comparison to 
this study, nanocomposite with the same chemical composition but prepared from 
different precursor and at slightly different conditions denoted Kao/ZnO (KAZN) 
was tested against the same four human pathogens at the same antibacterial assay 
(Dědková et al. 2016).

It was found that even chemical composition o ZinKa and KAZN is the same 
resulting antibacterial activity is different and therefore can be assumed that the way 
of preparation nanocomposites with clay matrix have an influence on resulting 
activity, nevertheless authors did not provide any detail explanation of this result 
because it needs to be investigated more. However, authors proposed possible 
mechanism of antibacterial activity, which could be based on photocatalytic reac-
tion and production of ROS.  Antimicrobial activity of ZnO-Ben composite was 
introduced by Pouraboulghasem et al. (2016). E. coli (G−) served as a testing bacte-
ria and pure Ben did not exhibit any antibacterial activity. After alkaline ion 
exchange treatment, antibacterial activity was observed. The most promising com-
posite was ZnO/Ben after alkaline ion exchange for 60 and 90 min. Leaching test, 
which was also done, showed that ZnO/Ben did not present any risk to drinking 
water treatment due to the amount of leached zinc below to 4 mg/L, which is in the 
acceptable range according to World Health Organization regulations. Motshekga 
et al. (2013) published study dealing with composites where ZnO, Ag and combina-
tion of Ag- ZnO NPs supported on Ben clay were prepared. Disc diffusion method 
was used as a method for antibacterial assay where E. coli (G−) with E. faecalis (G+) 
were selected as tested bacteria. ZnO-clay composite and Ag-clay composite exhib-
ited antibacterial activity however Ag/ZnO-clay exhibited the highest antibacterial 
activity from tested composites and according to authors it could be used as a mate-
rial for drinking water treatment to target the G+ also the G− bacteria.

14.3.2  TiO2 on Clay Minerals

There are many published papers dealing with photocatalytic activity of TiO2/clay 
based nanocomposites, however, only a few are dealing with the antibacterial activ-
ity or describing possible applications in medicine. Kao/TiO2 (KATI) nanocompos-
ite was prepared and antibacterial activity in relation to irradiation time was 
investigated (Dědková et al. 2014). A standard microdilution test was used to deter-
mine the antibacterial activity using four human pathogenic bacterial strains 
(S. aureus (G+), E. coli (G−), E. faecalis (G+), P. aeruginosa (G−)). Artificial day 
light was applied to induce photocatalytic reaction. It was observed that UV light is 
not essential for antibacterial activity of KATI composite which is important in 
terms of potential applications for antibacterial modification of various surfaces. 
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Authors proposed that these nanocomposites would be used in future e.g. for sur-
face treatment of external fixators in the treatment of complicated fractures of 
humans or animals for reduction of potential infection. TiO2 nanotubes loaded with 
ZnO and Ag NPs were investigated by Roguska et al. (2015) with respect functional 
coatings to enhance bio-compatibility and antibacterial activity of implant materi-
als. Authors observed considerable antibacterial activity of pure TiO2 nanotubes to 
S. epidermidis (G+), however, loading of nanotubes with nanoparticles significantly 
increased its effect on tested bacteria, where cell viability and adhesion extenuated 
after 1.5 h contact with modified surface. This functional coating seems to be prom-
ising delivery system to reduce bone implant related infections after operations; 
nevertheless, the amount of loaded nanoparticles has to be balanced to avoid over-
dose and potential risk to patients.

14.3.3  ZnO on Carbon Materials

Different forms of carbon may serve as a matrix for anchoring of nanoparticles. 
Simple hydrothermal method was used for decoration of graphene sheets with ZnO 
NPs (Bykkam et al. 2015). S. typhi (G−) and E. coli (G−) were used during well dif-
fusion test to evaluate the antibacterial activity of prepared composite material. 
Provided results shown that few layered graphene sheets decorated by ZnO NPs 
exhibited good antibacterial activity. ZnO:Cu:Graphene nanopowder and its photo-
catalytic and antibacterial activity was studied (Ravichandran et al. 2016). It was 
demonstrated that this material has better photocatalytic and antibacterial properties 
in comparison with pure ZnO and ZnO:Cu nanopowders. Authors proposed that 
graphene layers could efficiently separate the photoinduced charge carriers and 
delay their recombination. This material is potential candidate not only in the field 
of decontamination of organic pollutants but also in medicine as an effective anti-
bacterial agent. Plasmonic sulfonated graphene oxide-ZnO-Ag (SGO-ZnO-Ag) 
composites were developed by Gao et  al. (2013) via nanocrystal-seed-directed 
hydrothermal method. Surface plasmon resonance of Ag shifted the light absorption 
ability of this material to visible region of spectra. Moreover, hierarchical structure 
of SGO-ZnO-Ag improved the incident light scattering and reflection. Finally, 
sulfonated graphite sheets enabled charge transfer and reduce the recombination of 
electron-hole pairs. These synergistic effects led to much faster rate of photodegra-
dation of Rhodamine B and disinfection of E. coli than in the case of pure ZnO. SGO- 
ZnO- Ag composite is promising candidate in the field of disinfection and 
photodegradation. Dědková et  al. (2015c) introduced nanostructured composite 
material ZnO/graphite (ZnGt). Micromilled and high purity natural graphite (Gt) 
were used as a matrix to anchoring of NPs, where 50 wt.% of ZnO NPs were given. 
Antibacterial assay using four human pathogens showed that ZnGt composited 
exhibited antibacterial activity under artificial daylight irradiation. Those materials 
could find the potential application in the field of surface modification of materials 

14 Decoration of Inorganic Substrates with Metallic Nanoparticles…



328

used in medicine especially when UV light is not essential for induction of its 
antibacterial activity.

Carbon fibers may also serve as a material for anchoring of NPs, however, it is 
still not frequently studied. Carbon nanofibers decorated with TiO2/ZnO NPs were 
prepared via electrospinning method by Pant et al. (2016). The small amount of 
ZnO was introduced to fibers through electrospinning and that provided nucleation 
sites for the crystal growth of ZnO during hydrothermal synthesis and enabled 
holding of TiO2/ZnO particles on the fiber surface. This process of preparation pro-
vided composite material with better stability. Antibacterial activity of the prepared 
material was tested against E. coli under UV irradiation. It was demonstrated that 
carbon- TiO2/ZnO has higher antibacterial activity than TiO2/ZnO. This material is 
promising for air and water purification purposes (Pant et al. 2013).

Carbon nanotubes are being studying intensively in terms of potential applica-
tions in several fields of human lives. Antimicrobial properties of carbon nanotubes 
were already published (Liu et al. 2009) and currently surface modifications and 
functionalization of carbon nanotubes are investigated. Metal and metal oxides 
based nanoparticles may serve as one of many possible modificants. ZnO coated 
multi-walled carbon nanotubes (ZnO/MWCNTs) prepared by Sui et al. (2013) were 
tested in terms of potential antimicrobial material. E. coli was selected as a target 
organism. Raw and purified MWCNTs were used as a reference material. Obtained 
results indicate that raw and purified MWCNTs only adsorbed cells of E. coli, 
whereas ZnO/MWCNTs showed bactericidal effect. In other study functionalized 
multi-walled carbon nanotubes in ZnO thin films (MWCNT-ZnO) were synthesized 
for photoinactivation of bacteria (Akhavan et al. 2011). MWCNT–ZnO nanocom-
posite thin films with various MWCNT contents were prepared. Photoinactivation 
of E. coli under UV-visible light irradiation on the surface of unfuctionalized film as 
well as on the surface of MWCNT–ZnO functionalized film was observed, where 
functionalized composites with various MWCNT content showed significantly 
higher photoiactivation of bacteria. Result showed that 10% of MWCNT-ZnO is the 
optimum content in the film. Proposed mechanism of the antibacterial activity is 
assigned to charge transfer through Zn-O-C bonds, which are originated, between 
atoms of zinc of ZnO film and oxygen atoms of carboxylic functional groups of the 
MWCNTs.

14.3.4  TiO2 on Carbon Materials

Direct redox reaction served a method for preparation of composites of ultrafine 
TiO2 nanoparticles and graphene sheets (TiO2/GSs) (Cao et al. 2013). The compos-
ite possessed extended light absorption, which means that the composite could be 
excited by visible light. Antibacterial potency induced via visible-light irradiation 
was investigated against E. coli. Results shown, that the antibacterial activity of 
TiO2/GSs was significantly higher than to pure TiO2 nanoparticles. Authors pro-
posed possible application of this material in the field of indoor air disinfection. 
Titanium dioxide-reduced graphene oxide (TiO2-RGO) were synthesized by the 
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photocatalytic reduction of exfoliated graphene oxide (GO) by TiO2 under UV irra-
diation in the presence of methanol as a hole acceptor (Fernández-Ibáñez et  al. 
2015). Water contaminated with E. coli and Fusarium solani (F. solani) was treated 
by TiO2-RGO and P25 (TiO2) under real sunlight. Fast disinfection of the contami-
nated water was observed. Inactivation of F. solani was similar for both tested mate-
rials; nevertheless, the higher inactivation of E. coli was caused by TiO2-RGO 
composite. Proposed explanation is given to the production of singlet oxygen via 
visible light excitation of the composite. Another study was focused on the mag-
netic graphene oxide–TiO2 (MGO–TiO2) (Chang et  al. 2015) composites and its 
antibacterial activity against E. coli under solar irradiation. It was observed that 
MGO–TiO2 caused complete inaction of the E. coli within 30  min under solar 
irradiation.

Graphene oxide-TiO2-Ag (GO-TiO2-Ag) composites were introduced as highly 
efficient water disinfectants by Liu et al. (2013). Antibacterial activity of GO-TiO2 
and GO-Ag against E. coli was observed, however, the highest activity showed 
GO-TiO2-Ag composite. The explanation is given to enhanced photocatalytic reac-
tion, which led to bacterial inactivation. It is expected that Ag nanoparticles signifi-
cantly suppress recombination of photoinduced electrons and holes, which enhance 
the photocatalytic performance of GO-TiO2-Ag nanocomposites. Simple one step 
hydrothermal reaction of TiO2 nanoparticles (Degusa P25) with AgNO3 and 
reduced graphene oxide led to creation of multifunctional Ag-TiO2/rGO composite 
(Pant et  al. 2016). Enhanced optical response of the nanocomposite led to the 
absorption of light in the visible spectrum via localized surface plasmon resonance 
effects. Antibacterial activity was performed on E. coli as a tested organism. The 
nanocomposite showed synergistic effect of photocatalytic disinfection of E. coli 
than pure TiO2 or TiO2-Ag and therefore its antibacterial activity was significantly 
higher. It seems that Ag-TiO2/rGO is a promising candidate for water treatment due 
to its improved photocatalytic and antibacterial properties. One study introduced 
nanostructured composite material graphite/TiO2 (GrafTi) (Dědková et al. 2015c) 
and its antibacterial activity against four common human pathogens (S. aureus 
(G+), E. coli (G−), E. faecalis (G+), P. aeruginosa (G−)) under artificial day light. 
Antibacterial activity of this material is attributed to photocatalytic reaction with 
subsequent interaction of ROS with bacterial cells. Difference between antibacte-
rial activity against selected bacteria and difference in the onset of activity were 
observed. The developed nanocomposite exhibited a potential for future applica-
tions as antibacterial agents for modification of surfaces to control bacterial growth 
e.g. in biomedical fields.

Nanocomposites based on TiO2 nanoparticles and various amounts of function-
alized MWCNTs (TiO2-MWCNTs) were synthesized (Koli et  al. 2016) and its 
antibacterial activity against E. coli and S. aureus under artificial visible light irra-
diation has been performed. Experiments revealed high antibacterial activity of 
TiO2- MWCNTs, while bare TiO2 nanoparticles did not show any inhibitory effect. 
Authors expect that it is caused by smaller particle size and visible light activation; 
however, detail explanation is not provided. This material is efficient against wide 
range of bacteria and may be used to control the persistence and spreading of 
bacterial infections.
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14.4  Conclusion

Various types of antimicrobial materials are researched and developed based on 
both inorganic and organic matter. One of them are purely inorganic based on inor-
ganic substrate and enhanced by metals or metal oxides. Clay minerals are suitable 
substrates for various metals as silver, copper their oxides or oxides of zinc or tita-
nium. Improved and more stable antimicrobial action is proven for wide range of 
bacterial strains, and anchored interaction in hybrids provides lower mobility of 
nanoparticles therefore lowered negative effect on environment. Similar interaction 
is observed in case of carbon materials (nanocarbons), however, the forces attract-
ing the active particles are non-bonding interactions. Utilization of such hybrid anti-
microbial materials are very wide. There are applications in packaging using those 
particles as nanofillers for polymeric nanocomposites or medicinal application, 
where active particles anchored on clay or carbon substrate can be promising deliv-
ery system to reduce bone implant related infections after operations, for surface 
treatment of external fixators in the treatment of complicated fractures of humans or 
animals for reduction of potential infection or dental applications. They can be used 
for waste water treatment and sanitary purposes as well. However, the application of 
antimicrobial materials should be carefully tailored and the toxicity effect 
considered.
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Chapter 15
Antimicrobial Activities of Metal 
Nanoparticles

Adriano Brandelli, Ana Carolina Ritter, and Flávio Fonseca Veras

Abstract Metals have been used since ancient times to combat infectious diseases. 
With the introduction of nanotechnology, metal nanoparticles have gaining increased 
attention as antimicrobial agents due to their broad inhibitory spectrum against bac-
teria, fungi, and viruses. Although silver nanoparticles have been mostly investigated 
due to their recognized antimicrobial properties, while other metal nanoparticles 
have received increasing interest as antimicrobials. These include gold, zinc oxide, 
titanium oxide, copper oxide, and magnesium oxide nanoparticles, since their anti-
bacterial effects have been described. Metal nanoparticles can exert their effect on 
microbial cells by generating membrane damage, oxidative stress, and injury to pro-
teins and DNA. In addition, metal nanoparticles can be associated with other nano-
structures and used as carriers to antimicrobial drugs, improving the array of potential 
applications.

Keywords Antibacterial activity • Antifungal activity • Antiviral activity • 
Nanotechnology • Silver nanoparticles

15.1  Introduction

Nanotechnology encompasses the development, management, and application of 
structures in the nanometer size range and is a newly advanced discipline with great 
impact on diverse scientific fields (Farokhzad and Langer 2006). It provides new 
tools for the molecular treatment and rapid detection of diseases, showing a great 
potential to transform pharmacy, biology, and medicine as well. Advanced materials 
with nanometric dimensions provide several means for innovative design of nano-
sized drug delivery systems to overcome biological barriers in order to direct the 
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drug to specific targets. Diverse nanostructures such as nanotubes, nanoparticles, 
and nanofibers have been used as effective systems for drug delivery, becoming a 
part of nanomedicine (Faraji and Wipf 2009; Brandelli et al. 2017).

Nanoparticles have attracted much interest because of their unique physical and 
chemical properties, which originate from the high area to volume ratio and ele-
vated quantity of surface atoms. In fact, as the diameter decreases, the available 
surface area of the particle itself dramatically increases, and, consequently, there is 
an increase over the original properties of the corresponding bulk material. This 
feature makes nanoparticles superior and exceptional candidates for biomedical 
applications as a variety of biological processes occur at nanometer level (Sharma 
et  al. 2009; Prabhu and Poulose 2012). Thus, nanoparticles hold an incredible 
potential in various biomedical uses including effective drug delivery systems.

Since ancient times, heavy metals such as copper, silver, and gold have been 
widely used for the control and treatment of infectious diseases. Among these, 
silver is the principal metal that has been frequently used because of its recognized 
antimicrobial properties, and, being an antimicrobial agent, it is preferred in medi-
cal applications. Ag also shows potential activity against antibiotic-resistant 
organisms, which is one of the major concerns in public healthcare (Prabhu and 
Poulose 2012). Currently, metallic Ag has been replaced by Ag nanoparticles 
(AgNPs). Metal nanoparticles are used in industry, agriculture, and healthcare. 
Moreover, several studies performed in the past few years have proved the poten-
tial of AgNPs as a significant antimicrobial agent, which can combat various 
infectious diseases and be used as novel nanomedicine (Rai et al. 2009; Murphy 
et  al. 2015). In addition, other metallic nanoparticles, including noble metal 
nanoparticles and metal oxide nanoparticles, have been also investigated for their 
antimicrobial potential or as effective antimicrobial drug carriers (Brandelli 2012; 
Rai et al. 2015).

In this chapter, the antimicrobial activity of metal nanoparticles against bacteria, 
fungi, and viruses is discussed. Specific examples for applications of silver, gold, 
and metal oxide nanoparticles are presented, and the possible mechanisms of action 
on microbial cells and viruses are described.

15.2  Metal Nanoparticles as Antibacterial Agents

In the last years, bacterial resistance to bactericides and antibiotics has increased. 
Many organic antimicrobial agents are toxic to humans and other animals, further-
more, can be the cause of different allergic reactions (Rajawat and Qureshi 2012; 
Hossain et al. 2015). In order to solve this problem, inorganic antibacterial agents 
have attracted interest for bacteria control, due to their good safety, sustainability, 
heat resistance, and improved stability under harsh processing conditions.

Currently, nanotechnology provides a sound platform for adjusting the physico-
chemical properties of numerous materials to generate effective antimicrobials (Beyth 

A. Brandelli et al.



339

et al. 2015). Silver (Ag), gold (Au), titanium oxide (TiO2), copper oxide (CuO), zinc 
oxide (ZnO), and magnesium oxide (MgO) are the principal metal nanoparticles 
(NPs) used as antibacterial agents once their potent antibacterial effects are well 
known (Beyth et al. 2015; Zhang 2015).

Recently, many studies have demonstrated that different metal oxide nanoparti-
cles exhibit biocidal action against Gram-positive and Gram-negative bacteria. The 
antimicrobial activity of the nanoparticles is known to be a function of the surface 
area in contact with the microorganisms (Ravishankar and Jamuna 2011; Franci 
et al. 2015; Chiriac et al. 2016). The bactericidal effect of metal nanoparticles has 
been attributed to their small size and high surface to volume ratio, which allows 
them to interact closely with microbial membranes and is not merely due to the 
release of metal ions in solution (Ruparelia et al. 2008).

Specific metal ions (essential metals) are indispensable for the biochemistry of 
life in all organisms, and their privation can cause damages in the structure of cell 
membranes and DNA. However, the excess of these ions or the presence of other 
non-essential ions (such as Ag) can be lethal to cells, often caused by oxidative 
stress, protein dysfunction, or membrane damage (Fig. 15.1) (Lemire et al. 2013; 
Beyth et al. 2015).

It is clear that some metal nanoparticles are effective antimicrobial agents against 
several pathogenic microorganisms. This antimicrobial activity is responsible by 
water treatment, synthetic textiles, biomedical and surgical devices, and food pro-
cessing and packaging (Ravishankar and Jamuna 2011).

Fig. 15.1 Antibacterial effects of metal nanoparticles. The bactericidal effect of metal nanoparti-
cles is attributed to their small size and high surface to volume ratio, which allows a close interac-
tion with bacterial membranes. After interaction with the target cells, metal nanoparticles can 
induce loss of membrane integrity, oxidative stress, and injury to proteins and DNA
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15.2.1  Silver Nanoparticles

AgNPs have been used against Gram-positive and Gram-negative bacteria due to its 
relatively low cytotoxicity. The highly antibacterial effect of AgNPs has been 
described by many studies, but their mechanism of action is not fully understood 
(Ravishankar and Jamuna 2011; Beyth et al. 2015).

In Fig.  15.1, a summary of mechanisms of action against Gram-positive and 
Gram-negative bacteria is presented, but it is assumed that the high affinity of silver 
toward sulfur and phosphorus is the key element for the antimicrobial effect 
(Ravishankar and Jamuna 2011; Maiti et al. 2014; Franci et al. 2015). The Ag ion, 
which has an affinity for sulfur and nitrogen, can inhibit and disrupt protein structure 
by binding to thiol and amino groups, which in turn affects bacterial cell viability 
(Beyth et al. 2015). In addition, silver ions released from AgNPs can interact with 
phosphorus moieties in DNA, resulting in inactivation of DNA replication, or they 
can react with sulfur-containing proteins, leading to the inhibition of enzyme func-
tions (León-Silva et al. 2016).

Another mechanism frequently reported is the induction of reactive oxygen spe-
cies (ROS) by AgNPs, forming free radicals with a bactericidal action (Franci et al. 
2015). ROS cause damage to the intracellular structures, in particular mitochondria 
and DNA, besides ribosome denaturation, generating inhibition of protein synthesis 
(León-Silva et al. 2016).

In addition, some studies have shown that the bactericidal activity of AgNPs is 
also dependent on their size and zeta potential. Smaller dimensions (<30 nm) have 
a superior ability to penetrate into bacteria, and the electrostatic force developed 
when nanoparticles with a positive zeta potential encounter the negative surface 
charge of bacteria promotes a closer attraction and interaction between the two enti-
ties and possibly the penetration across the bacterial membranes (Franci et al. 2015).

15.2.1.1  Applications of Silver Nanoparticles

AgNPs are the metal nanoparticles more currently used in nanotechnology research. 
Silver compounds alone or in combination with antibiotics have a broad-spectrum 
antimicrobial activity against several pathogens like Escherichia coli, S. aureus, 
Enterococcus faecium, Klebsiella pneumoniae, Salmonella typhi and Listeria mono-
cytogenes, Acinetobacter baumannii, Micrococcus luteus, and Staphylococcus epi-
dermidis (Salunke et al. 2014; Wang et al. 2014; Tamayo et al. 2014). This broad 
spectrum of activity makes AgNPs to be incorporated into various matrices such as 
bandages, catheters, and surgical dressings, to control bacterial colonization on 
diverse materials to prevent infections. Applications of AgNPs also include burn 
treatment, elimination of microorganisms on textile fabrics, and water treatment 
(Maiti et al. 2014; Franci et al. 2015).

Currently, AgNPs are being added to many common household products such 
as bedding, washers, water purification systems, toothpaste, shampoo, fabrics, 
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 deodorants, filters, paints, kitchen utensils, toys, and humidifiers to impart antimi-
crobial properties (Ravishankar and Jamuna 2011). Additionally, Samsung has cre-
ated and marketed a material called Silver Nano, which includes silver nanoparticles 
on the surfaces of household appliances (Mody et al. 2010).

The use of silver in food is restricted, but there may be residues on fruit and veg-
etables that have been disinfected by washing with suspensions of AgNPs. In the 
food packaging, the AgNPs are attractive due to their capability to extend the shelf 
life, and even though their use in food packaging is regulated by the EU and the 
USA, the food safety authorities recommend that they be used in a prudent way, due 
to the inability to make conclusive statements on their toxicity (Carbone et al. 2016). 
Youssef and Abdel-Aziz (2013) observed that polystyrene with AgNPs exhibits low 
volatility and stability at high temperatures and in addition to AgNPs can be hosted 
in different matrices such as polymers and stabilizing agents (citrates and long- 
chain alcohols) (Toker et al. 2013).

The antibacterial and antibiofilm capabilities of AgNPs decorated on graphene 
nanosheets were also demonstrated. The nanocomposite showed antibacterial activ-
ity against Pseudomonas aeruginosa with minimum inhibitory concentration rang-
ing from 2.5 to 5.0 μg/ml and a 100% inhibition rate toward bacterial cells adhered 
on stainless surface (Faria et al. 2015). In addition, AgNPs can be incorporated into 
nanofiber scaffolds, generating an interesting material for application as antimicro-
bial wound dressing (Dubey et al. 2015).

15.2.2  Gold Nanoparticles

Gold nanoparticles (AuNPs) are considered nontoxic to human cells and presents 
higher stability when in contact with biological fluids (Zhang 2015). Alone, AuNPs 
are considered biologically inert and lack antimicrobial properties but can be modi-
fied to possess chemical or photothermal functionality (Zhang 2015).

AuNPs when combined with photosensitizers can kill many multidrug-resistant 
pathogens and cancer cells (León-Silva et al. 2016). If gold nanoparticles are tuned 
to absorb near-infrared (NIR) radiation, they can transfer this energy into the sur-
rounding environment as heat, and, once attached to bacterial cells, the localized 
heating that occurs during NIR irradiation should cause irreparable cellular damage 
(Norman et al. 2008; Beyth et al. 2015).

Many studies also demonstrated the high antibacterial activity of AuNPs con-
nected to antibiotics such as ampicillin, vancomycin, cefaclor, and the antibacte-
rial enzyme lysozyme against Gram-positive and Gram-negative bacteria (Zhang 
2015; Payne et al. 2016). In case of cefaclor, the mode of action which consists in 
the inhibition of the synthesis of the peptidoglycan layer, and when this antibiotic 
is bound to gold nanoparticles (that generate holes in the cell wall), results in the 
leakage of cell contents and cell death (Ravishankar and Jamuna 2011).

15 Antimicrobial Activities of Metal Nanoparticles



342

Another possibility of increasing the effect of AgNPs is combined with platinum 
(Pt). This blend proved strong bactericidal effect, and interestingly in contrast to 
other metal nanoparticles, this effect was ROS-independent, because the cell death 
resulting from membrane damage and a severe elevation of ATP (Beyth et al. 2015).

15.2.2.1  Applications of Gold Nanoparticles

Gold was discovered around 2500 BC, and its therapeutic use has been widely 
reported. In the middle ages, Paracelso used “potable gold” to treat some mental 
disorders and syphilis. After some years, Giovanni Andrea applied aurum potabile to 
the treatment of lepra, ulcer, epilepsy, and diarrhea. In the 1920s, Robert Koch found 
out that gold cyanide has bacteriostatic effect against the tubercle bacillus and still in 
this decade, the use of colloidal gold was proposed to ease the suffering of inopera-
ble cancer patients (Ravishankar and Jamuna 2011; Dykmana and Khlebtsov 2012).

Today, AuNPs have been proposed for use in medical, prophylaxis, and hygiene 
applications. Their major use is in diagnostic assays, drug and gene delivery to tar-
get tissues or tumors, and as enhancers/sensitizers of radiotherapy; targeted delivery 
of drugs, peptides, DNA, and antigens; detection and photothermolysis of microor-
ganisms and cancer cells; biosensorics; immunoassays; clinical chemistry; water 
purification; and treatment of rheumatic diseases including psoriasis, juvenile 
arthritis, palindromic rheumatism, and discoid lupus erythematosus (Dykmana and 
Khlebtsov 2012; Zhang 2015).

AuNPs are generally considered to be biologically inert but can be engineered to 
possess chemical or photothermal functionality. On near-infrared (NIR) irradiation, 
the Au-based nanomaterials with characteristic NIR absorption can destroy cancer 
cells and bacteria via photothermal heating (Ravishankar and Jamuna 2011). Li 
et  al. (2014) reported the use of cationic and hydrophobic functionalized AuNPs 
against 11 clinical MDR bacterial isolates and concluded that these nanoparticles 
suppressed the growth of all bacteria. Recently, Payne et  al. (2016) reported the 
activity of kanamycin-capped AuNPs (Kan-AuNPs) against different bacteria (S. 
bovis, S. epidermidis, E. aerogenes, P. aeruginosa, Y. pestis) and demonstrated that 
AuNP conjugation dramatically improved the efficacy of the antibiotic against these 
bacteria (both Kan-sensitive and Kan-resistant bacteria). Roshmi et al. (2015) dem-
onstrated the highly stable AuNPs fabricated by a Bacillus sp. and functionalized 
with ciprofloxacin, gentamycin, rifampicin, and vancomycin are effective against 
selected coagulase-negative staphylococci (CoNS), like Staphylococcus epidermidis 
and S. haemolyticus.

Lima et  al. (2013) concluded that gold nanoparticles dispersed on zeolites are 
excellent biocide to eliminate food pathogens such as Escherichia coli and Salmonella 
typhi at short times. Thirumurugan et  al. (2013) reported the combined effect of 
bacteriocin-like peptides with AuNPs against food spoiling organism and concluded 
that the antibacterial activities were increased on combination of bacteriocin with 
AuNPs and the bacteriocin nisin with nanoparticles.
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15.2.3  Copper Oxide Nanoparticles

Copper oxide (CuO) is cheaper, easily mixes with polymers, is relatively stable in 
terms of chemical and physical properties, and is highly ionic (Gawande et  al. 
2016). The exact mechanism behind bactericidal effect of copper nanoparticles is 
not clear. It is known that CuO nanoparticle activity depends on bacterial species, 
and, like other metallic nanoparticles, its antibacterial effect takes place by mem-
brane disruption and ROS production (Beyth et  al. 2015). Lemire et  al. (2013) 
reported that loss of bacterial cell viability has been correlated with the uptake of Cu 
ions and increased production of ROS.

Other authors observed that Cu surfaces do not induce significant oxidative DNA 
damage in vivo, and multiple lines of evidence suggest that DNA degradation is not 
the primary cause of Cu-mediated surface killing (Warnes et al. 2012). However, 
genetic material released from dead cells is gradually degraded at a rate that increases 
with respect to the Cu content of the surface alloy.

Beyth et al. (2015) reported that copper nanoparticles have a high antimicrobial 
activity against B. subtilis and B. anthracis due to greater abundance of amines and 
carboxyl groups on their cell surfaces and greater affinity of copper toward these 
groups.

15.2.3.1  Applications of Copper Nanoparticles

Copper nanoparticles (CuNPs) are important semiconductors and exhibit a range of 
potentially useful physical properties such as superconductivity, electron correlation 
effects, and spin dynamics and further have a low production cost (Ananth et  al. 
2015). Because of their catalytic, optical, electrical, and antimicrobial applications, 
CuNPs have attracted more attention in recent years (Letfullin et al. 2011; Ingle et al. 
2014; Umer et  al. 2014; Alzahrani and Ahmed 2016). Despite the large range of 
applications, the use of CuNPs is restricted by inherent copper’s instability under 
atmospheric conditions, which makes it prone to oxidation (Gawande et al. 2016.) 
Scientists are using different inert media such as argon or nitrogen to overcome this 
oxidation problem and also using reducing, capping, or protecting agents for the 
reduction of copper salt used (Umer et al. 2014).

Before the development of antibiotics and other chemotherapeutics, silver and 
copper were used to treat microbial infections. Unfortunately, copper compounds 
may be toxic to some organisms and may cause environmental hazards. However, 
copper in the form of copper nanoparticles can be the substitute to avoid these con-
sequences (Ingle et  al. 2014). CuNPs have shown to be effective against various 
bacterial pathogens, although their antibacterial efficacy is inferior to that of Ag or 
ZnO. Nevertheless, many reports demonstrated the efficacy of CuNPs against bacte-
ria such as E. coli, S. aureus (Cubillo et al. 2006), B. subtilis (Ruparelia et al. 2008), 
Micrococcus luteus, Klebsiella pneumoniae, and Bacillus megaterium (Esteban-
Tejeda et al. 2009; Raffi et al. 2010; Theivasanthi and Alagar, 2011). On the other 
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hand, Ramyadevi et al. (2012) observed that P. aeruginosa was resistant to CuNPs; 
it is suggested that CuO nanoparticle activity varies greatly depending on the chal-
lenged bacterial species.

Ananth et al. (2015) emphasized on the importance of CuNPs as a sterilization 
agent in water, arsenic removal in water treatment, and antitumor therapy. Ingle 
et al. (2014) also observed that the nanoparticles have a specific capacity for drug 
loading and efficient photoluminescence ability, and, therefore, they are important 
materials in the targeted delivery of imaging agents and anticancer drugs.

In food, CuNPs could be useful in food packaging. Longano et al. (2012) devel-
oped a composed CuNPs embedded in polylactic acid, combining the antibacterial 
properties of CuNPs with the biodegradability of the polymer matrix. The authors 
concluded that the nanocomposites proposed are extremely attractive nanomaterials 
since they possess good antibacterial activity against Pseudomonas spp. Conte et al. 
(2013) proposed films of PLA embedded with copper nanoparticles (used to pack-
age fior di latte cheese), and the results showed that in vivo and in vitro tests pre-
sented an excellent potential for PLA-copper films for food contact applications as 
well as in active packaging technologies.

15.2.4  Zinc Oxide Nanoparticles

ZnO nanoparticles have been proved to be highly toxic against Gram-positive and 
Gram-negative bacteria as well as the spores, which are resistant to high tempera-
ture and high pressure (Ma et al. 2013; Chiriac et al. 2016). On the other hand, the 
ZnO exhibits minimal effect on human cells, which makes it safe for use as antimi-
crobial agent (Espitia et al. 2012; Zhang et al. 2013).

Studies have shown that the antimicrobial activity of zinc oxide nanoparticles 
depends on the chosen concentration and particle size (Ma et al. 2013; Zhang et al. 
2013). Among the mechanisms responsible by the antibacterial activity of ZnO 
nanoparticles, the generation of hydrogen peroxide (H2O2) from the surface of ZnO 
is considered more effective means for the inhibition of bacterial growth. The inhib-
itory effect of H2O2 is due to the fact that most living cells contain the enzyme cata-
lase, which converts H2O2 into water (H2O) and oxygen (O2). Oxygen atoms attract 
electrons from the cell walls of bacteria (microorganisms carry a negative charge), 
thus destroying the basic molecular structure of the cell proteins and the layer of 
lipids on the cell surface. The oxidized cell walls become damaged or even com-
pletely break apart (Ravishankar and Jamuna 2011; Chiriac et al. 2016).

15.2.4.1  Applications of Zinc Oxide Nanoparticles

ZnO nanoparticles constitute an attractive material. The unique semiconducting, 
optical piezoelectric properties make this material highly useful for a wide variety 
of applications. Nano-electronic/nano-optical devices, energy storage, cosmetic 
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products, nanosensors, gas sensors, ceramics, and additive in food products and 
paints are some examples (Bogutska et al. 2013; Zhang et al. 2013).

Many studies have demonstrated the antimicrobial activities of ZnO nanoparti-
cles against different bacteria such as Escherichia coli, Pseudomonas fluorescens, 
Listeria monocytogenes, Salmonella enteritidis, E. coli O157:H7, and S. aureus 
(Zhang et al. 2007; Jin et al. 2009). Due to this fact, ZnO nanoparticles are used to 
prevent biofilm formation, making them suitable for coating materials designated 
for medical and other devices (wallpapers in hospitals, active ingredient for derma-
tological applications in creams, etc.) (Bogutska et al. 2013).

In the last years, nanozinc compounds have been acquiring great importance in 
biomedicine. For example, due to their excellent UV absorption and reflective prop-
erties, ZnO nanoparticles are common constituents of UV blocking (sunscreens, 
cosmetic creams, ointments) (Bogutska et al. 2013; Ma et al. 2013). ZnO has been 
approved for cosmetic uses by the FDA (Zhang et al. 2013).

Due to its good chemical stability and rapid electrochemical response, ZnO 
nanoparticles can be used as biosensors for detecting glucose, H2O2, cholesterol, and 
urea (Zhang et al. 2013). Still in the biomedical area, Bogutska et al. (2013) reported 
that ZnO nanoparticles can selectively kill some cancerous cells, thus helping the 
problem with most drugs used in chemotherapy (inability of anticancer drugs to 
distinguish between healthy and cancerous cells).

Lastly, ZnO is one of the five zinc compounds that are listed as a generally recog-
nized as safe (GRAS) material by the US Food and Drug Administration (Espitia 
et al. 2012) and is available as a food additive. Some foods may be fortified with the 
trace mineral to help boost nutrition in the food such as breakfast cereals, nutrition 
drinks, and nutrition bars. Many studies have used ZnO in food packaging. Due to 
the fact ZnO nanoparticles have antimicrobial properties against food-borne patho-
gens and present positive changes in the structure and properties of packaging mate-
rials such as increased mechanical and thermal resistance, their incorporation in 
different materials including glass, low-density polyethylene (LDPE), polypropyl-
ene (PP), polyurethane (PU), paper and chitosan has been successfully demonstrated 
(Prasad et al. 2010; Eskandari et al. 2011; Espitia et al. 2012).

15.2.5  Titanium Dioxide Nanoparticles

Titanium oxide (TiO2) nanoparticles have attracted significant interest because they 
exhibit exclusive and improved properties compared to their bulk material counter-
parts. These nanoparticles show quantum size effects in which the physical and chemi-
cal properties of materials are strongly dependent on particle size (Othaman et  al. 
2014). Titanium dioxide nanoparticles (TiO2 NPs) are photocatalytic. TiO2 NPs decom-
pose organic compounds by the formation and constant release of hydroxyl radicals 
and superoxide ions when exposed to nonlethal ultraviolet light (UV) wavelength of 
less than 385 nm (Beyth et al. 2015). The use of nanometer- sized TiO2 particles has the 
potential to further enhance the antimicrobial activity of TiO2 (Othaman et al. 2014).
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15.2.5.1  Applications of Titanium Dioxide Nanoparticles

TiO2 has been extensively used as a pigment because of its brightness, high refrac-
tive index, and resistance to discoloration. TiO2 is mostly used as a pigment in paints, 
but it is also employed as a pigment in plastics, paper, pharmaceuticals, cosmetics, 
toothpaste, and foods (Weir et al. 2012; Yin et al. 2013). TiO2 has been approved by 
the American Food and Drug Administration (FDA) for use in human food, drugs, 
cosmetics, and food contact materials because it is considered nontoxic (Othaman 
et al. 2014).

With regard to their microbiological effects, TiO2 nanoparticles exhibit antibac-
terial activity against multi-antibiotic-resistant strains of E. coli (Mamonova et al. 
2013), P. aeruginosa, Staphylococcus aureus, and Pseudomonas putida and spores 
of Bacillus (Yao and Yeung 2011; Bonetta et al. 2013). For this reason, TiO2 has 
been used in combination with silver as an antimicrobial agent and as a self- cleaning 
and self-disinfecting material for surface coatings in many applications (Yoshimura 
et al. 1995). Moreover, due to the photocatalytic activity, TiO2 has been used in air 
and wastewater purification (Weir et al. 2012).

In food industries, besides the disinfection of equipments, TiO2 can be added into 
food packaging. Recently, Othman et al. (2014) developed TiO2 nanoparticle-coated 
films and observed that the antimicrobial activity of the films exposed to both fluo-
rescent and UV light increased with an increase in the TiO2 nanoparticle concentra-
tion. The UV light was found to be more effective when compared to fluorescent 
light, due to the suitable bandgap energy of UV light and the higher hydroxyl radi-
cal concentration on the surface of the coated films. Some studies also revealed that 
the TiO2 nanoparticles are able to control organic compounds such as ethylene (Luo 
et al. 2013), thus demonstrating another reason to use TiO2 in food industries and 
packaging. Silicon dioxide and titanium dioxide are the two most commonly used 
nanoparticles in food packaging (Pradhan et al. 2015).

Among all the potential uses of TiO2, Yin et al. (2013) name the importance of 
medical applications. For those authors, the biomedical applications of TiO2 can be 
classified as follows: photodynamic therapy for cancer, drug delivery systems, cell 
imaging, biosensors for biological assay, and genetic engineering.

15.2.6  Magnesium Oxide Nanoparticles

Magnesium is the fourth most common mineral and the second intracellular cation 
after potassium in the human body. Compared with silver, copper, and TiO2, magne-
sium oxide (MgO) nanoparticles have the advantage that it can be prepared from 
available and economical precursors. The mechanism of action of this compound in 
bacteria is by inducing ROS and inhibiting essential microbial enzymes. The alka-
line effect has been considered as another primary factor in the antibacterial action 
of MgO nanoparticles (Tang and Lv 2014). According to Hossain et al. (2014), MgO 
can inactivate the pathogens by forming ROS; however, adsorption process and 
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direct cell membrane penetration by the particles may be other possible ways for 
pathogen inactivation, and these possibilities need to be investigated in more detail. 
In contrast, Leung et  al. (2014) investigated the toxicity of three different MgO 
nanoparticle samples in Escherichia coli bacterial cells and demonstrated the 
absence of ROS production for two MgO nanoparticle samples. The authors suggest 
that proteomics data clearly demonstrate the absence of oxidative stress and indicate 
that the primary mechanism of cell death is related to the cell membrane damage, 
which does not appear to be associated with lipid peroxidation.

15.2.6.1  Applications of Magnesium Oxide Nanoparticles

Compared to other metal nanoparticles, MgO nanoparticles have the advantage that 
it can be prepared from available and economical precursors. Furthermore, high ther-
mal stability, being readily available, biocompatible, and strong antibacterial activity 
are attracting the interest of researchers for these nanoparticles (Leung et al. 2014).

MgO nanoparticles have been used in pharmaceuticals (used for the relief of 
dyspepsia, for sore stomach, and for bone regeneration), toxic waste remediation, 
toxic gas removal, paint and semiconductors, catalyst supports, refractory materials, 
and adsorbents, among others (Tang and Lv 2014; Hossain et al. 2015). MgO is one 
of the six magnesium compounds that are currently recognized as safe by the US 
Food and Drug Administration (21CFR184.1431). In view of that, Di et al. (2012) 
and Krishnamoorthy et al. (2012) recently showed the promise for application of 
MgO nanoparticles in cancer therapy.

MgO prepared by aerogel procedure (AP-MgO) has many properties that are 
desirable for a potent disinfectant. Their ability to adsorb and retain for a long 
time significant amounts of elemental chlorine and bromine, high surface area, 
and enhanced surface reactivity are some of these properties (Ravishankar and 
Jamuna 2011). Stoimenov et al. (2002) demonstrated the antimicrobial efficiency 
of AP-MgO against different bacteria. As a result, MgO showed excellent activ-
ity against E. coli and Bacillus megaterium and a good activity against spores of 
Bacillus subtilis. According to Hossain et al. (2014), the pathogen inactivation 
might depend on factors like contact of MgO particles with bacteria, alkaline 
 condition of the particle surface, particle-specific surface area, contact time, and 
availability of active oxygen on surface.

Jin and He (2011) observed the antibacterial activities of MgO nanoparticles 
alone or in combination with other antimicrobials (nisin and ZnO nanoparticles) 
against Escherichia coli O157:H7 and Salmonella Stanley. They concluded that the 
antibacterial activity of MgO nanoparticles increased as the concentrations of MgO 
increased and that MgO nanoparticles alone or in combination with nisin could be 
used as an effective antibacterial agent in food formulations directly or through the 
slow release from packaging materials to kill or inhibit pathogens in foods. 
Mirhosseini and Afzali (2016) also investigated the effect of MgO nanoparticles on 
food pathogens (Escherichia coli and Staphylococcus aureus) in milk, and the 
results showed that the nanoparticles have strong bactericidal activity against the 
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pathogens. The synergistic effect of MgO in combination with nisin and heat dam-
aged the cell membrane, resulting in a leakage of intracellular contents and eventu-
ally the death of bacterial cells.

15.3  Metal Nanoparticles as Antifungal Agents

The presence of fungi in the environment significantly contributes to the rise of 
problems in health and agriculture (Hsu et al. 2012; Gauthier and Keller 2013; Baxi 
et  al. 2016); therefore, the search for alternative strategies to avoid or minimize 
fungal development must also be extensively investigated. Considering the same 
aspects to the use of antibacterial agents involving safety and resistance (Sequeira 
et al. 2012; Morace et al. 2014), metallic nanoparticles are also promising nanoma-
terials to combat the growth of pathogenic and spoilage-causing fungi. In this case, 
the effectiveness of nanoparticles, including stability and long-term activity, their 
lower toxicity, and little evidence on development of fungal resistance are important 
features that make them favorable as disinfection method when compared with anti-
fungal chemicals (Hanus and Harry 2013; Alghuthaymi et al. 2015). However, the 
amount of research investigating the antifungal activity of metallic nanoparticles is 
still considerably lower than those who evaluated the effects of nanoparticles against 
bacteria (Tran et al. 2013).

15.3.1  Antifungal Activity of Metal Nanoparticles

Among the most common metal/metal oxide nanoparticles, those composed by sil-
ver, copper, zinc, and gold are currently attracting attention as broad-spectrum anti-
fungal agents owing to their antimicrobial properties (Murphy et  al. 2015; Zazo 
et al. 2016) besides the possibility of using biological methods for their synthesis 
(Kharissova et al. 2013; Elumalai and Velmurugan 2015; Ravichandran et al. 2016). 
Other metallic nanoparticles such as aluminum, iron, magnesium, nickel, palla-
dium, platinum, and titanium have been also investigated against some fungi (Zazo 
et al. 2016). Antifungal activity of these nanoparticles is summarized in Table 15.1.

There are few specific reports about the antifungal mechanism of metal nanopar-
ticles because most studies have focused on bacterial activity (Ravishankar and 
Jamuna 2011; Warnes et al. 2012; Beyth et al. 2015; Chiriac et al. 2016). Therefore, 
the role played by these nanoparticles as antifungal agents is still controversial. 
While some studies consider that such mechanisms are similar to those that occur in 
bacteria, others disprove this basis.

Some authors stated that AgNPs are able to penetrate cell wall and fungal mem-
brane causing cell death due to interaction with biological functional groups of 
membrane proteins. They also mentioned that these nanoparticles can generate sil-
ver ions, which produce ROS leading to protein denaturation, DNA damage, and 

A. Brandelli et al.



349

Table 15.1 Studies performed with metallic nanoparticles against different types of fungi

Metal
Used 
condition

Size 
(nm) Fungal species Reference

Silver A 55a Penicillium brevicompactum, 
Aspergillus fumigatus, 
Cladosporium cladosporioides, 
Chaetomium globosum, and 
Stachybotrys chartarum

Ogar et al. (2015)

A 30–90 Colletotrichum coccodes, 
Monilinia sp., and Pyricularia sp.

Lee et al. (2013)

A 20–50 Aspergillus versicolor Ravichandran 
et al. (2016)b

A 10–50 Phytophthora infestans  and 
Phytophthora capsici

Velmurugan et al. 
(2015)b

A 10–60 Candida albicans Cakić et al. (2016)
B 10–80 Aspergillus niger, A. fumigatus, 

Candida sp., and Aspergillus 
flavus

Rajeshkumar et al. 
(2016)b

A 9–130 C. albicans, Cryptococcus 
neoformans, and Fusarium 
oxysporum

Ashajyothi et al. 
(2016)b

B 8–15 C. albicans and Candida tropicalis Ahmad et al. 
(2016)b

B 6–16 A. niger Pinto et al. (2013)
A 14–28 A. niger, A. flavus, Penicillium 

notatum, Saccharomyces 
cerevisiae, and C. albicans

Rao et al. (2016)b

Zinc oxide B 2–28 Fusarium sp. Sharma et al. 
(2010)

B 47–63 C. albicans Hameed et al. 
(2015)

A 18a C. albicans and C. tropicalis Elumalai and 
Velmurugan 
(2015)b

A 16–96 C. albicans, C. neoformans, and F. 
oxysporum

Ashajyothi et al. 
(2016)b

A 70a Botrytis cinerea and Penicillium 
expansum

He et al. (2011)

A 25–40 A. flavus, Aspergillus nidulans, 
Trichoderma harzianum, and 
Rhizopus stolonifer

Gunalan et al. 
(2012)b

A 57a Trichophyton mentagrophytes, 
Microsporum canis, C. albicans, 
and A. fumigatus

El-Diasty et al. 
(2013)

(continued)
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leakage of cell material (Kim et al. 2009, 2012; Kumar et al. 2014; Abkhoo and 
Panjehkeh 2016). On the other hand, a recent study demonstrated that neither oxida-
tive stress nor membrane permeabilization is the principal toxicity mechanism of 
Ag ions and AgNPs against Saccharomyces cerevisiae (Käosaar et al. 2016).

Lipovsky et  al. (2011) reported that ROS production by ZnO nanoparticles 
induce significantly growth inhibition of Candida albicans (similar to that described 
with bacteria). However, the process of oxidative stress by ROS generation and any 
interaction of the fungal cell wall with ZnO nanoparticles must be better investi-
gated in order to full elucidation (Hameed et al. 2015).

Table 15.1 (continued)

Metal
Used 
condition

Size 
(nm) Fungal species Reference

Copper A NM A. flavus, A. niger, and C. albicans Ramyadevi et al. 
(2012)

A 3–10 Phoma destructiva, Curvularia 
lunata, Alternaria alternata, and F. 
oxysporum

Kanhed et al. 
(2014)

A 20–90 C. albicans and C. neoformans Ashajyothi et al. 
(2016)b

B 20–30 Trichophyton rubrum, C. albicans, 
and Chrysosporium indicum

Yallappa et al. 
(2016)b

Gold A 3–20 C. albicans, C. tropicalis, and 
Candida glabrata

Ahmad et al. 
(2013)

A 20–70 A. niger Ashajyothi et al. 
(2016)b

A 10–55 Candida species Wani and Ahmad 
(2013)

Titanium 
dioxide

A 73–
106

A. niger and Trichoderma reesei Durairaj et al. 
(2015)b

B 3–33 A. niger Yu et al. (2013)
Silver oxide B 10–32 A. niger Suresh et al. 

(2016a)
Copper oxide A 20–60 A. niger and C. albicans Katwal et al. 

(2015)
Platinum A 10–50 Colletotrichum acutatum and 

Cladosporium fulvum
Velmurugan et al. 
(2016)b

Palladium A 4a A. niger Mallikarjuna et al. 
(2013)

Nickel oxide B 12–30 A. niger Suresh et al. 
(2016b)

Zirconium 
dioxide

A 50–
100

C. albicans and A. niger Gowri et al. 
(2014)

Iron oxide B 32–39a C. albicans Hussein-Al-Ali 
et al. (2014)

NM not mentioned, A only nanoparticles, B nanoparticle systems: nanoparticles coupled with 
another nanostructure or a chemical compound
aAverage values
bAuthors obtained nanoparticles by biosynthesis process (green synthesis)
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Evaluating the antimicrobial activity of CuO nanoparticles against E. coli, S. 
aureus, A. niger, and C. albicans, Katwal et al. (2015) suggested the same mode of 
action for both the bacteria and fungi. A considerable reduction effect on H+ efflux 
of the Candida species by AuNPs was earlier confirmed (Ahmad et al. 2013). The 
authors attribute this effect to inhibition of H+-ATPase-mediated proton pumping 
that was caused by interaction between AuNPs and the ATP-driven enzyme 
(H+-ATPase).

Other mechanisms of action are still speculated, such as interruption of electron 
transport, interference in absorption of nutrients, DNA destruction, or even the pos-
sibility of simultaneous occurrence of various mechanisms (Alghuthaymi et al. 2015). 
Some authors assume that the particles may affect the bacterial growth by multiple 
targets of action (Knetsch and Koole 2011; Alghuthaymi et al. 2015; He et al. 2016), 
and this behavior could also be suggested to the effects on fungi. Therefore, there are 
still open questions about the real mechanisms of antifungal activity of metal nanopar-
ticles, and further investigation on this subject is required.

It has also been shown that metal nanoparticles cause different effects on the 
fungal growth, such as disruption of cell membrane and wall, inhibition of sporula-
tion and germination of spores, color changes of colonies on filamentous fungi, or 
inhibition of budding in yeast (Ogar et al. 2015; Hameed et al. 2015). Hameed et al. 
(2015) verified that the accumulation of Mg-doped ZnO nanoparticles in mem-
branes of C. albicans causes cell damage. Xia et al. (2016) described various effects 
of AgNPs on the emerging fungal pathogen Trichosporon asahii including deforma-
tion and shrinkage of hyphae, cellular damage causing leakage of cytoplasmic con-
tents, and degeneration of organelles (Fig. 15.2).

Several factors can interfere with the action mode and effectiveness of nanopar-
ticles, for example, metal type, size, shape, and concentration of particles and fun-
gal species, among others (Kim et al. 2012; Hanus and Harris 2013; Lee et al. 2013; 
Ogar et al. 2015). Kim et al. (2012) verified that inhibitory activity of AgNPs against 
phytopathogenic fungi was influenced by concentration and type of particles 
applied. In another study, Ahmad et al. (2013) noted a change in antifungal activity 
according to size of AuNPs. In this case, the greatest effect was caused by the par-
ticles of smaller size due to increase in their surface area. The use of ZnO nanopar-
ticles combined with visible light illumination increased their deleterious effect on 
C. albicans viability (Lipovsky et al. 2011).

It is also important to mention that the fungal toxicity is generally lower than in 
bacteria (Rathnayakea et  al. 2012; Hanus and Harris 2013). Ravichandran et  al. 
(2016) evaluated the antimicrobial activity of biosynthesized AgNPs and found that 
tested bacteria were more susceptible to the nanoparticles than the fungus Aspergillus 
versicolor. Some biological mechanisms may contribute to fungal tolerance such as 
production of pigments and other substances, including metal chelation and secre-
tion as glutathione and oxalate (Pócsi 2011). Researchers observed formation of 
droplets in some fungi after contact with AgNPs suggesting that this event could 
serve as a water and metabolite reservoir necessary for fungal growth (Ogar et al. 
2015). Those authors also proposed that the ability of fungi to produce low- 
molecular- weight organic acids could lead metal-complex formation as a protective 
mechanism.
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Fig. 15.2 Electron microscopy observations showing the effect of silver nanoparticles (AgNPs) 
on Trichosporon asahii. On scanning electron microscopy images, it is possible to see a normal 
micelial growth on untreated fungus (a) and an irregular growth after treatment with AgNPs solu-
tion. Transmission electron microscopy images (c–k) allow viewing the cell structure intact of T. 
asahii without the nanoparticles (c) and the presence of the following damage when the fungus was 
treated with AgNPs: undefined, fallen, and ruptured cell wall (d, e and f, respectively), cell empty-
ing due to shrinkage of cell membrane and degradation of organelles (g), rupture of cell membrane 
(h), absence of cell wall and cell membrane (i), organelle deterioration (j), and occurrence of 
multivesicular bodies. Arrows indicate the effects (Images reproduced from Xia et al. (2016), doi 
10.1016/j.jmii.2014.04.013, under the terms of the Creative Commons Attribution-Non- 
Commercial-NoDerivatives License (CC BY NC ND))
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Considering this, some strategies can be employed by their functionalization 
with different compounds or adding to other structures. Suresh et  al. (2016b) 
reported better antifungal activity of nickel oxide nanoparticles after their function-
alization with 5-amino-2-mercaptobenzimidazole, which provided an increase on 
dispersibility of particles enhancing their interaction with membrane and intracel-
lular proteins of the fungus A. flavus. Nanofibers with antifungal functionality are 
another option to improve activity of metal nanoparticles against fungi (Ifuku et al. 
2015; Quirós et  al. 2016; Tan et  al. 2016). Ifuku et  al. (2015) have successfully 
incorporated AgNPs on chitin nanofiber surfaces, resulting in a marked reduction in 
spore germination of several phytopathogenic fungi. Graphene is a single layer of 
graphite with carbon atoms hexagonally arranged and has certain features that make 
it attractive as a drug delivery (Liu et al. 2013). Recent research offers the possibil-
ity of synthesis of graphene oxide containing nanoparticles of metals in order to 
improve their antifungal properties (Li et al. 2013; Pusty et al. 2016).

15.3.2  Antifungal Applications of Metal Nanoparticles

Antifungal properties of metallic NPs favor their use in various applications and may 
be considered promising for prevention and treatment of fungal infections in differ-
ent situations. In order to solve problems about fungal resistance to commercial 
antimicrobial agents, studies with metallic nanoparticles have been performed 
against clinical pathogens. The antifungal activity of AgNPs was evaluated toward 
Candida sp., Aspergillus niger, A. fumigatus, and A. flavus (Rajeshkumar et  al. 
2016). In addition to this activity, the authors found a synergistic effect of these par-
ticles with the antifungal ketoconazole. Another study reported that plastic catheters 
coated with AgNPs effectively inhibited the growth of C. albicans (Roe et al. 2008).

Some studies have demonstrated that metal nanoparticles could be used for con-
trolling plant diseases (Alghuthaymi et al. 2015). The antifungal ability of AgNPs 
was confirmed to control the following plant pathogenic fungi: Colletotrichum coc-
codes, Monilinia sp., Pyricularia sp. (Lee et al. 2013), Gloeophyllum abietinum, G. 
trabeum, Chaetomium globosum, Phanerochaete sordida (Narayanan and Park 
2014), Colletotrichum spp. (Lamsal et al. 2011), Alternaria alternata, Sclerotinia 
sclerotiorum, Macrophomina phaseolina, Rhizoctonia solani, Botrytis cinerea, and 
Curvularia lunata (Krishnaraj et al. 2012). Kanhed et al. (2014) proved the poten-
tial antifungal activity of CuNPs against the phytopathogens A. alternata, C. lunata, 
Fusarium oxysporum, and Phoma destructiva.

Ogar et al. (2015) found that nanosized Ag exhibited strong antimicrobial activ-
ity against common indoor fungal species such as A. fumigatus, Cladosporium clad-
osporioides, Chaetomium globosum, Penicillium brevicompactum, and Stachybotrys 
chartarum. Besides, gypsum drywall sprayed with these nanoparticles reduced the 
growth of C. globosum and S. chartarum. Similarly, Hochmannova and Vytrasova 
(2010) showed that an interior paint containing ZnO nanoparticles was effective in 
control of A. niger and Penicillium chrysogenum.
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15.3.3  Metal Nanoparticles as Antiviral Agents

Viruses are a major cause of disease and death in the world. Viruses infect all forms 
of cellular life including both eukaryotes and prokaryotes and can be found in all 
different environmental places. Although some viral diseases that caused massive 
death, such as smallpox, have been eradicated with the help of the vaccines, no cur-
rent prevention or treatment is available for diverse pressing and emerging viral 
pathogens. In this regard, metallic nanoparticles have been proposed as a novel thera-
peutic approach against lethal viruses (Galdiero et al. 2011; Khandelwal et al. 2014).

Ag and Au nanoparticles have been essentially tested for antiviral activity, and 
several viruses like HIV-1, hepatitis B virus, influenza virus, and Tacaribe virus, 
among others, can be inhibited by AgNPs ranging 1–100  nm (Khandelwal et  al. 
2014). The effectiveness of AgNPs smaller than 100 nm has been investigated against 
hemorrhagic fever viruses, with a dose-dependent reduction of TCID50 for Tacaribe 
virus reaching 100% neutralization with 50 mg/mL of 10 nm nanoparticles (Speshock 
and Hussain 2009). They also showed that AgNPs have an inhibitory activity on 
cathepsin B, which have an essential role on Ebola virus replication within the host 
cells.

The size of the nanoparticles may have a substantial effect on their effectiveness, 
since the direct interaction with the viral surface proteins and the genome of the 
virus appear as important factors for the antiviral activity (Galdiero et al. 2011). As 
the size of the nanoparticle is smaller, more interaction with viral molecules and 
more inhibition occur. Smaller nanoparticles can also enter into the host cell and 
then enter the viral genome where they block the cellular factors and/or viral fac-
tors, which help in the viral replication (Fig. 15.3).

15.3.3.1  Antiviral Applications of Metal Nanoparticles

Lara et al. (2010) investigated the specific mode of action of AgNPs against HIV-1. 
These nanoparticles may exert anti-HIV activity at an early stage of viral replica-
tion, most likely as a virucidal agent or as an inhibitor of viral entry. The antiviral 
activity of AgNPs results from their inhibition of the interaction between gp120 and 
the target cell membrane receptors. AgNPs bind to gp120  in a manner that they 
prevent CD4-dependent virion binding, fusion, and infectivity, acting as an effective 
virucidal agent against cell-free virus (laboratory strains, clinical isolates, T and M 
tropic strains, and resistant strains) and cell-associated virus. Moreover, AgNPs pre-
vent postentry stages of the HIV-1 life cycle. These properties indicate that AgNPs 
have a broad-spectrum antiviral effect not predisposed to inducing resistance that 
could be used preventively against a wide variety of circulating HIV-1 strains.

The antiviral activity of AgNPs and AuNPs capped with mercaptoethane sulfo-
nate was tested against wild-type herpes simplex virus (HSV) type 1. The binding 
of HSV glycoprotein C to heparan sulfate is the key interaction during attachment 
of the virus to the cell surface. The viral inhibition suggests that AgNPs and AuNPs 
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capped with mercaptoethane sulfonate block the attachment of HSV-1 to the host 
cell based on their ability to mimic cell-surface-receptor heparan sulfate. Further 
mechanistic studies revealed that capped Au-NPs interfere with viral attachment, 
entry, and cell-to-cell spread, thus preventing subsequent viral infection in a multi-
modal manner (Baram-Pinto et al. 2010).

AgNPs have a size-dependent interaction with HSV types 1 and 2 and with 
human parainfluenza virus type 3 (Gaikwad et al. 2013). Five fungal cell filtrates 
(Alternaria sp., F. oxysporum, Curvularia sp., C. indicum, and Phoma sp.) sup-
ported the synthesis of AgNPs when treated with aqueous AgNO3, and their antiviral 
activity was dependent on the production system used. A consistent decrease in 
replication efficiency for HSV-1 and HPIV-3 and a minor effect on the replication of 
HSV-2 were observed. AgNPs produced by F. oxysporum, having a smaller size than 
the other AgNPs, showed the strongest inhibitory activity, especially toward HSV-1 
and HPIV-3. Silver nanoparticles are capable of reducing viral infectivity, probably 
by blocking interaction of the virus with the cell, which might depend on the size 
and zeta potential of the AgNPs. Smaller-sized nanoparticles were able to inhibit the 
infectivity of the viruses analyzed.

AuNPs of 2 and 14 nm were functionalized with sialic acid and tested against 
influenza virus. The activity was dependent on the particle size of the interacting 
ligand/receptor molecules, since only the 14 nm AuNPs strongly bind to the protein 
hemagglutinin on the virus surface at concentrations in the nanomolar range. 

Fig. 15.3 Antiviral effects of metal nanoparticles. The antiviral activity of metal nanoparticles has 
been attributed to their interaction of surface glycoproteins of the viral envelope. Smaller nanopar-
ticles can enter the host cell and bind to viral and cellular factors blocking the mechanism of viral 
replication
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Therefore, functionalized AuNPs are capable to reduce viral infection, as the binding 
of the viral protein hemagglutinin is mediated by sialic acid receptors on the host cell 
surface, causing a competitive inhibition of viral infection (Papp et al. 2010). AgNP/
chitosan composites with antiviral activity against H1N1 influenza A virus were 
prepared by Mori et al. (2013). AgNPs ranging from 3.5 to 12.9 nm average diame-
ters were embedded into the chitosan matrix without aggregation or size change, 
resulting in nanocomposites as floc-like powders. For all AgNPs tested, antiviral 
activity against H1N1 influenza A virus increased as the concentration of AgNPs 
increased. Size dependence of the AgNPs on antiviral activity was also observed; 
antiviral activity was generally stronger with smaller AgNPs in the composites (Mori 
et  al. 2013). Magnetic hybrid and colloid decorated with AgNPs were tested for 
disinfection, inactivating bacteriophage ϕX174, murine norovirus, and adenovirus 
serotype 2. The particles can be easily recovered from environmental media due to 
their magnetic properties and remain active for inactivating viral pathogens with 
minimum chance of potential release into environment (Park et al. 2014).

The emergence and reemergence of pathogenic flaviviruses caused serious con-
cerns and received public visibility in recent years, due to the increasing incidence 
of West Nile virus (WNV), dengue virus (DENV), and Zika virus (ZIKV). Despite 
vaccines are under development, the prevention and control essentially depend on 
effective vector control measures. A recent study showed that AgNPs act as inhibi-
tors of the production of dengue viral envelope (E) protein in Vero cell cultures and 
downregulated the expression of dengue viral E gene (Murugan et al. 2015). This 
finding confirms the broad antiviral spectrum of AgNPs and opens a new perspec-
tive to combat flaviviruses.

15.4  Conclusion and Perspectives

Several metal nanoparticles display antimicrobial properties against a broad range 
of microorganisms, including bacteria, fungi, and viruses. Several important micro-
bial pathogens have been effectively inhibited by metal nanoparticles, often in a 
size-dependent manner, as smaller particles facilitate the entry to target cells. AgNPs 
have been mostly studied, and their broad antimicrobial activity has been described 
for major pathogenic species of bacteria and against several viruses and fungi. 
However, there is a growing interest on the antimicrobial activities of other metal 
nanoparticles. The amount of scientific evidence on their biological activities and 
their unique properties make metal nanoparticles useful tools as broad range antimi-
crobial agents.

Despite metal nanoparticles are considered as valuable tools for controlling vari-
ous pathogens, there are concerns about the release of metal nanoparticles to the 
environment, since they can generate threats to human health and ecological effects. 
In this regard, innovative strategies for application of metal nanoparticles have been 
recently proposed, including the use of magnetic and decorated nanoparticles that 
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are effective antimicrobial materials. The use of metal nanoparticles supported on 
different materials may allow a controlled release, maintaining their antimicrobial 
effect and reducing the risks of environmental contamination.

Nanotechnology is an exciting emerging field, and the use of metal nanoparticles 
as an alternative to combat microbial pathogens has provided interesting strategies 
to conventional therapy and may help to reduce the impacts of infectious diseases.
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Chapter 16
Gold Nanoparticles in Molecular Diagnostics 
and Molecular Therapeutics

Ana S. Matias, Fábio F. Carlos, P. Pedrosa, Alexandra R. Fernandes, 
and Pedro V. Baptista

Abstract Gold nanoparticles, due to their unique physicochemical properties, are 
among the most widely used nanoscale-based platforms for molecular diagnostics. 
The intrinsic chemical stability and apparent lack of toxicity have also prompted for 
application in therapeutics, e.g., for imaging modalities and as vectorization strate-
gies for molecular modulators, i.e., gene silencing, specific targeting of cellular 
pathways, etc. Because of their common molecular ground, these approaches have 
been synergistically coupled together into molecular theranostic systems that allow 
for radical new in vivo diagnostics modalities with simultaneous tackling of molecu-
lar disequilibria leading to disease. Despite this tremendous potential, gold nanopar-
ticle-based systems still have to make their effective translation to the clinics. This 
chapter focuses on the use of gold nanoparticles for molecular diagnostics and 
molecular therapeutics and their application in theranostics. Attention is paid to 
those systems that have moved toward the clinics.

Keywords Nanomedicine • Nanodiagnostics • Molecular diagnostics • Targeted 
delivery • Nanotheranostics • Molecular therapeutics
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AIE Aggregation-induced emission
AuNRs Gold nanorods
CT Computed tomography
DLS Dynamic light scattering
DOX Doxorubicin
EPR Enhanced permeability and retention effect
LFBs Lateral flow biosensor
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LSPR Localized surface plasmon resonance
MTBC Mycobacterium tuberculosis complex
NASBA Nucleic acid sequence-based amplification
PA Photoacoustic imaging
PNB Plasmonic nanobubbles
QCM Quartz-crystal microbalance
SERS Surface-enhanced Raman scattering
siRNA Small interfering RNA
SNP Single nucleotide polymorphism
SPR Surface plasmon resonance
TPL Two-photon luminescence
US Ultrasounds

16.1  Introduction

Colloidal gold, defined as a stable solution of sub-micrometer gold particles eluted 
usually in water, has been used as therapeutic agent since ancient times (Higby 
1982). Modern scientific assessment of proprieties of colloidal gold began in 1850 
when Michael Faraday produced a ruby red solution while rising pieces of gold leaf 
onto microscope slides. Faraday was the first to note the light-scattering properties 
of suspended gold microparticles, which is nowadays called Faraday-Tyndall effect 
(Faraday 1847). A few decades later, Robert Koch used gold cyanide against the 
tubercle bacilli (Mycobacterium tuberculosis) in culture (Benedek 2004), whose 
efficacy was later dismissed by subsequent works (Gradmann 2001; Mackenzie and 
Cantab 1913). In 1959, Richard Feynman’s talk at the American Physical Society 
meeting, “There's plenty of room at the bottom,” highlighted the possibility of 
manipulating matter at the nanoscale – nanotechnology (Feynman 1960). This mul-
tidisciplinary area which encompasses chemistry, physics, biology, and technology 
at nanometer-scale provided for new materials, structures, and devices in several 
areas, such as medicine (Edwards and Thomas 2007; Roco 2003). One of such 
nanomaterials is gold nanoparticles (AuNPs). AuNPs exhibit unique nanoscale 
characteristics (e.g., high surface-to-volume ratio, easiness of bioconjugation, etc.) 
and physicochemical proprieties (e.g., optical, electrochemical, etc.) that have 
allowed the development of several strategies for sensing (i.e., DNA, RNA, pep-
tides, ions, etc.) (Baptista et al. 2008; Doria et al. 2012; Tsai et al. 2013; Franco 
et al. 2015; Nunes Pauli et al. 2015; Zheng et al. 2015), therapy (i.e., cancer) (Cai 
et al. 2008; Jain et al. 2012), and imaging (Ahn et al. 2013) (e.g., contrast agent). 
The nanoscale properties and manipulation have put forward new strategies for 
in vivo diagnostic coupled to therapy modalities – nanotheranostics.

In this chapter, we highlighted three distinct settings: (i) molecular diagnostics, 
(ii) molecular therapeutics, and (iii) nanotheranostics. For each one of these topics, 

A.S. Matias et al.



367

the most relevant AuNP properties (e.g., optical, electrochemical, vectorization, 
etc.) are emphasized, and examples of translation toward the clinical setting (e.g., 
validate against clinical samples, clinical trials, etc.) are discussed.

16.2  AuNPs for Molecular Diagnostics

Molecular diagnostics can be a useful tool to provide qualitative and quantitative 
information in the genome and proteome (Tsongalis and Silverman 2006). Since the 
completion of the human genome sequence in 2003, molecular diagnostic has 
undergone remarkable changes. Millions of genetic variants in the human genome 
were revealed leading to a better comprehension of the genome architecture and the 
biological routes of complex diseases (Hofker et  al. 2014). The technological 
advances made in this field have made it possible for diagnostic laboratories to con-
duct high-accuracy molecular diagnostic procedures, where prevention, early detec-
tion, and specific therapeutics are the driving force for a personalized medicine 
(Alyass et al. 2015). However, application of conventional molecular diagnostic and 
therapy at point-of-need is still far to be a reality. Integration of nanotechnology 
within standard methods could in principle circumvent time-consuming and expen-
sive procedures that require specialized laboratory personnel (Debnath et al. 2010). 
Additionally, this combination will allow miniaturization and translation into portable 
platforms, allowing their use in nontraditional environments (Debnath et al. 2010). 

The last decade of nanotechnology research has introduced numerous approaches 
for molecular diagnostics. Specifically, nanoparticle-based detection systems have 
been developed, improved, and integrated with standard technologies and are today 
new benchmarks for diagnostics (Zhou et al. 2015). The promise of nanoparticle 
technology lies in the idea that the composition and size of the material grant prop-
erties that are unique from that observed in the bulk material, which include high 
surface-to-volume ratio, high surface energy, and unique mechanical, thermal, elec-
trical, magnetic, and optical behavior (Chen et  al. 2016; Yamada et  al. 2015). 
Particularly, colloidal AuNPs are used as labels in diagnostics due to a unique com-
bination of chemical and physical properties that allow new sensing concepts 
(Wilson 2008). AuNPs exhibit a localized surface plasmon resonance (LSPR), 
which can be described as the coherent oscillation of conduction electrons present 
on the surface of the AuNPs when interacting with an incident electromagnetic 
wave. This resonance effect is dependent on the size, shape, composition, and 
dielectric of the medium. Due to this surface plasmon enhancement, the molecular 
extinction coefficient of metal nanoparticles (10–100 nm) are 5 or more orders of 
magnitude greater than that of dyes, allowing higher sensitivity in surface interaction- 
based detection methods (Jain et al. 2006). AuNPs’ easiness of synthesis and sur-
face modification are suitable features for their use in biological systems (Baptista 
et al. 2008; Franco et al. 2015). There are several molecular diagnostic approaches 
making use of the exceptional characteristics of AuNPs, where the most frequently 
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reported are (i) colorimetric sensing; (ii) plasmonic sensing; (iii) electrochemical, 
electrical sensing; and (iv) optical imaging. In this section, we will highlight AuNP 
application for detection of relevant disease biomarkers.

16.2.1  Ex Vivo Sensing

16.2.1.1  Colorimetric

AuNP-based colorimetric approaches for biomolecules sensing (e.g., nucleic acid 
and proteins) are frequently used due to their simplicity, high levels of sensitivity, 
specificity, and portability, making them ideal for point-of-care (POC) diagnostic 
applications (Doria et al. 2012). These methods rely on the colorimetric change of 
AuNPs’ solution upon aggregation, which can be either mediated by changes in the 
solution’s dielectric or recognition (cross-linking) of a specific target. These sys-
tems rely on the ability of complementary targets to modulate and control the inter-
particle interactions, which define the dispersion state of AuNPs (Franco et  al. 
2015). There are numerous techniques that are based on color change to identify 
molecular targets (i.e., DNA/RNA); among the most common approaches are the 
cross- and non-cross-linking methodology. The cross-linking method led to the first 
application of AuNPs in nucleic acid sensing using modified AuNPs with thiolated 
oligonucleotides by Mirkin et al. (1996). Briefly, this method relies on a two-probe 
functionalized with thiolated oligonucleotides to detect ssDNA as target. Each set 
of AuNPs functionalized is complementary to one end of the DNA target, and the 
two probes align in a tail-to-tail design onto the target. Hybridization of the probes 
to the target forces a small interparticle distance and a consequent change in the 
solution color from red to blue, where a noncomplementary target does not effi-
ciently hybridize to the nanoprobes, and they remain dispersed, and the solution 
remains red (Fig. 16.1a) (Storhoff et al. 2004). Based on this method, several groups 
could develop similar strategies to sense other relevant clinical targets (Table 16.1) 
(He et al. 2008) without the need of enzymatic DNA amplification. Nevertheless, 
enzymatic amplification techniques (i.e., PCR, nested PCR, isothermal NASBA) 
have also been employed with the AuNP cross-linking detection method for sensing 
human relevant pathogens (e.g., Mycobacterium tuberculosis). Gill et  al. (2008) 
were able to detect RNA from M. tuberculosis as low as 10 CFU.ml−1 using an iso-
thermal NASBA amplification and Au-nanoprobes with the cross-linking approach, 
and Soo et al. (2009) were able to identify M. tuberculosis complex in clinical sam-
ples (detection of only 0.5 pmol) through the integration of a nested PCR and a 
specific set of Au-nanoprobes (Soo et al. 2009).

Baptista et  al. (2005) developed a different approach  – the non-cross-linking 
method – where hybridization between Au-nanoprobes and complementary targets 
resulted in heteroduplex formation at the Au-nanoprobe surface, stabilizing it against 
salt-induced aggregation. The presence of a noncomplementary or mismatched tar-
get would not be sufficient to stabilize the Au-nanoprobes, and aggregation occurs 
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Fig. 16.1 Gold nanoparticle-based colorimetric assays. (a) Cross-linking method; (b) non-cross- 
linking method; (c) citrate-capped gold nanoparticles (Reproduced and adapted from Larguinho 
and Baptista (2012) with permission from Elsevier)
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associated with a color change from red to blue (Fig. 16.1b). The first clinical appli-
cation of this strategy was applied for rapid and sensitive detection of M. tuberculo-
sis in clinical samples (Baptista et al. 2006). Subsequently, the same strategy was 
applied for rapid detection of M. tuberculosis complex (MTBC) members and char-
acterization of mutations linked to antibiotic resistance (Veigas et al. 2010), single 
nucleotide polymorphisms (SNPs) related to human diseases (β-thalassemia and 
obesity) in biological samples (Carlos et al. 2014), and direct detection of the e14a2 
BCR-ABL fusion transcript in myeloid leukemia patient samples without the need 
for retro-transcription (Vinhas et  al. 2016), among others (Guirgis et  al. 2012; 
Padmavathy et al. 2012; Carlos et al. 2013). The non-cross- linking method proved 
its translation into microfluidics for POC (Silva et al. 2011) and to a paper-based 
platform for M. tuberculosis detection (Veigas et  al. 2012). Non-functionalized 
AuNPs have also been used for the detection of DNA/RNA biomarkers. AuNPs are 
negatively charged and highly sensitive to changes in solution; therefore, the addi-
tion of biomolecules to the solution of non-functionalized AuNPs causes an unspe-
cific adsorption to their surface (Baptista et al. 2011) (Fig. 16.1c).

Colorimetric detection has always been an integral part of conventional enzyme- 
linked immunosorbent immunoassay (ELISA). The developed AuNPs’ format is 
based on the linkage of the catalytic cycle of enzyme label to the growth of AuNPs. 
The absence of analyte leads to the reduction of Au ions by hydrogen peroxide, 
resulting in the formation of non-aggregated AuNPs and the red solution. On the 
other hand, the presence of the analyte leads to the consumption of the hydrogen 
peroxide by catalase, which results in aggregation AuNPs associated with blue color 
(Liu et al. 2008). Other AuNPs’ approaches for antibody-antigen binding activity and 
enhancement of the specific binding signal have been also described (Karakus 2015).

The integration of these approaches on lateral flow biosensors (LFBs) had a 
major impact in different fields with the first application of AuNPs on LFBs as label 
for the detection of ricin. Recently, LFB AuNP-based detection systems were 
improved via the integration of a wider set of biomarker types (e.g., aptamers and 
DNA probes). Xu et  al. (2009) designed a LFBs system with an AuNP-aptamer 
conjugate as label for the detection of thrombin, with high sensitivity (comparable 
or even superior to the systems which use antibodies). The experiment shows that 
the color intensity of AuNPs can be detected in diluted plasma samples with lower 
detection limit compared to antibody-based assays (Xu et al. 2009). The integration 
of AuNPs this LFBs was also applied for the detection of different targets such as 
toxins and metallic cations (Quesada-González and Merkoçi 2015).

16.2.1.2  Optical

The use of AuNP plasmonics can also be a powerful tool when integrated with light- 
scattering techniques (Stewart 2008; Tong et al. 2014). One of these techniques is the 
detection of light scattering, where nanoparticles of different sizes and composition 
will allow a different scattering of light due to their distinct surface plasmon reso-
nances. The highly efficient light-scattering properties of gold nanoparticles have 
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been exploited to detect large targets with multiple epitopes, such as virus (Chen 
et al. 2016). Driskell et al. developed a method to detect and quantify the presence of 
influenza virus via influenza-specific antibodies conjugated to AuNPs, and aggrega-
tion of AuNPs probes is induced by the target virus (Driskell et al. 2011).

Other typology of detection is based on surface-enhanced Raman scattering 
(SERS), where the metallic nanosurface serves as scaffold to adsorb molecules. Due 
to the relatively low fabrication cost and high enhancement factor, SERS has been 
used in a variety of biological sensing applications (Ngo et al. 2016, 2013). Several 
distinct Raman reporter molecules can be used simultaneously allowing the devel-
opment of a SERS nanotag. This approach was successfully used for the detection 
of cancer biomarkers. Dinish et al. could detect three intrinsic biomarkers – EGFR, 
CD44, and TGFßRII – in a breast cancer model using biocompatible SERS nano-
tags (Dinish et al. 2014; Viswambari Devi et al. 2015). SERS has also been applied 
for the detection of other tumor markers in several types of cancer (Kah et al. 2007; 
Qian et al. 2007; Lin et al. 2011; Wang et al. 2011).

Integration of AuNPs into electrochemical-based detection systems has created a 
new class of biosensors. The use of enzyme- or nanoparticle-modified electrodes 
improved significantly the specificity, stability, and sensitivity of this detection 
approach. Among these strategies, the most common consist on the direct deposi-
tion of nanoparticles onto the surface of the electrode (Pingarrón et al. 2008). An 
electronic method of detection of DNA with AuNPs was developed using micro-
gravimetric quartz crystal microbalance (QCM) measurements. This method 
depends on the use of a frequency analyzer and quartz crystals sandwiched between 
two electrodes. The detection is based on the fact that hybridization of the target 
causes a change to the mass associated with the crystal, which results in a detectable 
frequency change (Weizmann et al. 2001). Table 16.1 provides several examples of 
the application of AuNPs for molecular diagnostics.

16.2.2  In Vivo Sensing

Imaging plays a critical role not only in diagnostics but also in the evaluation of 
treatment efficiency and disease management. Standard clinical images modalities 
include computed tomography (CT), magnetic resonance imaging (MRI), X-rays, 
and ultrasounds that can be categorized as structural imaging modalities. These 
imaging modalities can identify anatomical patterns and provide basic information 
regarding location, size, and disease spread based on the endogenous contrast. 
However, for smaller features, such as tumors and metastases smaller than 0.5 cm, 
these imaging modalities lack enough resolution and barely distinguish between 
benign and cancerous tumors (Popovtzer et al. 2008). Molecular imaging integrates 
molecular biology with in vivo imaging with the objective of gathering information 
of biological processes and identifying diseases based on molecular markers. 
Currently, positron emission tomography (PET) and single photon emission tomog-
raphy (SPECT) are the main molecular imaging techniques in clinical use; however, 

A.S. Matias et al.



373

they only provide information regarding molecular processes and metabolites, which 
is direct and nonspecific to distinct cells or diseases. Recently, AuNPs are being used 
as imaging probes (Popovtzer et  al. 2008) in three diagnostic approaches: blood 
pool, passive targeting, and active targeting. Blood pool contrast agents are tailored 
to remain in the bloodstream for a prolonged amount of time, by limiting diffusion 
through the vascular endothelium, to enable a longer imaging window. Passive tar-
geting relies on the nonspecific accumulation of AuNPs within a site of interest 
through an enhanced permeability and retention (EPR) effect leading to accumula-
tion in tumor tissue of sized molecules or nanoparticles. Active targeting is the abil-
ity to deliver and retain a contrast agent at a specific site of interest through surface 
functionalization with molecules, such as antibodies and/or peptides, which exhibit 
a specific affinity for that site (Cole et al. 2015). AuNPs have been used to target 
cancer cells and tumors by exploiting specific receptors on cancer cells. Additional 
requirements are necessary in AuNPs contrast agent construct for clinical applica-
tion. The requirements are based in the deliver “go where we want,” nontoxic “do 
not harm along the way,” targeting “stay where we want,” and contrast enhancement 
“show me what we want” (Cole et al. 2015).

16.2.2.1  X-Rays

Several groups have proposed the use of gold for imaging, which presents a higher 
atomic number (Au, 79 vs I, 53) and a higher absorption coefficient (at 100 keV: 
gold, 5.16 cm2/g; iodine, 1.94 cm2/g; soft tissue, 0.169 cm2/g; and bone, 0.186 cm2/g) 
and provides about 2.7 times great contrast per unit weight than iodine (Hainfeld 
et al. 2006). Also, AuNPs exhibit a longer vascular retention time compared with 
traditional molecules, which potentially increases the available imaging window 
(Ahn et al. 2013). Hainfield et al. used 1.9 nm AuNPs to image kidneys and tumor 
with unusual clarity and high resolution. Blood vessels less than 100 nm in diameter 
were delineated, thus enabling in vivo vascular casting and regions of increased 
vascularization and angiogenesis could be distinguished (Hainfeld et  al. 2006). 
Chien et al. tested different contrast agents based on AuNPs for the detection of 
cancer-related angiogenesis with high-resolution X-ray. One of the most successful 
approaches uses bare AuNPs (15 nm) injected with heparin to allow in vivo detec-
tion of small capillary species. The vessel density was three to seven times higher 
than with other nanoparticles. Additionally, bare AuNPs with heparin allow to 
detect symptoms of local extravascular nanoparticle diffusion in tumor areas where 
capillary leakage appeared (Chien et al. 2012).

16.2.2.2  Computed Tomography

Computed tomography (CT) is among the most interesting imaging/diagnostic tools 
in hospitals today in terms of availability, efficiency, and cost. Undisputedly, this is 
one of the leading technologies applied in overall cancer management; however, the 
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sensitivity of CT is limited in the detection of some lesions and its specificity is rela-
tively low, resulting in ~15% false positives [noncancerous findings that are inter-
preted as malignant tumors]. Therefore, improving the current CT capabilities 
providing it with functional and molecular-based imaging capacities is critical for 
cancer detection.

Recently, several different nanoprobes have been developed as blood pool CT 
contrast agents, such as gold nanoprobes and nanotags (Popovtzer et  al. 2008). 
AuNPs have gained recent attention as CT contrast agents due to the fact that they 
display a high X-ray attenuation in comparison with other contrasting agents, espe-
cially at the energy level used for clinical CT scans (Ahn et al. 2013). Hainfeld et al. 
(2011) recently showed that AuNPs can enhance the visibility of millimeter-sized 
human breast tumors (1.5 mm) in mice and that active tumor targeting (with anti- 
Her2 antibodies) is more efficient than passive targeting. Cai et al. (2007) reported 
that 14 nm AuNPs functionalized with PEG can be used in CT scans, reaching a 
longer imaging window when compared with iodine compounds and allowing for 
more imaging detail when doing a CT scan. Reuveni et al. (2011) demonstrate the 
efficacy of active molecular targeting in imaging of gold nanoparticles conjugated 
with the anti-epidermal growth factor receptor (anti-EGFR) (30 nm).

16.2.2.3  Photoacoustic

Photoacoustic (PA) is a noninvasive hybrid imaging modality that combines optical 
contrast with high-resolution ultrasound imaging. PA imaging capitalizes on the PA 
effect, which is simply the generation of an acoustic wave resulting from the absorp-
tion of optical energy (Larguinho et al. 2015) (Fig. 16.2). Gold nanoshells and gold 
nanorods conjugated with epidermal growth factor receptor (EGFR) targeting mol-
ecules of human epidermal growth factor receptor 2 (HER2) were successfully used 
for performing multiplex imaging (Li and Chen 2015). Wang et al. (2004) demon-
strated the feasibility of using nanoshells in vivo as a new contrast-enhancing agent 
for photoacoustic tomography. Agarwal et  al. (2007) reported a gold nanorod 

Fig. 16.2 In vivo photoacoustic imaging of stem cells via labeling with AuNPs. In the left – stem 
cells gel encapsulated with AuNP-labeled injected into a rat hind limb (yellow circle highlighted) 
were observed with photoacoustic images. On the right – gel-encapsulated stem cells not labeled 
with AuNPs not observed by photoacoustic images (Reproduced and adapted from Mieszawska 
et al. (2013) with permission from American Chemical Society)
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conjugated with an antibody (Ab-17) for high-contrast photoacoustic imaging; with 
this conjugation, an effective cell targeting and sensitive photoacoustic detection of 
a single layer of cells were demonstrated.

16.3  AuNPs for Molecular Therapeutics

The therapeutic value of AuNPs is based on their ability to interact with tumors and 
damage cancer cells (Kodiha et al. 2015; Mieszawska et al. 2013). This knowledge 
is critical for two key aspects of nanomedicine: it will define the AuNP-induced 
events at the subcellular and molecular level, thereby possibly identifying new tar-
gets and strategies to improve AuNP-dependent treatment, e.g., photothermal 
agents, contrast agents, and radiosensitizers (Kodiha et  al. 2015). The already 
described EPR effect constitutes an important mechanism for the passive targeting 
and selective accumulation of AuNP infiltration (Yu et  al. 2012). AuNPs can be 
engineered to trick the immune system, avoiding removal from circulation or to 
cross a biological barrier in order to increase therapeutic efficacy and allow sys-
temic tracking (Yu et al. 2012). Passive targeting approaches suffer from several 
limitations, targeting cancer cells using the EPR effect is not feasible in all tumors, 
and it depends on the degree of vascularization and porosity of tumor vessels. In 
addition, AuNPs can be constructed to display a reduced number of opsonin interac-
tions that lead to cellular internalization. PEG functionalization can reduce interac-
tions between nanoparticles and cell surfaces. Another approach to overcome these 
limitations is to attach targeting moieties (e.g., antibodies, peptides, nucleic acids or 
small molecules) to the nanoparticle surface (Yhee et al. 2014).

16.3.1  Drug Delivery

An ideal targeted drug delivery system should satisfy several requirements, one of 
the most important is a selective cellular uptake of the drug carrier to the targeted 
cells (Chen et al. 2016). AuNPs are suitable for drug delivery because their noble 
metal core is inert, contributing to low toxicity and biocompatibility, which is a 
requirement for biological applications. The flexibility of AuNP sizes and shapes 
facilitates the selection of optimal dimensions for loading therapeutics. Enhanced 
therapeutic outcomes were observed for cancer cells treated with AuNP drug conju-
gates when compared to free drugs and to assist overcoming drug resistance (Chen 
et al. 2016). In addition to the passage of vasculature of tumor, drug carriers must be 
internalized by cancer cells and achieve cytotoxic effects via endocytosis or other 
mechanisms (Ajnai et al. 2014). Heo et al. (2012) reported a complex AuNP plat-
form that included biotin as a targeting ligand (due to biotin receptor overexpression 
on certain cancer cells), paclitaxel as an anticancer drug, rhodamine B to facilitate 
fluorescent detection, and PEG for enhancement of biocompatibility. Cyclodextrin, 
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a drug host molecule, was attached to the AuNP surface for noncovalent paclitaxel 
inclusion. This combination allowed for reducing by half the viability rate when 
compared to the control cells. The multiplexed AuNPs showed higher internaliza-
tion in three different cancer cell lines (Heo et al. 2012). Kumar et al. (2012) com-
bined therapy with active targeting by functionalizing AuNPs with therapeutic and 
targeting agents (a peptide inhibitor termed PMI). The PMI peptide interferes with 
the p53 pathway and can induce cancer cell apoptosis. The peptide binds to the 
neuripilin-1 receptors, which are overexpressed on cancer cells. Incubation with 
these AuNPs led to a stronger in vitro toxicity for cancer cells (MDA-MB-321) than 
MCF-7 (Kumar et al. 2012).

16.3.2  Gene Delivery

The versatility and multifunctionality of AuNPs have facilitated several different 
approaches for encapsulation and release of nucleic acids since they prevent enzy-
matic degradation of DNA delivered, efficient cellular uptake, release of DNA from 
endosomes/lysosomes into the cytoplasm, crossing the cytoplasm and overcoming 
the nuclear barrier, and successful gene transfection to produce efficient gene 
expression (Mieszawska et  al. 2013; Chen et  al. 2016). Plasmid and minivector 
DNA can be used to repair defective genes, and small interfering RNA (siRNA) can 
be used to regulate the therapeutic process (Ding et al. 2014; Chen et al. 2016). 
Conde et al. (2013) have developed an AuNP platform for efficient siRNA delivery 
to silence the c-Myc proto-oncogene. The formulation contained PEG for increased 
stability, arginyl-glycyl-aspartic acid (RGD) targeting peptides, cell penetrating 
TAT peptides, and siRNA either covalently or ionically attached to AuNPs. The 
optical properties of AuNPs may also be used to trigger release of nucleic acids due 
to strong absorption of light and resultant heating of the nanoparticle, causing the 
bonds between nucleic acid and nanoparticle to break (Mieszawska et al. 2013). Cui 
et al. (2011) investigated dendrimer-coated gold nanorods as a delivery vehicle for 
BRCA1-shRNA into MCF7 cancer cells. Dendrimers are often used as delivery 
systems to increase the biocompatibility and cellular uptake. Near-infrared laser 
irradiation triggered RNA release from gold nanorods encapsulated in dendrimers, 
which led to successful silencing of BRCA1 gene in MCF7 cells (Cui et al. 2011).

16.3.3  Photothermal Therapy

In hyperthermia, the heat generated externally by using instruments that produce 
electromagnetic fields (microwaves, radio waves, or ultrasounds) allows to heat to  
~ 40–45 °C a region of the body containing the tumor (Abadeer and Murphy 2016). 
Photothermal therapy, particularly used in cancer applications, is based in the prop-
erties of photon absorption and conversion into thermal energy. Several 
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fundamental prerequisites are required for effective photothermal therapy: (i) tem-
plate nanomaterials should have high photothermal conversion efficiency; (ii) the 
photothermal effects should occur in response to near-infrared (NIR) light to ensure 
deep tissue penetration; and (iii) the size and surface of the nanomaterials should be 
modified with ease for facile and efficient photothermal therapy. AuNPs are espe-
cially suited to thermal destruction of cancer due to their ease of surface functional-
ization and photothermal heating capability (Kim et al. 2016). El-Sayed et al. (2006) 
functionalized gold nanospheres with anti-EGFR antibodies facilitating the binding 
and uptake of AuNPs by cancer cells that are known to overexpress EGFR. Irradiation 
of cells incubated with the nanorods demonstrated a higher rate of death in carci-
noma cells; this could be attributed to higher nanorod light absorbance and enhanced 
light penetration in the NIR (El-Sayed et  al. 2006). Generally NIR light is most 
commonly used due to its low absorption by tissues, resulting in increased depth 
penetration; however, some studies also report the efficient use of visible light for 
hyperthermia (Shao et al. 2013).

16.4  AuNPs for Theranostics

Theranostics can be defined as the use of the same platform for diagnostic and 
therapeutic purposes, promising precise and effective treatment, by tailoring on 
demand approaches especially on heterogeneous diseases such as cancer (Pedrosa 
et  al. 2015). Theranostic allows customized patient treatment in response to its 
needs, adjusting dosages and reducing side effects by three approaches:

 (i) Therapeutic is followed by diagnostic, e.g., a drug that is efficient, but not for 
all patients, enabling the diagnosis of individuals for whom it will have effect.

 (ii) Diagnostic is followed by the therapeutic, e.g., a diagnostic that distinguishes 
patients and/or pathology and allows selection of adequate therapy.

 (iii) Both diagnostic and therapeutic are performed simultaneously, e.g., when the 
same platform that performs diagnostic responds with adequate therapy (Conde 
et al. 2015).

16.4.1  Plasmonic Bubbles

One of the most promising nanotheranostic techniques is plasmonic nanobubbles 
(PNBs). It was first described by Lapotko group as transient vapor bubbles induced 
by NIR laser irradiation of plasmonic nanoparticles (Lukianova-Hleb et al. 2010a, 
b; Lukianova-Hleb et al. 2011). When the pulse laser interval is short (picoseconds), 
the nanoparticles overheat evaporating the surrounding medium, like a bubble, that 
expands and then collapses with its lifespan longer than the duration of the incident 
laser pulse. PNBs can be used as probes that can be triggered on demand with a 
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single cell precision and are observable by UV-Vis due to its increased scattering or 
by acoustic sound due to shock wave formation. By using antibody-conjugated 
nanoparticles specific for cancer cells, it is possible to promote self-assembly of 
nanoparticles inside the cancer cells through endocytosis while normal cells will 
have an unspecific uptake. Due to laser pulse threshold dependency, it is possible to 
detect only the accumulated clusters inside cancer cells. Also by finely setting the 
duration of the laser pulse, it is possible to disrupt only the endocytic vesicles and 
release a cargo, while longer laser pulses disrupt the whole cell without affecting 
neighbor cells. This allows the use of PNB as vehicles for controlled gene delivery 
(Lukianova-Hleb et al. 2016b) and chemotherapy (Lukianova-Hleb et al. 2012a, b) 
(Fig. 16.3).

The most remarkable work using this technique is against residual microtumors 
(Lukianova-Hleb et al. 2016a). Using head and neck squamous cell carcinoma as 
model, authors describe in this preclinical study the conjugation of 60  nm gold 
spheres with panitumumab antibody, for clinical surgery of mice. PNBs allowed 
residual microtumor identification, something hardly observable by common imag-
ing tools. Also, in response to single laser pulses, cancer cells are selectively 
destroyed, without affecting normal cells. The “nanosurgery” showed a significant 
improvement in the surgical outcome with diagnostic indices after plasmonic 
nanobubble- guided resections almost coinciding with those for microscopic resid-
ual disease-negative tissues, thus showing that this technique allows real-time 
observation and elimination of microtumors (Lukianova-Hleb et al. 2016a).

16.4.2  Combined Strategies

Several approaches, such as imaging, gene, chemo-, and photothermal therapy, may 
be combined in a single nanoconstruct due to the plasticity of AuNPs. By using dif-
ferent cellular targets, the probability of drug resistance and dosage for each therapy 
is reduced. Yin et al. (2015) describe a combination of light-driven, chemo-, and 
gene therapy to pancreatic cancer cells achieving superior anticancer efficacy. In 
their work polyelectrolyte polymer-coated gold nanorods were capable of co- 
delivering the anticancer drug doxorubicin (DOX) and siRNA mutant K-RAS gene 
after irradiation with a 665 nm laser. The use of the laser source increased DOX and 
siRNA release and the silencing effect. The triple approach showed a synergistic 
effect and was able to inhibit the tumor growth in vivo by 90% (Yin et al. 2015). 
Also, Conde et al. (2016) described a triple combination of gene, drug, and photo-
therapy mediated by gold nanoparticles and hydrogel patch leads. Spherical gold 
nanoparticles were firstly administered to deliver siRNAs against K-RAS gene, fol-
lowed by gold nanorods. After exposing the particles to NIR laser, the rods convert 
light into heat, promoting hyperthermia, and release a chemotherapeutic (Avastin) 
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Fig. 16.3 Illustration of the PNB diagnostic mechanism in cancer cells in vivo. (a) Clustering of 
gold conjugates via receptor-mediated endocytosis in cancer cells (Left) and normal cells (right). 
(b) Schematic representation of gold cluster, when exposed to a single laser pulse. PNBs are selec-
tively generated only in cancer cells, while normal cells do not generate PNBs (upper). The acous-
tic signal of a PNB reports even in single cancer cell in solid tissue (bottom left), but not in normal 
cells (bottom right) (Reproduced and adapted from Lukianova-Hleb and Lapotko (2015) with per-
mission from Macmillan Publishers Limited)
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(Conde et al. 2016). A few approaches describe a triple combination of photother-
apy, X-ray, and chemotherapy (Lukianova-Hleb et al. 2014; Park et al. 2015; Baek 
et  al. 2016) taking advantage of radiosensitization effect promoted by AuNPs, 
which concentrates X-rays on specific sites and allow computed tomography imag-
ing (Mesbahi 2010; Jeremic et al. 2013; Deng et al. 2014).

Due to the imaging plasticity of AuNPs, theranostic platforms based on AuNPs 
have been reported in multimodal imaging approaches, that supplant the disadvan-
tages of each imaging technique alone while performing therapeutic ends (Hembury 
et al. 2015). In a study conducted by Liu et al. (2015), 30 nm gold nanostars were 
used as probes for SERS detection, X-ray CT, and two-photon luminescence (TPL) 
imaging while performing photothermal therapy (PTT). The advantage of using dif-
ferent modalities is that CT can be used as a preoperative method for accurate char-
acterization of the tumors while SERS and TPL as intraoperative biosensing 
techniques guiding localized photothermal therapy (Liu et al. 2015). Arifin et al. 
(2011) use the multimodal imagining properties of AuNPs for cell therapy tracking 
of type I diabetes. In this work, transplant cells of human cadaveric islets were 
microencapsulated in alginate with AuNPs functionalized with dithiolated diethyl-
enetriamine pentaacetic acid (DTDTPA)/gadolinium chelates (GG) and were tested 
as contrast agents for MR, CT, and US imaging while assisting cell therapy. These 
in vitro and in vivo mouse studies opened the potential of this type of image-assisted 
therapy for treatment of type I diabetes without the need for immunosuppressive 
therapy thus providing a versatile tool for noninvasively monitoring engrafted 
microcapsules in real time (Arifin et al. 2011).

Theranostic approaches using combination therapy and imaging may signifi-
cantly save resources, lowering treatment failure rate, fatality ratios, side effects, 
and development of drug resistance (Webster 2016). Such example is the use of 
gemcitabine chemotherapy vs PEGylated liposomal doxorubicin nanotherapy, 
where chemotherapy pretreatment costs were cheaper by €1,285 but €2,670 more 
expensive in administration and hospitalization costs (Bosetti et al. 2014).

16.5  Conclusion and Future Perspectives

Translating nanotechnology-based platforms from the bench to clinical practice is 
still far from accomplished (Heath 2015). Conventional molecular diagnostic tech-
niques are still the gold standard for most of the diagnostics procedures. Nanomaterials 
have been providing for novel approaches in molecular diagnostics, especially for 
POC applications. Among these, several platforms relying on the use of AuNPs have 
been included into diagnostic platforms or devices ready to operate in the market. 
For example, lateral flow immunoassays incorporating AuNPs were capable to 
increase the sensitivity of detection tests for infectious agents, such as HIV, malaria, 
Ebola, influenza, etc., or for high-throughput molecular screening of human bio-
markers, such as coagulation factors, myoglobin, troponin, etc. (Lefferts et al. 2009; 
Delaney et  al. 2011; Gils et  al. 2015). These approaches have been explored by 
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several diagnostics companies that have been paving the way for nanodiagnostics at 
point-of-care (Vashist et al. 2015). AuNPs have also been used for improving effi-
cacy for highly specific and selective targeted therapies. However, full assessment of 
toxicity (mainly chronic accumulation) still lacks to fully evaluate their potential. 
What is more, there are no enforced guidelines to assist nanomaterial characteriza-
tion to allow comparison of efficiency, since the overall properties greatly depend 
from method of synthesis, size, shape, functionalization coverage, concentration, 
and even administration route affect toxicity. There are also great expectations from 
coupling the power of diagnostics provided by AuNPs to the selective and efficient 
therapeutic effect, mainly toward the development of nanotheranostic solutions. As 
data from the first set of clinical trials using AuNPs are stepping into the open, the 
effective translation of AuNPs to the clinics is just around the corner.
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Chapter 17
Nanometals in Bhasma: Ayurvedic Medicine

Dilipkumar Pal and Vinod Kumar Gurjar

Abstract Bhasmas are unique Ayurvedic metallic preparations with herbal juices 
or fruits, known in the Indian subcontinent since the seventh century BC and widely 
recommended for treatment of a variety of chronic ailments. More than 18 Bhasmas 
based on calcium, iron, zinc, mercury, silver, potassium, arsenic, copper, tin, and 
gemstones were analyzed for up to 18 elements by instrumental neutron activation 
analysis method, including their C, H, N, and S contents. In addition to the major 
constituent elements found at percent level, several other essential elements such as 
Na, K, Ca, Mg, V, Mn, Fe, Cu, and Zn have also been found in μg/g amounts and 
ultratrace (ng/g) amounts of Au and Co. The Bhasmas are biologically produced 
nanoparticles and are taken along with milk, butter, honey, or ghee thus; this makes 
these elements easily assimilable, eliminating their harmful effects and enhancing 
their biocompatibility. Particle size (1–2 μm) is reduced significantly, which may 
assist absorption and assimilation of the drug into the body system. Standardization 
of Bhasma is utmost necessary to confirm its identity and to determine its quality, 
purity safety, effectiveness, and suitability of the product. But the most important 
challenges faced by these formulations are the lack of complete standardization by 
physiochemical parameters.
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DLS  Dynamic Light Scattering
EDAX Elemental Analysis with Energy Dispersive X-Ray Analysis
GIT Gastro-Intestinal Tract
ICP  Inductively Coupled Plasma
NIH  National Institute of Health
NPs Nanoparticles
PbS  Lead Suilphide
PXRD Powder X-Ray Diffraction
TEM Transmission Electron Microscopy
XPS X-ray Photoelectron Spectroscopy

17.1  Introduction

Nanotechnology is a recent technology and is being used in almost all industry for 
the development of cost-effective and eco-friendly products. The term “nanotechnol-
ogy” was first defined by Tokyo Science University, Norio Taniguchi, in a 1974 
paper as follows: “Nanotechnology” mainly consists of the processing of, separation 
of, consolidation of, and deformation of materials by one atom or one molecule. It is 
anticipated to open some new aspects to fight and prevent diseases using atomic 
scale tailoring of materials (Geetha et al. 2016). The ability to uncover the structure 
and function of biosystems at the nanoscale stimulates research primary to improve 
biology, biotechnology, medicine, and healthcare. The size of nanomaterials is simi-
lar to that of most biological molecules and structures; therefore, nanomaterials can 
be helpful for both in  vivo and in  vitro biomedical research and applications. 
Nanotechnology is currently employed as a tool to discover the darkest avenues of 
medical sciences in several ways like imaging, sensing, targeted drug delivery and 
gene delivery systems, and artificial implants. The new-age drugs are nanoparticles 
of polymers, metals, or ceramics, which can combat conditions like cancer and fight 
with human pathogens like bacteria and other microorganisms (Pandey and Pandey 
2013; Othayoth et al. 2014). This emerging technology has multiple possible appli-
cations and thus affects various technological domains including advanced materi-
als, biotechnology and pharmacy, electronics, scientific tools, and industrial 
manufacturing processes. The emergence of nanotech has been enabled by the devel-
opment of specialist instruments, which in turn facilitated the observation and man-
agement of nanostructures at the atomic or molecular scale, as well as the discoveries 
of new nanomaterials. Nanotech offers also new opportunities in rapid development 
of neatness techniques (so-called “top-down” approach, involving decomposition 
into the smallest manageable entities) and building macrostructures (so-called “bot-
tom-up” approach, allowing reengineered materials at nanolevel and using them in 
developing new and improved products) (Miyazaki and Nazrul Islam 2007).

Nanotechnology, being so promising and lurking with possibilities, doesn’t 
escape this bitter truth. Owing to their various applications in the field of medical 
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science, the sad fact is that these potentially dwarf particles can expose negative 
effects to our body’s system. Nanoparticles (NPs) can potentially cause adverse 
effects on organ, tissue, cellular, subcellular, and protein levels due to their abnor-
mal physicochemical properties (e.g., small size, high surface area-to-volume ratio, 
chemical composition, electronic properties, surface structure reactivity and func-
tional groups, inorganic or organic coatings, solubility, shape, and aggregation 
behavior). Metal NPs, in particular, have received increasing attention due to their 
widespread medical, consumer, industrial, and military applications. But these 
metal-based NPs have been confirmed to show tremendous toxicity, though the 
same material is relatively inert in its bulk form (e.g., Ag, Au, and Cu). Metals at the 
nanoscale level owing to their difference in bulk form properties can pose potential 
harmful biological interactions. Scientific validation and the documentation of 
Ayurvedic drugs are very crucial for its quality evaluation and worldwide accep-
tance. Metal nanoparticles have a high specific surface area and a high fraction of 
surface atoms and have been studied extensively because of their unique physico-
chemical characteristics including catalytic activity, optical properties, electronic 
properties, antimicrobial activity, and magnetic properties (Shahverdi et al. 2007). 
Nanotechnology promises important improvements of advanced materials and man-
ufacturing techniques, which are significant for the future competitiveness of 
national industries (Miyazaki and Nazrul Islam 2007).

Therapeutic usefulness of Ayurvedic herbs may be improved with high quality, 
which can be achieved by uniqueness, purity, safety, drug content, and physical and 
biological properties. Ayurvedic medicines need to be explored with the modern 
scientific approaches for its validation. Therefore, an effort has been made in the 
present chapter to highlight the essential aspects that need to be considered for the 
promotion and development of Ayurvedic medicine. Size reduction is one of the 
basic unit operation having important applications in pharmacy. It helps in improv-
ing solubility and bioavailability, reducing toxicity, enhancing release, and provid-
ing better formulation opportunities for drugs. Drugs in the nanometer size range 
enhance performance in a variety of dosage forms. The recent status of nanotech-
nology in pharmaceutical field includes development of nanomedicine, tissue engi-
neering, nanorobots, biosensors, biomarkers, etc. Pharmaceutical nanotechnology 
provides opportunities to improve materials and medical devices and help to build 
up new technology where existing and more conventional technologies may be 
reaching their limits (Varshney and Shailender 2012).

17.2  Distinctive Features of Nanoscience 
and Nanotechnology

Nanoscience and nanotechnology are extensively seen as having enormous poten-
tial to many areas of scientific research such as physics, chemistry, material sci-
ences, biology, and engineering and technological applications (such as healthcare 
and life sciences, energy and environment, electronics, communications and 
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computing, manufacturing, and materials) because of its nanoscale where the mate-
rials’ properties are significantly different from those of the same materials in bulk 
or macroscopic form. Nanotechnology encompasses the work of nanoscale science 
and enlarges understandings of interactions in the atomic or molecular scale and the 
capacity to characterize and control materials using nano-tools (Miyazaki and 
Nazrul Islam 2007).

Nanotechnology has a multidisciplinary character, affecting multiple traditional 
technologies, scientific disciplines, and industries. Additionally, through the nano-
tech revolution, boundaries between previously distinctive disciplines such as 
mechanics and chemistry begin to blur, stimulating knowledge transfer and cross- 
fertilization (Nicolau 2004). Many scientists believe that nanomaterials will induce 
a new generation of consumer products, based on miniaturized computer chips, 
nanoscale sensors, and devices for sorting DNA molecules and integrating micro-
systems and biotechnology (Ikezawa 2001). Nanotechnology innovation can be 
characterized as evolutionary from micro to nano. An important feature of nanotech 
is that it is not restricted to the realm of advanced materials, extending also to manu-
facturing processes, biotechnology and pharmacy, electronics and information  
technology, as well as other technologies (Miyazaki and Nazrul Islam 2007).

17.3  Nanotechnology in Medicine

Nanotechnology has been setting benchmarks for the last two to three decades, but 
the origins of this technology achieve back to ancient history. Today, nanoparticles of 
both metallic and nonmetallic origin are under research and development for applica-
tions in different fields of biology/therapeutics (Sengupta et  al. 2014). Applying 
nanotechnology for treatment, diagnosis, monitoring, and control of diseases has 
been referred to as “nanomedicine.” While the application of nanotechnology to 
medicine appears to be a relatively recent development, the basic nanotechnology 
approaches for medical application date back several decades (Singh et al. 2008).

17.4  Nanotechnology in Ayurveda

Nanotechnology has been the focus of significant attention in medicine due to the 
facility with which nanostructures interact with the body at the molecular scale. 
Pharmacokinetics and biodistribution of active ingredients can be improved remark-
ably with nano-drug delivery systems by targeting them to the specified site; thereby 
efficiency and bioavailability can be improved, and drug toxicity reduces. In eighth 
century AD, the Indian alchemist Nagarjuna first introduced the use of metals and 
minerals like Swarna (gold), Rajat (silver), Tamra (copper), Abhrak (mica), and 
Makshika (pyrites), Rasa (mercury) as medicinal agents (Conde et al. 2014). The 
branch of Ayurveda dealing with herbo-metallic preparation is known as Rasa 
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Shastra. One major gain of nanotechnology is its flexibility, which enables the 
nanomedicines to take different shapes such as liposomes, dendrimers, nanoparti-
cles, nanocrystals, etc., so as to the meet the needs of desired or required biomedical 
applications (Pal 2015).

17.5  Types of Metal Nanoparticles

Concept of reduction in particle size of metals is prevailing since Charaka Santhita 
(1500 BC). For a metallic preparation of Lauhadi Rasayana, the tip of iron is heated 
to red hot and quenched in some liquid media immediately until flakes of iron 
become fine powder form. Nanotechnology has ability to work at these levels to 
produce larger structures with new molecular organization (Sarkar and Chaudhary 
2010). The invention of nanoparticles is not less than a miracle due to the distinctive 
properties that offer innovative and life-changing products and technologies in the 
fields of medicine. Nanotechnology is however also questioned in terms of safety 
for humans and also animals, plants, and ecosystem at large. There has been an 
exponential increase in this field with a wide variety of products, which are ques-
tioned for safety by many international organizations (Palkhiwala and Bakshi 2014). 
Particles of “nano” size have been shown to exhibit improved or novel properties 
including reactivity, greater sensing capability, and increased mechanical strength. 
The nanotechniques offer simple, clean, fast, efficient, and economic process for the 
synthesis of a variety of organic molecules and have provided the thrust for many 
chemists to switch from traditional method (Arivalagan et al. 2011).

Nanoparticles are the new approach to the scientists in the field of biomedical and 
commercial application. Nanotechnology is the field of advanced technology for 
medicine and imaging of various critical diseases. It is built as nanodevices and 
particles on the scale of 10–9 m, whereas size of the cell is 10 μm, and cell organelles 
have size in nanometer range. Nano-sized particles can easily enter into the cell and 
take part in the cell metabolism. Metal nanoparticles now are being applied in the 
field of drug delivery and imaging. Scientists are trying to develop noble nanopar-
ticles, which can release the drug at exact site of targeted tissue and to be able to 
escape from the degradation system of the body. Metal nanoparticles have character-
istics, small size and unique chemical properties, which are the important features 
for future development for various therapeutics and imaging (Yadav et al. 2016).

Ayurvedic nanomaterials, especially the gold Bhasmas, have unique physico-
chemical properties such as biocompatibility and ease of surface fictionalization. 
The most chronic illnesses, including cancer, diabetes, and cardiovascular and pul-
monary diseases, are mediated through constant inflammation and it has the poten-
tial to delay the suppressing chronic inflammation and prevent and treat various 
chronic diseases, including cancer. The Ayurvedic Bhasmas-coated nano-tablets 
have been studied for their anticancer activity (Amin et al. 2009). The formulations 
in the “Bhasma” have nanoparticles. It is surprising for many researchers that 
5,000-year-old Indian medical system have the knowledge of nanoscience and 
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technology. Charaksamhitha is the oldest classical way of Ayurveda with the 
thought of reduction in particle size of metals. The Bhasmas are used for treatments 
of various diseases in Ayurveda for the past several centuries in the form of nano-
technology; some of the common properties in the Ayurvedic Bhasmas are 
“Rasayana” (immune- modulation and antiaging quality) and “Yogavahi” (ability of 
drug carry and targeting drug delivery). They were prescribed in minute dosage 
(15–250 mg/day) (Othayoth et al. 2014).

17.6  Bhasma: An Ayurvedic Medicine

The traditional medicinal system practicing in India for several centuries is well 
known as Ayurveda. According to this medicinal system, metal-based drugs known 
as “Bhasma” involve the modification of a metal into its mixed oxides. During these 
transformations, the zerovalent metal state gets converted into a form with higher 
oxidation state, and the most important aspect of this synthesis (traditionally known 
as “Bhasmikarana”) is that the toxic nature (i.e., systemic toxicity causing nausea, 
vomiting, stomach pain, etc.) of the resulting metal oxide is completely destroyed 
while inducing the medicinal properties into it. The important step implicated in the 
procedure for making “Bhasma” is repeated treatment (Wadekar et  al. 2005). 
Bhasmas are such kind of dosage forms which gained their position as effective 
formulations for any disease compromising the aspects of nanotechnology and 
overcoming the limitations of usual dosage forms (Rasheed et al. 2014).

Bhasmas are particulate matters that are thought to be readily assimilated in the 
body’s system. They are highly inert in nature because of insolubility. Bhasma is 
important in maintaining optimum alkalinity for good health, neutralizing harmful 
acids that lead to illness, because Bhasma does not get metabolized so they don’t 
produce any harmful metabolite, rather it breaks down heavy metals in the body 
(Hareshwar et al. 2017). Most of the Bhasmas are mixed with cardamom, cinna-
mon, ghee, and honey and are taken orally. In clinical practice, Bhasma is not 
reported to have any serious untoward effects. Although honey is one of the most 
frequently suggested vehicles in Ayurvedic texts, royal jelly, another honeybee 
product, is apparently not mentioned. Honey is considered as highly nutritious with 
nine elements (lithium, sodium, potassium, rubidium, magnesium, iron, manga-
nese, copper, and zinc) reported in a recent study in which metal profiles have been 
used for its classification. Natural food users claim that royal jelly very quickly 
lowers blood sugar when taken orally by diabetic patients. In fact, it contains a poly-
peptide that is similar to bovine insulin. The crude royal jelly and a fraction that 
co-migrates chromatographically metabolize glucose in  vitro incubation with rat 
adipose fat tissues. The molecule is about 5,000–6,000 Da, contains disulfide bonds, 
and has an amino acid composition similar to that of bovine insulin (Kumar et al. 
2006). Traditionally used Bhasmas and their ingredients are summarized in Tables 
17.1 and 17.2.
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Table 17.1 Bhasma and 
their ingredients

Bhasma Ingredients

Abhrak Bhasma Mica
Halthiana Bhasma Charcoal of elephant tusk
Jasada Bhasma Zinc oxide
Lauha Bhasma Iron oxide
Mandura Bhasma Iron oxide
Mayrapicha Bhasma Ash of peacock feather
Mukta Bhasma Oxide of pearl
Naga Bhasma Lead
Parade Bhasma Mercury compound
Pravala Bhasma Oxide of coral
Rajat Bhasma Silver oxide
Shankha Bhasma Oxide of conch Bhasma

Muktashukti 
Bhasma

Oxide of pearl, oyster shell

Talaka Bhasma Arsenic sulfide
Tamra Bhasma Cupric oxide
Vanga Bhasma Tin compound

Source: Pal et al. 2014

Table 17.2 Ayurvedic Bhasma ingredients, dosage, and uses

Name Ingredients Dosage Uses

Navratan 
kalpamrit ras

Calcined ash of expensive 
gems, minerals like ruby, 
sapphire, emerald, cat’s eye 
stone, pearl, coral, silver, gold, 
iron, zinc

62.5 mg 
twice daily

Cancers of all types, 
anemia, complications of 
diabetes

Heerak Bhasma Diamond 12.5–
25 mg 
twice daily

Useful in cancers, 
immunity disorders, 
crippling rheumatoid 
arthritis, bone marrow 
depression

Trailokya 
chintamani ras

Diamond, gold, silver, iron 62.5 mg 
twice daily

Severe respiratory tract 
infections, bone marrow 
depression, ovarian cysts, 
uterine fibroids

Swarna basant 
malti ras

Gold, Piper nigrum, white 
pearl powder

62.5 mg 
twice daily

Tonsillitis, fevers, cough, 
bronchitis, decreased 
immunity, cancers, 
autoimmune disorders

Kamdudha ras Ochre, Tinospora cordifolia, 
mica (calcined)

250–
500 mg 
twice daily

Hyperacidity, headache, 
fever, blood pressure

Vasant kusumakar 
ras

Gold, silver, coral 62.5–
125 mg 
twice daily

Complications of diabetes, 
neuropathy, general 
weakness

(continued)
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Table 17.2 (continued)

Name Ingredients Dosage Uses

Kumar kalyan ras Gold, iron, mica, copper 
pyrite, red sulfide of mercury

62.5–
125 mg 
twice daily

General debility in 
children, fever, respiratory 
tract infections

Tamra Bhasma Copper, mercury, sulfur 62.5–
250 mg 
twice daily

Anemia, jaundice, 
digestive disturbance, 
abdominal disorders

Lauha Bhasma Iron, cinnabar 125–
250 mg 
twice daily

Enlargement of liver, 
anemia, jaundice

Vaikrant Bhasma Manganese, sulfur 
(tourmaline)

62.5–
125 mg 
twice daily

Diabetes, can be used in 
place of diamond ash in 
case of poor patients

Loknath ras Mercury, sulfur, conch shell 62.5–
125 mg 
twice daily

Diarrhea, respiratory 
disorders, immunity 
disorders, cancers, ovarian 
cysts

Abhrak Bhasma Calcined purified mica ash 125–
250 mg 
twice daily

Respiratory disorders, 
diabetes, anemia, general 
weakness

Swarna Bhasma Ash of gold (calcined gold) 12.5–
62.5 mg 
twice daily

Improves body immunity, 
general weakness, anemia, 
energetic

Rajat Bhasma Silver ash (calcined silver) 62.5–
125 mg 
twice daily

Irritable bowel syndrome, 
acidity, pitta disorders

Ras raj ras Red sulfide of mercury, mica, 
gold, iron, silver, Withania 
somnifera, Syzygium 
aromaticum

62.5–
125 mg 
twice daily

Paralysis, hemiplegia, 
rheumatism, insomnia, 
stroke

Shwas kuthar ras Black sulfide of mercury, 
Aconitum ferox, sodium 
bicarbonate, Piper nigrum, 
“Trikatu”

125–
250 mg 
twice daily

Cough, pneumonia, 
bronchitis

Swarn makshik 
Bhasma

Copper pyrite (calcined), 
mercury, sulfur

125–
250 mg 
twice daily

Anemia, jaundice, 
stomatitis, chronic fever

Kaharva pishti Amber of succinite 
(Trinkantmani), Rosa 
centifolia (rose)

125–
250 mg 
twice daily

Bleeding

Yogendra rasa Red sulfide of mercury, gold 
(calcined), magnetic iron, 
mica, Myristica fragrans

62.5–
125 mg 
twice daily

Polio, paralysis, muscular 
weakness, insomnia, 
headache

Bolbadh ras Black sulfide of mercury, 
Tinospora cordifolia, 
Commiphora mukul

125–
250 mg 
twice daily

Bleeding

(continued)
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Table 17.2 (continued)

Name Ingredients Dosage Uses

Praval pishti Purified powder of corals 125–
250 mg 
twice daily

Calcium deficiency, blood 
pressure, insomnia, 
agitation

Praval panchamrit Powder of corals, pearls, 
conch shells

125–
250 mg 
twice daily

Richest source of natural 
calcium, agitation, acidity, 
burning sensation

Jahar mohra pishti Powder of serpentine orephite 125–
250 mg 
twice daily

Natural source of calcium, 
useful in burning sensation, 
acidity, heart burn,

Sarvatobhadra Vati Mercury, sulfur (purified and 
calcined), with gold

62.5–
125 mg 
twice daily

Renal failure, nephrotic 
syndrome, dialysis, high 
urea and creatinine

Punarnava 
mandoor

Iron ore ash, Boerhavia 
diffusa, Picrorhiza kurroa, 
Embelia ribes

125–
250 mg 
twice daily

Diuretic, anemia, swelling 
around joints, blood 
pressure, liver cirrhosis, 
ascites

Akik pishti Agate stone calcined 125–
250 mg 
twice daily

Heat/pitta diseases, blood 
pressure, acidity, ulcers

Mukta pishti Pearl powder (motipishti) 62.5–
125 mg 
twice daily

Calcium, cooling and 
soothing, blood pressure, 
acne, headaches, acidity, 
ulcers, heat disorders

Vriht vat 
chintamani ras

Herbs and minerals for 
vitiated vata-calcined mercury, 
sulfur (purified), and other 
metals and minerals

62.5–
125 mg 
twice daily

Stroke, paralysis, 
parkinsonism, epilepsy, 
tetany, muscle stiffness, 
joint pains

Source: Pal et al. 2014

17.7  Importance of Bhasma

 1. Maintain optimum alkalinity for optimum health
 2. Provide easily absorbed and usable calcium
 3. Cleanse the kidneys, intestines, and liver
 4. Maintain stronger bones and healthier teeth
 5. Alleviate insomnia and depression
 6. Regulates rhythmic heart beating
 7. Maintain arrhythmias and mineral balance
 8. Help metabolize iron in body
 9. Aid nervous system
 10. Break down heavy metals and drug residues in the body
 11. Neutralize harmful acids that lead to illness
 12. Achieve a healthy alkaline level by neutralizing acid
 13. Protect body from free radical damage (Pal et al. 2014)

17 Nanometals in Bhasma: Ayurvedic Medicine



398

17.7.1  Therapeutic Applications of Bhasmas

Although Rasa Shastra is a very important branch of Ayurveda since the eighth 
century report of large-scale randomized clinical trials involving Bhasmas is less. 
One of the reasons for this may be the fact that Rasa Shastra is a well-tested sci-
ence; therefore, there was no need of fresh proof. However, a few properly con-
ducted clinical studies indicated that nutritional anemia in nonpregnant teenager 
girls can be improved by a daily dose of Sootshekhar Rasa (250 mg) plus Sitopaladi 
Churna (400 mg). Another clinical study of Kukkutandatwak Bhasma reveals statis-
tically significant improvement in Swetapradara, an important gynecological disor-
der. Likewise, “Swarna Bhasma” has shown some responses in the treatment of 
solid tumor, and certain herbo-mineral preparations were found to be effective in 
leukemia. Swarna Bhasma also has antioxidant/restorative effects against global 
and focal models of ischemia (stroke). Naga Bhasma (lead calx) is a potent metallic 
formulation mainly indicated in the treatment of Prameha (diabetes) (Pal 2015). 
Traditionally used Ayurvedic Bhasma, their ingredients, dosage, and uses have been 
summarized in Tables 17.2 and 17.3.

Table 17.3 Bhasmas, description and utility

Bhasma Description Utility

Calcium Pearls and ghee (milk 
preparation)

Cough impotency, eye disorders, 
tuberculosis, spree, nervine sedative, 
used in hyperacidity, asthma, cough and 
nervous excitement in growing children 
and pregnant women

1. Mukta moti Pearls and rose water pearls
2. Muktashukti Conch shell
3. Praval pishti
4. Shankh Respiration, cough, heart diseases, 

stomach, liver, intestine
Antacid, used in cough, phthisis, 
scrofulous, affections, spermatorrhea
Pulmonary hemorrhage and calcium 
deficiency
Antiperiodic, carminative, and analgesic, 
used in colic flatulence and tympanites

Iron Magnetic iron (purified) Spree, stomach disorders, anemia, 
diabetes, blood disorders, restorative

5. Vanaspati yog 
Lauh

Magnetic iron (purified), ash 
of incinerated magnetic iron

Hematinic, astringent, jaundice, disorders 
of liver and spleen

6. Kant Lauh Ash of incinerated purified 
ferric oxide

Antirheumatic, hematinic, and used in 
anemia

7. Mandoor Ferrum (purified), incinerated 
and potentiated, rubbed with 
trifala decoction

Alterative, hematinic, diuretic, used in 
anemia, edema, chlorosis, rickets, and 
jaundice

8. Trifala Yog 
Lauh

Strengthening the body, deficiency of 
iron, anemia, indigestion

(continued)
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Table 17.3 (continued)

Bhasma Description Utility

Zinc Zinc/ShudhYashad Dysentery, sweating, phthisis, 
tuberculosis, diabetes, hypoglycemic, 
astringent used in urinary disorders

9. Yashad Zinc carbonate/ash of 
incinerated purified zinc 
carbonate

(a) Baidyanath
(b) Deshrakshak
10. Kharpar Antacid, bone strengthening,
Mercury Mercury Physical disorders, strengthening the 

body, fever, malaria, asthma11. Siddha 
Makardhwaj
12. Parad Mercury Syphilis, genital disorders, rejuvenation
Silver Silver Wasting, nerve disorders, brain functions, 

eye disorders, tuberculosis13.Rajat
Potassium Potassium nitrate, alum, 

ammonium nitrate (crystal 
powder)

Acidity, calculi, urinary tract infection, 
enlargement of prostate14. Swet Parpati

Arsenic Arsenic Nervine tonic, asthma, leukoderma, 
paralysis, and impotency15. Kushta khas

Copper Ash of incinerated purified 
copper

Acidity, ascites, jaundice, piles, leprosy, 
leukoderma, asthma, tuberculosis, cough, 
skin diseases, obesity, chronic bloating, 
spleen and liver enlargement, cirrhosis

16. Tamra

Tin Tin Asthma, cough, sweating, blood 
disorders, diabetes, diuretic and urinary 
antiseptic, semen disorder, syphilis, and 
gonorrhea

17. Vanga

Stone Ash of incinerated purified Heart-related disorders, blood pressure, 
vomiting, burning sensation (pitta) 
cholera, antidote to poison, provides 
strength, potency, and vigor

18. Jahar Mohra 
Khatai Pishti

Serpentine orephite Anemia, ascites, asthma, tuberculosis, 
diabetes and cancer, substitute of 
diamond Bhasma19. Vaikrant Ash of incinerated purified

Tourmaline

Source: Kumar et al. 2006

17.7.2  Bhasmas as Nanoparticles

A scientific analysis of Swarna Bhasma by TEM and AFM has demonstrated that 
the principle ingredient of Swarna Bhasma is globular gold nanoparticles of 
56–57 nm. Atomic absorption spectroscopy and IR spectroscopy studies reveal that 
Swarna Bhasma is devoid of any other heavy metal or organic material. Likewise, 
Ras Sindoor (sublimed mercury compound) contains mercury sulfide (crystalline; 
size, 25–50  nm). This is an organic macromolecule derived from plant extract. 
Several macro-/trace elements may be present in different amounts, which are bio-
available and accountable for adding to medicinal value of Ras Sindoor. Study 
reveals in physicochemical characterization of Jasada Bhasma by XPS, ICP, EDAX, 
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DLS, and TEM that the particles are in oxygen-deficient state and many of them are 
in nanometer size range. This reports size range of Jasada Bhasma might impart its 
therapeutic property (Pal 2015).

17.7.2.1  Swarna Bhasma

Nobel metals and their compounds as a therapeutic agent, mainly of gold, have a 
long and distinguished history in medicine. Swarna Bhasma has a unique place in 
the Ayurvedic system of medicine. It is an integral part of Ayurveda, which describes 
its usage for the treatment of patients with various chronic disorders (Thakur et al. 
2017). Containing gold particles, it has shown its anticancer activity. Since ancient 
times, Swarna Bhasma, prepared from gold, is used in Ayurvedic treatment of TB, 
infertility, asthma, tissue wasting, poisoning, etc. The last few years have witnessed 
extremely rapid development of nanotechnology, which seamlessly integrates many 
disciplines including biotechnology, medicine, chemistry, engineering, materials 
science, and physics. As the size of matter decreases from micrometric to nanomet-
ric dimensions, it exhibits novel physical and chemical properties because of increase 
in surface to volume ratio. Gold nanoparticles have found wide range of applications 
for diagnosis and targeted drug delivery in nanomedicine because of their chemical 
stability, surface chemistry, and unique optical properties. Some reports suggest that 
Bhasmas that are metallomedicines in powder form contain nanoparticles. It is sug-
gested that because of nanometric dimensions of these particles, they may provide 
physiological basis of their action (Das et al. 2012; Rathore et al. 2013).

Swarna makshika is a mineral having different therapeutic uses and has been 
used since long in Ayurveda. Swarna makshika is used for the treatment of anemia, 
insomnia, convulsions, and skin diseases. It is also used as a single constituent for-
mulation or in multi-ingredient formulation. Swarna makshika contains iron. 
Bhasma contains Fe2O3, FeS2, CuS, and SiO2 (Rathore et al. 2013).

Swarna Bhasma (incinerated gold) acts as Vrishya (aphrodisiac), Hridya (car-
diac stimulant), and Rasayana (immunomodulator). It increases Valya (potential-
ity), Kantikara (complexion), Ayushkara (longevity), and Medha Smriti Mati 
Pradam (intellect, memory, and attentiveness). It diminishes disorders caused by all 
the three vitiated doshas and is used in the management of poisoning (Visha Mukti). 
Swarna Bhasma is indicated in Yakshma (tuberculosis), Unmada (schizophrenia), 
Jwara (fever), Shoka (grief), Pandu (anemia), Shwasa (dyspnea), Kasa (cough), 
Krimi (worm infestation), Aruchi (anorexia), Chakshuroga (ophthalmic disorders), 
and Visha (poisoning) (Prajapati et al. 2006; Sarkar et al. 2010).

17.7.2.2  Rajat Bhasma

It has been shown that Rajat Bhasma based on Ag acts on the brain and nervous 
system through a nutritive mechanism. In lower doses, it acts as an anxiolytic, but 
in higher doses (10–20  mg/kg), it reduces behavioral despair. It is also 
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recommended for eye disorders and tuberculosis. Rajat Bhasma contained 23.4 % 
Ag in addition to As (14.2 %), P (5.14 %), and Na (1.28 %), with Mn (183 μg/g) and 
Au (140 ng/g) in trace amounts. It also showed 19.9 % S, suggesting the possibility 
of silver sulfide (Ag2S) or other sulfides (possibly As2S5) in addition to C (0.63 %) 
and H (0.25 %) resulting from some minor organic constituents such as polycyclic 
aromatic hydrocarbons (Kumar et al. 2006).

Rajat Bhasma (incinerated silver) possesses Vrishya (aphrodisiac), Vayasthapana 
(antiaging), Lekhana (scraping), and Rasayana (immunomodulator) properties. It 
increases potentiality (Vaya) and intellect (Medha). It eradicates diseases caused by 
all the three vitiated doshas. Rajat Bhasma is used in Prameha (diabetes), Switra 
(vitiligo), Yakshma (tuberculosis), Pandu (anemia), Shwasa (dyspnea), Kasa 
(cough), Nayanaroga (ophthalmic disorders), Arsha (piles), Trishna (thirst), Shosha 
(emaciation), and Visha (poisoning) (Sarkar et al. 2010).

17.7.2.3  Parada (Mercury) Bhasma

Mercury is used in therapeutics in a compound (Murchtai) form. These mercurial 
compounds are called Murchita Parada and possess Vrishya (aphrodisiac), Vardhakya 
Harana (antiaging), and Rasayana (immunomodulatory) properties. These increase 
potentiality (Valakara), intellect, memory, attentiveness, complexion (Buddh, 
Smiriti, Prabha, Kanti Pradam), and tissue elements (Dhatu). These eliminate dis-
eases caused by all the three vitiated doshas (humoral principles) even restricting 
death (MrityuNasaka). Mercurial preparations are used in Pandu (anemia), Shwasa 
(dyspnea), Kasa (cough), Kamala (jaundice), Jwara (fever), Shula (spasmodic pain), 
Mutrakriccha (nephritis), Vamana (vomiting), Udara Pida (acute abdomen), Krimi 
Dosa (worm infestation), Atisara (diarrhea), etc. (Sarkar et al. 2010).

17.7.2.4  Tamra Bhasma

Copper is one such metal in the Ayurvedic system of medicine, which is used for 
preparation of Tamra Bhasma and is recommended in the dose of 10–30 mg for an 
adult (70 kg body weight; 0.2 mg/kg) to manage liver disorders, gastrointestinal 
tract (GIT) disorders, old age diseases, leukoderma, cardiac problems, and various 
other free radical-mediated disorders, besides alone or as herbo-mineral composi-
tions. Deficiency of copper in the body causes weight loss, bone disorders, micro-
cytic hypochromic anemia, hypopigmentation, graying of hair, demyelination of 
nerves, etc. (Pattanaik et al. 2003).

Ayurvedic Tamra Bhasma is derived from metallic copper that is recommended 
for different ailments of the liver and spleen, abdominal pains, colitis, heart prob-
lems, anemia, tumors, loss of appetite, dropsy, eye troubles, and tuberculosis. 
Recently, pharmacological investigations have been reported on the use of Tamra 
Bhasma for treatment of gastric ulcers and secretion and management of lipid per-
oxidation in the liver of albino rats and free radical-scavenging properties. Patil 

17 Nanometals in Bhasma: Ayurvedic Medicine



402

et al. (1987) examine the effect of Tamra Bhasma on lipases and lypolytic activities 
in CCl4-induced hepatic injury in rats. In case of Tamra Bhasma, crystallite size of 
CuO is found to be higher than that of a standard copper oxide, causing the reduc-
tion in its surface area. The preparation process of Tamra Bhasma involves repeated 
calcination cycles, thus facilitating agglomeration and hence bigger crystallites 
(Wadekar et al. 2005; Waghmare et al. 2016).

It’s used for its rejuvenating and antioxidant property; it is also having beneficial 
effect as aphrodisiac agent. It is known to have properties of maintaining body cir-
culation and tonicity. Tamra is included in the group of Lauha/Dhatu (metals). It is 
classified in Sar Sadharana Lauh group. Apart from availability of Tamra in native 
form, its different mineral and animal sources (earthworms and feathers of peacock) 
are also mentioned in the classics (Rai et al. 2008).

17.7.2.5  Abhrak Bhasma

Abhrak Bhasma, a herbo-mineral product of Ayurveda, acts as a tremendous antimi-
crobial agent. It acts as a synergistic agent, restoring the libido of men. Being a 
life-promoting drug, it helps in proliferation and synthesis of the sperms. It has a 
property of oleation. Abhrak Bhasma is called as a wonder drug due to its curative 
property in various ailments. It is the Bhasma of the mineral, mica. It contains Fe as 
a major element and Ca, K, and Si in low concentrations. Its synthesis involves 
repeated calcinations which transforms the metallic state into corresponding oxide 
form. It is widely used for the treatment of hepatic dysfunction, leukemia, sex debil-
ity, azoospermia, cystic fibrosis, postencephalic dysfunction, and cervical dysplasia 
(Buwa et al. 2001; Yadav et al. 2016).

17.7.2.6  Lauha Bhasma

Lauha Bhasma is an iron-based Bhasma, which is prepared from iron ore by a pro-
cess known as Bhasmikaran. The procedure of preparation involves several steps, 
which include Shodan (purification), Maran (powdering), Chalan (stirring), Dhavan 
(washing), Galan (filtering), Putan (heating), and Mardan (triturating). The Shodan 
or the purification process removes the unwanted materials from the raw material 
and makes it suitable for the next step. During this process, the raw material is 
heated to red-hot condition and dipped into various agents such as oil, buttermilk, 
cow’s urine, and rice gruel and horse-gram decoction (Rajendran et al. 2012). Lauha 
Bhasma is prescribed for the treatment of anemia due to iron deficiency. Consisting 
of Fe2O3 and Fe3O4, the preparation of Lauha Bhasma involves a rigorous procedure 
meant to convert the metal in to a fine, nontoxic and bioavailable form (Yadav et al. 
2016). According to Rasaratna Samuchchaya, kanta lauha (magnetite Fe ore) is 
measured as best raw material variety of Fe for Lauha Bhasma. However in the 
absence of kanta lauha, Teekshna lauha (Fe turning) is used for the preparation of 
Lauha Bhasma (Singh et al. 2016).
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17.7.2.7  Mandura Bhasma

Mandura Bhasma, an iron-containing preparation, has been used in therapeutics of 
anemia, jaundice, poor digestion, edema, skin diseases, etc. Generally, Mandura 
Bhasma is prepared in two steps: purification, procedure performs by heating to 
red- hot state and quenching in liquid media like cow’s urine or Triphala decoction, 
and calcination, by puta system of heating in Gaja puta (specific amount of heat 
given through fixed quantity of fuel). During calcination, purified Mandura is levi-
tated with Triphala (fruits of Terminalia chebula Retz, Terminalia belerica Rox, 
Emblica officinalis Gaertn) decoction and Aloe vera (Aloe barbadensis Mill) juice, 
etc. Mandura contain iron and silicate and Mandura Bhasma uses sensitive tools 
and techniques. Mandura Bhasma contains Fe2O3 and SiO2. Mandura Bhasma are 
uniformly arranged in agglomerates of sizes 200–300 nm as compared to the raw 
Mandura which show a scattered arrangement of grains of sizes 10–2 μm (Mulik 
and Jha 2011).

17.7.2.8  Hiraka Bhasma

A gemstone Hiraka (diamond) is a popular one. The Bhasma of Hiraka is a well- 
known organomineral preparation, used for Rasayana, Ayushya, Vrishya, 
Tridoshagna, Prameha, Arbuda, etc. Hiraka Bhasma is not generally available in 
the market due to lack of standards and high cost, but at the same time it is being 
manufactured by some physicians and industries in the day-to-day practice of life. 
Analytically Hiraka Bhasma contains Fe2O3 as a major compound. Color of the 
Hiraka Bhasma is malina rakta which is due to presence of Fe2O3 (Zala et al. 2016). 
Hiraka Bhasma prepared from natural diamond is an important drug. It is an excel-
lent remedy for heart troubles, heart pains, contraction of veins, and blood clotting. 
It is also a powerful tonic and antitumor agent. It’s a carbon-based drug. It contains 
C, O2, Na, Mg, Al, Si, P, S, K, Ca, Cr, and Fe (Acharya et al. 2014).

17.7.2.9  Jasada Bhasma

Jasada Bhasma is a unique preparation of zinc belonging to this class of Bhasma. 
The Jasada Bhasma is zinc oxide with nano- to micron-sized particles. The particles 
are polycrystalline. Its in-process intermediate on the other hand is mixture of zinc 
sulfide and oxide, with predominance of sulfide phase. Intermediate too has nano- 
to micron-sized particles (Chavare et al. 2017). This particular preparation has been 
successfully used by traditional practitioners for the treatment of diabetes and age- 
related eye diseases (Bhowmick et al. 2009; Chandran et al. 2016). Jasada Bhasma 
is cited for use in several other conditions including anemia, neuromuscular dis-
eases, and eye diseases and as a wound healing, antimicrobial, and antiaging agent. 
An early anecdotal study shows antidiabetic activity of Jasada Bhasma in diabetic 
patients. The traditional use of Jasada Bhasma is suggestive of antioxidant and 
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immunomodulatory effects. There are sporadic reports on reduction of fasted glu-
cose levels, improved glucose tolerance, and antidiabetic activity in rats treated with 
Jasada Bhasma. In fact, a modern version of Jasada Bhasma, viz., zinc oxide 
nanoparticles, has been systematically investigated for their antidiabetic effect 
(Umrani et al. 2013).

17.7.2.10  Naga Bhasma

Naga Bhasma (Fig. 17.1) has been used to treat a variety of ailments, and different 
Ayurvedic formulations containing Naga Bhasma are available (Nagarajan et  al. 
2014a, b); it has its history of medicinal applications dating several centuries back. 
Naga Bhasma, with its principal chemical species being PbS, administered at 6 mg/kg 
body weight is found to be nontoxic in animal model. Naga Bhasma has specific 
regenerative potential on germinal epithelium of testes in CdCl2-administered albino 
rats. In addition to treating diabetes mellitus, it has been prescribed for certain dis-
orders related to the liver, spleen, and skin. Few clinical trials have also shown that 
Naga Bhasma significantly reduces blood glucose level in diabetic patients 
(Nagarajan et  al. 2014a). Naga (lead) has been administered in various diseases 
since Vedic period. It has been used in treating diabetes, diarrhea, and spleen and 
skin disorders and has shown testis regenerative potential on partially degenerated 
testis (Rajput et al. 2013; Shweta and Thakare 2013).

17.7.2.11  Vanga Bhasma

Vanga Bhasma is a tin-based herbo-metallic preparation given for the treatment of 
urinary diseases, loss of appetite, and inflammatory disorders, among others 
(Hiremath et  al. 2010). It contains Sn (43.8%) and significant amounts of Ca 
(7.35 %), Fe (0.3 %), and K (0.88 %) in addition to μg/g amounts of P (720), Mn 
(257), Zn (67), and In (17.1), but the main content is SnO2 which is the main 

Fig. 17.1 Naga Bhasma 
(Source: Nagarajan et al. 
2014)
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constituent, and indium is a rare element frequently present in stannite and other 
complex sulfides of tin because of similarities in properties. It also contains C 
(4.2 %), H (0.64 %), and S (0.15 %), suggesting the presence of some sulfides of tin 
or organosulfur compounds that might remain chelated with various metals. In 
Ayurvedic literature, it has been recommended for diabetes, semen disorder, impo-
tency, skin disease, syphilis, and gonorrhea. It is also prescribed for asthma, cough, 
and blood disorders (Umrani et al. 2013).

17.7.2.12  Praval Bhasma

Praval which is well known as coral in English is used in the form of Bhasma and 
pisti in order to cure a variety of ailments since ancient times in Ayurvedic system 
of medicine. Praval Bhasma is used for treatment of inflammation, cough due to 
phthisis, unnecessary sweating, cardiac fibrillation, osteoporosis, dysuria, and 
ligourea. Praval Bhasma is also an important ingredient of many formulations such 
as Sutika-bharana-rasa, Vasantakusumakara rasa, Muktapanchamrta rasa, Brihat 
vata chintamani rasa, Mahatarunarka rasa, and Brahmi vati. It contains CaO as 
main ingredient (Mishra et al. 2014). Praval Bhasma is well known to increase the 
intestinal absorption of calcium; it remains to be seen to what extent it would be 
useful in correcting the metabolic conditions that are beneficial and conducive to 
bone remineralization (Reddy et al. 2003).

17.7.2.13  Trivanga Bhasma

Trivanga Bhasma is a calcinated metal and mineral based on a trimetallic com-
pound used to treat diabetes and as diuretic and Napunasakta, Prameha, Ikshumeha, 
Vandhyatva, Swetapradara, Vata-Pitta dosha, and Shaktivardhaka. It contains ele-
ments like lead, zinc, and tin (Rasheed et al. 2014; Sharma and Singh 1987).

17.7.2.14  Shankha Bhasma

Shankha Bhasma derived from conch shell (Gastropoda, class: Mollusca) is used in 
the treatment of ulcers, dysentery, dyspepsia, indigestion, and jaundice. The con-
stituent of Shankha Bhasma is mainly silicate of magnesia. It induces dose- 
dependent protection against experimental gastric ulcers. It is known to have antacid 
property (Pandit et al. 2000).

17.7.2.15  Gemstone Bhasma

Bhasmas based on gemstones, mica, and diamonds find much importance in 
Ayurveda, but their incineration process is very important. For example, mica 
(Abhraka) is believed to be an excellent rejuvenator for the lungs and for Rasa 
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Dhatu. Vaikrant alleviates excess Vata-Pitta-Kapha, increases vitality, and can be 
used as a substitute of diamond Bhasma. Jahar Mohara is a mineral stone, also 
called magnesium silicate and green in color. It is commonly used to neutralize 
poisonous effects of snakebite, causing vomiting, and is mostly recommended by 
Unani physicians. Some physicians have used it for heart palpitation, nervousness, 
depression, and irregular heartbeats (Kumar et al. 2006).

17.7.2.16  Muktashukti Bhasma

Muktashukti Bhasma is a compound consisting of pearl (moti), Aloe vera Linn (Guar 
Patha), and vinegar (kanji). The compound is prepared from the outer covering of the 
shell (pearl oyster), ground and triturated with Aloe vera and vinegar in sufficient 
amount to make a homogenous paste. Recommended proportions of pearl oyster and 
Aloe vera are in the ratio of 1:4. Medicinal properties have been attributed to this 
preparation in ancient Ayurveda and Unani systems of medicine. Muktashukti 
Bhasma is used in treatment of tuberculosis, cough, chronic fever, conjunctivitis, 
abdominal discomfort, biliary disturbances, asthma, heart disease, vomiting, acidity, 
dyspepsia, dysmenorrhea, general weakness, arthritis, rheumatism, and musculo-
skeletal disorders. It is recommended in a dose of 125–375 mg twice or thrice daily 
in treatment of abovementioned disorders (Chouhan et al. 2010; Parmar et al. 2012). 
Recent studies have shown that adding heated oyster shells to the diet of elderly 
patient increased the bone mineral density of the lumbar spine. It is one third to one 
half as potent as anti-inflammatory as the amino salicylic acid. Further, even as 
Muktashukti Bhasma is widely used for its antipyretic activity, there are no scientific 
reports on antipyretic activity of Muktashukti Bhasma (Dubey et al. 2009). Chemically 
Muktashukti Bhasma consists of calcium carbonate, calcium phosphate, aluminum 
oxide, magnesium oxide, and organic matter. Its ash or paste is used in ancient 
Ayurvedic medicine to manage various gastric disorders (Chouhan et al. 2010).

17.7.2.17  Varatika Bhasma

Varatika Bhasma is a herbo-mineral formulation coming under the holistic concept 
of Ayurveda. It is identified as the outer shell of sea animal Cypraea moneta Linn or 
commonly known as money cowry (Rasheed and Shivashankar 2017). It occurs in 
the coastal areas of the sea (Figs. 17.2 and 17.3). Cypraea moneta is commonly 
known as the money cowry (Fig. 17.4). Chemically it is carbonate of calcium (Pal 
et al. 2014).

17.7.2.18  Kasisa Bhasma

Kasisa Bhasma is described very briefly in some of the most valuable Rasa 
Gransthas including Rasa Tarangini, Rasaratna Samuchchaya, and Ayurveda 
Prakasha (Rajput and Tekale 2011).
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Fig. 17.2 Varatika (before 
purification) (Source: Pal 
et al. 2014)

Fig. 17.3 Varatika (after 
purification) (Source: Pal 
et al. 2014)

Fig. 17.4 Varatika 
Bhasma (Source: Pal et al. 
2014)
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Ayurvedic Bhasmas: Toxicity Issues

Ayurvedic medicines are used widely in India; in spite of that, their long-term 
safety is till date a question due to presence of toxic metals in them. The American 
medical research community has sounded a heavy metal warning against Ayurvedic 
cures. Manufacturers of Ayurvedic medicines are now facing different problems 
such as inferior quality of raw material, lack of authentication of raw material, 
nonavailability of standards, deficiency in proper standardization method for sin-
gle drugs and formulations, and no quality control parameters. The use of inferior 
grade of raw material, adulteration, and deviations in standard manufacturing 
practice either intentionally or unintentionally leads to the production of inferior 
quality products, which not only rise the concern over the efficacy but also the 
safety. Because of widespread use of Ayurvedic medicines, it has become neces-
sary to lay down stringent parameters to ensure batch to batch consistency and 
reproducibility (Pal 2015).

The use of metals in medicine is often associated with the question of toxicity. 
Many studies have so far clearly shown that these are nontoxic but exhibit free 
radical-scavenging activity because of their antioxidant property. The Bhasmas are 
associated with organic compounds and show significant increased superoxide dis-
mutase and catalase activity, two enzymes that reduce the free radical concentration 
in the body. The preparation and purification of Bhasmas undergo elaborate tradi-
tional purification procedures and are well mixed with extracts of herbs, fruits, 
juices, and so forth. The presence of irrelevant elements present at minor or trace 
levels is the result of the medium in which they are prepared and, thus, might help 
in enhancing their potentiation. Metallic preparations offer some advantages over 
plant drugs by virtue of their stability over a long period, lower doses, easy stor-
ability, and sustained availability. These have been in use since ancient times and are 
still considered useful. However, strict quality control by using contamination-free 
raw materials is necessary (Kumar et  al. 2006). Nanoparticles can have many 
adverse effects at the cellular level. Adverse outcomes may include organelle or 
DNA damage, oxidative stress, apoptosis, mutagenesis, and protein up-/downregu-
lation. Interestingly, according to some reports, gold nanoparticles have been 
claimed to be “nontoxic” in nature. In Ayurveda structural and chemical transforma-
tion of metal into metal compounds (Bhasma) which are bioabsorbable is the main 
objective of marana. Ayurvedic practices aim to avoid toxicity and adverse effects 
of these products (Rathore et al. 2013).

17.8  Toxicity of the Metal Nanoparticles

Heavy metals in Ayurvedic formulations have been used for centuries with claimed 
effectiveness and safety. However, concerns are often raised about the toxicity due 
to heavy metals used in Ayurvedic formulations. On the basis of preference, 18.7 % 
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of the population uses Ayurveda for normal ailments, 7.1 % in case of sickness, and 
5 % in case of serious ailments. A report by the World Health Organization (WHO) 
indicates that many people in developing countries still rely on herbal medicine. 
Majority of people believe that herbal medicines are safe and nontoxic, unlike mod-
ern chemotherapeutic agents. Individuals usually use herbal medicine for prolonged 
periods to achieve a desirable effect (Sengupta et al. 2014).

In Rasa Shastra, the metals and the minerals are also termed as “Dhatus” and 
“Updhatus” because of their definite role in biological systems, i.e., they can sus-
tain body tissues by supplementing some of the essential elements to the tissues, 
whose deficiency causes many unwanted problems or disease in the body. The 
available Ayurvedic literature emphasizes the need of metals in maintaining the 
metabolic equilibrium of the human body. These metals are mercury, gold, silver, 
copper, iron, tin, lead, zinc, etc. Any deficiency, excess, or imbalance in the com-
position of these metals leads to certain metabolic and anabolic disorders. 
Equilibrium state of metals in the human body provides the basis for strong immu-
nity. Therefore, any imbalance in the composition of these metals can cause dis-
eases, and equilibrium of these metals is seen as a preconditioning for a normal 
immune defense and general health. Each time before burning, the metallic pow-
ders are processed with fresh herb juices to neutralize their toxicity. One of the 
numerous tests the Bhasma has to pass through is called “Varitar” which means the 
Bhasma, once ready for internal use, floats on water indicating nonexistence of 
heavy metal in it. The “Bhasma” is then transformed to compound formulas by 
mixing herbal powders. Special herbal juices are used for processing the com-
pound formula for no more toxic metals and for nontoxic herbo-metallic com-
pounds (Kumar and Gupta 2012).

In a study it has been shown that metal oxide nanoparticles of with particle sizes 
ranging from 30 to 45 nm have a significant toxicity effect on mammalian cells. 
Study data indicate toward a more serious concern and issue of teratogenic toxicity 
exhibited by these particles, which needs to be addressed further carefully before 
these particles become a part of our day-to-day medicine and other products. 
Human exposure to nanoparticles can cause severe risks in terms of health, and 
therefore toxicity issues should be avoided by chemical approaches such as by sur-
face treatment, functionalization, and composite formation. Immune response of 
nanoparticle exposure is another perspective of nanoparticle interaction that needs 
to be studied in detail since nanoparticles have immunomodulatory potential and 
also to stimulate or to suppress the immune system. However, both conditions are 
undesirable, and the successful nanoparticle-based therapeutics should avoid 
immunostimulatory or immunosuppressive reactions to the nanomaterials once 
administered into the body. Nanoparticles can penetrate deeply into the body, hav-
ing larger surface area because of small size, and possess charge on their surface; 
therefore, they can cause a greater inflammatory response. Mercury toxicity leads 
to Alzheimer’s disease, Parkinson’s disease, gastrointestinal symptoms, renal dys-
function, and neuropsychiatric abnormalities. According to Ayurvedic literature, 
the toxic effects of Hg are neutralized in the presence of sulfur. Adaptogenic effects 
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(growth promoting, rejuvenating, and facilitating the learning process) on the cen-
tral nervous system (CNS) in small doses of 15 mg/kg have been reported. The 
most renowned of all Hg preparations is Makaradhwaja, which acts as rejuvenator 
(Kumar et al. 2006).

17.9  Physiologically Important Cofactor and Metal 
Nanoparticles

On a biochemical point of view, cofactors are defined as the ion or molecule which 
binds to the catalytic site of an enzyme, thereby rendering it active, and are capable of 
catalyzing cytotoxic reactions. Iron-containing enzymes are mononuclear in nature 
utilizing molecular oxygen which transfers one or both oxygen atoms to substrates, 
catalyzing many processes including the biosynthesis of hormones, the metabolism 
of drugs, DNA and RNA base repair, and the biosynthesis of antibiotics. Magnesium 
is an important consistent controller of glycolysis and Krebs cycle. Copper exhibits 
different spectroscopic and chemical properties due to its different ligand environ-
ments and coordination number, thereby contributing in various biological processes. 
Zinc is an essential component of many enzymes involved in many metabolic reac-
tions, thus playing an important role in biological activities (Sengupta et al. 2014).

17.10  Metal Nanoparticles and Physiological Implications

Nanoparticles are just not part of a molecular chess game but have potentially 
evolved as prodigious tools to interact with biological systems. Nanomedicines and 
nanotherapeutics are presently hot topics in the researcher’s domain owing to their 
versatile application opportunities and molecular signatures. Uptake of nanoparti-
cles into a broad variety of cells seems to be specific for materials in the range of 
50–200 nm. Cellular uptake of nanoparticles has been seen to depend on size, sur-
face properties, cell type, and endocytic pathways, enabling optimization of label-
ing and selection of cells and nanoparticles for applications in vitro and in vivo. 
Sunscreens containing metal oxide nanoparticles, mainly zinc oxide, appear trans-
parent on the skin, provide excellent protection against sunburn caused by UV radi-
ation, and are readily absorbed by the skin (Sengupta et al. 2014; Mukkavalli et al. 
2017). A study is conducted on the elemental and structural characteristics of the 
traditional Indian medicine, Rajat Bhasma with an average particle size of 350 nm. 
The PXRD pattern in combination with the elemental analysis indicates a complex, 
heterogeneous, and nonsymmetric arrangement of atoms within the Bhasma. 
Interaction of these nanoparticles with the different types of biological systems sug-
gested that the Bhasma is nontoxic to cells compared to pure silver nanoparticles 
and facilitates transportation of small and large molecules across epithelial cell 
monolayer, probably through loosening cell-cell tight junctions.
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17.11  Metal Nanoparticles and Biological Applications

Using materials at the nanoscale level provides a range of modification flexibility 
based on requirements in the biomedical field. Nanoparticles as drug delivery agents 
not only targeted drug release but also monitor release beside with two or more 
drugs to give combined effects, lesser side effects, extended half-life of the drug in 
the systemic solution, and better solubility. Several physiologically important met-
als for the human body like iron, iron oxides, copper, cobalt, and zinc have found an 
application in biomedical science. Zinc and zinc oxide nanoparticles are extensively 
used in sunscreens, biosensors, and cancer therapy and show no adverse effects. The 
most abundantly used nanoparticle is gold, a recent craze among the researchers, 
owing to its unique optical signature, flexibility in changes of its properties, easy 
synthesis, easy surface modification, surface plasmon resonance, fluorescence, and 
chemical stability, which makes it a potential candidate in the field of biomedical 
science. It is obvious that in recent years iron and iron oxide nanoparticles are the 
most abundantly used nanoparticles in the biomedical field. On the basis of their 
excellent properties for qualifying them as potential biomedical tools at the 
nanoscale level, iron is also physiologically important to the human body. The other 
elements such as zinc, cobalt, manganese, selenium, and magnesium are also syn-
thesized and are also of physiological importance. Therefore, these metal nanopar-
ticles can be healthier candidates for biological tools and medicines owing to their 
human body compatibility and acceptability. Even combinations of physiologically 
important metals and their use in biomedical science, diagnostics, and medicine 
may counter the possibilities and limitations of metal toxicity and body rejection 
(Sengupta et al. 2014).

17.12  Conclusion and Future Perspectives

Nanotechnology is beginning to the change the scale and methods of vascular imag-
ing and drug delivery. Indeed, the NIH roadmap’s “Nanomedicine initiatives” envis-
age that nanoscale technologies will begin to produce more medical benefits within 
the next 10 years. This includes the progress of nanoscale laboratory-based diagnos-
tic and drug delivery platform devices such as nanoscale cantilevers for chemical 
force microscopes, microchip devices, nanopore sequencing, etc. The National 
Cancer Institute has related programs too, with the goal of producing nanometer 
scale multifunctional entities that can diagnose and deliver therapeutic agents and 
monitor cancer treatment growth. These include design and engineering of targeted 
contrast agents that improve the resolution of cancer cells to the single cell level and 
nanodevices competent of addressing the biological and evolutionary diversity of 
the multiple cancer cells that make up a tumor within an animal (Sujatha et al. 2016).

At present there are three types of Bhasmas: metal based, mineral based, and 
herbal based. In the future this composition of Bhasma can be modified, or new 
composition of Bhasma can be introduced. The method of manufacturing of Bhasma 
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can be modified or improved for better quality and nano-property. Future applica-
tion of this nanomedicine “Ayurvedic Bhasma” is immense in the field of healthcare 
and treatment. But official guidelines have to be set regarding standardization, tox-
icity and safety studies, mass production issues, labeling rules, clinical studies, and 
others.

Nanotechnology of tomorrow, to become a next-door technology in our day-to- 
day life, needs concern and justification about its physiological acceptability and 
compatibility. A few recommendations and improvements based on biological rec-
ognition of these particles can heighten the therapeutic potential and use of them, 
making them a part of our regular life:

• While designing nano-based products used as a part of human health, more stress 
should be given to physiologically important metals, which can simply be 
accepted by the body system, avoiding unnecessary toxicity and being more 
compatible.

• Studies on biodistribution, retention, and clearance of these particles should be 
one of the important concerns.

• Need to appraise the role of physiologically important metals, which form an 
important part of cofactors, and vitamins required for normal physiological 
function.

• The physiologically important metals which, when used in nanoforms, can be 
administered along with dietary supplements such as vitamins.

• Initiatives of designing nanoparticles with two or more metals can be probably 
better by having multi-domain action.

• Even while designing particles with elements more suitable to the body, it should 
be kept in mind that the total therapeutic system and intake should not exceed the 
value of recommended dietary intake, which may elevate unnecessary questions 
of toxicity.

• Initiatives of minimizing toxicity should be taken while synthesizing metal 
nanoparticles. This can either be done by modifying or functionalizing the 
nanoparticle to make it more attuned and less toxic.

• Conventional physical and chemical methods of nanoparticle synthesis can be 
replaced by synthesizing nanoparticles from biological synthesis, “green synthe-
sis,” which would be devoid of toxicity and have more body tolerability.

• It would be better if a comparative study on the bulk and nanomaterial of the 
same dose, route, and other standard physiologic conditions is studied, which 
will help in developing better nano-based drugs.

• There is a need to reestablish the RDA requirement of humans based on the 
metal nanoparticle needs of the body.

• A technology and its development can only be successful if both the good and 
dark side are countered simultaneously, along with keeping in mind the biologi-
cal aspect, because eventually the technology-based products have to be finally 
implemented in living systems. A multidisciplinary field like nanotechnology 
therefore needs special attention in every perspective, especially on the physio-
logical point of view for its success.
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Chapter 18
Gold Nanoparticle Biodistribution 
and Toxicity: Role of Biological Corona 
in Relation with Nanoparticle Characteristics
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Abstract It has long been acknowledged that parameters such as nanoparticle size, 
shape, and surface charge play distinct roles in the way nanomaterials interact with 
their surrounding biological environment. However, the importance of a nanoparti-
cle’s biological corona and the magnitude of its effect have become subject of recent 
attention. For the purpose of this chapter, we intend to consider the biological 
corona as the layer of organic molecules, typically proteins, derived from biological 
systems that bind to nanoparticle surfaces when nanoparticles are exposed to a bio-
logical environment. The protein corona has profound implications on cellular 
uptake and toxicity of gold nanoparticles (AuNPs), though a deeper understanding 
of the properties that govern corona formation would provide a greater opportunity 
for scientists to create tailored AuNPs for specific applications. Specifically, the 
information provided in this chapter predominantly deals with AuNPs; however 
these principles are likely to be extended to other nanomaterials.
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18.1  Introduction

It is thought that the protein corona confers a nanoparticle its biological identity, 
whereby cellular interactions take place based on the abundance and conformation of 
proteins bound on the particle’s surface, rather than the bare surface itself (Lundqvist 
et al. 2004; Alkilany et al. 2009; Carnovale et al. 2016). However the properties of 
the underlying AuNP – that is, its size, shape, surface charge, and subsequent func-
tionalization  – are thought to have a bearing on the eventual corona that forms 
(Fig. 18.1) (Casals et al. 2011; Rahman et al. 2013). Using this knowledge, it may be 
possible to design AuNP-based therapies which target specific cell types and cellular 
locations or, indeed, even evade cellular uptake, by linking these material properties 
with coronal formation behavior. This chapter therefore attempts to correlate the 
effect of modifications in AuNP size, shape, and surface characteristics with protein 
corona formation.

The so-called protein corona is the term given to the protein-rich coating that is 
formed at the nanoparticle surface, during a process which commences almost 
immediately upon the introduction of inorganic materials such as AuNPs to biological 
fluids (Lynch et al. 2007; Casals et al. 2010; Mahmoudi et al. 2011; Wolfram et al. 
2014). The immediate phase, which is often invoked within seconds, involves the 

Fig. 18.1  Different physico-chemical properties of gold nanoparticles (AuNPs) that may influ-
ence their interaction with proteins. Reprinted with permission from (Carnovale et al. 2016) 
Progress in Materials Science
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creation of a soft corona (Fig. 18.2). During this initial period, highly mobile proteins 
within the surrounding environment decorate the surface of the particle. Over a 
longer time scale, via means of Vroman’s effect, these initial proteins are displaced 
by others (Ehrenberg et al. 2009). In what is deemed the hard corona, proteins which 
possess greater affinity for the surface of the particle replace the loosely bound 
species to form a more stable complex.

This kinetic process ensures that the nature of the corona will transition over 
time, with respect to the species bound and their relative abundance on the surface. 
While initially several hundred protein species may compete for a place on the 
particle’s surface as part of the soft corona, it is thought that the hard corona has a 
more simplified composition, comprising approximately 10–50 different proteins 
(Mahmoudi et al. 2011). Most commonly, these proteins include albumin, immu-
noglobulin G, fibrinogen, and apolipoproteins due to their abundance in the blood. 
However, it should be noted that their concentration within the blood does not 
necessarily reflect their relative concentration within the corona (Rahman et  al. 
2013).

To observe the interplay between such proteins and nanomaterials in vitro, 
models employing bovine serum albumin (BSA) or human serum albumin (HSA) 
are often used (Lacerda et al. 2010; Sen et al. 2011; Boulos et al. 2013; Khan et al. 
2015). Both systems allow observation of the interactions which occur between 
nanomaterials and serum albumin, which is normally produced by the liver and 
makes up approximately half of the total serum proteins found in vivo. This more 
simplified system allows researchers to create predictions for the behavior of AuNPs 
at the biological interface. Due to the complexities of these interactions, the vast 
majority of studies carried out to date have been on simplified in vitro systems, 

Soft corona

Hard corona

Nanoparticle

Fig. 18.2 Schematic representation of the progressive formation of the soft and hard coronas 
around a nanoparticle surface. Reprinted with permission from (Wolfram et al. 2014) Colloids and 
Surfaces B: Biointerfaces
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while in vivo studies in this area are notoriously difficult to interpret and relatively 
scarce (Hadjidemetriou and Kostarelos 2017).

While it is logical to expect that changes in the physical nature of the particles 
will affect the way in which proteins interact with AuNPs at the nanoscale, one of 
the most pertinent questions that arises is how this knowledge could be exploited for 
the development of AuNP-based therapeutic and diagnostic tools. While therapies 
incorporating AuNPs may take many forms, some of these therapies may require 
extended circulation time for optimal efficacy and must therefore be designed to 
avoid initiation of an immune response (Aggarwal et al. 2009; von Maltzahn et al. 
2009). Such a response would eventuate in the capture of AuNPs by specific sys-
tems which operate to remove foreign material from the body, such as the reticulo-
endothelial system (RES) or the mononuclear phagocyte system (MPS) (Mosqueira 
et al. 1999; Pastorino et al. 2007; Jones et al. 2013). Specific proteins called opso-
nins circulate within the blood to act as signalers for the immune system, and upon 
locating an AuNP, their resultant binding – known as opsonization – may result in 
clearance of the particles from the body (Gref et al. 2000; Moghimi et al. 2001; 
Soppimath et al. 2001; Jones et al. 2013). Known opsonins include but are not lim-
ited to immunoglobulins (IgG and IgM) as well as specific complement proteins, 
such as C3, thrombospondin, and fibrinogen. Naturally the human body is capable 
of an equal and opposing process, known as disopsonization, whereby specific pro-
teins are capable of having the opposite effect. An example of such a protein is 
albumin; however one of the most commonly used artificial disopsonins is polyeth-
ylene glycol (PEG). Employed by researchers for decades to improve biocompati-
bility, coating an object in PEG macromolecules or PEGylation makes it possible to 
decrease the extent of protein adsorption, thereby diminishing the risk of opsoniza-
tion (Romberg et al. 2008; Jokerst et al. 2011; Jones et al. 2013).

Through a combination of well-known practices and newly emerging research 
related to the effect of various AuNP traits on protein corona formation, researchers 
will be able to optimally craft AuNP-based therapies which carry the characteristics 
necessary for their success. Said relationships are invariably complicated, and as 
such a critical review of the current state of research is necessary to establish the 
current level of understanding in this area. Therefore, the overall aim of this chapter 
is to correlate the effect of modifications in AuNP size, shape, and surface charac-
teristics with the formation of protein corona on the nanoparticle surface.

18.2  Establishing a Relationship Between Gold Nanoparticle 
Size and Protein Corona Formation

In general, an observable difference has been noted in the protein-binding behavior 
of AuNPs of different sizes. More specifically, however, changes in the degree of 
curvature present on the surface of spherical AuNPs are thought to be responsible 
for the differences observed (Lundqvist et al. 2004; Chithrani and Chan 2007; Klein 
2007; Casals et al. 2010; Benetti et al. 2013). When considering spherically shaped 
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particles, the concept of size can be thought of not only as an increase in the particle 
diameter as the particle gets larger but also a decrease in surface curvature. This 
effect can be examined by comparing the binding which occurs on the surface of 
spherical AuNPs with the binding of proteins onto flat gold surfaces. At this point, 
it may again be noted that such size-dependent effects appear to be relevant to all 
nanoparticles, regardless of their elemental composition.

As an evidence of this point, Chah et al. (2005) studied the binding of yeast iso- 1- 
cytochrome c (Cyt c) onto the surface of 19 nm AuNPs as well as flat Au films to 
monitor the conformational changes that proteins undergo upon binding to various 
Au surfaces. While the group observed Cyt c undergoing reversible conformational 
changes after binding to the flat Au supports, the same was not observed after binding 
to the surface of the spherical AuNPs. While the exact reason behind this difference 
was not established, it can be understood that differences in the geometry of the Au 
surfaces may either permit or prohibit certain proteins from binding, depending on 
their own three-dimensional constraints (Karajanagi et  al. 2004; Lundqvist et  al. 
2004; Roach et al. 2006). Furthermore, upon binding, the amount of surface curva-
ture may dictate the degree to which the protein is able to contact and effectively bind 
to the particle surface (Saptarshi et al. 2013). This determines not only the stability 
of the protein in its bound position but also has implications on the protein function-
ality (Fig. 18.3). In the case of Cyt c, it appears that the binding of the protein to 
surfaces of a particular curvature may diminish protein functionality by inducing 
conformational or structural changes.

In an effort to understand the implication of AuNP size on the species of proteins 
which bind, Dobrovolskaia et al. incubated citrate-stabilized 30 and 50 nm AuNPs 
with plasma proteins (Dobrovolskaia et al. 2009). While this study could not discern 

Fig. 18.3 Schematic representation of the likely outcomes that affect protein structure and func-
tion after their binding to an AuNP surface. Reprinted with permission from (Saptarshi et al. 2013). 
Licensed under CC BY 2.0
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a size-dependant effect on the amount of bound protein (even after normalizing the 
dose of the particles for surface area), the findings from this study indicate that 30 nm 
AuNPs bound a larger range of protein species. This study identified 48 individual 
proteins on the surface of the 30 nm AuNPs as compared to 21 proteins on the 50 nm 
particles. Furthermore, despite fibrinogen being found to be the most abundant protein 
on both AuNPs, there were only 14 proteins common to both particles. These findings 
indicate that certain proteins may preferentially bind to particles due to their size or 
surface curvature which will, in turn, have implications on the kinetics, distribution, 
and clearance of particles within and from the bloodstream in vivo.

Due to their antimicrobial activity, the use of silver nanoparticles as a coating 
material for implantable medical devices has been a subject of much research (Sondi 
and Salopek-Sondi 2004; Davoudi et al. 2014). Despite this, Durán et al. have noted 
a significant gap in the literature, whereby the interaction of silver nanoparticles 
with plasma proteins has gone relatively unreported (Durán et al. 2015). The review 
highlights the need for further investigation in this area by discussing an interesting 
study which showed key differences in the interaction of normal and cancerous 
human plasma with silver nanoparticles. In the study performed by Feng et al. using 
surface-enhanced Raman spectroscopy (SERS), the group was able to distinguish 
the behavior of cervical cancer plasma proteins by measuring the intensity of the 
SERS peak after incubation with silver nanoparticles (Feng et al. 2013). The Raman 
feature generated from the amide I band of human serum albumin (HSA) was found 
to be more intense due to increased expression in the relative amount of proteins in 
the α-helix conformation, which highlights that specific protein corona variations 
can be detected in a cancerous environment. For further discussion on the relation-
ship between silver nanoparticles and the evolution of the protein corona, we refer 
the readers to Durán et al. (2015).

This idea of a personalized protein corona, which varies depending on the pathol-
ogy of the patient, was reviewed by Corbo et al., highlighting the unique protein bio-
markers that accompany common diseases such as cancer, inflammation, and diabetes 
(Corbo et al. 2017). The clinical relevance of this occurrence is yet to be exploited, 
which the group related to the difficulty of understanding nano-bio interactions.

In another study utilizing similar citrate-stabilized AuNPs but of sizes ranging 
from 4 to 40 nm, Casals et al. probed the effect of size on the timing of the evolution 
of the protein corona in cell culture conditions, i.e., cell culture media supplemented 
with fetal bovine serum (Casals et al. 2010). The group found particles of 10–40 nm 
forming an albumin-rich protein corona, while the smallest particles (4 nm) did not 
form a corona, despite extended incubation in serum protein. A high concentration 
of albumin bound on the surface of AuNPs may indicate that the particles would 
likely avoid initiating an immune response if used in vivo; however further work 
would be required to substantiate this. Furthermore, interesting differences were 
observed between the stability of the protein coronas which formed on the 10 and 
40 nm AuNPs. While the 10 nm AuNPs were capable of forming an initial soft 
corona, which transitioned to permanent hard corona over time, the 40 nm particles 
possessed a hard corona that was by comparison both less dense and less persistent. 
This study inferred that the 10 nm AuNPs were capable of generating the optimal 
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protein coverage for evasion of the immune system and might be the ideal size for 
AuNP-based therapies which require this characteristic.

Encompassing a wider size range of citrate-stabilized AuNPs ranging from 5 to 
100  nm, Lacerda and coworkers investigated similar AuNP-protein interactions 
(Lacerda et al. 2010). While the group observed binding of blood plasma proteins to 
all sizes examined, the trends indicated stronger binding and a thicker coating of 
proteins with increasing AuNP size (Fig. 18.4). The trend was shown to be size 
dependent up to approximately 50 nm, after which saturation was encountered. The 
group reasoned that the larger AuNPs were able to more efficiently organize and 
“pack” proteins bound to the surface. Conversely the cooperativity of binding, i.e., 
the affinity of a particular protein for a nanoparticle after the binding of successive 
proteins, was shown to decrease with AuNP size in most cases.

Seeking to develop AuNPs with optimal properties for in vivo applications, 
Walkey et al. explored the relationship between AuNP size and PEG grafting den-
sity (Walkey et  al. 2012). The group synthesized citrate-stabilized AuNPs of 
15–90 nm size and subsequently grafted 5 kDa PEG molecules with grafting densi-
ties ranging from 0 (ungrafted) to 1.25 PEG/nm2. While the ability of PEG to assist 
in evasion of the MPS is well documented, the specific parameters that control this 
effect are not fully understood. Macrophage uptake could not be completely 
avoided; however the grafting density of PEG, and AuNP size, were found to impact 
on the degree of AuNP uptake by macrophages. As expected, high-density PEG 
grafting was more effective in blocking macrophage uptake due to blockage of 
serum protein absorption onto the AuNP surface. Additionally, decreasing AuNP 
size and therefore increasing curvature on the particle surface led to an increase in 
the amount of serum proteins adsorbed. It was speculated by the authors that through 
controlling these two parameters, the degree of macrophage uptake may be poten-
tially manipulated for optimal therapeutic gain.

Fig. 18.4  Graphical representation of the increasing protein binding trends with an increase in 
AuNP size. Adapted with permission from (Lacerda et al. 2010). Copyright 2009 American 
Chemical Society
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While the majority of AuNP size-dependent studies have been performed on 
spherical AuNPs, a small body of work exists relating to rod-shaped AuNPs. By 
changing the size, or more specifically the aspect ratio of the gold nanorods 
(AuNRs), Chithrani and Chan examined the effect of multiple parameters on cel-
lular uptake and clearance – taking note of the role of the protein corona in this 
environment (Chithrani and Chan 2007). By synthesizing transferrin-coated 
AuNRs of aspect ratios 1 (spherical), 1.5, 3.5, and 6, the group noted a reduced rate 
of AuNP uptake with increasing aspect ratio. This trend can potentially be related 
back to the differences in protein-binding behavior which occur on AuNRs of dif-
ferent aspect ratios. It was found that rods with a lower aspect ratio displayed a 
higher degree of protein binding when compared to rods with higher aspect ratios. 
Returning to the idea of curvature playing a strong role in protein-binding activity, 
in this case, the increased curvature found on the extremities of low-aspect ratio 
rods was hypothesized to be responsible for the trend. Furthermore, this study 
noted that a higher degree of curvature in this case leads to more strongly bound 
surface proteins.

While there has been a great volume of research activity around AuNPs, we are 
currently unable to say if results obtained using a specific cell line are predictive of 
the behavior of the same AuNP with another cell type. Recently, Cheng and cowork-
ers explored the difference in behavior of phagocytic and non-phagocytic cells 
interacting with differently sized PEG-coated spherical AuNPs (5–50 nm) (Cheng 
et al. 2015). This study noted that particles of 50 nm are preferred candidates for 
cellular uptake. By performing experiments in the absence and presence of serum 
proteins, a commonly documented trend showing decreased levels of particle uptake 
in the presence of serum was observed. However, this trend was found to be both 
size and cell type dependent, being more pronounced for larger particles and in 
phagocytic cells (Fig. 18.5).

These results illustrate one of the greatest challenges faced by researchers work-
ing on in vitro testing of AuNPs and indeed of nanomaterials in general. The diffi-
cult nature of grouping results to extrapolate the knowledge we currently possess 
and apply it in varied conditions dictates that each material be tested individually 
and in a variety of settings. It is easy to see that this approach is both labor and time 
intensive. In the attempt to relate AuNP size and protein corona formation, general 
trends have been observed, most evidently the ability of AuNPs with increased cur-
vature to accommodate proteins with greater ease on their surface.

18.3  Establishing a Relationship Between Gold Nanoparticle 
Shape and Protein Corona Formation

While arguably holding equal importance to the effect of size, the effect of shape on 
the evolution of a protein corona around AuNPs is less understood. Spherical 
nanoparticles are often seen by researchers as a logical starting point for biological 
studies, and thus, there are markedly fewer studies performed on AuNPs of differing 
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shape. Furthermore, synthesizing AuNPs of varying shape brings an additional 
layer of complexity to the synthesis process, particularly when doing comparative 
studies. For the observation of true shape effects, parameters such as chemical struc-
ture, surface charge, and, to an extent, surface area must be kept constant. In this 
way, only systematic studies which keep these factors constant while solely varying 
the particle shape can be treated as true indicators of the effect of AuNP shape on 
protein corona formation. From the small pool of studies conducted, it has been 
observed that the geometric properties that determine shape such as curved 

Fig. 18.5  Comparison of size-dependent nanoparticle uptake in phagocytic and non-phagocytic 
cells in the absence or presence of serum supplemented media (c-DMEM). Adapted with permis-
sion from (Cheng et al. 2015). Copyright 2015 American Chemical Society
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surfaces, planar sides, sharp edges, corners, ridges, and pores affect the way in 
which proteins interact with a given particle (Fig. 18.6). The relationship does not 
appear to be governed by general rules but rather by the specific nature of each pro-
tein and nanoparticle. In this way, geometric features have been described as exhib-
iting both blocking and assistive effects for the binding of proteins depending on 
protein size and conformation (Mahmoudi et al. 2011).

Due, in part, to the difficulty of performing highly precise systematic studies in 
vitro, in silico simulations are utilized as a predictive tool to observe the way in 
which different shaped AuNPs and proteins may interact. Ramezani and coworkers 
performed a dynamic simulation study to probe the interaction of HSA binding to 
cubic and spherical AuNPs (Ramezani et al. 2014). The study maintained the com-
mon idea that curved surfaces such as those found on spherical AuNPs better 
accommodate the binding of HSA molecules. Furthermore, this study calculated 
the distance which would theoretically separate the protein molecule from the 
AuNPs should they interact. These calculations determined that HSA molecules 
are indeed able to position closer to the surface of a spherical particle when com-
pared to the cubic particle. However despite the increased distance, the planar sur-
faces which confine the cubic particle cause the albumin to unfold, generating 
structural changes much more strongly than spherical AuNPs. These results high-
light the possibility that shape can elicit effects on secondary protein structures and 
may therefore be capable of altering the activity of proteins as they attempt to bind 
to the particle surface.

Fig. 18.6 Molecular simulation studies of protein binding on different shapes of AuNPs. Reprinted 
with permission from (Li et al. 2015). Copyright Royal Society of Chemistry
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Carefully controlled in vitro experiments, such as those by Gagner and cowork-
ers, examined the effect of shape on binding with two specific enzymes – lysozyme 
and α-chymotrypsin (Gagner et al. 2011). The study attempted to facilitate compa-
rability between the synthesized particles (rods and spheres) by performing surface 
functionalization to provide similar surfaces to both shapes, despite variations 
which occurred during the synthesis. Lysozyme showed a minor loss of secondary 
structure upon binding to both particles, which subsequently caused particle aggre-
gation and led to a major loss of activity. While α-chymotrypsin was able to pre-
serve its structure after interaction with both particles at low concentrations, at 
higher surface densities where a monolayer of protein was formed on AuNRs, this 
resulted in significant secondary structure disruption and loss of activity. However, 
if conditions permitted the development of multiple layers of coverage over the 
AuNR surface, α-chymotrypsin recovered its original activity level. Such results 
strongly indicate the effects that different shapes may exert on protein structure and 
function; however further work is required to understand the rules that govern these 
interactions. Overall it was noted that both proteins achieved higher binding densi-
ties on the surface of AuNRs as compared to AuNSs, which the authors concluded 
was due to the long cylindrical surface, which is comparatively flatter than that of 
the AuNS and accommodated a higher number of proteins with greater ease.

Adding an additional layer of complexity to this story, in publications first from 
Caswell et al. (Caswell et al. 2003) and then also Chang et al. (2005), a contrasting 
effect was reported. In both cases, the groups utilized AuNRs synthesized using 
CTAB for which it can be assumed that a residual bilayer of CTAB remains on the 
surface of the AuNRs, preventing agglomeration. Given Gagner’s hypothesis, we 
would expect preferential binding of proteins to the flat cylindrical surface of the 
rods; however in the case of AuNRs synthesized with CTAB, the CTAB molecules 
appear to tightly pack along these surfaces, preventing subsequent molecules from 
binding to this surface. Thus, both groups found that proteins preferentially bound 
to the ends of the rods, where it is thought that CTAB is unable to bind at a high 
density.

While there is undoubtedly more weight to support the notion of AuNP shape 
exerting some effect on protein adsorption, it is possible that the effect is less pro-
nounced or may not exist at all in some instances. This is evident from the research 
performed by Boulos et al. that examined the way BSA binds to AuNPs of different 
shapes (Boulos et al. 2013). The team synthesized AuNRs and AuNSs, surface func-
tionalizing both shapes such that they were either positively charged, or negatively 
charged, or neutral. While many surface charge-specific effects were observed, this 
study noted no difference which could be related to the shape of the particles. 
Similarly, Mirsadeghi et al. observed no shape-dependent effects in protein corona 
formation around CTAB-stabilized AuNRs and AuNSs (Mirsadeghi et  al. 2015). 
Thus it is understood that without the knowledge of the underlying mechanisms that 
determine these interactions, case-by-case investigations must be carried out. It is 
hoped that in this way, the factors that dominate these effects will become more 
apparent as the pool of research grows.
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18.4  Establishing a Relationship Between Gold Nanoparticle 
Surface Characteristics and Protein Corona Formation

While all AuNPs possess commonality in the context of sharing an inner gold core, 
the degree to which they may differ on the surface remains significant (Fig. 18.7). 
Surface coating and functionalization steps are commonly employed post-synthesis 
to influence biodistribution, alter circulation time, or increase biocompatibility 
(Gref et al. 2000; Rahman et al. 2013). When considering that it is the outermost 
surface of an AuNP that encounters the biological interface initially, it is unsurpris-
ing that these characteristics are thought to impact on the formation and composi-
tion of the protein corona.

It is in this area of AuNP design that researchers may have great influence on the 
fate of an AuNP after it enters the body. Research has long shown that without steps 
being taken to modify the surface of nanoparticle prior to its administration in the 
blood stream, the immune system will rapidly launch a response to clear and elimi-
nate the introduced particles (Gref et al. 1994). With this knowledge, a number of 
studies have been performed, not only to create surface coatings highly specific for 
the particle’s intended use but also to gain knowledge on the general principles that 
govern AuNP surface-protein corona interactions.

Casals et al. studied the effect of citrate-stabilized AuNPs which were modified 
to be either positively or negatively charged to determine the effect of surface charge 
on protein corona formation (Casals et al. 2010). Most interestingly, the particles 
which were modified with mercaptoundecanoic acid to provide a negatively charged 
surface were unable to form a hard or persistent protein corona despite prolonged 
incubation time. This effect was attributed to the repulsion of negatively charged 
proteins from within the cell culture medium. In contrast, aminoundecanethiol- 
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modified, positively charged AuNPs were capable of forming a soft corona which 
was persistent and highly stable.

The realm of AuNP surface modification is boundless, with modifications of 
increasing complexity being reported particularly for the development of AuNP- 
based therapies. While many applications of AuNPs will require evasion of the 
immune system, it can also be understood that certain applications will require 
increased cellular uptake or prompt clearance from the blood stream. One such 
study by Chinen and colleagues utilized spherical nucleic acid (SNA) nanoparticles 
possessing an AuNP core surrounded by a 3′ thiol-modified guanine-rich sequence 
(Chinen et al. 2015). The study determined that the modified structure of the oligo-
nucleotide affected protein corona dramatically in its composition. This altered pro-
tein coating was shown to significantly increase the uptake of AuNPs by 
macrophages.

The impact of protein adsorption on cellular uptake was also probed by Zhu and 
coworkers who synthesized four AuNPs, each possessing the same inner core, but 
bearing different functional groups to impart a wide spectrum of hydrophobicity 
levels (Zhu et al. 2012). When tested in the absence of serum, AuNPs had similar 
uptake levels; however when tested in serum-supplemented media, increased hydro-
phobicity led to decreased cellular uptake (Fig.  18.8). This supports many other 
studies which show decreased cellular uptake in the presence of protein. The authors 
reason that BSA binds to the particle surface with increased strength as the hydro-
phobicity of the particles increase. This presumably creates a repulsion between the 
negative charges present on BSA and the cellular membrane which leads to 
decreased levels of cellular uptake; however the authors also noted that other pro-
teins within the medium may also contribute to this effect.

Fig. 18.8 The correlation between increase in AuNP hydrophobicity and decrease in cellular 
uptake in the presence of serum. The properties of AuNP 1-4 are consistent but for increasing 
alkane chain lengths to confer varying degrees of hydrophobicity. Reprinted with permission from 
(Zhu, et al. 2012). Copyright Wiley-VCH
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The impact of the composition of the protein corona on biological behavior of 
nanoparticles has been investigated by several groups; however it must be stated 
that although changes in composition are reported, we are yet to know how to maxi-
mally exploit this effect to create particles that carry a specific composition of pro-
teins. Additionally, the effect on the biomolecule structure and activity after its 
incorporation into the protein corona is largely unknown. While Radauer-Preiml 
and coworkers were able to detect modulated immune reactions after conjugation of 
common allergens to 50 nm AuNPs as compared with exposure to the allergens 
alone, they were unable to report predictable or consistent results in this area of 
research (Radauer-Preiml et al. 2016). While the authors were able to conclude that 
allergen inclusion in the protein corona can increase protease activity and therefore 
change the process of allergen sensitization, numerous unknowns, including a high 
degree of allergic donor variability, made it challenging for the results to be clearly 
interpreted.

While clarity in this area may be seen in the future, current studies have uncovered 
a consistent message in the case of PEG-modified AuNPs with numerous  studies 
finding a correlation between the molecular weight of the PEG molecule used (or its 
chain length) and the amount of protein that is bound to the nanoparticle. In this case 
it is typically noted that using PEG with a high molecular weight leads to a particle 
which interacts less with proteins and forms a lower-density protein coating.

With this knowledge, Walkey et al. examined the difference in the compositions 
of the protein coronas that developed on the surface of AuNPs with citrate and PEG 
surface coatings (Walkey et  al. 2012). As expected, the citrate-stabilized AuNPs 
demonstrated a higher degree of interaction with plasma proteins (binding a greater 
number of proteins) as compared with the PEG-coated particles (Fig.  18.9). 
However, the compositional study yielded interesting results with respect to the 
levels of complement protein C3 on the surface of the particles. Complement pro-
tein C3 is an opsonin, known to increase macrophage response and the subsequent 
elimination of material from the bloodstream. In this study, when the bound fraction 
of complement component C3 protein was measured, it was found to be made up of 
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Fig. 18.9 Schematic representation of the effect of PEG density on AuNPs on their ability to 
adsorb serum proteins. AuNPs with increasing PEG density show reduced protein binding. Adapted 
with permission from (Walkey et al. 2012). Copyright 2012 American Chemical Society
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>30% w/w of total protein adsorbed onto the citrate AuNPs in contrast to <5% w/w 
on PEG-modified particles. These results add complexity to the effect of PEGylation, 
whereby it is unclear if reduced uptake of nanoparticles is due to decreased protein 
interactions or the formation of a specific protein coating which results in macro-
phage evasion. It is possible that the effect observed may be a combination of both 
actions; however further research is needed to clarify this argument.

The use of PEG as a nanoparticle surfactant is due to its ability to provide 
extended circulation times within the blood; however attachment of such molecules 
to the nanoparticle surface must be performed covalently, which is notably labori-
ous and difficult to control. Recently Muller et  al. devised a novel alternative to 
non-covalently coat the surface of nanoparticles with biodegradable polymeric sur-
factants derived from poly(phosphoester). The surface coating, which can be applied 
to a variety of nanoparticles, carries the ability to be easily tuned in terms of length 
and hydrophobicity to create nanoparticles with tailored surfaces to suit their spe-
cific purpose (Müller et al. 2017).

While the vast majority of protein corona studies are designed to investigate the 
behavior of AuNPs at the nano-blood interface, Mahmoud and coworkers investi-
gated protein corona effects at the nano-skin interface (Mahmoud et al. 2016). By 
using excised human skin samples, the group was able to investigate the behavior of 
AuNRs with particular respect to stability by using particles of different surface 
charges (positive, negative, and neutral). Findings suggested that positively charge 
AuNRs interacted with proteins released from the inner layers (dermis) to form a 
protein corona which resulted in rapid particle agglomeration. The lack of interac-
tion between negatively charged proteins and biomolecules allowed the neutral and 
negatively charged AuNRs to maintain their stability when in contact with the skin 
for up to 24 h. This outcome has large implications for the development of dermal- 
based nanotherapeutics, particularly for therapies that require the preservation of 
characteristic AuNR absorption spectrum, which was lost in the case of the cationic 
particles after agglomeration.

18.5  Conclusion and Future Perspective

It must be considered that research relating to the evolution and influence of the 
protein corona on AuNP uptake and toxicity is a relatively new field, and as such, 
the area is continually advancing. While we are yet to know exactly which param-
eters dominate in governing AuNP-protein interactions, certain trends are beginning 
to emerge from the research with an increasing clarity. Over time, it is hoped that 
these trends will solidify to become a guide for researchers developing novel AuNP-
based therapies. In this way, it will be possible to synthesize AuNPs possessing 
highly specific characteristics which predetermine their toxic effects, uptake con-
straints, and biodistribution in vivo. Overall, an increase in the commercialization of 
AuNP- based therapies is forecast to be the likely outcome.
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Chapter 19
The Local and Systemic Effects of Cobalt-
Chromium Nanoparticles on the Human 
Body: The Implications for Metal-on-Metal 
Hip Arthroplasty

James Drummond, Phong Tran, and Camdon Fary

Abstract Prostheses made from metal alloys have been successfully utilised within 
medicine for hundreds of years. Among these, cobalt-chromium (Co-Cr) alloys 
have seen extensive use in orthopaedic applications, including hip and knee joint 
replacements. Despite all the research and development that has gone into optimis-
ing these implants, however, a small proportion of them ultimately fail and require 
revision after a number of years. While the reasons for this are diverse, the reaction 
of metal nanoparticles to human tissues is a recognised complication of implanting 
these alloys within the body. This chapter explores the orthopaedic use of metal 
alloys within the human body as well as the local and systemic effects of these metal 
nanoparticles, with emphasis on large-diameter metal-on-metal hip replacements.
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Abbreviations

ALVAL Aseptic lymphocyte-dominated vasculitis-associated lesion
ARMD Adverse reaction(s) to metal debris
Co-Cr Cobalt-chromium
EDTA Ethylenediaminetetraacetate
MARS Metal artefact reduction sequence
MoM Metal-on-metal
MoP Metal-on-polyethylene
MRI Magnetic resonance imaging
SCENIHR Scientific committee on emerging and newly identified health risks
THA Total hip arthroplasty
THR Total hip replacement(s)

19.1  Introduction

Total hip arthroplasty (THA) is an extremely successful orthopaedic surgical inter-
vention performed most commonly to alleviate hip pain caused by osteoarthritis. 
Thought to originate in Germany in 1891, the operation involves replacing the 
native hip joint with a biomechanically similar prosthesis (Knight et  al. 2011). 
Throughout the years, different materials have been utilised for the components of 
the prosthesis, including ivory, glass, polyethylene, ceramic and metal. Each mate-
rial carries its own unique properties, with advantages and disadvantages. Currently, 
the most commonly implanted prosthesis consists of a metal femoral head atop a 
metal femoral stem that articulates with a polyethylene liner locked inside of a 
metal acetabular cup. The metal components of this prosthesis are usually made 
from cobalt-chromium-molybdenum alloys. Furthermore, the dimensions of the 
head, neck and cup can be manipulated to give the prosthesis different properties, 
such as reduced dislocation risk with larger diameter heads.

Large diameter metal-on-metal (MoM) total hip replacements (THR) have 
recently come under the spotlight for higher than expected revision rates (Australian 
Orthopaedic Association National Joint Replacement Registry 2016a). This issue of 
prosthesis failure is thought to relate to local and systemic reactions to the metal 
nanoparticles released from the prosthesis due to wear and/or corrosion (Fehring 
and Fehring 2015). The severity of these reactions is extremely varied and ranges 
from asymptomatic changes such as small cysts, all the way through to complete 
failure of a prosthesis with surrounding bony destruction (Scientific Committee on 
Emerging Newly Identified Health Risks 2014). Systemic reactions involving neu-
rological damage, hypothyroidism and/or cardiomyopathy have also been docu-
mented as a result of high circulating cobalt concentrations (Bradberry et al. 2014). 
Because of the often progressive and destructive nature of such complications, 
definitive management usually involves revision of the prosthesis to one without 
cobalt-chromium (Co-Cr) components.
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This chapter explores the biomechanics behind large-diameter MoM hip replace-
ments in order to explain the currently understood theory for these adverse reac-
tions. It details the pathophysiology behind local and systemic reactions and briefly 
touches on their diagnosis, including Co-Cr ion level testing. Finally, an overview 
of different options for management of such complications, including when to inter-
vene surgically, is described.

19.2  Metal-on-Metal Hip Replacements

The term metal-on-metal describes the articulation of the prosthesis, which consists 
of a metal femoral head atop a metal femoral stem, articulating with either a metal 
acetabular cup or liner within a cup. This is opposed to the more commonly utilised 
metal-on- polyethylene (MoP) hip replacements, which consist of a metal femoral 
head atop a metal femoral stem articulating with a highly cross-linked polyethylene 
liner that is locked within a metal acetabular cup, as previously described. MoM hip 
prostheses most commonly consist of Co-Cr alloys, often with trace amounts of 
molybdenum. These metals are selected because of their inert nature, tending not to 
react to biological tissues as commonly as other elements.

Metal articulating surfaces are utilised because of their low coefficients of fric-
tion, creating an extremely smooth surface, significantly reducing wear on the com-
ponents. Volumetric wear of MoM implants has been shown to be up to 60 times 
less than that of conventional metal-on-polyethylene articulating surfaces (Cuckler 
2005). MoM implants also allow for larger diameter femoral head components, 
which are thought to reduce both wear and dislocation risk (Cuckler 2005). Finally, 
osteolysis due to polyethylene particle reactions with surrounding bone is entirely 
avoided.

19.3  Issues with MoM Articulating Surfaces

All arthroplasties are subject to both wear and corrosion. Mechanical wear in THA 
generates free metal particles through the contact of metal surfaces that are both 
intended and unintended to act as bearing surfaces. Furthermore, corrosion, caused 
by electrochemical oxidation of a metal in the presence of an oxidant such as oxy-
gen, also leads to release of metal ions from components. Corrosion and wear occur 
simultaneously and often synergistically. This combination of electrochemical cor-
rosion and mechanical (tribological) wear is termed tribocorrosion (Cheung et al. 
2016).

Despite the reduced volumetric wear of MoM articulating surfaces, the pattern of 
wear is actually that of increased release of smaller particles, when compared with 
MoP articulating surfaces (Mahendra et  al. 2009). The Co-Cr particles released 
from MoM articulations are in the order of nanometres as opposed to micrometre-sized 
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polyethylene particles (Doorn et al. 1998; Brown et al. 2006). This means a higher 
total surface area of the metal particles and hence increased biological reactivity 
within periprosthetic tissues, increasing the likelihood of adverse soft tissue reac-
tions. The smaller size also allows the particles to diffuse more easily into surround-
ing tissues where they can cause reactions (Watters et al. 2010).

It is understood that metal particles are released not only at the articulating bear-
ing surface but also at the head-neck junction and the neck-body junction of the 
stem in modular stem designs (Cooper et al. 2013). Modular designs are used for 
increased prosthesis flexibility in an attempt to better restore normal joint biome-
chanics. Trunnionosis is the term used to describe wear at the femoral head-neck 
junction and is now acknowledged as an important cause of prosthesis failure in 
both MoM and MoP articulations utilising modular designs (Mistry et al. 2016). 
The release of metal ions from this process is thought to relate to a combination of 
fretting and crevice corrosion (Gilbert et al. 1993; Goldberg et al. 2002). Furthermore, 
larger diameter femoral heads, such as those commonly used in MoM THR, are 
thought to increase the effective horizontal lever arm, causing greater torsional 
forces at the head-neck junction and increasing wear (Langton et al. 2012). Despite 
the inert nature of Co-Cr, release of large numbers of ions from any of these pro-
cesses can lead to destructive tissue reactions.

Edge loading is another factor that has been highlighted as a significant cause of 
increased wear and potential failure of large-diameter MoM total hip replacements 
(De Haan et al. 2008; Underwood et al. 2012). Edge loading occurs when the con-
tact patch between the acetabular cup and femoral head extends over the cup rim, 
causing increased wear of the cup edge. This is commonly seen in replacements 
with large-diameter heads and shallow acetabular cups, such as those utilised in the 
DePuy ASR hip resurfacing device, which was recalled in 2009 due to higher-than- 
expected revision rates. This phenomenon can also be caused by surgical tech-
nique. If the acetabular cup is implanted at a steep angle of inclination, the contact 
patch created with the femoral head tends to extend over the rim of the cup, creat-
ing huge increases in local contact pressures, leading to increased metal wear and 
particle release (Underwood et al. 2012). Edge loading is thought to also expel the 
synovial fluid from the bearing surface, reducing lubrication and further increasing 
wear (Underwood et al. 2012). Increased wear of MoM bearings leads to further 
release of metal ions, increasing the likelihood of adverse local tissue reactions.

Inflammatory reactions within local soft tissues are grouped under the term 
“adverse reactions to metal debris” or ARMD. These reactions are varied in histo-
logical and morphological appearance and include disease processes such as pseu-
dotumour, metallosis and aseptic lymphocyte-dominated vasculitis-associated 
lesion (ALVAL). Due to the differing processes seen histologically, along with the 
diverse wear patterns, classification of these processes based solely on wear patterns 
is extremely difficult. When histologic features are compared between THRs revised 
for high wear and those revised for suspected metal sensitivity, there is extreme 
variability in the amount of metal debris, inflammatory cell pattern and degree of 
necrosis (Campbell et al. 2010). As such, there is no consensus regarding whether 
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these adverse reactions are caused by the toxic effect of the metal particles, the 
immune response to the particles, or a combination of both (Langton et al. 2011).

ALVAL is a histological diagnosis used to describe non-infectious chronic 
inflammatory changes within periprosthetic tissue. These changes are thought to 
be caused by metal ions acting as haptens, binding with native proteins and causing 
a type IV hypersensitivity response in local tissues (Watters et al. 2010). For exam-
ple, cobalt does not exist in its elemental state within the body, but instead as either 
a bivalent or trivalent cation that can complex with intra- or extracellular molecules 
(Cheung et al. 2016). The defining feature of ALVAL is the presence of a dense 
perivascular inflammatory infiltrate (Willert et al. 2005). This infiltrate consists of 
diffuse lymphocytes, often accompanied by plasmacytes and/or eosinophils, with 
a lack of polymorphonuclear leucocytes, indicating its chronicity (Cooper et  al. 
2013).

The term metallosis describes a collection of macrophages/histiocytes in peri-
prosthetic tissues that have phagocytosed metal particles. It is often associated with 
aseptic fibrosis and necrosis (Langton et al. 2011). Metallosis can be considered the 
starting point of the ARMD spectrum, which, if left long enough, can lead to pseu-
dotumour development.

Pseudotumour is the term given to a cystic or solid aseptic mass in periprosthetic 
tissue, associated with clinical, radiological and histopathological findings of 
chronic inflammation related to ALVAL or metallosis. While pseudotumours may 
be asymptomatic, they often cause pain and can lead to osteolysis and aseptic loos-
ening of prostheses. They are usually characterised by a superficial layer of necrotic 
surface exudate with underlying layers comprising fibrous tissue, granulomas, lym-
phocytic aggregates and varying degrees of necrosis (Watters et al. 2010; Campbell 
et al. 2010).

19.4  How Common Are These Adverse Reactions?

The best estimate of the prevalence of these reactions has been attained from 
national joint registry data (Australian Orthopaedic Association National Joint 
Replacement Registry 2016b; National Joint Registry for England Wales and 
Northern Ireland 2016). MoM hip replacements can be classified by head diameter, 
with small head replacements being ≤32 mm diameter and large head replacements 
being >32  mm diameter. According to the Australian Orthopaedic Association 
National Joint Replacement Registry, the use of MoM bearings for total hip arthro-
plasty is dwindling, with only 18 procedures performed in 2015, all of which uti-
lised small head replacements (Australian Orthopaedic Association National Joint 
Replacement Registry 2016b). MoM bearing total hip replacements have been 
shown to have a 15-year cumulative percent revision of 21.8%, with larger head 
sizes (particularly >40  mm) having even higher revision rates (Australian 
Orthopaedic Association National Joint Replacement Registry 2016b). This is in 
comparison to conventional MoP bearings, which carry a 5.8% 15-year cumulative 
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percent revision (Australian Orthopaedic Association National Joint Replacement 
Registry 2016b). The most common reason for revision of MoM THRs is metal- 
related pathology (42.1%), which includes ALVAL, metallosis and pseudotumour 
(Australian Orthopaedic Association National Joint Replacement Registry 2016b). 
Furthermore, when examining head sizes >32 mm, females and those under the age 
of 65 had significantly higher revision rates (Australian Orthopaedic Association 
National Joint Replacement Registry 2016b). This data is backed up by the UK 
National Joint Registry, reporting that cemented and uncemented MoM THR have 
a 12-year cumulative percentage probability of revision of 18.96% and 22.14%, 
respectively (National Joint Registry for England Wales and Northern Ireland 2016). 
This is in comparison to cemented and uncemented MoP replacements, which have 
a 3.84% and 5.46% revision probability, respectively (National Joint Registry for 
England Wales and Northern Ireland 2016).

Because not all patients with adverse local tissue reactions are symptomatic, the 
true number of these reactions may be significantly higher than what is reported. 
Asymptomatic pseudotumours have been identified on ultrasound and magnetic 
resonance imaging (MRI) in 27–32% of patients with MoM THR and resurfacings 
(Williams et al. 2011; van der Weegen et al. 2013). It is unclear whether, if left long 
enough, these pseudotumours would grow to a point where revision would be nec-
essary (van der Weegen et al. 2013).

19.5  Systemic Reactions to Metal Ions

It has been postulated that high concentrations of circulating blood metal ions are 
associated with greater articular junction wear in MoM bearing implants (Langton 
et al. 2010). Diffusion of soluble metal ions, as well as lymphovascular transport 
and subsequent deposition of these ions, is thought to lead to systemic adverse reac-
tions (Cheung et al. 2016). As circulating blood concentrations of cobalt and chro-
mium rise, patients are more likely to develop systemic features of toxicity. From 
patterns identified on blood ion testing in those with MoM hip replacements, it has 
been shown that cobalt levels can rise up to 663 times the body’s normal upper limit, 
compared with chromium, at 24 times the upper limit (Bradberry et al. 2014). As 
such, it is believed that cobalt causes the majority of systemic symptoms. 
Furthermore, the effects of cobalt on the heart, thyroid and peripheral and central 
nervous system have been extensively documented in research examining oral 
cobalt chloride treatment of anaemia, vocational exposure to cobalt powder and 
ingestion of cobalt-based beer additives (Smith and Carson 1981; Cheung et  al. 
2016). Local reactions, on the other hand, have only been shown to occur when 
human lymphocytes react in the presence of synergistic action between cobalt and 
chromium nanoparticles and ions released from tribocorrosion (Posada et al. 2015).

Cobalt blood metal ion levels can be tested to assist with diagnosis of systemic 
reactions. Due to variability in cobalt blood ion levels relative to symptoms, how-
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ever, systemic cobalt toxicity is largely a clinical diagnosis. Symptoms tend to occur 
with increased frequency at serum cobalt levels above 100 μg/L (Zywiel et al. 2016). 
Despite the trend for higher levels of circulating ions causing symptoms, systemic 
toxicity has also been shown to occur in patients with blood ion concentrations less 
than 20 μg/L (Gessner et al. 2015). Certain risk factors are also thought to predis-
pose to cobalt toxicity. Systemic ion accumulation is mediated by renal excretion of 
metal ions. As such, renal failure will inevitably result in higher serum ion concen-
trations, leading to increased propensity for toxicity (Zywiel et al. 2016). In patients 
with hip replacements, younger age and male gender are two factors that have been 
closely linked to increased implant wear, leading to higher metal ion release 
(Schmalzried et al. 2000). Finally, hypoalbuminaemia, often secondary to malnutri-
tion, reduces protein-bound cobalt in the blood, leading to increased toxicity from 
higher levels of ionised cobalt (Paustenbach et al. 2013).

Since 2001, there have been at least 16 documented cases of systemic cobaltism 
due to a primary MoM THA (Gessner et al. 2015). Systemic cobaltism from poten-
tially malfunctioning MoM THA has been linked to cardiomyopathy, central and 
peripheral neuropathy, hypothyroidism and retinopathy (Ikeda et  al. 2010; Apel 
et  al. 2013; Zywiel et  al. 2016; Cheung et  al. 2016). Cobalt particles have been 
shown to impair mitochondrial metabolism, resulting in neuro- and cardiotoxicity 
due to cellular dysfunction and/or death (Rona and Chappel 1973; Catalani et al. 
2012). Cobalt is also thought to preferentially deposit in the myocardium and peri-
cardial fluid, hence its ability to cause isolated cardiac symptoms (Gessner et al. 
2015). This can be so severe that hospitalisation for heart failure and even cardiac 
transplantation may be necessary (Gillam et al. 2017; Moniz et al. 2017). The most 
common neurological symptoms are that of paraesthesia, tinnitus and visual loss 
(Cheung et  al. 2016). These symptoms are thought to occur due to depletion of 
essential neurotransmitters, as well as formation of reactive oxygen species, which 
increase oxidative stress and lead to demyelination and axonal loss (Catalani et al. 
2012). Hypothyroidism secondary to cobalt toxicity is due to inhibition of both 
iodine uptake and thyroperoxidase activity, reducing the body’s ability to synthesise 
thyroxine (Cheung et al. 2016).

A number of large cohort studies have examined the potential link between 
MoM THA and cancer. As the kidneys excrete cobalt and chromium, there is con-
cern regarding bladder cancer secondary to the particles these ions create. A large 
observational study examining nearly 300,000 patients with a THR found that 
patients with MoM articulations had a similar prevalence of cancer when com-
pared to patients with different bearing surfaces (Smith et al. 2012). This is rein-
forced by statistics showing no increase in the incidence of cancer in those with 
MoM THA compared with the general population (Visuri et  al. 1996). This is 
despite cobalt being labelled a “probable carcinogen” within the lung by the 
International Agency for Research on Cancer (Rousseau et al. 2005). While these 
studies are reassuring, due to the limited amount of available research into the 
carcinogenic effects of cobalt, definitive conclusions regarding the risk of cancer 
from systemic cobalt have not yet been reached.
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19.6  Diagnosis of Adverse Reactions to Metal Debris

A thorough history and examination, when paired with targeted investigations, will 
often allow a medical practitioner to diagnose a local or systemic ARMD. Patients 
with local reactions most commonly present with groin pain that can radiate to the 
greater trochanter or down the thigh. This pain is thought to be the strongest predic-
tor for pseudotumour presence (Bosker et  al. 2015). It often causes a patient to 
adopt an antalgic gait and may progress to sensations of instability or clicking/
clunking when ambulating. Reduced range of movement and gluteal muscle weak-
ness are also common findings.

When an adverse local tissue reaction is suspected in a patient with a MoM THA, 
urgent referral to an orthopaedic specialist is necessary. Blood tests including inflam-
matory markers as well as plain X-ray imaging can help to rule out other causes of 
pain such as infection, periprosthetic fracture, loosening or dislocation. Blood metal 
ion levels may also assist in determining the likelihood of a local or systemic 
ARMD. Patients with pseudotumours following implantation of the DePuy ASR hip 
resurfacing device, for example, have been shown to have higher cobalt and chro-
mium blood ion levels than those without pseudotumours (Hailer et al. 2014). While 
ion levels in poorly functioning MoM THA are understood to be generally higher 
than those in well-functioning prostheses, they have also been shown to vary widely 
(Gunther et al. 2013). As such, blood ion levels should not be used in isolation when 
assessing a patient with a potential ARMD. Internationally recognised guidelines 
published by the Scientific Committee on Emerging and Newly Identified Health 
Risks (SCENIHR) advise that the threshold cobalt and chromium blood metal ion 
concentrations for clinical concern are expected to lie between 2 and 7  μg/L 
(Scientific Committee on Emerging Newly Identified Health Risks 2014). Despite 
much research into the area, the substantial variability in blood ion levels at presen-
tation means that a cut-off for clinical concern is difficult to determine. For a concise 
summary regarding up to date diagnostic and management guidelines for patients 
with MoM THA, refer to Table 19.1 (Drummond et al. 2015).

Imaging plays a major role in diagnosis and monitoring of ARMD. The gold 
standard imaging technique for diagnosis of ARMD is metal artefact reduction 
sequence (MARS) MRI. It can not only be used as a screening modality for asymp-
tomatic pseudotumours, but its ability to assist with preoperative planning and lon-
gitudinal comparison means that it is also recommended over ultrasound as the 
first-line modality for assessment of periprosthetic tissues in patients with MoM 
replacements (Siddiqui et al. 2014).

As previously discussed, systemic cobaltism is largely a clinical diagnosis. New- 
onset shortness of breath, fatigue and peripheral oedema after MoM THA should 
alert a practitioner to potential cobalt-related cardiomyopathy. Paraesthesia, tinnitus 
or visual changes are the most common neurological symptoms reported by patients 
with systemic toxicity. Finally, MoM THA patients presenting with generalised 
lethargy, weight gain, weakness and/or a clinical picture of goitre and diminished 
reflexes should be investigated for hypothyroidism secondary to systemic cobaltism.
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19.7  Treatment of Adverse Reactions to Metal Debris

Treatment of ARMD can be divided into medical and surgical management. Medical 
management involves the use of chelating agents that are thought to alleviate symp-
toms by reducing circulating blood metal ions. Despite agents such as ethylenedi-
aminetetraacetate (EDTA) and N-acetylcysteine having been shown to reduce blood 
cobalt ion concentrations, current evidence has revealed a lack of improvement in 
clinical symptoms with their use (Devlin et al. 2013; Giampreti et al. 2014).

Definitive management of both systemic and local ARMD is achieved through 
removal of the offending articulation and local soft tissue debridement. This most 
commonly involves revision of the MoM articulation to ceramic-on-ceramic or 
ceramic-on-polyethylene components. This is aimed at reducing the local metal ion 
release from both the articulating surface and trunnion, hence lowering the chance 
of ARMD recurrence. While MoP articulations can be utilised in revision surgery, 
due to the potential for further corrosion secondary to trunnionosis, ceramic femoral 
heads are preferred. In the majority of cases, the primary stem does not need to be 
revised. When revision is impossible due to extensive local tissue damage or patient 
factors, excision arthroplasty may be considered. Revision surgery should be con-
sidered when symptoms become persistent, unmanageable and progressive. 
Furthermore, patients with large or expanding pseudotumours, progressive osteoly-
sis, femoral neck thinning or excessively high blood metal ion concentrations should 
also be considered for revision surgery (Scientific Committee on Emerging Newly 
Identified Health Risks 2014).

When performing revision surgery, the extent of soft tissue debridement is an 
important consideration. Excision of pseudotumours has been compared to onco-
logic resections, where a surgeon should aim for clear margins surrounding the 
resected pathology in order to reduce the risk of recurrence (Matharu et al. 2014). 
Unfortunately, the outcomes for revision surgery are often poor. Up to 50% of MoM 
resurfacing patients and 68% of MoM THR patients revised for inflammatory pseu-
dotumours encounter major complications after revision surgery (Matharu et  al. 
2014). The most common complications include dislocation, ARMD recurrence 
and acetabular loosening. The significance of these complications is highlighted in 
re-revision rates, with up to 38% of revised MoM resurfacings and 21% of revised 
MoM THR requiring re-revision (Matharu et al. 2014).

19.8  Conclusion

Orthopaedic surgeons have been successfully utilising metal composites in total hip 
arthroplasty for over 100 years. It wasn’t until the popularity spike in large-diameter 
MoM THR in the early to mid-2000s, however, that extensive data has become 
available on their outcomes and survivorship. Since then, focus has shifted to 
addressing local and systemic adverse reactions due to metal debris released from 
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MoM THR. Patients with MoM THR who present with hip or groin pain or sys-
temic features should be thoroughly investigated for these potentially debilitating 
reactions. Systemic cobaltism is a rare phenomenon seen in some patients with 
often malfunctioning MoM THR and can present with cardiomyopathy, central and 
peripheral neuropathy and/or hypothyroidism. When local or systemic reactions 
become progressive and severe, revision of the MoM bearing to a ceramic-based 
bearing is often the only way to alleviate symptoms. Unfortunately, revision out-
comes for local reactions are poor, and many patients experience significant compli-
cations, with up to a third requiring re-revision. Because of this, the number of 
MoM THR implanted over the last 10 years has significantly decreased, indicating 
the prosthesis design will inevitably be phased out. As such, unless medical engi-
neering companies can provide a MoM articulating surface that is not associated 
with significant risk of ARMD, focus needs to be shifted towards further refinement 
of lower risk articulating surfaces such as ceramic and polyethylene. Finally, addi-
tional focus on prevention and non-operative management of osteoarthritis may 
help to delay and even avert a THR, avoiding the problem of ARMD altogether.
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Chapter 20
Biological Synthesis, Pharmacokinetics, 
and Toxicity of Different Metal Nanoparticles

Raúl A. Trbojevich and Adriana M. Torres

Abstract Nanotechnology is an emerging technology to produce new materials 
with unique chemical and physical properties. Properties and applications of 
nanoparticles are strongly dependent on their size, shape, chemical composition, 
surface charge, and solubility. The synthesis and characterization are very important 
factors to biological applications. Metal nanoparticles such as silver (AgNPs), tita-
nium dioxide (TiO2NPs), and mercury (HgNPs) are especially interesting nanoma-
terials to be studied because of their broad applications in different fields. In this 
chapter, we approach topics such as some important biological synthesis of these 
three metal nanoparticles; pharmacokinetics (absorption, distribution, and elimina-
tion) and toxic effects of these metals will be described as well as their biological 
and pharma applications.

Keywords Silver • Mercury • Titanium dioxide • Nanoparticles • Toxicology • 
Biological applications • Synthesis of metal nanoparticles

20.1  Introduction

Nanotechnology is an emerging technology to produce new materials with unique 
chemical and physical properties. This new technology allows scientists to work on 
the scale of 1–100 nm. At this size scale, the matter has a greater volume ratio per 
gram compared with the bulk, showing new chemical and physical capabilities. 
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Metals at these scales have shown an important impact on every aspect of science 
and technology (Schmidt 2004; Gupta and Kompella 2006; Rao et al. 2007; Rocco 
et al. 2010). Properties and application of nanoparticles are strongly dependent on 
their size, shape, chemical composition, surface charge, and solubility (Schmidt 
2004; Gupta and Kompella 2006; Rao et al. 2007; Rocco et al. 2010). Developments 
of new synthesis methods are leading to new applications and have increased year 
to years (Vance et al. 2015).

Even though there is rapid increase of nanotechnology and applications in many 
areas and products, there are, just only, a few studies that reported about the human 
risks and the environment effects of engineered nanomaterials (Wiegand et al. 2009; 
Kaegi et al. 2013; Hunt et al. 2013; Li et al. 2016; Boudreau et al. 2016). In this 
regard, cytotoxicity, oxidative stress, and inflammatory effects are some issues that 
researchers and regulatory stakeholders need to decrease uncertainties on the expo-
sure and risks caused by engineered nanomaterials.

Metal nanoparticles such as silver (AgNPs), titanium dioxide (TiO2NPs), and 
mercury (HgNPs) are especially interesting nanomaterials to be studied because of 
their broad applications in different fields. AgNPs has a history that goes back 
almost two centuries of being used as a biocidal agent and other numerous applica-
tions (Nowack et al. 2010). TiO2NPs have been found to have biocidal activity but 
required UV light (Kim et al. 2003). Additional effects of TiO2NPs are protecting 
from effects of UV irradiation, making these nanoparticles efficient short- wavelength 
light absorbers with high photostability which have a broad use in sunscreens 
(Barnard 2010) and other applications (Zhang et al. 2009; Saha et al. 2011). Mercury 
metal and HgNPs are extremely toxic and could be present in the environment from 
too many sources (e.g., combustion of coal) making human exposure rate quite high.

In this chapter, we discuss pharmacokinetics from silver, titanium, and mercury 
nanoparticles (absorption, distribution, and elimination). Also, some important syn-
thesis and biosynthesis methods for AgNPs, TiO2NPs, and HgNPs focusing in their 
biological applications are presented. In addition for: TiO2, a general methodology 
for characterization of nanomaterial is discussed. Finally, notes on toxicological 
point of view of these metal nanocomposites are added.

20.2  Silver (Ag) and AgNPs

20.2.1  Applications

For many years, ionic silver has been used for antimicrobial applications (Alexander 
2009). AgNPs have been produced with the aim of slow release of silver ions (Ag+) 
in order to extend antibacterial effect (Wijnhoven et al. 2009). Increasing evidence 
of improved antimicrobial effects of AgNPs and possible immunomodulatory activ-
ities are stimulating. This fact is relevant in an age when multiple antibiotic- resistant 
bacteria are becoming widespread. Silver has a broad antibacterial activity on a 
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range of Gram-negative and Gram-positive bacteria and antibiotic-resistant bacteria 
strains. AgNPs have been described as effective agent against a wide spectrum of 
common fungi. Antiviral silver activity has been reported against HIV-1, hepatitis B 
virus, respiratory syncytial virus, and herpes simplex virus (Ge et al. 2014). The 
antimicrobial silver effect is dependent upon bioavailability of Ag+. Ag+ has a great 
spectrum of activity and interacts with the cell membrane resulting in uncoupling of 
the respiratory electron transport system from oxidative phosphorylation. It also 
interferes with membrane permeability and the proton motive force; inhibits respi-
ratory chain enzymes and intracellular enzymes reacting with electron donor groups, 
mainly sulfhydryl groups; and intercalates with DNA (Teng et  al. 2000). Other 
authors (Wright et al. 2002) have reported that nanocrystalline Ag+ inhibits matrix 
metalloproteases promoting wound healing and binds metallothioneins contributing 
to tissue repair. It has also been described that Ag+ modulates the immune system by 
decreasing the expression of proinflammatory cytokines and gelatinase activity 
(Nathworthy et al. 2008). Moreover, AgNPs are postulated for anticancer therapy 
because of its effects on cell survival and signaling (Lee et al. 2016). They have 
been shown to cause the death of breast cancer cells and to have antileukemia activi-
ties (dos Santos et al. 2014).

Silver ion and its nanoparticle form are recently being applied to consumer prod-
ucts, e.g., shampoo and rinse, reusable bottles, nipples, toothpaste, toothbrushes, 
detergents, deodorants, cosmetics, water purification devices, kitchen utensils, 
washing machines, refrigerators, humidifiers, food packing materials, and toys 
(Edwards-Jones 2009). Moreover, AgNPs are being employed in medical uses due 
to its strong antimicrobial activities. AgNPs have been incorporated into wound 
dressing, bone prostheses, dental alloys, surgical instruments, cardiovascular 
implants, urinary tract catheters, endotracheal tubes, and contraceptive devices 
(Chen and Schluesener 2008). They are also used in drug delivery as cancer and 
retinal therapies and for bio-diagnosis (Kalishwaralal et  al. 2010). Additionally, 
AgNPs have been included into textiles for the fabrication of clothes and in the food 
industry to restrict bacterial growth (Vigneshwaran et al. 2007).

20.2.2  Synthesis

20.2.2.1  Chemical Synthesis

In medical and biological applications, the most important in AgNP synthesis is to 
control the size and shape, which could be used as biological labels (surface plas-
mon resonant band), but also the stabilizer agent selected is important as drug car-
rier and delivery.

The conventional synthesis of AgNPs, both, for materials and biological applica-
tions is the Turkevich method (Turkevich et  al. 1951). However, there are some 
drawbacks in this method (varied in the size range 60–200 nm), compared to other 
methods. In this method, the citrate is used as a reducing and simultaneously stabi-
lizing agent.
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The borohydride method is another way to synthetize AgNPs (Evanoff and 
Chumanov 2005). It is explained by the relatively high reactivity of borohydride 
compared with the citrate that needs temperature in the reaction procedure.

An interesting chemical and green method for AgNPs embedded antimicrobial 
paints based on vegetable oil was developed by Kumar et al. (2008). Shortly, the 
method produces AgNPs in a single step from any kind of house paint. The synthe-
sis uses a natural oxidative process involving the reaction of free radicals (generated 
during the natural drying process of oils-alkyd paints) with a reducing silver salt. 
The process not requires any reducing or stabilizing agents. In addition, the authors 
have shown that surfaces coated with these AgNPs (e.g., wood, glass) showed excel-
lent biocidal activities for both Gram-positive and Gram-negative bacteria, mainly 
AgNPs with a 15 nm of size or less.

Microwave-assisted synthesis is a very good method for AgNPs. The method has 
shorter reaction time and produces nanoparticles with smaller sizes, narrower size 
distributions, and high degree of crystallization (Nadagouda et al. 2011) which is an 
important factor for biocidal activities.

Starch (as reducing and stabilizing agent) was used to synthetized AgNPs 
(Sreeram et al. 2008); the method produces AgNPs with an average size of 12 nm 
preventing aggregation.

There are many other chemical methods to synthetize AgNPs depending on their 
use and application (Krutyakov et al. 2008; Iravani et al. 2014).

20.2.2.2  Physical Synthesis

One interesting physical method to the synthesis of AgNPs is a green method that 
uses amino acid (L-lysine or L-arginine) as reducing agent and soluble starch as 
stabilizer (Hu et al. 2008; Trbojevich et al. 2016). The method is microwave assisted. 
It is rapid and produces AgNPs in large quantities. The resulted AgNPs are very 
uniform in size and distribution but also water soluble which provides excellent 
biological applications. Other authors have presented an interesting synthesis 
method for AgNPs for medical and biological applications (Kemp et al. 2009). In 
this method, the authors used heparin and hyaluronan as both reducing and protect-
ing agents, respectively; the AgNPs show good stability under physiological condi-
tions with narrow size distribution. The AgNPs synthetized have shown medical 
applications (Kemp et al. 2009). There is a good review that has shown detailed 
physical method of the AgNP synthesis (Krutyakov et al. 2008). In this review, the 
authors have shown several physical synthesis methods, but also optical and anti-
bacterial properties of AgNPs are discussed with details.

20.2.2.3  Biological Synthesis

Table 20.1 shows biosynthesis of AgNPs and other metal nanoparticles using fungi, 
bacteria, and other microorganisms.
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The biological synthesis of AgNPs using microorganisms is an option for medi-
cal use (Kouvaris et  al. 2012). The authors synthesized AgNPs simply from an 
aqueous silver nitrate solution and leaf broth of Arbutus unedo which was acting as 
a reductant and stabilizer agent. The particles produced were very stable with 
potential application in biotechnology. Some microorganisms are capable of bio-
synthesis to produce inorganic and biodegradable materials. In this regard, 
Fusarium oxysporum (a fungus) can make an extracellular reduction of aqueous 
silver nitrate solution to form AgNPs with 20–50  nm in size (Krutyakov et  al. 
2008). The biosynthesis of Ag+ reduction by different strains of Fusarium oxyspo-
rum was studied (Duran et  al. 2005). AgNPs (water soluble) were in size of 
20–50 nm when silver ion solution was exposed to several Fusarium oxysporum 
strains reducing silver ion (Duran et al. 2005). An excellent review that has shown 
biological synthesis of silver and other metal nanoparticles (Li et  al. 2011) has 
shown the production of several metal nanoparticles in a friendly way technology 

Table 20.1 Biosynthesis of AgNPs and other metals using living organisms

Nanoparticles Living organism

Condition 
temperature 
(°C)

Particle 
size 
(nm) and 
shape

Reaction 
place References

Silver-gold Brevibacterium 
casei

37 10–50, 
spherical

Intracellular Kalishwaralal 
et al. (2010)

Silver Bacillus cereus 37 4–5, 
spherical

Intracellular Babu and 
Gunasekaran 
(2009)

Silver Escherichia coli 37 50, not 
available

Extracellular Gurunathan 
et al. (2009)

Silver Aspergillus 
fumigatus

25 8.92, 
spherical

Extracellular Bhainsa et al. 
(2006)

Silver Corynebacterium 
glutamicum

30 5–50, 
irregular

Extracellular Sneha et al. 
(2010)

Silver Fusarium 
oxysporum

25 5–50, 
spherical

Extracellular Senapati et al. 
(2004)

Silver-gold Yeast 30 9–25, 
Irregular

Extracellular Zheng et al. 
(2010)

Silver Verticillium sp. 25 25, 
spherical

Extracellular Senapati et al. 
(2004)

Silver-gold Neurospora 
crassa

28 20–50, 
spherical

Intracellular- 
extracellular

Castro-
Longoria et al. 
(2011)

Platinum Shewanella algae 25 5, not 
available

Intracellular Konishi et al. 
(2007)

Mercury Enterobacter sp. 30 2–5, 
spherical

Intracellular Sinha and 
Khare (2011)

Titanium 
oxide

Lactobacillus sp. 25 8–35, 
spherical

Extracellular Jha et al. 
(2009)

Titanium 
oxide

Fusarium 
oxysporum

300 6–13, 
spherical

Extracellular Bansal et al. 
(2005)
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using bacteria and different  microorganisms. The size, shape, stability, the potential 
application to drug delivery, gene therapy , DNA analysis and cancer treatment are 
well explained (Li et al. 2011).

The biosynthesis of AgNPs using a fungus (Aspergillus fumigatus) was presented 
(Bhainsa and D’Souza 2006). The synthesis produces AgNPs in a quite fast process 
with a size of 5–25 nm. The biological process showed an easy route to produce 
nanoparticles with potential applications to bio-market.

20.2.3  Pharmacokinetics: Absorption, Distribution, 
and Elimination

Silver oral absorption ranges from 0.4% to 18% in mammals, depending on the spe-
cies. AgNPs are less bioavailable than ionic silver after oral administration (van der 
Zande et al. 2012; Hadrupand and Lam 2014; Boudreau et al. 2016).

After oral absorption, ionic and nanoparticulated silver are deposited in all tis-
sues. The majority of the silver was found in the stomach and intestines followed in 
descending order by the liver, testes, kidneys, brain, lungs, blood, bladder, and 
heart. In the kidneys, silver was localized in the glomerular basement membranes 
(Creasey and Moffat 1973) and in the brush border membranes of proximal tubular 
cells (Loeschner et al. 2011). It is well known that silver can be deposited in the skin 
causing the blue-gray hyperpigmentation of human skin described during argyria 
(Chang et al. 2006). Moreover, it was observed that silver was deposited only in 
certain brain regions, maybe as the result of local differences in the permeability of 
blood-brain barrier (Rungby and Danscher 1983). Other authors have also described 
that silver can traverse the placental barrier (Lee et al. 2012).

Silver fecal excretion ranges from 49% to 99.6% depending on the species and 
on the different forms of silver (Furchner et al. 1968). It has been described that 
when the bile duct is ligated, the fecal excretion of oral absorbed silver is reduced 
and silver accumulation in the liver is observed (Scott and Hamilton 1950). 
Moreover, after parenteral silver administration, 50% of the silver is recovered in rat 
bile (Dijkstra et al. 1996). The urinary silver excretion after oral administration was 
described to be in the range of 0.0002–0.0004% in humans and 0.005–0.06% in rats 
(East et al. 1980).

20.2.4  Toxic Effects

Some studies (Lee et al. 2007) have demonstrated that effects on cell and bacterial 
are due to a low level of Ag+ release from AgNPs. The Ag+ release is a function of 
AgNP’s size and pH, which is higher for smaller nanoparticles and also with the 
temperature increase, presence of oxygen, sulfur, and light. In addition, it has been 
shown that AgNPs are less toxic than the equivalent mass from Ag+ (Kim et  al. 
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2010). Ag+ has cytotoxic effects to different types of cells. It has been suggested that 
ionic silver activates ionic channels and changes cell membrane permeability to 
sodium and potassium, interacts with mitochondria, and induces apoptosis by means 
of reactive oxygen species production, conducing to cell death. Lee et al. (2007) 
demonstrated that AgNPs less than 12 nm in size altered early development of fish 
embryos, produced chromosomal aberrations and DNA damage, and induced pro-
liferation of zebra fish cell lines.

In oral toxicity experiments, silver deposition was observed in the gastrointesti-
nal tract. Abnormal pigmentation of the ileum, damage to the epithelial cell micro-
villi and intestinal glands, and bile duct hyperplasia with eosinophil infiltration of 
the hepatic lobules and portal tract have been reported after subchronic and chronic 
oral administration of AgNPs. Increased activity of alkaline phosphatase and ala-
nine aminotransferase in plasma was also observed (Kim et al. 2010; Hadrup et al. 
2012). Heart hypertrophy, increased hemoglobin levels, and hematocrit values were 
observed in rats after chronic AgNP treatment (Espinosa-Cristobal et al. 2013). It 
has been described that AgNPs are accumulated in all regions of the kidney cortex 
and medulla. Silver was mainly deposited in the cortical glomeruli within the cyto-
plasm of mesangial phagocytes, in the basement membrane, and in the renal tubules, 
which may lead to renal function alterations (Kim et  al. 2008). Moreover, other 
authors (Sardari et al. 2012) have reported necrosis of glomerular cells, Bowman’s 
capsule, and proximal tubular cells in the kidneys.

20.3  Titanium Dioxide (TiO2) and TiO2NPs

20.3.1  Applications

TiO2 exists in three crystallographic forms: rutile, brookite, and anatase. The ana-
tase forms have wide bandgap where excitation with photons greater than 300 nm 
generates long-lived electron-hole pairs (semiconductor materials). Both electron 
and electron-hole pair can reach the crystal’s surface and participate in redox reac-
tions with absorbed substrates. This is a birefringent material with a high refractive 
index (4.0 for rutile and 3.6 for anatase) in UV and visible range. The photocatalytic 
property of TiO2 (anatase) can be used for biocidal proposal.

TiO2 and TiO2NPs are inert and poorly soluble materials. It is mainly employed 
as a pigment because of its brightness, high refractive index, and resistance to dis-
coloration. It is a common additive in personal care, food, and other consumer prod-
ucts. It is used as a pigment in paints and also as a pigment in plastics, paper, 
ceramics, fibers, enamels, foods (candies, sweets, taste enhancers, chewing gums), 
and personal care products (cosmetics, shampoos, lip balms, toothpastes, deodor-
ants, sunscreen). All these products after use can enter the sewage system and, sub-
sequently, access to the environment as treated effluent discharged to surface waters 
or biosolids applied to agricultural land, incinerated wastes, or landfill soils (Smijs 
and Pavel 2011; Trbojevich et al. 2016).
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TiO2 or TiO2NPs are also used for antimicrobial applications, catalysts for air 
and water purification, medical devices, and energy storage (Niinomi 2008; Weir 
et al. 2012). Titanium alloys are very important in orthopedic surgery (such as hip 
and knee implants) due to their high resistance to the attack of body fluids, strength, 
flexibility, biocompatibility, or lack of allergenicity (Niinomi 2008; Smijs and Pavel 
2011; Weir et al. 2012; Trbojevich et al. 2016).

20.3.2  Synthesis

There are many routes to synthesize TiO2 or TiO2NPs (Mahshid et al. 2006; Smijs and 
Pavel 2011; Trbojevich et al. 2016). Sol-gel technique is one of the most important to 
prepare TiO2 and its nano-form (Mahshid et al. 2006). In this sol-gel technique, TiO2 
was synthetized in a hydrolysis and condensation reaction of Ti-alkoxide precursor 
in acidic aqueous solution with the following reactions (Mahshid et al. 2006):

 Ti OR H O Ti OH ROH hydrolysis

Ti OH TiO H O x

( ) + → ( ) + ( )
( ) → × + −

4 2 4

4 2 2

4 2 4

2(( ) ( )H O condensation2

 

R is ethyl, isopropyl, n-butyl, or any organic radical. The nanoparticle size, sta-
bility, and morphology could be controlled using the ratio r = [H2O]/[Ti] (Mahshid 
et al. 2006; Smijs and Pavel 2011; Trbojevich et al. 2016).

TiO2 could be selectively synthetized with a morphological control, including 
anatase, rutile, and brookite in a solvothermal reaction using water- soluble titanium 
complexes as initial precursors (Kobayashi et al. 2013). The authors have shown the 
production of TiO2 with polymorphs, as well as diverse morphological control 
which can control the biological properties (Kobayashi et al. 2013).

20.3.3  Pharmacokinetics: Absorption, Distribution, 
and Elimination

As this metal was considered almost completely biologically inert until recently, 
there is little information regarding the behavior of titanium in the body.

Titanium is widely distributed in the environment and can enter the organism 
through different routes: oral, dermal, respiratory, or from surgical implants made 
of titanium alloys. The implants suffer corrosion under unfavorable conditions in 
the internal medium of the body. Many factors such as constant and high tempera-
ture, the presence of dissolved oxygen, ions, proteins, and acidic environment, 
occurring at the site of the implanted medical devise, provoke degradation of the 
protective layer on the surface of implants. Consequently, titanium ions or TiO2NPs 
are released from the biomaterial into the neighboring tissues (Bhola et al. 2011).
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It has been described that TiO2NPs have very limited bioavailability after oral 
exposure. Nevertheless there are evidences that gastrointestinal tract absorption is 
possible since titanium levels are detected in the livers and mesenteric lymph nodes 
after oral administration (Geraets et al. 2014).

After systemic exposure, TiO2NPs are distributed to the kidney, liver, spleen, and 
lung. It has been shown that over a period of 90 days after exposure, there is redistri-
bution from the liver to the spleen. Nuevo-Ordoñez et al. (2011) have demonstrated 
that titanium has the capacity of binding to serum transferrin. As transferrin is the 
main transporter of iron, titanium competes with iron for transferrin-binding site.

After a single i.v. dose of titanium (IV) citrate (6 mg Ti/kg b.w.) in rats, the elimi-
nation half-life times were 3.3 h, 2.1 h, and 1.9 h in the kidney, spleen, and liver, 
respectively (Golasik et al. 2016). Other authors (Elgrabli et al. 2015) have reported 
that after five repeated i.v. doses of TiO2NPs in rats (total dose between 42.3 and 
71.9 mg/kg b.w.), the half-lives for the kidneys, liver, and spleen were in the range 
of 49–531 days, 54–248 days, and 650 days, respectively. Xie et al. (2011) have 
demonstrated that TiO2NPs could be excreted through urine and feces, being the 
urine excretory rate higher than that of the feces.

20.3.4  Toxic Effects

Exposure of the skin to TiO2NPs causes barrier dysfunction and can initiate and/or 
promote skin disease (Yanagisawa et al. 2009).

Inhalation constitutes the main route of exposure of the human body to TiO2NPs 
especially at workplaces during handling processes. Chronic lung inhalation studies 
in experimental animals have reported increased incidence of pneumonia and squa-
mous metaplasia, enhanced proliferation of pulmonary cells, and defects in macro-
phage function, among others. Inhaled TiO2NPs after nasal absorption may deposit 
in the brain altering monoaminergic neurotransmission (Lee et al. 1985). It has been 
reported titanium may cause liver and kidney toxicity after oral exposure to 
TiO2NPs. Hepatocyte apoptosis in the liver, followed by increased accumulation of 
reactive oxygen species and a decrease in stress-related gene expression levels, his-
topathological changes, and damage in the function of mice liver, has been described 
(Li et al. 2010). Wang et al. (2007) and Gui et al. (2013) have described increase in 
blood urea nitrogen and creatinine as well as histopathological changes in renal 
tubules and glomerulus, increased production of kidney reactive oxygen species 
and peroxidation of lipids, proteins, and DNA. Spleen pathological changes leading 
to the reduction of mice immunity have also been described (Shakeel et al. 2015).

Maternal exposure to titanium might alter the development of the central dopa-
minergic system in offspring, and the induced stress could be implicated in 
depressive- like behaviors in adulthood (Takahashi et al. 2010). Moreover, TiO2NPs 
reduce fertility and damage mouse ovaries (Shakeel et al. 2015). Other authors (Savi 
et al. 2014) showed that titanium also alters cardiac excitability and increases the 
chances of arrhythmic events.
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20.4  Mercury (Hg) and HgNPs

20.4.1  Applications

The most important natural sources of Hg are gases released during volcanic erup-
tions. In addition, the burning of fossil fuel (mainly coal and municipal waste incin-
eration) is the main anthropogenic source of Hg to the atmosphere. All living 
organisms are exposed to Hg but also to HgNPs as a consequence of its ubiquitous 
presence in the environment. Organic matter and sediment in water could help 
microorganisms to form HgNPs. The exposure to Hg or HgNPs leading to health 
hazards is generally due to a multitude of specific human activities: unintentional 
occupational exposure and ingestion of Hg as an ingredient in food, folk remedies, 
amalgam fillings, and a preservative in vaccines. This metal is still employed in 
blood pressure cuffs and thermometers, batteries, switches, and fluorescent light 
bulbs (Clarkson 1997; Clarkson et al. 2003).

The four main chemical forms of Hg are elemental Hg, Hg salts, organic Hg, and 
HgNPs. Elemental Hg is the most volatile of Hg inorganic forms, and the exposition 
to its vapor is primarily occupational; nevertheless, it can also be released from 
other sources (Clarkson 1997; Clarkson et al. 2003).

Hg salts are present as monovalent mercurous or as divalent mercuric. Mercurous 
chloride (calomel) has been employed in some skin creams as an antiseptic and was 
also used as a cathartic and diuretic. Hg salts are still used in industry, which dis-
charged into rivers contaminating the environment (Clarkson 1997; Clarkson et al. 
2003).

Inorganic Hg is bio-methylated by microorganisms in sediments of fresh- and 
ocean water and bioaccumulated as methylmercury in fishes. Moreover, methylmer-
cury has been used as fungicide. Therefore, methylmercury is the most common 
exposure to organic Hg in humans (Arvind and Sunil 2011).

Ethylmercury is another variety of organic Hg which is the active ingredient of 
thimerosal employed in vaccines as preservative (Clarkson 1997; Clarkson et  al. 
2003; Arvind and Sunil 2011).

HgNPs are naturally ubiquitous in the environment and are formed by processes 
that have taken place for millions of years (Xu and Carraway 2012). They can also 
be synthetized in the laboratory or produced in mercury-resistant bacteria (Xu 2009; 
Arvind and Sunil 2011; Sinha and Khare 2011; Sathyavathi et al. 2013).

20.4.2  Synthesis

There are several methods to prepare mercury oxides and salt HgNPs, but none have 
produced pure metal mercury HgNPs. In 2002, synthesis of mercury selenide using 
sonication was reported (Wang et al. 2002). The method used mercury acetate and 
sodium selenosulfate in aqueous solution at room temperature. The authors used 
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ethylenediamine (EN), ammonia, and triethanolamine (TEA) to control HgNP size 
and size distribution. The authors have explained the probable mechanism as fol-
lows (Wang et al. 2002):
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Xu (Ph.D. thesis 2009) has discussed the synthesis of mercury sulfide-HgNPs. 
The author used HgCl2 and sulfur powder as precursors, adjusting the pH with 
NaOH. The reaction was carried out in an ultrasound sonication bath to yield smaller 
and uniform HgNPs with the sonication and nitrogen flow as control factors. The 
mercury sulfide-HgNPs with a size of 10–15 nm, but also some aggregates (100 or 
more nm), were obtained in the final reaction (Xu 2009). Arvind and Sunil (2011) 
reported simultaneous HgNP synthesis and mercury bioaccumulation by bacteria. 
The mercury-resistant strain of Enterobacter sp. exhibited a mercury bioaccumula-
tion and simultaneous synthesis of HgNPs. HgNPs are synthetized in culture condi-
tions and promote spherical, uniform, and monodispersed intracellular HgNPs with 
sizes of 2–5 nm. The HgNPs could be recoverable (Arvind and Sunil 2011).

A simple synthesis method of HgO-HgNPs (nanocomposites) was carried out by 
the sublimation reaction of the mercury (II) acetate powder at 150  °C for 2  h 
(Mohadesi et al. 2014). The final product was pure orthorhombic HgO-HgNPs with 
an average size of 100 nm.

Mercury telluride-HgNPs (nanocomposites) have been synthesized using hydro-
thermal reduction (Sangsefidi et  al. 2014). The reaction was carried out with 
N′-bis(salicylaldehydo)ethylenediamine)mercury(II) (as a new mercury precursor) 
or HgCl2 and TeCl4 in the presence of N2H4.H2O or KBH4 as reductant agents. The 
mercury telluride-HgNPs synthetized, with a size of 15–25 nm, have shown strong 
dependence of the Hg2+ source, temperature, and reaction time. Also, mercury 
telluride- HgNP morphology depends on temperature and with the presence of 
KBH4 as a reductant (Sangsefidi et al. 2014).

20.4.3  Pharmacokinetics: Absorption, Distribution, 
and Elimination

Elemental mercury shows a low absorption from the gastrointestinal tract. Inhaled 
mercury vapor is highly absorbed by the lungs and then is oxidized to the divalent 
mercuric cation by the action of erythrocyte catalase. Mercury vapor arrives to the 
brain before its oxidation and produces central nervous system toxicity (Clarkson 
1997; Zalups 2000; Clarkson et al. 2003; Torres 2013).
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After oral administration, soluble inorganic mercuric salts (Hg2+) are absorbed 
in the gastrointestinal tract. The highest concentration of Hg2+ is observed in the 
kidneys. They are eliminated in the urine and feces. Inorganic mercurials do not 
cross the placenta and the blood-brain barrier. Inorganic mercury half-life is 
approximately about 60 days (Zalups 2000; Clarkson 1997; Clarkson et al. 2003; 
Torres 2013).

Organic mercurials, which are lipid soluble, are highly absorbed from the gastro-
intestinal tract. Approximately 90% of methylmercury is absorbed from the gastro-
intestinal tract, crosses the placenta and blood-brain barrier, and causes neurological 
and teratogenic effects. The carbon-mercury bond of organic mercurials is cleaved 
after absorption, and inorganic mercuric is generated. Methylmercury is mainly 
excreted in the feces conjugated with glutathione, and around 10% of its doses are 
excreted in urine. Methylmercury has a half-life between 40 and 105 days. Mercury 
forms covalent bonds with sulfur. It binds to endogenous molecules such as gluta-
thione, cysteine, homocysteine, N-acetylcysteine, metallothionein, and albumin 
which contain thiols. This characteristic accounts for most of the biological proper-
ties of the metal. Mercurials (even in low concentrations) are capable of inactivating 
sulfhydryl enzymes and thus interfering with cellular metabolism and function. The 
affinity of mercury for thiols gives the support for treatment of mercury poisoning 
with agents as dimercaprol and penicillamine (Clarkson 1997; Zalups 2000; 
Clarkson et al. 2003; Torres 2013).

Pharmacokinetics of HgNPs is an interest topic that is currently assess in our 
laboratories, since there are no reports from other authors, at least to our 
knowledge.

20.4.4  Toxic Effects

The toxic effects of mercury are mainly produced from the exposure of people to 
methylmercury in fish (Zalups 2000). The major toxic effects of methylmercury are 
on the central nervous system. The first symptom to appear at the lower dose is 
paresthesia, which may progress to cerebellar ataxia, dysarthria, constriction of the 
visual fields, and loss of hearing. It has also been reported that severe brain damage 
takes place from high prenatal exposure (Clarkson et al. 2003).

Following exposure to elemental or inorganic forms of mercury, the kidneys are 
the primary sites of mercury accumulation. Organic forms of mercury also accumu-
late in the kidneys (Torres 2013).

Mercury accumulation causes acute renal failure. This is characterized by pro-
found renal vasoconstriction, reduction in glomerular filtration rate, histological 
damage, activation of the renin-angiotensin system, and modulation in the expres-
sion of membrane transporters (Zalups 2000; Stacchiotti et al. 2004; Di Giusto et al. 
2009a; Torres 2013). Torres et al. (2011) have demonstrated using organic anion 
transporter 1 (Oat1) knockout mice that mercuric chloride-induced acute kidney 
injury is mainly mediated by the Oat1. Moreover, the lower expression of this trans-
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porter in females justified the lower renal damage induced by mercury in females 
(Hazelhoff et  al. 2012). Additionally, the upregulation of the renal expression of 
Oat1 and multidrug resistance-associated protein 2 (Mrp2) by repeated administra-
tion of furosemide improves the proximal damage induced by mercuric chloride 
(Hazelhoff et al. 2015). Prof. Torres’s group has also been pioneer in detecting the 
organic anion transporter 5 (Oat5) in urine (Di Giusto et al. 2009b). They postulated 
that urinary excretion of Oat5 could be an early biomarker of proximal tubular dam-
age induced by mercury (Di Giusto and Torres 2010).

There are no reports, at least to our knowledge, regarding the toxic effects of 
HgNPs. Current research is performed in the laboratory of Prof. Torres in collabora-
tion with Dr. Trbojevich to evaluate the potential toxic effects of HgNPs administra-
tion to rats.

Mercury toxic effects can also be prevented by reducing Hg2+ to nontoxic form. 
Bacteria resistant to toxic metals and capable of converting them into nontoxic 
forms have relevant uses in the bioremediation of contaminated places. In this con-
nection, a mercury-resistant strain of Enterobacter sp. isolated from soil, which has 
the novel characteristic of mercury accumulation with simultaneous synthesis of 
HgNPs, has been reported (Sinha and Khare 2011). Moreover, another mercury- 
resistant bacterium (Bacillus cereus MRS-1) was isolated from electroplating indus-
trial effluent. This strain converts mercury into extracellular sulfide-HgNPs 
(Sathyavathi et al. 2013). The remediated mercury trapped in the form of nanopar-
ticles is unable to vaporize back into the environment. These strains can be poten-
tially exploited for the production of HgNPs as well as for detoxification of mercury 
in the environment without producing secondary pollution of mercury methylation 
or Hg volatilization.

20.5  Conclusion and Future Perspectives

There are many publications about the synthesis of metal nanoparticles, and all of 
them have some advantages and disadvantage, but the main thing for the synthesis 
is the control of size, shape, and stability. In this regard, metal nanoparticles in phar-
macological and medical applications required a strict control of those parameters 
to assure the absence of the collateral effect and the target of their function.

There are many studies related to heavy metal (such as Ag, Hg, and Ti) toxicity 
in biological systems and in the environment, but few of them are regarding of these 
metals in their nanoparticle forms. In our opinion, to elucidate the main toxic mech-
anisms of those metal nanoparticles, it is necessary to combine a good characteriza-
tion of each nanocomposite (surface chemistry, ROS generation, solubility, and 
morphology) with in vitro and in vivo data which allow evaluation of the mecha-
nism at the cellular level. Information about translocation, accumulation, and bio-
distribution of these nanoparticles in vivo as well as their environment effects are 
necessary. In addition, development and validation of new analytical methods for 
toxicity evaluation of metal nanoparticles in biological system should be addressed.
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Chapter 21
Bio-distribution and Toxicity of Noble Metal 
Nanoparticles in Humans

Indarchand Gupta, Avinash Ingle, Priti Paralikar, Raksha Pandit, 
Silvio Silvério da Silva, and Mahendra Rai

Abstract Nanotechnology is attracting the interest of scientists since the last few 
decades and is the technology of twenty-first century. It deals with the materials 
having at least one dimension in the range of nanometre scale. There is developing 
enthusiasm towards the application of nanotechnology in diverse fields. Carbon 
nanotubes, dendrimers, quantum dots and metal nanoparticles are mostly preferred 
for applications in various fields. Among them metal nanoparticles, especially the 
noble metallic nanoparticles, are of great importance due to their ease of synthesis, 
characterization, surface functionalization and size- and shape-dependent unique 
optoelectronic properties. They include silver, gold, platinum, palladium and rho-
dium nanoparticles. But with their increased use and likelihood of potential expo-
sure, the concerns over their potential risk are also rising. Many studies have 
highlighted the toxicological considerations of those nanoparticles.

The present chapter showcases some of the key studies on the in vitro toxicity of 
noble metal nanoparticles by using human cell lines. It is general observation that 
toxicity of noble nanoparticles occurs due to exposure mainly via three routes, i.e. 
through injection or damaged skin, ingestion with food so as to reach g astrointestinal 
tract and inhalation causing accumulation in the respiratory tract. Hence, in vitro 
systems representing each of these exposure routes are generally exploited for find-
ing the risk. Here, we discuss several critical investigations exploring the nanopar-
ticle-wise toxicity. The goal is to explore the current knowledge about the potential 
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risk of noble nanoparticles while drawing the general cytosolic and molecular 
mechanism lying behind the induction of harmful effects on various cell models.

Keywords Nanotoxicity • Noble nanoparticle • Nanoparticle exposure • ROS • 
DNA damage

21.1  Introduction

Nanotechnology refers to the study of materials having dimensions approximat-
ing 1–100 nm (Rai et al. 2009). With the decrease in the size from micrometre 
to nanometre scale, the material exhibits increased mechanical strength, chemi-
cal reactivity and biological properties. This is due to the fact that as particle 
becomes smaller, the number of atoms on the surface of particles increases as 
compared to its volume. Owing to these properties, they have wide applications 
in areas including agriculture, fighting pathogens, cosmetics, food, healthcare 
products, drug delivery, electronics and allied industries. Therefore, it is 
expected that till the year 2020, approximately 3400 nanotechnology-enabled 
products will be available in the commercial market (PEN 2009). Till date, 
many types of nanomaterials have been used for various purposes. Among all of 
those nanomaterials, the metal nanoparticles are of utmost important as they 
have extensive applications in medical sector. Noble metal nanoparticles are 
specifically more popular for those applications and, therefore, largely being 
produced. Due to a large production and use, there is huge possibility of its 
release in aquatic, terrestrial and atmospheric environments. The fate of 
nanoparticles in this environment is still largely unknown, and therefore, the 
concerns are rising regarding their harmful effects due to size-, dose- (Boudreau 
et al. 2016) and time-dependent exposure (Efeoglu et al. 2016). The rising con-
cerns of nanoparticles lead to the evolution of branch of nanotechnology called 
nanotoxicology which deals with the study of the potential toxic effects of 
nanoparticles on human and environmental systems.

Various studies on nanoparticles provide evidence that workers dealing with 
their production in nanomaterial-based industry and consumers utilizing those 
products are vulnerable to the nanomaterials. During an average day, people are 
getting exposed to nanoparticles through commercially available products such 
as cosmetics, sunscreens, etc. During the last decade, nanotoxicity studies have 
been increased with rapid pace addressing the public and regulatory issues 
related to their risk. Hence, nanotoxicology is designed for characterizing the 
correlation of physicochemical properties of nanoparticles with toxicity to cell. 
The present chapter, therefore, aims to highlight the routes of nanoparticle expo-
sure, followed by the discussion on the concern associated with the several noble 
nanoparticles. Lastly the known mechanism of their toxicity at cellular and 
molecular level has also been discussed.
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21.2  Sources of Nanoparticle Exposure in Humans

There are various possible exposure routes by which nanomaterials can enter into 
the human body. Mainly it includes inhalation, oral administration, intravenous 
injection and dermal exposure (Gupta et al. 2012; Wang et al. 2012). The human 
skin, lungs and gastrointestinal tract are in constant contact with nanoparticles 
(Patel and Patel 2014; Aragao-Santiago et al. 2016). They are most likely to be the 
port of entry for nanoparticles in the human body.

Due to the application of metal and metal oxide nanoparticles as food addi-
tives, they can easily enter into the human digestive system. As mentioned previ-
ously, nanoparticles have small size and high reactivity, and hence they can pass 
through cell membrane and tissues and can be very easily taken up by the organs 
(Gupta et al. 2015; Suliman et al. 2015). Hence, researchers have paid attention 
towards the study of cytotoxicity of noble metal nanoparticles. They can be trans-
located from the intestinal lumen to intestinal lymphatic tissues, i.e. Peyer’s 
patches having M-cells (Powell et al. 2010). The translocation of nanoparticles in 
the intestine depends on diffusion and accessibility through mucus, cellular traf-
ficking and post- translocation events (Hoet et al. 2004). Some investigators have 
reported that nanoparticles with smaller diameter (14 nm) could invade the mucus 
rapidly (within 2  min) so as to reach the enterocytes, while bigger particles 
(415 nm) took more time (30 min) to translocate the intestinal barrier (Szentkuti 
et al. 1997). Therefore, it is general observation that shape, size and surface chem-
istry of nanomaterials decide its toxic nature (Wang et al. 2015). The smaller size 
of nanoparticles facilitates easy penetration of nanomaterials inside the cell across 
the membrane and other biological barriers (Nel et al. 2006). Moreover, increase 
in size of nanomaterials decreases the amount of their cellular uptake (He et al. 
2010; Sakai et al. 2011).

Nanoparticles released in air can be inhaled by human during respiration causing 
their accumulation in the lungs. Several studies reported that the nanoparticles enter 
through aforesaid organs leading to increased morbidity and mortality (Powell and 
Kanarek 2006; Jacobsen et al. 2015). Inhalation is the most important route of air-
borne nanoparticles (Yang et al. 2008).Their toxicity depends upon the dose, dimen-
sions and exposure time. The dose of nanoparticles plays a significant role in 
deciding the level of their deposition in the lung. In fact, the deposition also relies 
on the size and duration of exposure (Larsen et al. 2009; Albanese et al. 2012). The 
rate of deposition in the lungs increases with the decrease in nanoparticle size 
(Braakhuis et al. 2014). However, most of the accumulation of nanoparticles will be 
at fragile epithelial structures of the terminal airways and gas exchange region 
(Borm and Kreyling 2004). If non-soluble, nondegradable nanoparticles such as 
noble metal nanoparticles enter into the respiratory tract, then they can be accumu-
lated for longer time upon exposure.

The skin is an anatomical barrier for protection against the pathogens, invad-
ers and harmful effects from environment. It consists of three layers, viz. dermis, 
epidermis and subcutaneous layer. Many nanoformulations, used for skin-related 
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ailments, have been found to get penetrated in the skin. Moreover, if the skin is 
damaged, then there are high chances of higher harmful effects to the skin tissue. 
Therefore, the damaged skin is more vulnerable to the nanoparticle toxicity.

21.3  Cytotoxicity of Noble Metal Nanoparticles:  
Bio-distribution and Its Effects on Human Cell Lines

It is essential to study the impact of nanomaterials on public health and environ-
ment. Cell-based assays are very useful for determining the effect of nanoparticles 
on human cells. Primary cell lines are ideal for conducting in vitro toxicity studies, 
as these are the representative of tissues. No animal model is required while per-
forming cell cytotoxicity experiments. In vitro studies are easy to perform and eco-
nomically viable and can be controlled in the laboratory (Gupta et al. 2012).

21.3.1  Silver Nanoparticles (AgNPs)

Among all metal nanoparticles, AgNPs have attracted the attention of scientists, 
because of their versatile role in different areas of research. But the toxicological 
studies of nanomaterials are utmost important before its applications (dos Santos 
et  al. 2014). Suliman et  al. (2015) made an attempt to study the toxic effect of 
AgNPs (>100 nm) on human lung epithelial cells A549. The study demonstrated 
that AgNPs induce dose- and time-dependent cytotoxicity in human epithelial 
cells. AgNPs-induced cytotoxic and immunotoxic effect on A549 cells was mainly 
due to the generation of reactive oxygen species (ROS) and oxidative stress. Soares 
et al. (2016) evaluated the effect of polyvinylpyrrolidone (PVP)-coated AgNPs with 
10  nm and 50  nm in human neutrophils. The study found PVP-coated AgNPs  
with size of 10 nm to be more toxic to human neutrophils as compared to AgNPs 
whose size was 50 nm, indicating the size-dependent toxicity. Smaller nanoparti-
cles (10 nm) damage membrane, impaired lysosomal activity and thereby result in 
neutrophil’s oxidative burst. The study further found that AgNPs possess time- and 
concentration-dependent cytotoxicity.

The cytotoxic effect of chemically synthesized AgNPs was examined in MCF-7 
cells. IC50 value of 80 nm AgNPs was found to be 40 μg/ml. After exceeding AgNPs’ 
concentration beyond 40 μg/ml, it showed potential cytotoxic effect on human cell 
lines (Çiftçi et al. 2013). The cytotoxicity of AgNPs with three different sizes (5 nm, 
20 nm and 50 nm) was investigated on four different human cell lines such as A549, 
SGC-7901, HepG2 and MCF-7. Study showed that all the size of AgNPs demon-
strated apparent toxicity against all the four cell lines. AgNPs with smaller size 
showed higher toxicity as compared to nanoparticles with bigger size (Liu et  al. 
2010). Gaiser et al. (2013) studied the effect of AgNPs on human hepatocyte cell line 
C3A. AgNPs were found to be highly cytotoxic after 24 h of incubation. The results 
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provide the evidence that AgNPs were highly toxic and inflammogenic to human 
liver cells (Gaiser et  al. 2013). The starch-coated AgNPs were prepared and its 
in vitro cytotoxicity and genotoxicity were assessed on normal human cells such as 
lung fibroblast cells (IMR-90) and human glioblastoma cells (U251). While studying 
toxic effect on normal human cell lines, it was found that several changes occurred 
in cell morphology, oxidative stress and metabolic activity (AshaRani et al. 2009).

Sambale et  al. (2015) investigated the toxic effect of AgNPs on different 
human cell lines such as fibroblasts (NIH-3T3), human lung epithelial cell line 
(A-549) and HEP-G2-cells, a human hepatocellular cell line. Different concen-
trations of AgNPs were taken, and cell viability assay was performed by using 
MTT assay. Electric cell-substrate impedance sensing (ECIS) is an automated 
method to monitor the behaviour of cell; from ECIS result it was clear that only 
the addition of AgNPs on the human cell line represents the toxicity of AgNPs. 
Milića et al. (2015) investigated the effect of citrate-capped AgNPs on porcine 
kidney (Pk15) cells. AgNPs were taken up by human kidney cells via endocyto-
sis which can induce toxicity depending on the concentration of nanoparticles. 
Toxic effect of silver ions was also tested for comparative analysis. The ionic 
form of AgNPs was found to be more toxic as compared to AgNPs. The comet 
assay suggested that concentration of AgNPs above 25 mg/l can induce geno-
toxicity in Pk15 cells.

After the exposure of AgNPs to A549 cell line, they were found to be accumu-
lated in the membrane-bound cytoplasmic vacuoles and in enlarged lysosomes. 
Moreover, in exposed cells, AgNPs found to induce formation of many multivascu-
lar and membrane-rich autophagosomes, indicating the AgNPs-mediated induction 
of autophagosome formation. The oxidative stress induced by AgNPs was sug-
gested to be the reason behind the accumulation of autophagosomes and enlarged 
lysosomes (Han et al. 2014).

21.3.2  Gold Nanoparticles (AuNPs)

AuNPs if exposed to environment or inhaled by humans can interact with biomol-
ecule, cells or tissues (Maurer-Jones et al. 2009). Small AuNPs can pass through 
cell membrane which can interact with DNA (Tsoli et al. 2005). A study conducted 
by Connor et al. (2005) evaluated the effect of 18 mm diameter (AuNPs) on human 
leukaemia cells. Results indicated that AuNPs exposed to human leukaemia cell for 
3 days did not show any toxic effect.

Pernodet et al. (2006) investigated the effect of citrate-capped AuNPs at different 
concentration and interval of time on human dermal fibroblast (CF-31) cell. Similar 
to AgNPs, AuNPs can also pass through the cell membrane, accumulate in vacuole 
and can affect the extracellular matrix of fibroblast cell. Thakor et al. (2011) inves-
tigated the effect of AuNPs in human HeLa and HepG2 cell lines. The study revealed 
that AuNPs were non-toxic to both cell lines, but as the time interval and dose of 
nanoparticles were increased, it exhibited toxic effect on cell line.

21 Bio-distribution and Toxicity of Noble Metal Nanoparticles in Humans



474

Paino et  al. (2012) investigated the effect of citrate-capped AuNPs on human 
hepatocellular cells (HepG2) and peripheral blood mononuclear cells (PBMC). 
Both the cells were kept in the presence of different concentration of AuNPs coated 
with sodium citrate or polyamidoamine dendrimers. It was found that AuNPs inter-
act with both the cells, but it exhibits cytotoxicity and genotoxicity at very low 
concentration. Jo et al. (2015) studied the effect of AuNPs on human intestinal cell 
line (INT-407) as well as on rats. AuNPs did not show cytotoxicity till 24 h in terms 
of inhibition of cell proliferation, membrane damage and ROS generation. When 
cells were exposed to AuNPs for 7 days, they found to be toxic to the cells. Sultana 
et  al. (2015) compared the cytotoxicity of spherical-shaped AuNPs and flower- 
shaped AuNPs on human endothelial cells. Two different sizes of AuNPs (15 nm 
and 50 nm diameter) with two different types of surface chemistries, uncoated and 
PEG coated, were studied. Flower-shaped AuNPs were claimed to be more toxic 
than spherical AuNPs. Surface chemistry did not show any effect on the cytotoxicity 
of nanoparticles against human cell lines. It was hypothesised that flower-shaped 
AuNPs exhibited rough surface which showed more cytotoxic effect compared with 
spherical AuNPs.

21.3.3  Platinum Nanoparticles (PtNPs)

Apart from killing cancer cells, nanoparticle-mediated cancer therapy usually 
causes damage to healthy cells and thus produces toxic effect. One of the major 
limitations for using PtNPs is its nonspecific untargeted toxicity. Recently, Shim 
et al. (2017) reported cytotoxic effect of dendritic PtNPs (DPNs) on normal human 
cells (human embryonic kidney cells HEK-293). The study showed that after expos-
ing DPNs, the cells showed different viability depending on the incubation time and 
concentration of the PtNPs. The cell viability decreased, with increase in concentra-
tion of the nanoparticles, suggesting a dose-dependent cytotoxicity of PtNPs.

Moreover, the number of viable cells decreased, when the cells incubated for an 
extended period of time. It clearly indicates that PtNPs showed dose- and exposure 
time-dependent proliferation and cytotoxicity of cells. Further, authors also observed 
that 15 μg mL−1 and 30 μg mL−1 concentration of PtNPs showed continuous cell 
growth along with aggregation of cells. When the DPN concentration increased to 
45 μg mL−1, it results in dense aggregation of cells, thus difficult to distinguish sin-
gle cell. Such agglomeration of cell indicates cell death (Shim et al. 2017). Similar 
effect of PtNPs was studied by Konieczny et al. (2013) on normal human epidermal 
keratinocytes (NHEKs). Smaller size PtNPs triggered a strong decrease in meta-
bolic activity of treated cells with stronger DNA damage than bigger ones. It also 
triggered a toxic effect on primary keratinocytes. The cytotoxicity of PtNPs towards 
human cells depends on the cell type to which it is exposed (Bendale et al. 2017).

PtNPs in size range of 5–8  nm are capable to induce cytotoxicity in dose- 
dependent manner (Asharani et al. 2010). It was noted that PtNPs exert considerable 
genotoxicity and cytotoxicity probably due to increased ROS generation in cell. 

I. Gupta et al.



475

Smaller (5–8 nm) nanoparticles play a crucial role by facilitating increased diffu-
sion into cells as compared to larger nanoparticles (11–35 nm) that are commonly 
taken up by the cells through endocytosis (Asharani et  al. 2010). Folate-capped 
PtNPs were tested on mammary breast cells (both cancer and normal cells) by 
Mironava et al. (2013). The results showed that IC50 value was significantly higher 
for normal mammary breast cells as compared to cancerous cells, indicating that 
these nanoparticles preferably target the cancer cells.

There has been ongoing debate on cytotoxicity of PtNPs whether the nanoparti-
cles are toxic to normal cells or cancer cells. A survey of literature showed that PtNPs 
were considered to be non-toxic for human health, but massive use can put at risk.

21.3.4  Palladium Nanoparticles (PdNPs)

As compared to other noble nanoparticles, which were exploited for diverse 
biomedical applications, PdNPs remain far behind. There are a few reports 
available on cytotoxic effect of PdNPs; however, Shanthi et al. (2015) demon-
strated the dose- dependent cytotoxicity of PdNPs. The study found that PdNPs 
are able to reduce cell viability of HeLa cancerous cell line in a dose-dependent 
manner. However, no cytotoxic effect was observed against normal cervical cell 
line (H8) at lower concentration, while cytotoxicity increases with increase in 
concentration. Another cytotoxicity study of porous PdNPs was carried out by 
Xiao et al. (2014) on HeLa cell line and A549 cell line. The study revealed that 
PdNPs showed good biocompatibility for A549 cells. The dose-dependent cyto-
toxicity was also reported by Gurunathan et al. (2015). However, phytochemical 
stabilized PdNPs were reported as non-toxic to normal cells (Siddiqi and Husen 
2016). Most of the literature focused on toxicity of PdNPs on cancer cells (Fang 
et al. 2012; Balbin et al. 2014). They induce concentration-dependent cytotoxic-
ity against human cancer cell lines (Bascolo et al. 2010). However, more focus 
on this research area is needed in order to explore the possible harmful effects 
of PdNPs.

21.3.5  Rhodium Nanoparticles (RhNPs)

Harmful effect of RhNPs has not been investigated yet. To the best of our knowl-
edge, there is no such report on cytotoxicity of RhNPs on human cells. But, it is well 
reported that rhodium metal complexes like rhodium (II) citrate, rhodium carboxyl-
ate, etc. show antitumour and cytotoxic activity, and it has been widely used as 
promising agent in chemotherapy (Carneiro et al. 2011). Rhodium (II) citrate was 
reported cytotoxic to normal cell (Carneiro et al. 2011). Likewise clinical use of 
rhodium carboxylate was limited due to its toxic effect on normal cells (Katsaros 
and Anagnostopoulou 2002; de Souza et al. 2006).
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One of the major limitations of using noble metal nanoparticles is their nonspe-
cific untargeted toxicity. It is necessary to understand various cytotoxic effects of 
these nanoparticles on human normal cell. Hence, for development of any therapeu-
tic product, determination of its toxicity to human cell is highly important.

21.4  Cellular and Molecular Mechanism of Toxicity

The widespread uses of different nanomaterials including nanoparticles in various 
biomedical applications increase their interference, which leads to toxicity in human 
cells. Various studies have been performed on the evaluation of toxicity of various 
nanomaterials in normal human cells and proposed different possible cellular and 
molecular mechanisms involved in it. Many studies claimed that the higher surface 
area-to-volume ratio of nanoparticles resulted in higher chemical reactivity leading 
to generation of ROS, which directly or indirectly plays a vital role in cytotoxicity 
and genotoxicity (Fard et al. 2015).

Generally, generation of ROS induces oxidative stress. It is one of the several 
mechanisms leading to nanotoxicity, including lipid peroxidation, damage to plasma 
membrane, mitochondrial damage, protein denaturation, DNA damage, etc. (Xia et al. 
2008; Fu et al. 2014). It is a well-known fact that plasma membrane encloses the entire 
cell cytoplasm, thereby keeping the structure intact, and also plays an important role 
in the selective or non-selective transport of different types of molecules. The interac-
tion of nanoparticles with cell plasma membrane causes its disruption followed by 
leakage of the cellular components in the surrounding medium leading to the loss of 
structure and function of cell (Kim et al. 2009; Napierska et al. 2009).

Actually, plasma membrane is a lipid bilayer structure containing a large amount 
of phosphate molecules, which makes the cell membrane negatively charged. In 
such situation, different positively charged nanoparticles like gold nanoparticles or 
any other cationic polymers can be easily attracted towards negatively charged cell 
membrane electrostatically and form nanoparticles-micelles, resulting in formation 
of nanosized pits and causing damage to the cell membrane (Ginzburg and Balijepalli 
2007). Moreover, the adsorption of such positively charged nanoparticles having 
cationic side chains on the surface of cell membrane increases the cell membrane 
permeability and significantly reduces cell viability (Lin et al. 2010).

Apart from the cell membrane, mitochondrion is another important target site for 
nanomaterial toxicity. It mainly includes interaction of nanomaterials with mitochon-
drial DNA.  The increased permeability of outer membrane of mitochondria may 
cause apoptosis. Apoptosis is one of the best described mechanisms by which nano-
materials like nanoparticles can exert their toxic effects through an intrinsic pathway, 
mediated by mitochondria, or by an extrinsic pathway, mediated by death receptors. 
As mentioned earlier, TiO2NPs were reported to induce apoptosis BEAS-2B through 
heightened ROS and pro-inflammatory response (Shah et al. 2017). Herein, nanopar-
ticles increase the permeability of mitochondrial membrane, causing the release of 
caspase-3 which consequently induces caspase-9 and effector caspase-3 for apoptosis. 
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Moreover, TiO2NPs upregulates the p53 gene, which promotes Bax (BCL-2-associated 
X protein) gene expression via suppressing Bcl-2 (β-cell lymphoma 2) family regula-
tory proteins. It leads to the opening of mitochondrial channels releasing the cyto-
chrome C. The similar mechanism was proposed by Piao et al. (2011) while working 
on exposure of silver nanoparticles (AgNPs) to human liver cells.

The generation of ROS in excess found to cause severe damage to cellular mac-
romolecules such as proteins, lipids and DNA, resulting in detrimental effects on 
cells (Khanna et al. 2015). An important toxicity mechanism for AgNPs involved 
the interaction of both the AgNPs and Ag ions release from it with sulphur- containing 
proteins because of strong affinity of silver towards sulphur, thereby leading to 
denaturation of proteins (Choi et al. 2009; Banerjee and Das 2013; Hou et al. 2013; 
Khanna et al. 2015). Apart from these, Saptarshi et al. (2013) reviewed that AgNPs 
can cause the formation of protein corona, protein unfolding and altered protein 
function in cell. Moreover, AgNPs also interact with various other proteins such as 
human serum albumin (Chen et  al. 2012), human blood protein haemoglobin 
(Mahato et al. 2011) and cytoskeletal proteins (Wen et al. 2013) which cause con-
formational changes in the protein structure and ultimately damage the protein.

In addition to the damage of mitochondrial DNA, nanoparticles can also interact 
with nuclear DNA after penetration within the cell. The interaction of nanoparticles 
with DNA can damage it by various means such as gene chromosomal damage and 
DNA strand break (Wang et al. 2007; Kang et al. 2008). Gurr et al. (2005) demon-
strated that the direct interaction of TiO2NPs with DNA leads to the DNA damage; 
alternatively, oxidative stress induced by ROS and inflammatory responses may 
also cause DNA damage (Federici et al. 2007; Li et al. 2008). Figure 21.1 shows that 
nanoparticles induce ROS, which lead to oxidative stress and cause cytotoxicity and 
genotoxicity by various mechanisms such as lipid peroxidation, mitochondrial dam-
age, protein denaturation and DNA damage.

21.5  Findings-Based Recommendation for Future Studies

The nanotechnology industry is developing rapidly, and therefore, evaluation of 
implications associated with various nanomaterials is now a challenge for scientists 
and regulatory organizations. Based on the research discussed herein, it is observed 
that there is pronounced lack of data regarding the toxicity of noble nanoparticles. 
Although majority of studies indicated the toxicity of noble nanoparticles at low 
concentrations, more extensive research for finding potential hazard of nanoparti-
cles is needed. We also recommend that more advanced level of investigations 
should be performed to understand the long-term low and high exposure of noble 
nanoparticles. There is also need to perform analysis, which can correlate the 
in vitro and in vivo studies. Additionally, there is requirement to set up an interna-
tional panel of researchers, scientists and representatives from various countries and 
agencies to review timely status of the obtained data, which could be helpful for the 
peaceful applications of noble nanoparticles.
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21.6  Conclusions

Since the last decade, many revolutionary advances have been made in the field of 
nanotechnology. Different nanomaterials including nanoparticles are extensively 
being used in the field of nanomedicine due to their unique and potential physico-
chemical properties. However, the widespread use of nanomaterials in various con-
sumer products without following safety guidelines and regulations leads to 
nanotoxicity, which has become a growing concern globally. Various possible 
routes such as inhalation, oral administration, intravenous injection and dermal 
exposure have been confirmed by which nanomaterials can enter into the human 
body. The smaller size of nanoparticles facilitates easy penetration of nanomateri-
als into the cells, which may be further distributed to different body organs and 
cause cytotoxicity.

Although the shape, size and surface chemistry of nanomaterials play a vital role 
in toxicity of nanomaterials, extensive in vitro and in vivo studies are required to 
elucidate the mechanisms involved in the cellular and genotoxicity of nanomateri-
als. Most of the studies reported that various mechanisms are involved in the toxic-
ity of nanomaterials, which includes interaction of nanoparticles with phospholipids 
of the membrane resulting into the formation of pits. However, in other mechanisms 
generation of oxidative stress due to induction of ROS can cause damage to 
 mitochondria, cellular proteins/enzymes and nuclear DNA, which ultimately 
reduces cell viability and causes cell death. Therefore, there is a need to further 
explore the toxicological aspects of noble nanoparticles, which could ensure their 
safe applications for the benefit of human population.

Fig. 21.1 Schematic representation of possible mechanisms involved in cytotoxicity by nanoparticles
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