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Preface

This book is dedicated to the applications of nanobiotechnology, i.e. the way that 
nanotechnology is used to create devices to study biological systems and phenomena. 
It includes seven chapters, organized in two sections: (1) Nanomaterials in medicine, 
agriculture and biosensorics, and (2) Nanofluidics.

The first section (Chapters 1–5) covers a large spectrum of issues associated with 
nanoparticle synthesis, nanoparticle toxicity, and the role of nanotechnology in drug 
delivery, tissue engineering, agriculture, and biosensing.

Chapter 1 provides an overview on the physical and chemical methods for nanoparticle 
production with a special emphasis on green technology as an eco-friendly alternative 
to conventional techniques. It discusses the potential applications of nanoparticles in 
biomedical fields and attempts to bridge the gap of knowledge on the toxicological 
effects of nanomaterials.

Chapter 2 comments predominantly on the use of nanomaterials in drug delivery, 
due to their unique properties, size, and shape, as well as on the great potential of 
nanotechnology in molecular diagnostics.

Chapter 3 summarizes recent progress achieved in the field of nanofiber-based skin tissue 
engineering, including results of the author’s research group. The review is focused on 
the properties and use of synthetic non-degradable and degradable polymers and their 
composites with natural polymers for nanofibrous mesh preparation, intended as scaffolds 
for skin tissue engineering, wound healing, and carriers for various bioactive molecules.

Chapter 4 addresses two principal topics associated with agricultural nanobiotechnology: 
The application of nanomaterials to increase agricultural production using nanopesti-
cides and nanofertilizers, and the application of nanomaterials in food packaging. The 
authors recognize the novel possibilities that the nanotechnological approach offers in 
agriculture, but also comment on some related constraints.

Chapter 5 introduces two types of optoelectronic devices based on Mie resonances in 
silicon nanoantennas and analyzes their application prospect in biosensing.

The second section (Chapters 6 and 7) is devoted to the properties of nanofluids and the 
medical and biological applications of computational fluid dynamics modeling.

The book offers a professional look at the recent achievements and trends in nanobio-
technology applications. All the contributing authors are gratefully acknowledged for 
their efforts in preparing the book chapters and for their interest in the present project.

Margarita Stoytcheva and Roumen Zlatev
Universidad Autónoma de Baja California,

Mexicali, México
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Chapter 1

Nanoparticle Synthesis, 
Applications, and Toxicity
Hamid-Reza Rahimi and Mohsen Doostmohammadi

Abstract

Nowadays production of different nanoparticles (NPs) with plausible biomedical 
benefits is tremendously increasing. NPs are of great interest in drug delivery systems, 
drug formulation, medical diagnostic, and biosensor production. Aside from the 
importance of NPs in medicine, their negative side effects including potential 
cytotoxicity, inflammatory response induction, and drug interruption should be 
carefully considered. Several molecular and physicochemical mechanisms are 
involved in toxicity induction of NPs. Finding the negative effects of NPs on human 
tissues and investigation of their mechanism of action are a way for preventing the 
happening of unpleasant event. Here in this work, we would describe the main way 
of NP production with special attention to green NP production, and then their 
application in medical diagnosis and disease treatment would be explored. Also the 
main toxicity effects of NPs on different tissues would be explored, and the param-
eters affecting the quality of NPs and their corresponding biological properties 
would be highlighted.

Keywords: nanoparticle, biomedical, drug delivery, cytotoxicity, medical diagnostic

1. Introduction

Nanotechnology is referring to the technology of production, characterization, 
and application of materials in nanoscale [1]. After the definition of this term by 
Norio [2], nanoparticle (NP) production and application in several different fields 
gain much attention. The small size and high surface area of NPs are the causes of 
their tunable physicochemical properties such as improved thermal conductivity, 
light absorbance, significant chemical stability, and high catalytic activity [3]. 
Furthermore the surface layer of NPs can be functionalized using chemical and bio-
logical agents like small molecules, surfactants, and polymers for enhancing their 
activity and specificity [4]. It is revealed that each NP, regarding its size, surface 
charge, shape, surface groups, and type of ions, shows unique biological and physi-
cochemical properties [5, 6]. Owing to such diversity, these materials got immense 
biomedical applications such as drug delivery, radionuclide therapy, biosensors, 
cancer therapy, diagnostics, magnetic resonance imaging (MRI), and biological 
molecules purification [7, 8]. Although a wide variety of NPs with diverse ions and 
surface modifications are produced and preclinically tested, only a limited number 
of them gain approval for clinical uses. The long-term stability, general cytotoxicity 
and inflammatory response induction, and lack of guideline for relevant biological 
testing are the main reasons for low-approved NPs [6]. Due to the fast development 
of NPs, it is necessary to identify correlation between the physical and chemical 
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attributes of NPs and their corresponding biological effects. For instance, it is 
shown that although the positive charge of NPs enhances the efficacy of gene 
delivery, and imaging, it also enhances the cytotoxicity of corresponding constructs 
[9]. In this chapter we briefly introduce the main way of NP production and their 
applications in biological and medical studies. Also the mechanism of cytotoxicity 
induction and the main ways of detecting this toxicity are explained.

2. NP production methods

2.1 Physicochemical methods

NPs can be produced through two main approaches including top-down 
approach which is the production of NPs by making smaller and smaller structures 
by etching the bulk agents and bottom-up approaches which is the building up 
of NPs from atoms [6]. Physical, chemical, biological, and in some cases hybrid 
technique are the main ways of NP production. The physical methods of NP 
production include methods like laser ablation, high-energy irradiation, spray 
pyrolysis, and ion implantation, and the chemical one includes chemical reduction 
technique, sonochemical method, solgel process, microemulsion method, and 
electrochemistry. The biological method which is also called green NP biosynthesis 
involves application of plants extracts, microorganisms, enzymes, and even some 
agricultural wastes for NP production. Although the physical and chemical meth-
ods resulted in bulk amount of NPs a few times, application of chemical agents 
during the NP production in coordination with production of environmentally 
dangerous compounds simultaneously with NP production limited their applica-
tions [10]. For instance, thermolysis which is a chemical method for dissociation of 
organometallic precursors is performed at high temperatures by using organic sol-
vents. Also in some cases, surfactant is added to the reaction medium for reducing 
coalescence of particles [11]. Chemical reduction technique is an adopted chemical 
method which used a wide range of reducing agents such as sodium borohydride, 
hydroxylamine, and N,N-dimethylformamide for production of zerovalent ions. 
Wave-assisted chemical method used ultrasonic waves in coordination with sur-
factant or reducing agent for production of NPs. The formation of micro cavities 
with high temperatures upon ultrasonic induction can start chemical reduction of 
substrates. The physical NP production methods are mainly energy intensive and 
need special devices. For instance, milling process is a way by which metallic mic-
roparticles are crush using high-energy ball mills. The gas-phase process or aerosol 
process which is divided into four main types (including flame reactor, plasma 
reactor, laser reactor and hot wall reactor, and chemical gas-phase deposition) is a 
particular way for the production of NPs like fullerenes and carbon nanotubes. All 
types of these methods need special devices and are mainly high energy consum-
ing. NP production by wet chemical synthesis takes place at low temperature and 
is one of the most employed methods for NP production. Limitations in increasing 
batch reactor because of limited mixing and low heat transfer are mentioned as the 
main disadvantage of wet chemical synthesis method. The main advantages and 
disadvantages of NP production by physicochemical methods are summarized in 
Table 1.

2.2 Green NP production methods

Green technology using biological systems like plants, microorganisms, and 
enzymes is rising fast as an alternative method for conventional chemical and 
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physical. In contrast to physiochemical methods which mainly lead to environ-
mental toxicity, the biological NP production methods are known as eco-friendly 
and nontoxic protocols [16]. The biologically produced NPs’ special features 
including high catalytic activity, low toxicity contaminations, high stability, and 
plausible biocompatibility and biodegradability make them distinctive from 
NPs produced from other methods. The microorganism’s related NP produc-
tions are classified into intracellular and extracellular synthesis methods [17]. 
In an intracellular way, ions of interest are transported into the microbial cell 
and then reduced in the presence of enzymatic processes, while the metal ions 
are entrapped and reduced at microorganism’s surface in an extracellular way 
[18]. Microbial NP production regarding the ability of the majority of bacteria 
and fungi in tolerating ambient conditions of varying temperatures, pH, salt 
concentrations, and pressures makes this approach a safe, cost-effective, and 
environmental method. Several microbial species have been isolated from differ-
ent environments and used for production of various NPs. Compared to microbial 
production method, plant NP production is more desirable because it does not 
need any special and multistep processes, it has faster production rate, and it has 
easy scaling up procedure and because of its cost-effectiveness [19]. Investigations 
have revealed that metals bioaccumulated in plants which sometimes are called 
phytomining are mainly in the form of NPs. For instance, high level of silver NP 
accumulation in Brassica juncea and Medicago sativa [20], gold NP production in M. 
sativa [21], and copper NP accumulation in Iris pseudacorus [22] has been reported. 
This type of NP production has several disadvantages including heterologous size 
and morphology of NPs, difficult extraction and isolation procedure, and low 
production yield [21]. The alternative approach is in vitro production method 
which is based on reduction of ions using plant extracts. This method is more 
controllable through making change in plant extract and ion concentration, time 
of reaction, temperature, and pH of reaction medium. The production rate of this 
method is much faster and easier than in vivo method [23, 24]. For example, the 

Method Advantages Disadvantages Ref.

Chemical vapor deposition and 
chemical vapor condensation 
(CVD and CVC)

• High pure NPs production • High temperature of 
procedure (above 300°C)

• Uses of chemical agents

[12]

Gas condensation • Production of ultrafine 
nanocrystalline metals and 
alloys

• Need for special devices

• Extremely slow

[13]

Laser ablation • High-purity NP 
production

• Need special devices

• Difficult to control size, 
agglomeration, and 
crystal structures

[14]

Solgel • Simple method

• Production of large range 
of materials

• Uses low temperature

• Using chemical agents

• Undesirable agents 
production

• The cost of materials may 
be high

[15]

Chemical reduction • Cost-effective

• Good production rate

• Application of toxic 
agents

• Hazardous by product 
formation

[11]

Table 1. 
The main physicochemical methods of NP production and their corresponding advantages and disadvantages.
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extract of Tectona grandis seeds was used for reduction of AgNO3 to 10–30 nm Ag 
NPs with significant antibacterial properties [25], whereas Au NPs with an average 
size of about 3 nm have been synthesized using leaf extract of Ziziphus zizyphus 
[26]. Various plant extracts have been used for production of NPs from different 
ions with diverse sizes and shapes [27]. Table 2 summarizes some examples of NP 
production through a biological way.

Biological entity Type 
of 

NPs

Size (nm) and 
shape

Special characteristics Ref.

Bacteria and fungi

Delftia sp. SFG Bi Sphere/40–120 Antibiofilm activity against P. aeruginosa [28]

Escherichia coli CdS Spherical/2–5 [29]

Botryococcus braunii Cu, 
Ag

Sphere/10–100 Antibacterial and antifungal effects 
against Pseudomonas aeruginosa (MTCC 

441), Escherichia coli (MTCC 442), 
Klebsiella pneumoniae (MTCC 109) 

and Staphylococcus aureus (MTCC 96), 
Fusarium oxysporum

[30]

Yeast strain MKY3 Ag Hexagonal/2–5 [31]

Fusarium oxysporum Ag 25–50 [32]

Bacillus mojavensis Ag 105 High antibacterial activity against 
multidrug resistant pathogens

[33]

Aspergillus fumigatus 
BTCB10

Ag 41 Antibacterial and cytotoxic effects [34]

Plants

Apple extract Ag 22–30 Great antibacterial effects against 
Geobacillus stearothermophilus, 

Staphylococcus aureus, Pseudomonas 
aeruginosa, and Klebsiella pneumoniae

[35]

Lavandula vera Zn 60–80 Valuable antibacterial and anti-biofilm 
activity

[36, 
37]

Psidium guajava Se Spherical/8–20 Antibacterial effects [38]

Cassia alata ZnO 60–80 Antibacterial effect against Escherichia 
coli

[39]

Gnidia glauca 
and Plumbago 
zeylanica

Cu Spherical/1–5 Good antibacterial effects [40]

Andrographis 
paniculata

Ag 54 Good antifungal activity [41]

Cassia fistula Au 55–98 Hypoglycemia treatment [42]

Enzyme and other biological agents

Melanin Cu Spherical/66 Good antibacterial activity against E. 
coli and L. monocytogenes

[43]

Horseradish 
peroxidase

Au 10 Detection of low concentrations of 
phenylhydrazine

[44]

Macerating enzymes Ag Hexagonal/38 High antibacterial effects [45]

Table 2. 
Some examples of biologically produced NPs and their corresponding special characteristics.
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3. NP biomedical applications

With respect to special properties of NPs discussed before, they have various 
applications. Here we investigate some of these applications with special look at 
their uses in biomedical fields.

3.1 Drug delivery

NPs are of great interest for being used as a device for site-specific drug delivery 
with optimum dosage drug release. Current NP-based drug delivery approaches 
focused mainly on enhancing drug shelf life though improving drug uptake effi-
ciency [46]. NP-based drug carriers are able to cross the blood-brain barrier and 
tight junctions of the skin epithelial tissue [47]. Also they improve hydrophobic 
molecule solubility and increase stability of biological therapeutic agents.

NPs enabled us to deliver drugs by various routes including nasal mucosa and 
oral administration, aerosol method, and topical vaccination. The aerosol technol-
ogy is used for respiratory disorder drug delivery. Target drug delivery approaches 
using magnetic NPs are widely being used for cancer therapy, gene therapy, MRI, 
and cell sorting [48, 49]. For instance, Fe3O4, γ-Fe2O3, and super magnetic iron 
oxide NPs (SPIONs) are the main NPs used for site-specific drug delivery. The sur-
face properties and particular shape of fullerenes and carbon nanotubes make them 
attractive for drug delivery. These particles are such small that can pass through cell 
membrane and deliver agents like DNA and protein into the cells [50, 51].

3.2 Antibacterial agent

The prevalence of antibiotic-resistant bacteria species becomes a threat for 
human health. NPs with significant antibacterial properties and no bacterial 
resistance are the best alternative for common antibiotics [52]. Ag NPs are the 
leading NP-based antibacterial agents with significant bactericidal effects on both 
Gram-negative and Gram-positive bacteria [53]. Every day various NPs with dif-
ferent physicochemical properties and bactericidal activities have been developed, 
and their mechanism of action and potential side effects are under investigations. 
Also application of common antibiotics such as ampicillin, chloramphenicol, and 
kanamycin in the presence of NPs demonstrated the positive effects of this com-
bination. Previous studies showed that NPs can be used as a vehicle for antibiotic 
delivery. The attachment of NPs to the bacterial surface and induction of damages 
are reported as the main mechanism bacterial death with NPs [54, 55]. Interaction 
of NPs with bacterial cell membrane and disruption of its normal function are the 
most common way of NP bacterial killing. NPs are also able to hindrance bacterial 
biofilm formation. Furthermore, NPs are able to produce different types of ROS 
species. For example, Mg NPs are able to produce O2−, and ZnO NPs produce H2O2 
and OH. These ROS species interact with bacterial cells and cause acute stress reac-
tions and finally lead to acute microbial death [56, 57].

3.3 Biosensor

The optical and electronic properties of NPs make them suitable for biosensor 
application. The size, type of ion, and shape of NPs are critical parameters affect-
ing SPR peaks and line widths of sensor. The noble metals like Au, Ag, and Pt 
NPs showed special physicochemical features which make them the most popular 
components of NP-based biosensors [58]. NPs have different roles in any types 
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of biosensors. For instance, electrochemical biosensor is performed by fixing the 
potential at a suitable value and determining the current changes versus time. The 
role of NPs in this type of biosensor is to improve sensitivity and signal detection 
[59]. In optical biosensors, the free electron oscillation in conduction bands of some 
metals (Ag, Au, Cu) interacts with light photons and produces a polariton. Size 
tuning of plasmonic metals is a way for enhancing surface plasmon resonance and 
making the device suitable for biomedical applications. Using NPs leads to reach-
ing to highest detection sensitivity. Au NPs because of their easy functionalization 
and showing different colors based on their size and shape are good choices for 
colorimetric biosensor, plasmonic sensing, immune sensors, and electrochemistry 
[60]. The Au NPs showed unique stability compared to other metals when used 
for bio-conjugation production and have valuable sensitive plasmon change which 
lead to their wide use in classic immunoassays. The stronger Raman and fluores-
cence enhancement of Ag NPs than Au NPs resulted to their broad uses in optical 
applications [61]. Also they can easily be oxidized and be used in electrochemical 
sensors. Ag NPs with ability to detect proteins have been used for cancer detection. 
Furthermore they were also used for detecting glucose, DNA, dopamine, ascorbic 
acid, and several other biological molecules. Magnetic NPs are used in sensors 
through three main approaches including pre-concentration of analyte, magnetic 
tags, and integration into transducer materials [62, 63].

3.4 Diagnostic agent

The special features of NPs such as fluorescence properties, optical scattering 
and electromagnetic field enhancement, and even transferring light energy to 
heat resulted in a wide application of these compounds in medical diagnostic field. 
Furthermore, NPs are excellent carriers for delivery of active biomedical agents. 
Biomedical imaging is one of the useful tools for human disease diagnosis. The NPs 
with special optical, magnetic, and radioactive properties can enhance the quality 
of imaging. It is possible to functionalize NPs with multiple modals and by this 
way minimize the interface between each modality and provide multimodal agent 
for better imaging [64]. The optical nano-probes can be designed for being used 
in linear optical imaging with high-emission quantum energy yield and expanded 
optical capacity. In the case of fluorescent imaging, the degradation of organic dyes 
(photo bleaching) and metal complexes under light exposure is alleviated with 
fluorophore-doped silica NPS. These NPs have been used for untargeted imaging of 
human epithelial cells of the cervix and targeted imaging of cells A549, HeLa, and 
HepG2 [65, 66]. Phosphorescence imaging using NPs produced images with lower 
background autofluorescence and scattered excitation light in the spectral range. 
Magnetic resonance imaging (MRI) used contrast agents for detection of small 
tumor and lesions in a normal tissue. The NPs with magnetic functionality are used 
in MRI, and the ones with larger magnetic moment are preferred [67].

3.5 Catalytic agent

NPs have been developed for various catalytic applications. The NP catalytic 
reactions have several advantages including low reaction temperature, light trans-
parency, and easily immobilization on solid supports, for instance, the catalytic 
activity of Au NPs in degrading methylene blue demonstrated by Khan et al. [68]. 
Also the effect of geometrical parameters of supported Au NPs on its carbon 
monoxide oxidation has been evaluated. The NPs with an average diameter of 
2 nm and height of six atomic monolayers showed optimum catalytic activity [69]. 
The Au NPs on amorphous silica support produced by Mukherjee et al. were able 
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to catalyze hydrogenation of cyclohexene [70]. The Ag NPs produced by lychee 
(L. chinensis) extract showed significant photocatalytic activity even after three 
times of reusing [71].

3.6 Wound healing activity

NPs are a suitable wound dressing agent because of their valuable antibacterial, 
anti-inflammatory effects and ability to accelerate skin reepithelialization. Reports 
of healing effects of Ag NPs indicated that these nanoscale materials decrease local 
matrix metalloproteinase and neutrophil apoptosis. Also they showed inhibitory 
effects on pro-inflammatory cytokines interferon gamma and tumor necrosis factor 
alpha [72]. The combination of Ag NPs and collagen results in the formation of 
component with suitable antibacterial activity. Au NPs do not have any antibacte-
rial effects alone, but their combination with biological agents like collagen and 
gelatin improve their biocompatibility and biodegradability and make them suitable 
for wound dressing. Au NP antibacterial properties resulted from their interac-
tion with cell membrane and inhibiting ATP synthase which consequently lead to 
ROS-independent cell death. The reports indicated that the combination of Au NPs, 
gallate, and epigallocatechin has positive effects in healing of mouse skin wounds 
through regulation of angiogenesis and anti-inflammatory effects [73]. Pd, Pt, Se, 
and ZnO are other promising NPs for regenerative medicine and wound healing. 
The PAPLAL® solution (Toyokose Pharmaceuticals, Japan) (Shibuya et al. 2014) 
which is a mixture of Pd NPs and Pt NPs showed protective effects against aging-
related skin pathologies and normalized the gene expression levels of Mmp2, Has2, 
TNF-α, and IL-6 in the skin [74].

Zn NPs have valuable antibacterial effects, and its topical application leads to 
reduction of inflammation and improvement of skin reepithelialization. TiO2 NP 
wound treatment enhances body fluid coagulation by making interaction with 
blood proteins. The formation of adherent crust of a nanocomposite improved heal-
ing of wound and inhibited infection and inflammation [75].

Also nanotechnology can be used for delivery of active agents with antimi-
crobial, anti-inflammatory, and healing effects. Curcumin treatment of diabetic 
wounds leads to significant enhancement in reepithelialization and an increase 
in fibroblast proliferation of injured tissue. Curcumin NPs not only have higher 
lifetime than curcumin but also showed valuable antibacterial effects against 
methicillin-resistant Staphylococcus aureus [76]. With respect to molecular chem-
istry and self-assembly approaches, it is possible to develop peptide NPs with a 
variety of medical applications.

Polymeric NPs using both biological and synthetic polymers are of great inter-
est for the development of wound dressing compound. Polymeric NPs are able to 
stimulate cell proliferation through enhancing angiogenesis and reepithelialization. 
They are able to stimulate the infiltration of inflammatory cells in the initial phase 
of healing. Furthermore, they are suitable carriers for therapeutic agents including 
cytokines, growth factors, and antibiotics which make them suitable for being used 
in treatment of both normal and delayed infectious wounds [77, 78].

4. NP toxicological consideration

Regarding the extensive uses of NPs in foods, paper, drug delivery, biosensor, 
cancer therapy, and imaging, looking for possible toxicity and long-term exposure 
side effects and finding the mechanism underlying the adverse effects of NPs seem 
necessary.
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Any toxicity induction of NPs is strongly related to NP base material, shape, 
size, and functional groups coated at their surface. The smaller NPs have a larger 
specific surface area which in turn leads to higher interaction cell components 
including nucleic acid, proteins, and carbohydrates. Also the smaller NPs can 
penetrate better into cells and interact higher with cells. Surface charge of NPs has 
strong correlation with their interaction with cells and absorbance. It is showed that 
the NPs with higher positive charge have higher cytotoxicity effects. Also NPs with 
positive charge are more toxic than negatively charged NPs [79]. The shape of NPs 
is the other critical parameter which largely affects their cytotoxicity and antipro-
liferative effects. For instance, the amorphous TiO2 NPs produced higher levels of 
oxidative stress and cell surface defects than anatase TiO2 NPs. Also the spherical 
Fe2O3 NPs had lower cytotoxic effects than rod-shaped ones. Also cytotoxicity is 
strongly dependent on the type of cells. For instance, although citrate-capped gold 
NPs were nontoxic to human liver carcinoma and hamster kidney cells, they were 
severely toxic to human carcinoma lung cells [80].

NPs can easily penetrate into the cells and interact with cells’ normal functions. 
ROS formation and consequently oxidative stress induction are the common side 
effects of metal NPs. The produced ROS disrupt normal cell function through 
attacking essential biological molecules including DNA, enzymes, and lipids. 
Peroxidation of membrane lipids; enhancing calcium entrance; release of calcium 
from intracellular stores, protein kinase C, and mitogen-activated protein kinase 
activation; and DNA damages are some of the main changes that lead to cell death 
after interaction with NPs [81, 82]. Furthermore the risk of early apoptosis upon 
exposure to some NPs such as ZnO and TiO2 has been demonstrated. Also CuO, 
NiO, TiO2, Fe3O4, ZnO, and Al2O3 NPs can arrest cell cycle and induce apoptosis. It 
is demonstrated that the phase of cell arrest depends on the type of cell and NPs. 
G2/M phase arrest is the most common type of cell arrest induced by metallic NPs. 
The induction of P53 pathway in NCM460 cells and cyclin-dependent kinase 1 
downregulation in HaCaT cells after exposure to ZnO and cyclin B1 downregulation 
in A549 cells by TiO2 have been reported as the main causes of cell proliferation 
disruption [83, 84]. Many researches have been done on different cell lines and 
animal models for finding the mechanism of NP toxicity and physiological changes. 
The high absorption of gold NPs and their aggregation inside cells are probably the 
main cause of gold NP toxicity.

Argyria is a condition of the skin and other organs’ blue-gray discoloration as 
a result of long-time exposure to high levels of Ag NPs. Irritation, stomach pain, 
allergic reactions, and inflammation are reported as the main side effects of body 
exposure to high levels of Ag NPs [85]. TiO2 and ZnO NPs are widely being used in 
cream and lotions as sunscreen or materials for water- or stain-repellent proper-
ties. The cytotoxicity induction of TiO2 NPs through increasing reactive oxygen 
species and lactate dehydrogenase has been demonstrated [86]. It revealed that UV 
and visible light irradiation enhanced ZnO NP cytotoxicity power [87]. Also the 
Zn NPs were produced by microwave-assisted method, and its in vivo cytotoxicity 
and levels of distribution in different tissues have been evaluated. According to the 
obtained results, the produced Zn NPs were classified as nontoxic agents with high-
est distribution in the testis, liver, and brain [37].

Several assays have been developed for the determination of NP toxicity both 
in vitro and in vivo. Proliferation assay which measures the active cell metabolism 
is the most popular method for determining the antiproliferative potency of NPs. 
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), XTT, 
thymidine incorporation, alamar blue, and clonogenic assay are the most popular 
methods for determining cell proliferation rate [88, 89]. DNA damage and apop-
tosis induction of NPs which are mainly due to generation of free radicals can be 
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determined by methods like annexin V, comet assay, DNA laddering, and TdT-
mediated dUTP-biotin nick end labeling (TUNEL) [90, 91]. NPs are able to interact 
with cell membrane and lead to cell integrity destruction and cell death. This 
phenomenon which is known as cell necrosis is mainly measured by neutral red and 
trypan blue exclusion assays [92, 93]. The in vivo assays including biochemical tests, 
histopathological analysis, hematology, and NP bio-distribution are also used for 
finding the effect of NPs on normal function of cells and tissues [94].

5. Conclusion

NPs are becoming the spreadable part of medicine, and their uses are increas-
ing every day. They exhibited promising biomedical uses regarding their special 
redox potentials, small sizes, high surface area, optical scattering, and fluorescence. 
Due to special biological effects of these compounds including significantly high 
antibacterial and antiproliferative effects against a wide range cells, their production 
and surface modification are increasing for reaching more effective agents. Besides 
they are able to be used as delivery devices for dispensing drugs and biological 
agents to specific sites. Owing to the advances in generation of multifunctional NPs, 
application of NP-based platforms is significantly increasing. While all NPs showed 
some degree of success in laboratory tests and some of them are now on the market, 
considering their potent environmental and biological side effects is necessary. 
Although several researches demonstrated the toxicity of different NPs, the cause 
of toxicity is mainly unknown. Any NP has its special toxicological characteristics, 
and there is not a comprehensive method for calculation or grading different NP 
toxicity. Production of NPs through methods with lowest dangerous side products, 
optimizing the NP production protocols, and doing both in vitro and in vivo tests of 
toxicity are the main steps toward production of NPs with lowest negative effects on 
the environment and human health. Short- and long-term toxicities of NPs and their 
pharmacokinetic and pharmacodynamic tests should be evaluated for FDA approval.

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
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severely toxic to human carcinoma lung cells [80].

NPs can easily penetrate into the cells and interact with cells’ normal functions. 
ROS formation and consequently oxidative stress induction are the common side 
effects of metal NPs. The produced ROS disrupt normal cell function through 
attacking essential biological molecules including DNA, enzymes, and lipids. 
Peroxidation of membrane lipids; enhancing calcium entrance; release of calcium 
from intracellular stores, protein kinase C, and mitogen-activated protein kinase 
activation; and DNA damages are some of the main changes that lead to cell death 
after interaction with NPs [81, 82]. Furthermore the risk of early apoptosis upon 
exposure to some NPs such as ZnO and TiO2 has been demonstrated. Also CuO, 
NiO, TiO2, Fe3O4, ZnO, and Al2O3 NPs can arrest cell cycle and induce apoptosis. It 
is demonstrated that the phase of cell arrest depends on the type of cell and NPs. 
G2/M phase arrest is the most common type of cell arrest induced by metallic NPs. 
The induction of P53 pathway in NCM460 cells and cyclin-dependent kinase 1 
downregulation in HaCaT cells after exposure to ZnO and cyclin B1 downregulation 
in A549 cells by TiO2 have been reported as the main causes of cell proliferation 
disruption [83, 84]. Many researches have been done on different cell lines and 
animal models for finding the mechanism of NP toxicity and physiological changes. 
The high absorption of gold NPs and their aggregation inside cells are probably the 
main cause of gold NP toxicity.

Argyria is a condition of the skin and other organs’ blue-gray discoloration as 
a result of long-time exposure to high levels of Ag NPs. Irritation, stomach pain, 
allergic reactions, and inflammation are reported as the main side effects of body 
exposure to high levels of Ag NPs [85]. TiO2 and ZnO NPs are widely being used in 
cream and lotions as sunscreen or materials for water- or stain-repellent proper-
ties. The cytotoxicity induction of TiO2 NPs through increasing reactive oxygen 
species and lactate dehydrogenase has been demonstrated [86]. It revealed that UV 
and visible light irradiation enhanced ZnO NP cytotoxicity power [87]. Also the 
Zn NPs were produced by microwave-assisted method, and its in vivo cytotoxicity 
and levels of distribution in different tissues have been evaluated. According to the 
obtained results, the produced Zn NPs were classified as nontoxic agents with high-
est distribution in the testis, liver, and brain [37].

Several assays have been developed for the determination of NP toxicity both 
in vitro and in vivo. Proliferation assay which measures the active cell metabolism 
is the most popular method for determining the antiproliferative potency of NPs. 
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), XTT, 
thymidine incorporation, alamar blue, and clonogenic assay are the most popular 
methods for determining cell proliferation rate [88, 89]. DNA damage and apop-
tosis induction of NPs which are mainly due to generation of free radicals can be 
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determined by methods like annexin V, comet assay, DNA laddering, and TdT-
mediated dUTP-biotin nick end labeling (TUNEL) [90, 91]. NPs are able to interact 
with cell membrane and lead to cell integrity destruction and cell death. This 
phenomenon which is known as cell necrosis is mainly measured by neutral red and 
trypan blue exclusion assays [92, 93]. The in vivo assays including biochemical tests, 
histopathological analysis, hematology, and NP bio-distribution are also used for 
finding the effect of NPs on normal function of cells and tissues [94].

5. Conclusion

NPs are becoming the spreadable part of medicine, and their uses are increas-
ing every day. They exhibited promising biomedical uses regarding their special 
redox potentials, small sizes, high surface area, optical scattering, and fluorescence. 
Due to special biological effects of these compounds including significantly high 
antibacterial and antiproliferative effects against a wide range cells, their production 
and surface modification are increasing for reaching more effective agents. Besides 
they are able to be used as delivery devices for dispensing drugs and biological 
agents to specific sites. Owing to the advances in generation of multifunctional NPs, 
application of NP-based platforms is significantly increasing. While all NPs showed 
some degree of success in laboratory tests and some of them are now on the market, 
considering their potent environmental and biological side effects is necessary. 
Although several researches demonstrated the toxicity of different NPs, the cause 
of toxicity is mainly unknown. Any NP has its special toxicological characteristics, 
and there is not a comprehensive method for calculation or grading different NP 
toxicity. Production of NPs through methods with lowest dangerous side products, 
optimizing the NP production protocols, and doing both in vitro and in vivo tests of 
toxicity are the main steps toward production of NPs with lowest negative effects on 
the environment and human health. Short- and long-term toxicities of NPs and their 
pharmacokinetic and pharmacodynamic tests should be evaluated for FDA approval.

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Chapter 2

Role of Nanobiotechnology in 
Drug Discovery, Development and 
Molecular Diagnostic
Deepak Kumar Dash, Rajni Kant Panik, Anil Kumar Sahu  
and Vaibhav Tripathi

Abstract

Nano-biotechnology has already tested its magnitude in a number of sections 
of existence science and biotechnology field. It is no longer hyperbole to say that in 
future, nano-scale method would in reality take the associated science area to the 
subsequent level. Since, there are technical hurdles present; despite the fact that 
scientists are giving their great to overcome such problems. Applications of nano-
biotechnology have already been discussed in this chapter. Future potential are 
really associated with innovative amendment of such applications. Despite of some 
impedance, this technology presents giant hope in the future. It performs most 
important position in distinct sorts of biomedical application such as shipping of 
drug, gene therapy, biosensors, biomarkers and molecular imaging. It additionally 
leads to innovations in this field. The fundamental lookup goal of this discipline 
would be the innovation of early analysis approach and cure with target-specific 
remedy therapy. Although there would possibly be some safety worries with admire 
to the in vivo use of nanoparticles, research are in region to decide the nature and 
extent of adverse events.

Keywords: nanobiotechnology, drug discovery, drug design, nanoparticle, 
biosensors

1. Introduction

The effective treatment for disease requires the improvement of diagnostic 
method, development of optimized drug loaded formulation and incorporation of 
optimized formulation in to suitable delivery system in terms of role of nanotech-
nology in drug discovery and development.

There has been challenging task for researchers to increase analytical capacity 
with improved data quality, consuming less sample volume for storage and screening 
of cell and tissue library at molecular level. In current scenario the innovative format 
of nanotechnology offers advancement in the technology, overcoming the initial 
challenges of unreliable data, consuming high sample and various other issues [1].

Pharmaceutical industries are continually facing a challenge to find better 
drug discovery technologies because of availability of various competitive other 
medicinal market. This industry requires discovering and developing new medi-
cines for the effective treatment of wide range of diseases likely to grow regulatory 
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Abstract

Nano-biotechnology has already tested its magnitude in a number of sections 
of existence science and biotechnology field. It is no longer hyperbole to say that in 
future, nano-scale method would in reality take the associated science area to the 
subsequent level. Since, there are technical hurdles present; despite the fact that 
scientists are giving their great to overcome such problems. Applications of nano-
biotechnology have already been discussed in this chapter. Future potential are 
really associated with innovative amendment of such applications. Despite of some 
impedance, this technology presents giant hope in the future. It performs most 
important position in distinct sorts of biomedical application such as shipping of 
drug, gene therapy, biosensors, biomarkers and molecular imaging. It additionally 
leads to innovations in this field. The fundamental lookup goal of this discipline 
would be the innovation of early analysis approach and cure with target-specific 
remedy therapy. Although there would possibly be some safety worries with admire 
to the in vivo use of nanoparticles, research are in region to decide the nature and 
extent of adverse events.

Keywords: nanobiotechnology, drug discovery, drug design, nanoparticle, 
biosensors

1. Introduction

The effective treatment for disease requires the improvement of diagnostic 
method, development of optimized drug loaded formulation and incorporation of 
optimized formulation in to suitable delivery system in terms of role of nanotech-
nology in drug discovery and development.

There has been challenging task for researchers to increase analytical capacity 
with improved data quality, consuming less sample volume for storage and screening 
of cell and tissue library at molecular level. In current scenario the innovative format 
of nanotechnology offers advancement in the technology, overcoming the initial 
challenges of unreliable data, consuming high sample and various other issues [1].

Pharmaceutical industries are continually facing a challenge to find better 
drug discovery technologies because of availability of various competitive other 
medicinal market. This industry requires discovering and developing new medi-
cines for the effective treatment of wide range of diseases likely to grow regulatory 
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challenges, costing revolution and various other barriers. Recently, all pharma-
ceutical companies giving importance to common processes including cloning and 
expressing human receptors and enzymes for discovering innovative drugs, that 
allow high throughput, automated screening and the application of combinatorial 
chemistries. Presently, the drug discovery industry should have massive amounts 
of data about life’s molecular components in the area of genomics and proteomics 
revolution [2].

The Pharmaceutical and biotechnology firms have spent billions of dollars on 
novel technologies in order to improve productivity, accelerate the drug discovery 
and development processes and sustain market share.

Nanotechnology refers to development of innovative research and technology at 
the atomic, molecular and macromolecular level with controlled manipulation, and 
the study of structures and devices are done in the 1 to 100 nanometers range. The 
conclusive remark at this scale, Nanoparticle take on beneficial novel properties and 
functions like small size, surface tailorability, improved solubility, and multifunc-
tionality as compared to seen in the bulk scale. This nanofield may open many new 
avenues of research for biologists. The novel nanotechnology using nano-materials 
can interact with complex biological organ consuming low level of biomolecules.

The development and design of multifunctional nanoparticle offers new oppor-
tunity for interdisciplinary researchers that can target, diagnose and treat diseases 
such as cancer. Within the field of discovery and development of nanomaterials, 
nanotechnology focuses to improve diagnostic methods, improved drug loaded 
delivery system for the effective and enhanced therapy. Now a days, the scientific 
community is paying attention on the physical, chemical and biological properties 
of nano-sized materials so that development of new applications can be done in 
order to improve human health.

Earlier the nanotechnological concepts have been discussed in 1959 by physi-
cist Richard Feynman during his talk “There’s Plenty of Room at the Bottom,” 
describing manipulation of atom is a key to possible different method of syn-
thesis. In 1974, Norio Taniguchi used the term “nanotechnology.” The scanning 
tunneling microscope was invented in the year 1981, ensures the clear visibility 
of individual atoms and bonds. Initially the term nanotechnology was used in 
designing nanoscale devices studying about carbon nanotube [3]. The National 
Nanotechnology Initiative (NNI) defines nanotechnology as research and develop-
ment of nanosized delivery system with novel functional properties. Subsequently 
manipulation of atoms could be possible to create efficient nanomaterials with 
characterized invitro and invivo parameters. Thus the inherent nanoscale functional 
properties to the biological tissues, proves that nanotechnology could be feasible 
for the application to the life sciences successfully. With growing research in the 
field of nanotechnology, large number of nanotechnologies using nanomaterials 
has been studied, but there is no study about safety and toxicity. For this purpose 
in vitro diagnostic use of nanotechnology without any safety risks to people and in 
vivo characterization of nanoparticles, ranging smaller size <50 nm in size, were 
studied. The smaller size of nanoparticle concerns over the entry and localization 
of the particles in to the cells, but there are still many unanswered questions related 
to huge diversity of materials used and its wide range in the sizes of nanoparticles, 
these effects will vary a lot. It has been conceived by many researchers that particu-
lar sizes might turn out to have toxic effects and consequently further investigation 
are required. The FDA approval is mandatory for clinically approval the applica-
tions of nanotechnology and substantial regulatory problems in the nanotechnol-
ogy-based product. Consequently the term “nanobiotechnology,” has come in to 
existence as a unique fusion of biotechnology and nanotechnology [4]. This article 
will provide an integrated overview of application of nanobiotechnology based 
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molecular diagnostics, drug discovery, and drug delivery in the development of 
nanomedicine with the relationships.

2. Nanobiotechnology

The word “Nanobiotechnology” is a combined study of “The Nanotechnology” 
including design, development and application of nanomaterials & devices and 
“The Biotechnology” including the various function of biological site like micro-
organisms [4]. The field of nanobiotechnology will grow in the development 
and discovery of drug in upcoming scenario at exponential rate, Where atom or 
molecule level devices can be constructed by incorporation of drug in to suitable 
biocompatible delivery system. Hence nanobiotechnology can help various aspects 
of biological problem with the help of nanotechnology and information technology. 
This technology has capacity to build bridge among different branches of sci-
ences providing newer challenges and opening new door in the field of research & 
diagnostics, education in the near future [5]. Relation between nanobiotechnology, 
bionanotechnology, and nanobiology are the terms referring to the intersection 
of nanotechnology and biology. Nanobiotechnology includes recent advances in 
nanotechnology to improve biotechnology, and bionanotechnology, which aims to 
have advantage of natural/biomimetic approaches to create devices with nanosize 
range [6].

This article will focus on the principal trends and the implications of nanobio-
technology in drug discovery, development and molecular diagnostic.

3. Advantages of nanobiotechnology

Nanoformulation based on oral and topical drug delivery in biotechnology can 
stimulate molecular imaging for brain tissue engineering and drug delivery through 
blood brain barrier, Improvement of CNS directed neuroprotection or regenera-
tion, drug uptake assistance, showing fewer side-effects compared to conventional 
molecules, more active therapeutically in treating brain tumors, Successful biodis-
tribution, High bioavailability, DNA and RNA molecules provide high affinity and 
binding on specific target site, devoid of enzymatic degradation enriches lymphatic 

Figure 1. 
Advantages of nanobiotechnology.
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transport, development of biosensors, nontoxic and biodegradable nature, 
enhancement of the potency of anticancer drugs, in vivo and in vitro biomedical 
research and accomplishment of easy Drug targeting (Figure 1) [7–13].

4. Nanobiotechnology in drug discovery and development

The application of nanobiotechnology has an impact on diagnostics and drug 
delivery. Currently, researchers are starting to use nanotechnology in the field of 
drug discovery and development. Nanocrystals (QDs) and other nanoparticles 
(gold colloids, magnetic nanoparticles, nanobarcodes, nanobodies, dendrimers, 
fullerenes, and nanoshells) have unique advantages for the development of drug 
and its discovery i.e. QDs and magnetic nanoparticles are being used for barcod-
ing of specific analytes which are key components of the bio-barcode assay, can be 
future alternative to the protein chain reaction [1].

The term “Nanomolecular diagnostics” is the use of nanobiotechnology at 
molecular level to diagnose and treat chronic diseases”, extending the limits of 
molecular diagnostics to the nanoscale. The nanomolecular diagnostic field can meet 
the rigorous demands of the clinical laboratory and can be cost-effectiveness [6].

Nanoparticles have emerged as promising nanoplatforms for efficient diagnos-
tics and therapeutics possessing characteristic properties at the nanometric scale. 
The feasible immobilization of specific ligands on the surface of biological site have 
become ideal candidates for molecularly sensitive detection, molecular imaging, 
and novel carriers for targeted drug and gene delivery, targeted photothermal ther-
apy [6]. The nanoparticle in the form of nano-vesicle surrounded by a membrane or 
a layer holds convenient surface i.e. spherical, cylindrical, plate-like for molecular 
assembly of inorganic or polymeric materials and drug. The size and size distribu-
tion of nanoparticle becoming extremely critical and plays very significant role 
for penetration through a pore structure of a cellular membrane. The Biomarkers 
for occupying their distinguished color requires efficient fluorescent probes which 
depends upon the narrow distribution of average particle sizes. These narrow sizes 
particles emit a very wide range of wavelengths. The multifunctional nano particles 
core with several luminescent layers like magnetic nanoparticles can detect and 
manipulate the particles. Thus the Nanoparticles provides combine platform of 
biotechnology, nanotechnology and information technology facilitating molecular, 
biochemical and biological processes, e.g. genetics and pharmacogenomics.

The surface morphology of nanoparticles can be redesigned to reach at their 
target like blood brain barrier and dermal tight junctions more efficiently, overcom-
ing the efficacy issues of drug on the physiological barriers. In case of malignant 
tumors Nanoparticles with leaky vasculature structure may penetrate the lesion. 
Nanoparticles may contain natural and synthetic polymer for coating an inorganic 
core of superparamagnetic materials. Some examples of nanoparticles as contrast 
agents in magnetic resonance for molecular diagnosis are given here [5].

4.1 Gold nanoparticles

Gold nanoparticles are the most typically used nanomaterial in diagnostics; they 
have many different uses as properly. They may be extensively utilized as a con-
necting factor and to construct biosensors to hit upon ailment DNA. Rather than a 
fluorescent molecule, a gold nanoparticle can be attached to an antibody and other 
molecules, consisting of DNA, can be brought to the nanoparticle to supply bar 
codes. The gold particles are very chemically reactive and make excellent catalysts 
at nanometer scale. Recently, gold nanostructures have found a very important 
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role in a wide variety of applications, including bio-imaging, drug delivery, toxic 
gas detection, biosensors and to demonstrate multiphoton absorption-precipitated 
luminescence (mail) [14].

4.2 The quantum dots for drug discovery

Quantum dots (QDs) are regarded as a unique class of fluorescent labels, with 
unique optical properties such as high brightness and long-term colloidal and 
optical stability; these are suitable for optical imaging, drug delivery and optical 
tracking, fluorescence immunoassay and other medicinal applications. The unique 
optical property of QDs allows one to investigate the real-time dynamic events in 
living cells and such events include interaction between intracellular proteins, the 
mechanisms of intracellular signal transmission and cell growth. Some benefits and 
downsides have been investigated more suitable optical residences compared with 
natural dyes like incredible imaging outcomes using organic dyes, absorption of 
numerous drug molecules for an extended time frame [15].

4.3 Conjugates of nanoparticles and DNA protein

Conjugation Nanoparticle-DNA protein hold great promise in biomedical appli-
cations. Many Diverse strategies have been developed to conjugate nanoparticles 
and DNA proteins to assemble and purify nanoparticle-protein link. First, stable 
and biocompatible nanoparticles are synthesized. Conjugation of the nanoparticle 
to the DNA protein is then achieved via two different approaches that do not 
require heavy chemical modifications or cloning, cysteine-gold covalent bonding, 
or electrostatic attachment of the nanoparticle to charged groups of the protein. 
Co-functionalization of the nanoparticle with PEG thiols is recommended to help 
protein folding. Finally, structural characterization is performed with circular 
dichroism, as this spectroscopy technique has proven to be effective at examin-
ing protein secondary structure in nanoparticle-protein conjugates. In general, 
functionalization of NPs with proteins such as antibodies can be achieved by direct 
chemical covalent conjugation or electrostatic interactions. The Semi-artificial 
conjugates of nucleic acids and proteins by both covalent coupling chemistry, or else 
through noncovalent biomolecular recognition systems, which include receptor-
ligands of complementary nucleic acids for immunological detection assays [15].

4.4 Nanochips

The Nano Chip System by utilizing electronically enhanced hybridization of 
complementary DNA strands, integrates advanced microelectronics and molecular 
biology into a platform technology with broad commercial applications in the fields 
of genomic diagnostics and has achieved 100% accuracy in the detection of nanopar-
ticle. This technique helps in investigating DNA sequences or the pairing of separated 
strands of DNA with complementary DNA strands of the acknowledged collection 
that act as probes. Currently, DNA chips is known as DNA microarray assays that 
employs the energy of a digital contemporary that separates DNA probes to unique 
web sites at the array based on charge and size, then test sample (blood) can be 
analyzed for identifying DNA sequences via hybridization with these probes [16].

4.5 Microfluidics (lab-on-a chip)

Microfluidics is the modern science of fluids on the nanometer scale. The 
nanodiagnostics involve microfluidic or “lab on a chip” structures, in which the 
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combination of numerous approaches of DNA analysis is mixed on an unmarried 
chip composed of an unmarried glass and silicon substrate. Academically, it is a 
subdiscipline of fluid mechanics, as the fundamental equations describing the 
physics of fluids at larger length scales are identical to the equations underlying 
microfluidics. In general, the microfluidic biosensor platforms offer numerous 
advantages compared with other traditional methods such as ultracentrifugation, 
electrophoresis, nuclear magnetic resonance, chromatographic approaches, etc. for 
detection of bio-species molecules. This device have capable of measuring aqueous 
reagent and DNA-containing answers, mixing the solutions together, amplifying 
or digesting the DNA to shape discrete merchandise, Destiny possibilities for the 
utility of nanotechnology in healthcare and for the development of personalized 
remedy seem like amazing [17].

5. Nanobiotechnology in designing of drug delivery system

Among the new technologies, nano-biotechnology has evoked considerable 
interest for application in the pharmaceutical industry. Important applications of 
nano-biotechnology are in the areas of drug discovery, drug development, and 
drug delivery, and these are collectively referred to as nano-pharmaceuticals. 
Nano-biotechnology, particularly the use of nanoparticles, has made significant 
contributions to drug discovery and development [18]. In addition to the use of 
nano-biotechnology for drug discovery, some drugs are being developed from nano-
materials. Well-known examples of these are dendrimers, fullerenes, and nano-bodies. 
At present time increasing the use of nano-biotechnology in many pharmaceutical and 
biotechnology industries is anticipated. In case of drug development from formulate to 
appropriate dose to administer with optimal delivery systems, nanotechnology is being 
utilized at all the stages. Nano-biotechnology applications are also involving in diag-
nosis of diseases. In future it may be possible to computers are connected with nano-
biotechnology systems and provide the appropriate and complete knowledge about 
complete model or an individual cell. This virtual representation might be helpful for 
researcher or scientist to develop novel drugs with high rate of accuracy and precision 
without conducting any experiment in living organisms.

The major challenges in front of drug delivery scientists are poor solubility, high 
molecular size and low bioavailability for clinical candidates. Other challenges in 
this field are pediatric and geriatric drug administration, protein and peptide drug 
delivery etc. Today’s major demand in drug delivery field is to develop ideal, safe 
and effective, non-invasive drug delivery methods.

Nano-biotechnology sector play a significant role to overcome the above 
drug delivery problems. It provides the following solution related drug delivery 
problems: (a) With the help of this technology particle size of drugs is reduced 
in nanometer size range, it enhance the surface area and ultimately improve rate 
of dissolution, (b) Nano-meter size range of drug also useful to improve their 
solubility, (c) With the help of this technology scientists trying to develop non-
invasive routes of drug administration method which can eliminates the use of 
injectable drugs, (d) developed nanoparticle formulations has better alternate for 
non-stable and lower shelf lives formulations, (e) nanotechnology based formu-
lations improved the solubility of poorly soluble drug and enhance absorption 
capability, improved bioavailability and release rate of large molecules, reduced 
the optimum dose and enhance the safety margin by reducing the side effects, (f) 
Nano-biotechnology principles help in developing of Sustain and controlled release 
formulations with better patient compliance [19].
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6. Nano-biotechnology in molecular diagnostic

Nano technology has gained enormous popularity in recent past decades. In lay 
man language nano technology is defined as the use of least possible input to get 
maximum possible output. Nano word is used in terms of size. This technology 
is considered as wonderful amalgamation of physics and chemistry. When this 
technique is applied with biology, it brings about a new field termed as Nano-
biotechnology; where biochemical processes are modified to get far better results 
than that of simple bio technological procedures.

As far as the medical field is concerned, the harness of nano- biotechnology for 
diagnostic purpose is successfully obtained (Figure 2). It assists to develop more 
sensitive diagnostic kits than that of existing one. Such instruments are suitable to 
probe the bodily problems at cellular pores and receptor level. Moreover, it is due 
to tiny sized diagnostic materials the degree of toxic and adverse effects have been 
markedly reduced. New dimensions of diagnostic tools have been explored with the 
aid of this cutting edge technique. Several modifications are still under develop-
mental phase.

6.1 Nano-particles used in the diagnosis

Gold nano-particles are also termed as metallic particles. These are produced 
from gold salts of either organic, aqueous or both origins. A suitable stabilizer 
is used to get stable particles with good ligand binding capacity. Usable size of 
particles is ranging between 3 and 100 nm. The major application is due to their 
electronic, optical, and thermal properties [20].

Magnetic nano particles are formulated from magnetic materials like Fe3O4, 
Fe2O3, and many other ferrites. Nanoparticles can be incorporated with bio- marker 
moieties so that they can be utilized to investigate various biomolecules and help 
in different processes like separation and purification. The involvement of surface 
coating materials is significant to ascertain the size and kinetics of these particles. 
That’s why the nature of coating materials should be examined before use [21].

Quantum dots are semiconductor nano-crystals that are easy to synthesize 
and have characteristic properties that are between those of bulk semiconductor 
and discrete molecules. Their diameter ranges from 2 to 10 nm. Their fluorescent 
property relies on size of the quantum dot [22].

Carbon nano tubes are composed of graphite. On the basis of number of graphite, 
these nano tubes are categorized into two classes- tubes with only one layer of graphite 
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are known as mono walled carbon nano tubes on the other hand, tubes consist of mul-
tiple layers of graphite are termed as multi walled carbon nano tubes. The main advan-
tage of such tubes is that they can conduct high electricity with less or no heating effect. 
This happens because of scattering free traveling of electrons throughout the tube [23].

Liposomes are spherical vesicles where an aqueous core is surrounded by a 
phospholipid bilayer and cholesterol. The phospholipid consists of a hydrophilic 
head and two oil-loving tails. The phospholipid that is predominantly used is 
phosphatidyl choline [24].

Dendrimers are the emerging and well defined polymeric architectures that 
are known for their large, complex and well defined structures, versatility in drug 
delivery and high functionality whose properties resemble with biomolecules. 
These nanostructured macromolecules have potential abilities to entrap and to 
conjugate the high molecular weight hydrophilic/hydrophobic drugs by host-guest 
interactions and covalent bonding (prodrug approach) around an inner core 
respectively. They have different Features like size, shape, branching length, and 
their surface functionality vary over the design of nanoparticles. For example, 
Polyamidoamine are usually used dendrimers [25].

Nano bio sensors are applied to investigate biochemical changes with the aid of elec-
tronic, optical or magnetic technology. Furthermore, detection and/or quantification of 
bio molecules like specific base pairs or proteins are also possible. Majority of biosensors 
work on the principle of key and lock theory or affinity based mechanism; where immo-
bilized tool attaches to target molecule/analyte being sensed in this phenomenon, any 
change at a localized surface can be examined rather than detecting target in solution. 
This variation can be sensed by using one of the following methods; viral biosensors, 
light sensitive biosensors, resonant cantilever and quartz crystal microbalance [26].

6.2 Nanotechnology used in diagnosis

6.2.1 Nanotechnology-based biochips/microarrays

A nano material can be perfectly examined by using same sized probe. This 
hypothesis is applied in molecular diagnosis with the help of biochips or microar-
rays. This is because the cell organelles/biological moieties exist in nano size and the 
biochips also falls under in almost similar tiny sized scale. Nano fluidic arrays and 
protein nano biochips are the examples of nanotechnology based biochips. These chips 
are capable to isolate and analyze living cell molecules such as genetic material DNA. In 
future this technique will certainly bring about revived investigation tool for cancer. 
Nano-fluidic technology is expected to have broad applications in systems biology, per-
sonalized medicine, pathogen detection, drug development, and clinical research [27].

6.2.2 Nanotechnology-based cytogenetic

Cytogenetic has been used mainly to elaborate spatial arrangement of the chro-
mosome and screening of abnormalities related to disease. The use of fluorescent in 
situ hybridization (FISH) is now reaching its limit. Molecular cyto-genetics is now 
enhanced by use of biomedical nanotechnology, e.g., use of atomic force micros-
copy (AFM) and quantum dot (QD) FISH [28].

6.2.3 Nano-proteomic-based diagnostics

A comprehensive study including identification, characterization and analysis of 
a series of bio protein at a specified time is known as proteomics. Proteomics help to 
recognize the variations which are associated with various pathological conditions. 
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These variations are identified on the basis of spatio-temporal position of protein 
molecules. A small change in molecular level can bring about such variations as a 
consequence proteome may be altered; which are further quantified for clinical 
diagnosis. Gel- based and gel- free are the common proteomics techniques, which 
work on separation, observation, analysis and marking the altered proteome [29].

6.2.4 Nanoparticle-based nucleic acid diagnostics

Screening of pathogenic microorganism on the basis of genomic arrangement 
has become relevant in current clinical determination. It has been well established 
central dogma of life that each and every living organism has a peculiar set of DNA, 
which has been transferred from one generation to next without any sort of altera-
tion; this can also be said to be the individualization by nature. In clinical diagnosis, 
this DNA fragment may help to check the availability of the microorganism in 
the test sample. This investigation opens the door for molecular detection. This is 
carried out by using polymerase chain reaction (PCR) or hybridization techniques, 
known as amplification method and non-amplification method respectively. 
Therefore, this technique is considered to be more sensitive and precise than that of 
other techniques [30].

6.2.5 Nano-bio-sensors

Bio sensors are sophisticated probes, which are used to investigate the existence 
and/or concentration of a biological analyte, say for example bio molecule, histol-
ogy of biological material or any microorganism. Biosensors comprise of following 
parts: amplifier that detects the analyte and generate a signal along with it a signal 
transducer that converts the signal into electric impulses and a reader to record and 
investigate the signal [31].

7. Safety issues of nanoparticles

Nano-biotechnology is the fine amalgamation of multi disciplines of science. 
In pharmaceutical field, the scientists and researchers are trying to overcome the 
demerits of existing drug molecules with the aid of this wonderful technology. 
There are many expected potential benefits in bank. In spite of that safety is the 
main concern with the in- vivo application of nano engineered medicines yet.

It has been revealed that while production or use of nano medicines, such par-
ticles can easily get inside the human body and ultimately blood stream and then in 
various vital organs; where they exert unintended adverse effects, sometimes these 
effects are fetal for the user.

An in- vivo study on monkeys and rats have disclosed the aggregation of carbon 
and manganese nano materials in the olfactory bulb, which has produced severe 
pathological consequences pertaining to nervous and respiratory system.

Several animal studies have shown such sort of abnormal pathological 
disturbances.

In order to combat with this problem firstly, an efficient probe will have to 
develop for thorough assessment of risk associated with the use of nano medicine. 
Second and the most significant challenge would be to develop authentic valida-
tion protocol for testing nano medicines in animals so as to get the data of toxic 
effects in early stage of testing. A restructured, compact and integrated regulatory 
approach is much needed to look into the expected risks for delivering the promis-
ing and safe medicines [2].
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8. Regulatory perspective of nanobiotechnology

In the event that we talk about the most recent decade, nano bio-innovation 
has generated some new impedance for the research community, industry, and 
regulators. Applicable techniques have some loopholes regarding fabrication and 
processing of nano medicines, that’s why special provisions would be required to 
tide-over such complications [32]. FDA and other regulatory authorities experience 
many unavoidable consequences for the release of such products. This is due to 
non-authentic validation program in clinical trial phase [11]. A wing of researchers 
proposes sturdy contentions, revealing both positive and negative aspects pertain-
ing to the advancement of nano-materials. They suggest that vague protocol throttle 
research and product development, which represses the development and viability 
of new nano-medicines. Apart from that, a robust administrative body is made so 
as to push the business advancement by creating certainty for pharmaceutical firms 
and trust within the ultimate consumers [33]. Currently, the FDA, EMA (European 
medical agency), and other regulatory agencies examine each new nanoparticle 
individually. There is commonly an absence of benchmarks in the assessment of 
nano-medicines as a unique class of therapeutic agent [34]. Afterwards, administra-
tive corporations might imagine of a complete listing of screening and a powerful 
approbate system that enclose the complete variety of particle characterization, 
pharmacology, and toxicology troubles.

9. Future prospects

In case we consider in trendy approximately the two major capabilities of nano-
biotechnology, first is imaging and diagnostics (quantum dots) and second are pro-
teomics. In proteomics especially study and detect about nucleic acids and proteins 
[35]. Currently, the Thermal Sensitive drug delivery system has been developed for 
the treatment of cancer. In this, drug is given in the injection form, which reaches 
inside the body and converts into insoluble form and accumulates in the tumor cells 
because the temperature of the tumor cell is more than the normal cell [36]. In spite 
of the tremendous credibility of nanobiotechology, its use has been considerable due 
to its toxicity and environmental problems. Despite all this, the drug delivery, drug 
discovery, gene therapy, molecular imaging, biomarkers, and biosensors fields are 
exploring possibilities in the nanobiotechnology. Nanobiotechnology has brought a 
bright future for the clinical diagnosis and targeted drug delivery sector. Now in the 
field of diagnosis, it has become easier to detect diseased cells rapidly, due to which 
it is possible to prevent diseased cells from spreading in the body [37]. There is a 
constant development in this field right now and it is possible that some incurable 
diseases in the future will actually be cured with the resources of nanobiotechnology.

10. Conclusion

Nano-biotechnology is in its primary stage in terms of development. Due to 
continuous innovative research and abundant use, nano-biotechnology is having a 
wide impact on the fields of science and technology. Nano-biotechnology is present-
ing some unique possibilities in medicine, diagnosis and biomedical sciences. The 
innovation of nano-biotechnology in drug delivery systems has led to the introduc-
tion of something new, and with the help of this, it seems possible to treat some 
incurable diseases. Although the potential for benefits from nano-biotechnology 
is high, the prospective of nanomedicine is not fully defined. In fact, regulatory 
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bodies do not have appropriate guidelines that balance its risk and safety factors. 
It would be fair to say that in future nano-biotechnology will play an excellent and 
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inferred that in future, nano-biotechnology will become an indispensable phase of 
our daily life.
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Abstract

Nanofibrous scaffolds are popular materials in all areas of tissue engineering, 
because they mimic the fibrous component of the natural extracellular matrix. In 
this chapter, we focused on the application of nanofibers in skin tissue engineer-
ing and wound healing, because the skin is an organ with several vitally impor-
tant functions, particularly barrier, thermoregulatory, and sensory functions. 
Nanofibrous meshes not only serve as carriers for skin cells but also can prevent 
the penetration of microbes into wounds and can keep appropriate moisture 
in the damaged skin. The nanofibrous meshes have been prepared from a wide 
range of synthetic and nature-derived polymers. This review is concentrated on 
synthetic non-degradable and degradable polymers, which have been explored for 
skin tissue engineering and wound healing. These synthetic polymers were often 
combined with natural polymers of the protein or polysaccharide nature, which 
improved their attractiveness for cell colonization. The nanofibrous scaffolds can 
also be loaded with various bioactive molecules, such as growth factors, hormones, 
vitamins, antioxidants, antimicrobial, and antitumor agents. In advanced tissue 
engineering approaches, the cells on the nanofibrous scaffolds are cultured in 
dynamic bioreactors enabling appropriate mechanical stimulation of cells and at 
air-liquid interface. This chapter summarizes recent results achieved in the field of 
nanofiber-based skin tissue engineering, including results of our research group.

Keywords: skin replacements, wound dressings, nanofibers, electrospinning, 
epidermis, dermis, keratinocytes, fibroblasts, stem cells, vascularization,  
cell delivery, drug delivery, regenerative medicine

1. Introduction

The skin is the largest organ of the human body with several vitally important 
functions. The skin acts as barrier against adverse effects of the surrounding 
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environment on the organism, such as chemical factors, radiation factors, par-
ticularly ultraviolet light, and microbial infection. Other important functions of 
skin include thermoregulation, sensation of temperature, touch, pressure, and 
pain, keeping appropriate moisture in the underlying tissues, excretion of ions, 
water, and various biomolecules (e.g., lipids and proteins), and also production 
and storage of various biomolecules, such as pigments, vitamin D, and keratins 
for formation of epidermal appendages (for a review, see [1, 2]). Skin severely and 
chronically damaged by trauma, burns, bedsores, and by various diseases, e.g., dia-
betes, cannot exert these functions, which can lead to amputation and even death. 
Therefore, there is essential need to regenerate the damaged skin, particularly by 
methods of skin tissue engineering and induction of active wound healing. For 
these purposes, nanofibrous scaffolds seem to be one of the most promising materi-
als. Nanomaterials in general are defined as features not exceeding 100 nm at least 
in one dimension, i.e., in diameter in case of nanofibers. However, nanofibers usu-
ally used in tissue engineering are often thicker (i.e., several hundreds of nm). In 
fact, they are submicron-scale fibers, but the term “nanofibers” has become widely 
used for them. Nanofibers can be obtained by various techniques, such as biological 
synthesis (e.g., nanocellulose produced by bacteria), self-assembly, phase separa-
tion, interfacial polymerization, suitable for electrically conductive materials, melt 
processing or antisolvent precipitation, and particularly by electrospinning, which 
has emerged as a relatively simple, elegant, scalable, and efficient technique for 
fabrication of polymeric nanofibers (for a review, see [2–5]).

The advantage of nanofibrous scaffolds is that they mimic the fibrous compo-
nent of the natural extracellular matrix (ECM), and therefore they can serve as 
ECM analogues for tissue engineering. In addition, nanofibrous meshes can act as a 
protective barrier against penetration of microbes into wounds, can keep the mois-
ture in the damaged skin, and, at the same time, allow gas exchange and absorb the 
exudate from the wounds. These meshes can also be loaded with various bioactive 
molecules, such as growth and angiogenic factors, cytokines, hormones, vitamins, 
antioxidants, antimicrobial and antitumor agents, amino acids (l-arginine), wound 
healing peptides (e.g., melanocyte-inhibiting factor), and with antimicrobial 
peptides [6–8]; for a review, see [1, 2]. Therefore, nanofibers can serve not only as 
tissue engineering scaffolds for skin cells but also as carriers for controlled drug 
delivery into skin.

The nanofibrous scaffolds for skin tissue engineering and wound healing have 
been prepared from a wide range of synthetic and nature-derived polymers. Both 
these groups of polymers contain polymers relatively easily degradable in the 
human organism, and polymers which are non-degradable or slowly degradable. 
This review is focused on synthetic polymers, which have been used for creation of 
nanofibrous scaffolds for skin tissue engineering and wound healing applications. 
Typical and widely used degradable synthetic polymers include polylactides [9, 10] 
and their copolymers with polyglycolides [11], or polycaprolactone [6, 12] and its 
copolymers with polylactides [13]. Examples of biostable synthetic polymers are 
polyurethane [7], polydimethylsiloxane [14], polyethylene terephthalate [15] or 
polyethersulfone [16]. Polymers degradable in the human body are suitable as direct 
scaffolds for skin tissue engineering, while biostable polymers can be rather recom-
mended as “intelligent” wound dressings delivering cells (keratinocytes, fibroblasts 
or stem cells) and bioactive molecules into wounds.

However, polymers in nanofibrous scaffolds are predominantly used in various 
combinations—synthetic with natural, degradable with non-degradable—and also 
in combination with various nanoparticles, e.g., mineral nanoparticles [17], carbon-
based nanoparticles [1, 18] or metal-based nanoparticles [19, 20]. The reason of 
these combinations is to improve the stability, spinnability, wettability, mechanical 
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properties, and bioactivity of nanofibers. The combination of various polymers, 
nanoparticles, and other components is a strategy commonly used to obtain hybrid 
materials possessing properties better than those of the individual constituents, 
regarding their use in scaffolds for tissue engineering or as material for wound dress-
ing [21]. For example, synthetic polymers do not contain adhesion motifs recogniz-
able by cell adhesion receptors, and combination with nature-derived polymers, 
which are proteins (collagen, gelatin, keratin, fibrin [6, 10, 22, 23]) or polysaccharides 
(hyaluronic acid, sulfated glycosaminoglycans, such as heparin [24, 25]) can endow 
them with these motifs, because these polymers are often components of ECM.

In electrospun nanofibrous meshes, the polymers can be combined by various 
approaches. In blending electrospinning, the polymers are mixed, filled in the same 
syringe, and electrospun together, which results in creation of fibers with two or 
more components randomly distributed within a fiber. In multi-jet electrospinning, 
each polymer is filled in a separate syringe and electrospun individually, which 
results in creation of meshes with two or more types of nanofibers. These types of 
nanofibers can be electrospun either concurrently and distributed randomly (i.e., 
mixing electrospinning) or alternatively and arranged into separate layers (i.e., 
multilayering electrospinning). In co-axial electrospinning, hybrid nanofibers with 
a core-shell architecture are created by spinning of two different solutions filled 
into outer and inner compartments of a co-axial syringe. Finally, an electrospun 
polymer can be secondarily coated with other polymers or bioactive substances [22, 
26–28] (Figure 1).

Nanofibrous meshes for skin tissue engineering can also be combined with other 
material types, such as porous 3D scaffolds or hydrogels in order to reconstruct two 
main skin layers, i.e., epidermis containing keratinocytes and dermis containing 
fibroblasts [23, 29–31]. Another advanced approach promising for construction of 
dermo-epidermal replacements is centrifugal jet spinning, capable of large-scale 
production of nanofibrous 3D scaffolds [32, 33].

Figure 1. 
Modes of combination of various polymers and compounds in nanofibrous scaffolds.
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In the waste majority of studies dealing with skin tissue engineering based on 
nanofibrous scaffolds, keratinocytes have been cultivated in a conventional static 
cell culture system, submerged into the culture media, although under physiologi-
cal condition in vivo, keratinocytes are exposed to air. Therefore, in advanced skin 
tissue engineering, it is necessary to cultivate keratinocytes under appropriate 
mechanical loading, i.e., strain stress [34] or pressure stress [35], and simultane-
ously to cultivate them on the scaffolds exposed to the air-liquid interface [34, 36].

This chapter summarizes earlier and recent knowledge on skin tissue engineer-
ing and wound dressing applications, based on nanofibrous scaffolds made of 
synthetic non-degradable and degradable polymers, including our results.

2. Nanofibers from synthetic non-degradable polymers

Synthetic non-degradable polymers, explored for creation of electrospun 
nanofibrous meshes for skin regenerative therapies, included polyurethane, 
polydimethylsiloxane, polyethylene terephthalate, polyethersulfone, and even 
polystyrene. This group of polymers also includes non-degradable hydrogels, such 
as poly(acrylic acid), poly(methyl methacrylate), and poly(di(ethylene glycol) 
methyl ether methacrylate).

Polyurethane (PU) has been most frequently used from the mentioned poly-
mers, which is due to its elasticity, and also possibility to prepare it in a degradable 
form, e.g., as poly(ester-urethane) urea (PEUU), which facilitates its applicability 
in skin tissue engineering [37], while the non-degradable forms of PU (and other 
non-degradable polymers in general) are rather used in wound dressing applica-
tions. Non-degradable PU nanofibrous meshes has been tested as advanced wound 
dressings loaded with various healing, angiogenic, anti-inflammatory, antioxidant, 
and antimicrobial substances. For example, blending PU with propolis improved 
the mechanical strength and hydrophilicity of the nanofibrous membrane, its 
cytocompatibility with fibroblasts and its antibacterial activity [38]. Blending PU 
with virgin olive oil endowed the nanofibrous meshes with photoprotective and 
antioxidant properties [19]. Dextran in composite PU/dextran fibers had angiogenic 
activity, and also served as a carrier for incorporation of β-estradiol, which acceler-
ated healing of acute cutaneous wounds by its potent anti-inflammatory activity 
[7]. Another promising nanofibrous membrane applicable for wound dressing was 
prepared from electrospun PU, treated by plasma and subsequent spraying with 
chitosan solution containing an inclusion complex of β-cyclodextrin encapsulating 
berberine, i.e., an isoquinoline alkaloid with antimicrobial and anti-inflammatory 
activity [39]. Other antimicrobial substances incorporated into PU-based nano-
fibers included silver nanoparticles [20, 40], copper oxide nanocrystals [19] and 
antibiotics, such as silver-sulfadiazine [41] and amoxicillin [37]. In general, all 
these scaffolds showed none or low toxicity towards human HaCaT keratinocytes 
[20] or fibroblasts [19, 40], and no adverse reactions when implanted into labora-
tory animals in vivo [37, 41]. In addition, copper oxide is known by its angiogenic 
activity [19]. Nanofibrous meshes created by electrospinning from blends of PU 
with various concentrations of hydroxypropyl cellulose were also tested for trans-
dermal drug delivery using donepezil hydrochloride, i.e., a drug used for treatment 
of Alzheimer disease [42]. PU was a component of a novel bilayer wound dressing, 
consisting of a commercial PU membrane as an outer layer, and an electrospun 
gelatin/keratin nanofibrous mat as an inner layer. The outer layer acted as a barrier 
against bacteria and other contaminants, while the inner layers promoted the adhe-
sion, spreading, migration and growth of fibroblasts in vitro, and vascularization 
and wound healing in rats in vivo [23].
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Polydimethylsiloxane (PDMS) in electrospun nanofibrous scaffolds was used 
in blends with thermoplastic PU (TPU) in 90:10, 80:20, and 70:30 blend ratios of 
TPU and PDMS. The activity of mitochondrial enzymes and proliferation of human 
dermal fibroblasts significantly increased with the percentage of PDMS in the scaf-
folds [14].

Polyethylene terephthalate (PET) in combination with honey improved the 
morphology of chitosan-containing fibers, decreased the diameter of electrospun 
fibers, increased the fiber deposition area in the collector, and increased the water 
uptake capacities of the material, which is important for exudating wounds [15]. In 
another study, low-molecular weight cationic compounds were synthesized from 
re-purposed PET and used for self-assembling into high aspect ratio supramolecular 
nanofibers for encapsulation and delivery of piperacillin/tazobactam (PT), an 
anionic antibiotic. In a Pseudomonas aeruginosa-infected mouse skin wound model, 
the treatment with the PT-loaded nanofibers was more effective in comparison with 
free PT, as evidenced by significantly lower counts of P. aeruginosa at the wound 
sites, and by a histological analysis [43].

Polyethersulfone (PES) nanofibrous membranes, made by fine tuning of 
electrospinning parameters, supported the proliferation of fibroblasts similarly 
as standard tissue culture polystyrene, and when applied as experimental 
wound dressings in mice, they showed a higher exudate absorption capacity, 
higher epithelial regeneration, greater fibroblast maturation, improved col-
lagen deposition, and faster edema resolution than control commercial wound 
dressings, namely Vaseline gauze dressing and a conventional gas permeable 
bandage [16].

Polystyrene (PS) in its amorphous state is a transparent and colorless material. 
It is a hard, stiff, and very brittle polymer with remarkable water vapor perme-
ability, very high electrical resistance, and low dielectric loss. For wound dressing 
applications, PS was electrospun with poly(ɛ-caprolactone) and chamomile 
extract, containing phenolics and flavonoids, particularly apigenin with remark-
able wound healing effect [44]. Electrospun polystyrene nanofibrous scaffolds 
were also applied for cultivation of skin cells in dynamic bioreactors and at the air/
liquid interface [45, 46].

Poly(acrylic acid) (PAA) was recently used for preparation of nanofibers incor-
porated with reduced graphene oxide, intended for delivery of antibiotics, which 
was controlled by photothermal activation of the nanofibers [18]. In another study, 
electrospun nanofibers consisting of PAA and poly(1,8-octanediol-co-citric acid), 
i.e., a synthetic biodegradable elastomer, showed intrinsic antibacterial activity and 
were used for topical delivery of physiologically relevant concentrations of growth 
factors [47].

Poly(methyl methacrylate) (PMMA) nanofibers were used for construction of 
antiscarring wound dressings. PMMA containing polyethylene glycol and kyn-
urenic acid, an antifibrotic agent, suppressed proliferation of fibroblasts in vitro, 
and when administered as wound dressing in rats in vivo, they inhibited expression 
of collagen and fibronectin, and enhanced the production of matrix metalloprote-
ase 1 (MMP-1), an ECM-degrading enzyme [48]. In addition, core-shell nanofibers 
containing PVA and PMMA were used for delivery of ciprofloxacin hydrochloride, 
an antibiotic [49].

Poly(di(ethylene glycol) methyl ether methacrylate) (PDEGMA), a thermo-
responsive polymer, was blended with poly(l-lactic acid-co-ε-caprolactone), 
P(LLA-CL), and used for construction of nanofibrous carriers for controlled drug 
delivery, namely for delivery of ciprofloxacin. These fibers also supported the 
growth of fibroblasts, and by decreasing the temperature, they enabled the cell 
detachment and delivery into wounds [50].
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In the waste majority of studies dealing with skin tissue engineering based on 
nanofibrous scaffolds, keratinocytes have been cultivated in a conventional static 
cell culture system, submerged into the culture media, although under physiologi-
cal condition in vivo, keratinocytes are exposed to air. Therefore, in advanced skin 
tissue engineering, it is necessary to cultivate keratinocytes under appropriate 
mechanical loading, i.e., strain stress [34] or pressure stress [35], and simultane-
ously to cultivate them on the scaffolds exposed to the air-liquid interface [34, 36].

This chapter summarizes earlier and recent knowledge on skin tissue engineer-
ing and wound dressing applications, based on nanofibrous scaffolds made of 
synthetic non-degradable and degradable polymers, including our results.

2. Nanofibers from synthetic non-degradable polymers

Synthetic non-degradable polymers, explored for creation of electrospun 
nanofibrous meshes for skin regenerative therapies, included polyurethane, 
polydimethylsiloxane, polyethylene terephthalate, polyethersulfone, and even 
polystyrene. This group of polymers also includes non-degradable hydrogels, such 
as poly(acrylic acid), poly(methyl methacrylate), and poly(di(ethylene glycol) 
methyl ether methacrylate).

Polyurethane (PU) has been most frequently used from the mentioned poly-
mers, which is due to its elasticity, and also possibility to prepare it in a degradable 
form, e.g., as poly(ester-urethane) urea (PEUU), which facilitates its applicability 
in skin tissue engineering [37], while the non-degradable forms of PU (and other 
non-degradable polymers in general) are rather used in wound dressing applica-
tions. Non-degradable PU nanofibrous meshes has been tested as advanced wound 
dressings loaded with various healing, angiogenic, anti-inflammatory, antioxidant, 
and antimicrobial substances. For example, blending PU with propolis improved 
the mechanical strength and hydrophilicity of the nanofibrous membrane, its 
cytocompatibility with fibroblasts and its antibacterial activity [38]. Blending PU 
with virgin olive oil endowed the nanofibrous meshes with photoprotective and 
antioxidant properties [19]. Dextran in composite PU/dextran fibers had angiogenic 
activity, and also served as a carrier for incorporation of β-estradiol, which acceler-
ated healing of acute cutaneous wounds by its potent anti-inflammatory activity 
[7]. Another promising nanofibrous membrane applicable for wound dressing was 
prepared from electrospun PU, treated by plasma and subsequent spraying with 
chitosan solution containing an inclusion complex of β-cyclodextrin encapsulating 
berberine, i.e., an isoquinoline alkaloid with antimicrobial and anti-inflammatory 
activity [39]. Other antimicrobial substances incorporated into PU-based nano-
fibers included silver nanoparticles [20, 40], copper oxide nanocrystals [19] and 
antibiotics, such as silver-sulfadiazine [41] and amoxicillin [37]. In general, all 
these scaffolds showed none or low toxicity towards human HaCaT keratinocytes 
[20] or fibroblasts [19, 40], and no adverse reactions when implanted into labora-
tory animals in vivo [37, 41]. In addition, copper oxide is known by its angiogenic 
activity [19]. Nanofibrous meshes created by electrospinning from blends of PU 
with various concentrations of hydroxypropyl cellulose were also tested for trans-
dermal drug delivery using donepezil hydrochloride, i.e., a drug used for treatment 
of Alzheimer disease [42]. PU was a component of a novel bilayer wound dressing, 
consisting of a commercial PU membrane as an outer layer, and an electrospun 
gelatin/keratin nanofibrous mat as an inner layer. The outer layer acted as a barrier 
against bacteria and other contaminants, while the inner layers promoted the adhe-
sion, spreading, migration and growth of fibroblasts in vitro, and vascularization 
and wound healing in rats in vivo [23].
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Polydimethylsiloxane (PDMS) in electrospun nanofibrous scaffolds was used 
in blends with thermoplastic PU (TPU) in 90:10, 80:20, and 70:30 blend ratios of 
TPU and PDMS. The activity of mitochondrial enzymes and proliferation of human 
dermal fibroblasts significantly increased with the percentage of PDMS in the scaf-
folds [14].

Polyethylene terephthalate (PET) in combination with honey improved the 
morphology of chitosan-containing fibers, decreased the diameter of electrospun 
fibers, increased the fiber deposition area in the collector, and increased the water 
uptake capacities of the material, which is important for exudating wounds [15]. In 
another study, low-molecular weight cationic compounds were synthesized from 
re-purposed PET and used for self-assembling into high aspect ratio supramolecular 
nanofibers for encapsulation and delivery of piperacillin/tazobactam (PT), an 
anionic antibiotic. In a Pseudomonas aeruginosa-infected mouse skin wound model, 
the treatment with the PT-loaded nanofibers was more effective in comparison with 
free PT, as evidenced by significantly lower counts of P. aeruginosa at the wound 
sites, and by a histological analysis [43].

Polyethersulfone (PES) nanofibrous membranes, made by fine tuning of 
electrospinning parameters, supported the proliferation of fibroblasts similarly 
as standard tissue culture polystyrene, and when applied as experimental 
wound dressings in mice, they showed a higher exudate absorption capacity, 
higher epithelial regeneration, greater fibroblast maturation, improved col-
lagen deposition, and faster edema resolution than control commercial wound 
dressings, namely Vaseline gauze dressing and a conventional gas permeable 
bandage [16].

Polystyrene (PS) in its amorphous state is a transparent and colorless material. 
It is a hard, stiff, and very brittle polymer with remarkable water vapor perme-
ability, very high electrical resistance, and low dielectric loss. For wound dressing 
applications, PS was electrospun with poly(ɛ-caprolactone) and chamomile 
extract, containing phenolics and flavonoids, particularly apigenin with remark-
able wound healing effect [44]. Electrospun polystyrene nanofibrous scaffolds 
were also applied for cultivation of skin cells in dynamic bioreactors and at the air/
liquid interface [45, 46].

Poly(acrylic acid) (PAA) was recently used for preparation of nanofibers incor-
porated with reduced graphene oxide, intended for delivery of antibiotics, which 
was controlled by photothermal activation of the nanofibers [18]. In another study, 
electrospun nanofibers consisting of PAA and poly(1,8-octanediol-co-citric acid), 
i.e., a synthetic biodegradable elastomer, showed intrinsic antibacterial activity and 
were used for topical delivery of physiologically relevant concentrations of growth 
factors [47].

Poly(methyl methacrylate) (PMMA) nanofibers were used for construction of 
antiscarring wound dressings. PMMA containing polyethylene glycol and kyn-
urenic acid, an antifibrotic agent, suppressed proliferation of fibroblasts in vitro, 
and when administered as wound dressing in rats in vivo, they inhibited expression 
of collagen and fibronectin, and enhanced the production of matrix metalloprote-
ase 1 (MMP-1), an ECM-degrading enzyme [48]. In addition, core-shell nanofibers 
containing PVA and PMMA were used for delivery of ciprofloxacin hydrochloride, 
an antibiotic [49].

Poly(di(ethylene glycol) methyl ether methacrylate) (PDEGMA), a thermo-
responsive polymer, was blended with poly(l-lactic acid-co-ε-caprolactone), 
P(LLA-CL), and used for construction of nanofibrous carriers for controlled drug 
delivery, namely for delivery of ciprofloxacin. These fibers also supported the 
growth of fibroblasts, and by decreasing the temperature, they enabled the cell 
detachment and delivery into wounds [50].
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Another thermoresponsive polymer, poly(N-isopropylacrylamide) (PNIPAM) 
was used for fabrication of nanofibers for transdermal delivery of drugs, namely 
levothyroxine (T4), which helps to reduce deposits of adipose tissue [51].

3. Nanofibers from synthetic degradable polymers

Synthetic degradable polymers have been used as scaffolds for skin tissue 
engineering, but also as wound dressing releasing various bioactive molecules by a 
controllable manner. Degradable polymers typically used in these applications are 
aliphatic polyesters, such as poly-ɛ-caprolactone (PCL), polylactide (PLA), and 
poly(lactide-co-glycolide) (PLGA). These polymers were approved by the Food 
and Drug Administration of the United States of America (FDA) for many medical 
applications.

Poly-ɛ-caprolactone (PCL) has been used most frequently from the mentioned 
polymers. It is a semi-crystalline polymer with tunable mechanical properties, 
and has a good solubility in a variety of solvents, and hence it can be combined 
with variety of other polymers. In comparison to other polyesters, PCL is a slowly 
degrading polymer, which can be essential for specific applications [52], and 
products of its degradation are non-toxic in the nature [53]. The acidic products of 
polyester degradation can affect the healing processes after implantation and may 
lead to inflammation [54]. However, due to the slow degradation of PCL, this risk 
is significantly lower compared to PLA and PLGA, which degrade significantly 
faster [55]. Slower degradation of PCL in comparison with its copolymer with PLA 
(PLCL) was also confirmed in our study, where both polymers were exposed to 
enzymatic degradation using lipase and proteinase K enzymes [13] (Figure 2).

However, PCL is more hydrophobic than PLA and particularly PLGA, and thus 
it is less supportive for cell adhesion. Therefore, PCL was rarely electrospun alone, 
i.e., without other polymers and bioactive additives. Nevertheless, pure PCL nano-
fibrous scaffolds were successfully used for cultivation and differentiation of hair 
follicle stem cells, isolated from the bulge regions of rat whiskers [56, 57]. In addi-
tion, pure PCL scaffolds supported the proliferation of mesenchymal stem cells, 
fibroblasts, and keratinocytes better than pure PVA scaffolds [12]. In spite of this, 
for purposes of skin regenerative therapies, PCL was usually combined with natural 
polymers, such as collagen, which was either blended with PCL before electrospin-
ning [6, 58], or deposited on PCL nanofibers [59]. Gelatin, a collagen-derived pro-
tein, was either blended with PCL [60], or incorporated into core-shell PCL/gelatin 
nanofibers as the core polymer [22]. Gelatin was also electrospun independently 
of PCL using a double-nozzle technique, which resulted in creation of two types of 
nanofibers in the scaffolds, either mixed [61] or arranged in separate gelatin and 
PCL layers [27]. Multilayered and blend structures were found to fit most of native 
skin requirements in comparison with all the other mentioned structures [27].

Other natural polymers for modification of PCL nanofibers included whey 
protein [62], hyaluronic acid [24], keratin [28, 63], chitosan [28], fibrinogen [64], 
or gum arabic, and a corn protein zein [65]. These natural polymers were blended 
with PCL in the electrospinning solution. Polymer-modified PCL nanofibrous 
scaffolds have been often further modified with growth factors, such as epidermal 
growth factor (EGF) immobilized on PCL/collagen nanofibers [58] or on PCL/gela-
tin nanofibers [60] and transforming growth factor-β1 (TGF-β1) added into PCL/
collagen electrospinning solution [6].

Other bioactive substances used for incorporation into PCL-based nanofibers 
included medicinal herbs such as Aloe vera [61], lawsone, i.e., 2-hydroxy-1,4-naph-
thoquinone extracted from Henna, endowed with antimicrobial, antiparasitic, 
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anticancer, and antioxidant activities [22], other plant extracts with wound healing 
effects, e.g., from Calendula officinalis [65] or Indigofera aspalathoides, Azadirachta 
indica, Memecylon edule, and Myristica andamanica [66], molybdenum oxide 
nanoparticles for treating skin cancer [67] or antibiotics, which can be combined with 
PCL by various manners, e.g., through whey protein [62] or through micelles coating 
PCL/collagen nanofibers [6].

In our experiments, PCL electrospun nanofibrous membranes were impregnated 
with alaptide or l-arginine. Alaptide is a spirocyclic dipeptide, which was designed 
as an analogue of melanocyte-stimulating hormone release-inhibiting factor (MIF) 
and synthesized by Kasafirek et al. at the Research Institute for Pharmacy and 
Biochemistry in Prague, Czechoslovakia, in the 1980s of the twentieth century [68]. 
Alaptide showed a great potential for regeneration of the injured skin and also for 
enhanced transdermal penetration of drugs [69, 70]. Arginine is amino acid which 
is a precursor of nitric oxide, implicated in wound healing. Arginine promoted 
re-epithelization and vascularization of wounds [71] and supported proliferative, 
antiapoptotic, and immune defense functions of fibroblasts [72]. In our study, 
concentrations up to 2.5 wt.% of alaptide and up to 10 wt.% of l-arginine were used 
for fabrication of the membranes. Normal human dermal fibroblasts (NHDF) were 
cultivated on the membranes for 7 days. Alaptide-containing membranes were fully 
colonized by the cells up to the highest alaptide concentration (2.5 wt.%). However, 

Figure 2. 
Scanning electron microscopy analyses of electrospun PCL (A, B) and PLCL (C, D) in their intact state (upper 
row, A, C) and after 2 days of enzymatic degradation (lower row, B, D). Magnification 5000×, scale bar 
10 μm.
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Another thermoresponsive polymer, poly(N-isopropylacrylamide) (PNIPAM) 
was used for fabrication of nanofibers for transdermal delivery of drugs, namely 
levothyroxine (T4), which helps to reduce deposits of adipose tissue [51].

3. Nanofibers from synthetic degradable polymers

Synthetic degradable polymers have been used as scaffolds for skin tissue 
engineering, but also as wound dressing releasing various bioactive molecules by a 
controllable manner. Degradable polymers typically used in these applications are 
aliphatic polyesters, such as poly-ɛ-caprolactone (PCL), polylactide (PLA), and 
poly(lactide-co-glycolide) (PLGA). These polymers were approved by the Food 
and Drug Administration of the United States of America (FDA) for many medical 
applications.

Poly-ɛ-caprolactone (PCL) has been used most frequently from the mentioned 
polymers. It is a semi-crystalline polymer with tunable mechanical properties, 
and has a good solubility in a variety of solvents, and hence it can be combined 
with variety of other polymers. In comparison to other polyesters, PCL is a slowly 
degrading polymer, which can be essential for specific applications [52], and 
products of its degradation are non-toxic in the nature [53]. The acidic products of 
polyester degradation can affect the healing processes after implantation and may 
lead to inflammation [54]. However, due to the slow degradation of PCL, this risk 
is significantly lower compared to PLA and PLGA, which degrade significantly 
faster [55]. Slower degradation of PCL in comparison with its copolymer with PLA 
(PLCL) was also confirmed in our study, where both polymers were exposed to 
enzymatic degradation using lipase and proteinase K enzymes [13] (Figure 2).

However, PCL is more hydrophobic than PLA and particularly PLGA, and thus 
it is less supportive for cell adhesion. Therefore, PCL was rarely electrospun alone, 
i.e., without other polymers and bioactive additives. Nevertheless, pure PCL nano-
fibrous scaffolds were successfully used for cultivation and differentiation of hair 
follicle stem cells, isolated from the bulge regions of rat whiskers [56, 57]. In addi-
tion, pure PCL scaffolds supported the proliferation of mesenchymal stem cells, 
fibroblasts, and keratinocytes better than pure PVA scaffolds [12]. In spite of this, 
for purposes of skin regenerative therapies, PCL was usually combined with natural 
polymers, such as collagen, which was either blended with PCL before electrospin-
ning [6, 58], or deposited on PCL nanofibers [59]. Gelatin, a collagen-derived pro-
tein, was either blended with PCL [60], or incorporated into core-shell PCL/gelatin 
nanofibers as the core polymer [22]. Gelatin was also electrospun independently 
of PCL using a double-nozzle technique, which resulted in creation of two types of 
nanofibers in the scaffolds, either mixed [61] or arranged in separate gelatin and 
PCL layers [27]. Multilayered and blend structures were found to fit most of native 
skin requirements in comparison with all the other mentioned structures [27].

Other natural polymers for modification of PCL nanofibers included whey 
protein [62], hyaluronic acid [24], keratin [28, 63], chitosan [28], fibrinogen [64], 
or gum arabic, and a corn protein zein [65]. These natural polymers were blended 
with PCL in the electrospinning solution. Polymer-modified PCL nanofibrous 
scaffolds have been often further modified with growth factors, such as epidermal 
growth factor (EGF) immobilized on PCL/collagen nanofibers [58] or on PCL/gela-
tin nanofibers [60] and transforming growth factor-β1 (TGF-β1) added into PCL/
collagen electrospinning solution [6].

Other bioactive substances used for incorporation into PCL-based nanofibers 
included medicinal herbs such as Aloe vera [61], lawsone, i.e., 2-hydroxy-1,4-naph-
thoquinone extracted from Henna, endowed with antimicrobial, antiparasitic, 
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anticancer, and antioxidant activities [22], other plant extracts with wound healing 
effects, e.g., from Calendula officinalis [65] or Indigofera aspalathoides, Azadirachta 
indica, Memecylon edule, and Myristica andamanica [66], molybdenum oxide 
nanoparticles for treating skin cancer [67] or antibiotics, which can be combined with 
PCL by various manners, e.g., through whey protein [62] or through micelles coating 
PCL/collagen nanofibers [6].

In our experiments, PCL electrospun nanofibrous membranes were impregnated 
with alaptide or l-arginine. Alaptide is a spirocyclic dipeptide, which was designed 
as an analogue of melanocyte-stimulating hormone release-inhibiting factor (MIF) 
and synthesized by Kasafirek et al. at the Research Institute for Pharmacy and 
Biochemistry in Prague, Czechoslovakia, in the 1980s of the twentieth century [68]. 
Alaptide showed a great potential for regeneration of the injured skin and also for 
enhanced transdermal penetration of drugs [69, 70]. Arginine is amino acid which 
is a precursor of nitric oxide, implicated in wound healing. Arginine promoted 
re-epithelization and vascularization of wounds [71] and supported proliferative, 
antiapoptotic, and immune defense functions of fibroblasts [72]. In our study, 
concentrations up to 2.5 wt.% of alaptide and up to 10 wt.% of l-arginine were used 
for fabrication of the membranes. Normal human dermal fibroblasts (NHDF) were 
cultivated on the membranes for 7 days. Alaptide-containing membranes were fully 
colonized by the cells up to the highest alaptide concentration (2.5 wt.%). However, 

Figure 2. 
Scanning electron microscopy analyses of electrospun PCL (A, B) and PLCL (C, D) in their intact state (upper 
row, A, C) and after 2 days of enzymatic degradation (lower row, B, D). Magnification 5000×, scale bar 
10 μm.
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the highest arginine concentration (10 wt.%) appeared as cytotoxic (Figure 3). One 
of the possible explanations is a dual effect of nitric oxide, which can act either as 
antioxidant or as oxidative agent [73].

Polylactide (PLA) is a polymer obtained by the ring-opening polymerization 
of lactide, i.e., cyclic dimer of lactic acid, as the monomer. The lactide has two 
enantiomers, namely l-lactide and d-lactide. Polymerization of each enantiomer 
alone results in creation of poly-l-lactide (PLLA) or poly-d-lactide (PDLA). 
Polymerization of a racemic mixture of l-lactide and d-lactide, i.e., mixture con-
taining equal amounts of both enantiomers, gives rise of poly dl-lactide (PDLLA).

For skin tissue engineering, similarly as in PCL, PLA was often combined with 
other polymers and biologically active molecules in order to tailor desirable proper-
ties of the scaffolds. For example, for enhancing the cell adhesion on nanofibrous 
PLA scaffolds, PLA was blended and electrospun together with gelatin. Composite 
scaffolds containing PLA and gelatin in a ratio of 7:3 were more suitable for the 
attachment and viability of fibroblasts than the scaffolds made either of PLA or of 
gelatin alone [9]. Similarly, composite nanofibrous scaffolds made by electrospin-
ning of a blend of poly-l-lactic acid/poly-(α,β)-dl-aspartic acid/collagen (PLLA/
PAA/Col I&III) increased the proliferation of adipose tissue-derived stem cells 
(ADSCs), i.e., an important cell type used in skin tissue engineering, in comparison 
with pure PLLA or PLLA/PAA scaffolds [74]. In our experiments, electrospun 
PLLA meshes were modified by additional coating with fibrin or collagen. Fibrin 
coating supported better the growth of dermal fibroblasts, while the growth of 
keratinocytes was better on collagen [10].

In another design of bilayer scaffolds for skin tissue engineering, PLLA in the 
form of microporous disc was combined with superficial chitosan/PCL nanofi-
brous mat. The disc was seeded with dermal fibroblasts, while the mat was used as 

Figure 3. 
Normal human dermal fibroblasts cultivated for 7 days on PCL nanofibrous membrane impregnated with 
alaptide or arginine. A—0.1 wt.% of alaptide, B—2.5 wt.% of alaptide, C—1 wt.% of arginine, 10 wt.% of 
arginine. The cells were stained for nuclei (blue) and actin (red) using DNA-binding dye DAPI and phalloidin 
conjugated with TRITC. The images were acquired using Olympus IX71 fluorescence microscope equipped with 
DP71 camera and lens 10× (N.A. = 0.3).
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substrate for keratinocytes. The porous structure of the scaffolds allowed humoral 
communication of both cell types, but the nanofibers prevented the direct inter-
mingling of these cell types [29].

Other interesting application of PLA nanofibers was skin tissue engineering 
for the infected wound site. PLA solution was electrospun together with highly 
porous silver microparticles (AgMPs) or high surface area silver nanoparticles 
(AgNPs) and used as substrates for co-culture of human epidermal keratinocytes 
and Staphylococcus aureus. The scaffolds with AgMPs showed a higher and steadier 
release of silver ions and lower cytotoxicity towards keratinocytes than AgNPs-
loaded scaffolds [75].

PLA nanofibers have also been widely used for wound dressing applications, 
where they were loaded with various bioactive molecules improving wound heal-
ing and preventing microbial infection. Examples include PLLA/zein nanofibrous 
mats loaded with Rana chensinensis skin peptides with antibacterial and antioxida-
tive activity [76], electrospun PLLA nanofibrous membranes coated by an Aloe 
vera gel [77], nanofibrillar matrices prepared from blends of PCL and PDLLA 
loaded with ciprofloxacin [78] or composite electrospun membranes containing 
polylactide:poly(vinyl pyrrolidone)/polylactide:poly(ethylene glycol) (PLA:PVP/
PLA:PEG) core/shell fibers, designed for treatment of burns and loaded with 
curcumin and HHC36 antimicrobial peptides [8].

In spite of all these encouraging results, PLA and PCL can elicit inflammatory 
response. Although inflammation is the first physiological stage of wound healing, 
followed by proliferation and remodeling, excessive inflammation can delay the 
wound healing and can lead to ulceration, fibrosis, scar formation or entering the 
wound into a chronic state [79, 80]. The inflammatory response to PLA and PCL 
was reduced in electrospun co-axial scaffolds containing nanofibers with bioactive 
gelatin shells and biodegradable synthetic cores of PLA and PCL [81]. Another 
approach was the incorporation of PLA scaffolds with anti-inflammatory drugs. 
PLA nanofibers with 20 wt.% of ibuprofen promoted the viability and prolifera-
tion of human epidermal keratinocytes (HEK) and human dermal fibroblasts 
(HDF) in vitro, reduced wound contraction in mice in vivo, and when seeded with 
HEK and HDF, also enhanced new blood vessel formation in wounds of nude 
mice [80]. In a study by Yaru et al. [82], PLA nanofibers were incorporated with 
salicylate, a signaling molecule in plants, but also exhibiting a wide spectrum of 
signaling activities in mammals, including antithrombotic, anti-inflammatory, 
antineoplastic, and antimicrobial actions [83]. In addition, electrospun nanofi-
brous PDLLA scaffolds were incorporated with microalga Spirulina, which has 
anti-inflammatory, antioxidant, antimicrobial, antiallergenic, anticancer, and 
antidiabetic effects. The scaffolds were seeded with mesenchymal stem cells 
derived from mouse kidneys and used for treatment of the third degree burns in 
mice [79].

PLA and PCL can be combined in a poly(l-lactic acid-co-ε-caprolactone) 
copolymer, P(LLA-CL), also referred to as PLACL [84–86], PLLCL [26] or PLCL 
[13, 50].

As mentioned above, blend nanofibers of P(LLA-CL) and PDEGMA were pre-
pared for controlled drug and cell delivery [50]. P(LLA-CL) was also blended with 
gelatin [84], silk fibroin, vitamin E, and curcumin [85] or with silk fibroin, tetra-
cycline, and ascorbic acid [86], which increased the proliferation of human dermal 
fibroblasts on these nanofibrous scaffolds and secretion of collagen by these cells. 
Co-axial nanofibers with P(LLA-CL)/gelatin shell and albumin core containing 
EGF, insulin, hydrocortisone, and retinoic acid supported proliferation and epider-
mal differentiation of ADSCs better than nanofibers prepared by a blend spinning 
of all mentioned components [26]. In combination with poloxamer (Pluronic) 123, 
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the highest arginine concentration (10 wt.%) appeared as cytotoxic (Figure 3). One 
of the possible explanations is a dual effect of nitric oxide, which can act either as 
antioxidant or as oxidative agent [73].

Polylactide (PLA) is a polymer obtained by the ring-opening polymerization 
of lactide, i.e., cyclic dimer of lactic acid, as the monomer. The lactide has two 
enantiomers, namely l-lactide and d-lactide. Polymerization of each enantiomer 
alone results in creation of poly-l-lactide (PLLA) or poly-d-lactide (PDLA). 
Polymerization of a racemic mixture of l-lactide and d-lactide, i.e., mixture con-
taining equal amounts of both enantiomers, gives rise of poly dl-lactide (PDLLA).

For skin tissue engineering, similarly as in PCL, PLA was often combined with 
other polymers and biologically active molecules in order to tailor desirable proper-
ties of the scaffolds. For example, for enhancing the cell adhesion on nanofibrous 
PLA scaffolds, PLA was blended and electrospun together with gelatin. Composite 
scaffolds containing PLA and gelatin in a ratio of 7:3 were more suitable for the 
attachment and viability of fibroblasts than the scaffolds made either of PLA or of 
gelatin alone [9]. Similarly, composite nanofibrous scaffolds made by electrospin-
ning of a blend of poly-l-lactic acid/poly-(α,β)-dl-aspartic acid/collagen (PLLA/
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Figure 3. 
Normal human dermal fibroblasts cultivated for 7 days on PCL nanofibrous membrane impregnated with 
alaptide or arginine. A—0.1 wt.% of alaptide, B—2.5 wt.% of alaptide, C—1 wt.% of arginine, 10 wt.% of 
arginine. The cells were stained for nuclei (blue) and actin (red) using DNA-binding dye DAPI and phalloidin 
conjugated with TRITC. The images were acquired using Olympus IX71 fluorescence microscope equipped with 
DP71 camera and lens 10× (N.A. = 0.3).
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substrate for keratinocytes. The porous structure of the scaffolds allowed humoral 
communication of both cell types, but the nanofibers prevented the direct inter-
mingling of these cell types [29].

Other interesting application of PLA nanofibers was skin tissue engineering 
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release of silver ions and lower cytotoxicity towards keratinocytes than AgNPs-
loaded scaffolds [75].
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vera gel [77], nanofibrillar matrices prepared from blends of PCL and PDLLA 
loaded with ciprofloxacin [78] or composite electrospun membranes containing 
polylactide:poly(vinyl pyrrolidone)/polylactide:poly(ethylene glycol) (PLA:PVP/
PLA:PEG) core/shell fibers, designed for treatment of burns and loaded with 
curcumin and HHC36 antimicrobial peptides [8].
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response. Although inflammation is the first physiological stage of wound healing, 
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(HDF) in vitro, reduced wound contraction in mice in vivo, and when seeded with 
HEK and HDF, also enhanced new blood vessel formation in wounds of nude 
mice [80]. In a study by Yaru et al. [82], PLA nanofibers were incorporated with 
salicylate, a signaling molecule in plants, but also exhibiting a wide spectrum of 
signaling activities in mammals, including antithrombotic, anti-inflammatory, 
antineoplastic, and antimicrobial actions [83]. In addition, electrospun nanofi-
brous PDLLA scaffolds were incorporated with microalga Spirulina, which has 
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antidiabetic effects. The scaffolds were seeded with mesenchymal stem cells 
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PLA and PCL can be combined in a poly(l-lactic acid-co-ε-caprolactone) 
copolymer, P(LLA-CL), also referred to as PLACL [84–86], PLLCL [26] or PLCL 
[13, 50].

As mentioned above, blend nanofibers of P(LLA-CL) and PDEGMA were pre-
pared for controlled drug and cell delivery [50]. P(LLA-CL) was also blended with 
gelatin [84], silk fibroin, vitamin E, and curcumin [85] or with silk fibroin, tetra-
cycline, and ascorbic acid [86], which increased the proliferation of human dermal 
fibroblasts on these nanofibrous scaffolds and secretion of collagen by these cells. 
Co-axial nanofibers with P(LLA-CL)/gelatin shell and albumin core containing 
EGF, insulin, hydrocortisone, and retinoic acid supported proliferation and epider-
mal differentiation of ADSCs better than nanofibers prepared by a blend spinning 
of all mentioned components [26]. In combination with poloxamer (Pluronic) 123, 
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P(LLA-CL) was also used for electrospinning of nanofibrous scaffolds for direct 
delivery of ADSCs into wounds in order to promote their healing [87].

In our experiments, composite PCL/PLCL nanofibers were coated either with 
platelet lysate, or with platelet lysate incorporated in fibrin assemblies [88] in 
various concentrations. Results for human keratinocytes (HaCaT cells) indicated 
that the presence of platelet lysate increased the metabolic activity and phenotypic 
maturation of keratinocytes. The best results were observed when the nanofibers 
were coated with fibrin together with platelet lysate (Figure 4).

Poly(lactide-co-glycolide) (PLGA) is a copolymer obtained by the ring-opening 
co-polymerization of two different monomers, i.e., lactic acid and glycolic acid. 
In skin regenerative therapies, it was applied for both skin tissue engineering and 
wound dressing. For these applications, PLGA was combined with various natural 
and synthetic polymers and bioactive compounds. For example, using bovine 
serum albumin as a carrier protein, vitamin C, vitamin D3, hydrocortisone, insulin, 
triiodothyronine, and EGF were simultaneously blend-spun into PLGA-collagen 
nanofibers. All these factors concertedly increased proliferation of fibroblasts and 
keratinocytes, while maintaining the keratinocyte basal state. In addition, vitamin 
C maintained its ability to facilitate secretion of type I collagen by fibroblasts, EGF 
stimulated proliferation of skin fibroblasts, and insulin potentiated adipogenic dif-
ferentiation of fibroblasts [11]. In PLGA nanofibers, EGF was also combined with 
the local anesthetic lidocaine in order to accelerate wound healing in a rat model 
[89]. Coating PLGA nanofibers with a self-assembled complex of poly(ethylene 
argininyl aspartate diglyceride) polycation, heparin, and cargo growth factors, 
i.e., vascular endothelial growth factor (VEGF) and/or transforming growth 
factor-beta3 (TGF-β3), enhanced proliferation of human dermal fibroblasts and 
formation of tubular structures from human umbilical vein endothelial cells in 
vitro. In addition, these nanofibers reduced necrosis, improved vascularization, and 
maintained well-composed skin appendages in a mouse skin flap model in vivo [25]. 
Growth factors, namely recombinant human EGF and recombinant human basic 
fibroblast growth factor (bFGF), were also encapsulated in PLGA microspheres and 
loaded into hybrid scaffolds of PLGA and polyethylene oxide [90]. Both growth 
factors had a synergistic effect on the proliferation of human skin fibroblasts 
and increased the expression of genes for collagen and elastin in these cells [90]. 
Composite nanofibrous membranes containing PLGA and cellulose nanocrystals 
and loaded with neurotensin accelerated healing of full-thickness skin wounds in 
spontaneously diabetic mice [91]. Nanofibers created by electrospinning the disper-
sion composed of polyethyleneimine-carboxymethyl chitosan/pDNA-angiogenin 

Figure 4. 
Immunofluorescence staining of cytokeratin 10 (green), cytokeratin 14 (red), and nuclei (blue) of HaCaT 
cells after 7 days in culture grown on PCL/PLCL nanofibers. Cell on nanofibers without coating (A), coated 
with platelet lysate (B) and coated with fibrin assemblies with platelet lysate (C) are shown. Leica TCS SPE 
DM2500 confocal microscope.
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nanoparticles, curcumin, PLGA, and cellulose nanocrystals showed antimicrobial 
and regenerative effects when transplanted into the infected full-thickness burn 
wounds in rats [92].

The PLGA nanofibers were also modified with ECM components. In a study 
by Shtrichman et al. [93], the PLGA nanofibrous scaffolds were modified with 
ECM deposited on these scaffolds by mesenchymal progenitor cells, derived 
from human embryonic stem cells, and human induced pluripotent stem cells, 
originating from hair follicle keratinocytes, which were cultured on the scaffolds 
and removed by subsequent decellularization. Subcutaneous implantation of the 
ECM-modified scaffolds in rats then showed that this stem cell-derived construct 
is biocompatible, biodegradable, and holds great potential for tissue regeneration 
applications. In addition, ECM-derived proteins, such as collagen and gelatin, 
can be electrospun directly together with PLGA [94]. In our earlier study, PLGA 
nanofibers were modified with fibrin or collagen in a similar manner as PLLA [10]. 
The morphology of these coatings, and also the behavior of HaCaT keratinocytes 
and human dermal fibroblasts on the coated and uncoated nanofibers, were similar 
on PLGA and PLLA [10].

PLGA-based nanofibrous meshes were also used for treatment of skin fibrosis 
and keloids, formed by abnormal proliferation of scar tissue at the site of cutaneous 
injury. Composite nanofibers of PLGA and poly(vinyl alcohol) loaded with kyn-
urenine, a tryptophan metabolite, improved the dermal fibrosis in a rat model [95]. 
PLGA nanofibers releasing dexamethasone and green tea polyphenols significantly 
induced the degradation of collagen fibers in keloids on the back of nude mice [96].

Last but not least, PLGA nanofibers were also explored for transdermal delivery 
of drugs with poor oral absorption and limited bioavailability, e.g., Daidzein, a 
promising candidate for treating cardiovascular and cerebrovascular diseases [97], 
or for local delivery of anticancer drugs (for a review, see [98]).

Another important degradable polymer for fabrication of nanofibrous meshes 
for skin regenerative therapies is poly(ethylene glycol) (PEG), also known as 
poly(ethylene oxide) (PEO), depending on its molecular weight. PEG usually 
refers to polymers with a molecular mass below 20,000 g/mol, while PEO refers to 
polymers with a molecular mass above 20,000 g/mol.

In nanofibrous scaffolds, PEG or PEO have been usually used as auxiliary com-
ponents improving electrospinnability, mechanical properties, and wettability of 
other polymers. For example, PEO was used to enable electrospinning of casein 
(i.e., a protein extensively used for drug delivery), which does not possess sufficient 
viscoelasticity due to its extensive intermolecular interactions [99], or to improve the 
electrospinnability and mechanical properties of silk fibroin [100]. As mentioned 
above, PEO or PEG was electrospun together with PMMA for creation of nanofibers 
delivering kynurenic acid [95] or with PLGA for delivery of human recombinant 
EGF and bFGF [90]. Other interesting applications of PEO include creation of elec-
trospun carboxymethylcellulose/PEO nanofibers for delivery of viable commensal 
bacteria for preventive diabetic foot treatment [101], creation of three-dimensional 
scaffolds composed of PCL-PEG-PCL tri-block copolymer and iron oxide (Fe3O4) 
nanoparticles for skin tissue engineering [102], creation of biodegradable nanofiber 
mats based on thermoresponsive multiblock poly(ester urethane)s comprising PEG, 
poly(propylene glycol) (PPG), and PCL, which showed improved hydrolytic degra-
dation compared to pure PCL and excellent adhesion of human dermal fibroblasts 
[103]. The adhesion and growth of fibroblast were also improved after combination 
of PLCL with Pluronic, i.e., a copolymer of PEO and poly(propylene oxide) (PPO) 
arranged in a tri-block PEO-PPO-PEO structure [104].

Other auxiliary polymers used for creation of nanofibrous scaffolds are 
poly(vinyl alcohol) (PVA) and poly(vinyl pyrrolidone) (PVP). In some studies, 
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nanofibers. All these factors concertedly increased proliferation of fibroblasts and 
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[89]. Coating PLGA nanofibers with a self-assembled complex of poly(ethylene 
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nanoparticles, curcumin, PLGA, and cellulose nanocrystals showed antimicrobial 
and regenerative effects when transplanted into the infected full-thickness burn 
wounds in rats [92].

The PLGA nanofibers were also modified with ECM components. In a study 
by Shtrichman et al. [93], the PLGA nanofibrous scaffolds were modified with 
ECM deposited on these scaffolds by mesenchymal progenitor cells, derived 
from human embryonic stem cells, and human induced pluripotent stem cells, 
originating from hair follicle keratinocytes, which were cultured on the scaffolds 
and removed by subsequent decellularization. Subcutaneous implantation of the 
ECM-modified scaffolds in rats then showed that this stem cell-derived construct 
is biocompatible, biodegradable, and holds great potential for tissue regeneration 
applications. In addition, ECM-derived proteins, such as collagen and gelatin, 
can be electrospun directly together with PLGA [94]. In our earlier study, PLGA 
nanofibers were modified with fibrin or collagen in a similar manner as PLLA [10]. 
The morphology of these coatings, and also the behavior of HaCaT keratinocytes 
and human dermal fibroblasts on the coated and uncoated nanofibers, were similar 
on PLGA and PLLA [10].

PLGA-based nanofibrous meshes were also used for treatment of skin fibrosis 
and keloids, formed by abnormal proliferation of scar tissue at the site of cutaneous 
injury. Composite nanofibers of PLGA and poly(vinyl alcohol) loaded with kyn-
urenine, a tryptophan metabolite, improved the dermal fibrosis in a rat model [95]. 
PLGA nanofibers releasing dexamethasone and green tea polyphenols significantly 
induced the degradation of collagen fibers in keloids on the back of nude mice [96].

Last but not least, PLGA nanofibers were also explored for transdermal delivery 
of drugs with poor oral absorption and limited bioavailability, e.g., Daidzein, a 
promising candidate for treating cardiovascular and cerebrovascular diseases [97], 
or for local delivery of anticancer drugs (for a review, see [98]).

Another important degradable polymer for fabrication of nanofibrous meshes 
for skin regenerative therapies is poly(ethylene glycol) (PEG), also known as 
poly(ethylene oxide) (PEO), depending on its molecular weight. PEG usually 
refers to polymers with a molecular mass below 20,000 g/mol, while PEO refers to 
polymers with a molecular mass above 20,000 g/mol.

In nanofibrous scaffolds, PEG or PEO have been usually used as auxiliary com-
ponents improving electrospinnability, mechanical properties, and wettability of 
other polymers. For example, PEO was used to enable electrospinning of casein 
(i.e., a protein extensively used for drug delivery), which does not possess sufficient 
viscoelasticity due to its extensive intermolecular interactions [99], or to improve the 
electrospinnability and mechanical properties of silk fibroin [100]. As mentioned 
above, PEO or PEG was electrospun together with PMMA for creation of nanofibers 
delivering kynurenic acid [95] or with PLGA for delivery of human recombinant 
EGF and bFGF [90]. Other interesting applications of PEO include creation of elec-
trospun carboxymethylcellulose/PEO nanofibers for delivery of viable commensal 
bacteria for preventive diabetic foot treatment [101], creation of three-dimensional 
scaffolds composed of PCL-PEG-PCL tri-block copolymer and iron oxide (Fe3O4) 
nanoparticles for skin tissue engineering [102], creation of biodegradable nanofiber 
mats based on thermoresponsive multiblock poly(ester urethane)s comprising PEG, 
poly(propylene glycol) (PPG), and PCL, which showed improved hydrolytic degra-
dation compared to pure PCL and excellent adhesion of human dermal fibroblasts 
[103]. The adhesion and growth of fibroblast were also improved after combination 
of PLCL with Pluronic, i.e., a copolymer of PEO and poly(propylene oxide) (PPO) 
arranged in a tri-block PEO-PPO-PEO structure [104].

Other auxiliary polymers used for creation of nanofibrous scaffolds are 
poly(vinyl alcohol) (PVA) and poly(vinyl pyrrolidone) (PVP). In some studies, 
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PVA is regarded as hydrolytically degradable [17, 105], while in other studies, it 
is considered non-degradable [106]. PVP has been reported to be hydrolytically 
degradable [105]. In addition, both PVA and PVP are hydrophilic and water soluble, 
and thus they can be removed from a composite polymeric mesh in water environ-
ment. This property of PVA, PVP, and also of PEG or PEO, can be used for creation 
of so-called “sacrificial fibers” in order to enlarge the pores in nanofibrous scaffolds 
for penetration of cells [107]; for a review, see [108, 109] or for tailoring the appro-
priate surface roughness of nanofibers inside the scaffolds. For example, PLLA was 
electrospun together with PVP in increasing concentrations, and after subsequent 
etching of PVP from the scaffolds in water environment, nano- and microfibers 
with increasing nanoscale surface roughness were obtained. Higher surface nano-
roughness and porosity of PLLA fibers increased their hydrophilicity and their 
colonization with human dermal fibroblasts [32]. Other applications of PVA and 
PVP are similar to those of PEG or PEO, i.e., to increase spinnability of poorly 
spinnable substances used for skin regenerative therapies. For this purpose, PVA 
was combined with polysaccharides, such as gum tragacanth [110] or Schizophyllan 
[111], and PVP with Aloe vera [112]. Both PVA and PVP have been used to improve 
mechanical properties, wettability, and attractiveness for cell adhesion of various 
synthetic and natural polymers, particularly PCL [110] and chitosan [1]. PVA was 
used as emulsifier in fabrication of blended electrospun PLGA/chitosan nanofibers 
for potential skin reconstruction [113]. PVA and particularly PVP are important 
components of nanofibers delivering various biomolecules and drugs into skin, 
such as antibiotics (PVA [49], PVP [114]), kynurenine (PVA [48]), curcumin 
and HHC36 antimicrobial peptides (PVP [8]) or antimicrobial suberin fatty acids 
isolated from outer birch bark (PVP [115]). PVA and PVP were combined in 
electrospun nanofibrous membranes designed for sustained release of the antibiotic 
ciprofloxacin into wounds [116]. Nanofibers with cellulose acetate (CA) as the core 
material and PVP solution as the shell material were used for transdermal delivery 
of artemisinin, a potent antimalarial drug, which was incorporated into CA [117].

4. Advanced skin tissue engineering

4.1 Dynamic bioreactors

Tissue engineering in general, including skin tissue engineering, can be mark-
edly improved by cultivation of cell-material constructs in dynamic bioreactors. 
These systems not only improve the supply of oxygen and nutrients to cells and 
waste removal, but also mechanically stimulate the cells with positive effects on 
their growth, differentiation, and phenotypic maturation.

First of all, the cell seeding can be improved in dynamic systems. In a study by 
Vitacolonna et al. [118], various methods of seeding fibroblasts on acellular dermal 
matrix were compared, namely static cell seeding after previous degassing of the 
matrix using a low-pressure syringe system, orbital shaker seeding, centrifugal 
seeding, and their combinations. Centrifugal seeding combined with matrix degas-
sing significantly increased the seeding efficiency and homogeneity compared to 
the other methods.

Also the subsequent proliferation and other performance of cells can be mark-
edly influenced by the dynamic cultivation. For example, human epidermal stem 
cells cultured on microcarriers in a rotary bioreactor exhibited higher proliferation 
and viability than the cells cultured in static conditions [119]. Human fibroblasts 
on nanofibrous poly(3-hydroxybutyrate-co-3- hydroxyvalerate) (PHBV) scaf-
folds, subjected to biaxial distension for periods of time in a dynamic bioreactor, 
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developed elastin fibers, whereas the cells on the same scaffolds cultured under 
static conditions showed negligible elastin production [120]. Cyclic uniaxial 
stretching of human HaCaT keratinocytes on collagen-silicon sheets induced the 
production of metalloproteinase 9 (MMP-9), a proteolytic enzyme necessary for 
keratinocyte migration, in these cells [121]. Strain also improved the mechanical 
strength of an engineered skin containing electrospun collagen scaffolds, human 
dermal fibroblasts, and epidermal keratinocytes, which was probably a result of 
enhanced epidermal cell proliferation, differentiation, and increased ECM pro-
duction [34]. The keratinocyte differentiation under mechanical tension can be 
attributed to up-regulation of h2-calponin, which associates with actin stress fibers 
and decreases the cell proliferation rate (for a review, see [122]). Another type of 
mechanical stimulation implicated in keratinocyte differentiation is pressure stress, 
which increases the concentration of intracellular calcium, a stimulator of keratino-
cyte differentiation [35, 123].

In our experiments, we have developed a custom perfusion dynamic culture 
system allowing cell cultivation on elastic silicone membranes and generating 
cyclic pressure stress. First, these membranes were treated with plasma in order to 
increase their wettability and their ability to attach thin films made of nanofibril-
lar cellulose [124]. Afterwards, the porcine adipose tissue-derived stem cells were 
seeded on this surface. After 7 days of mechanical stimulation, a multilayered cell 
structure was observed in dynamic conditions, whereas in static conditions, only a 
cell monolayer was formed (Figure 5).

Increased concentration of calcium in keratinocytes and their differentiation 
can be also achieved by other means than mechanical stimulation, namely by 
stimulation with laser beam [125] or monodirectional pulsed electric current [126]. 
Electrical stimulation also enhanced the migration and proliferation of fibroblasts, 

Figure 5. 
Color-coded projection of porcine adipose tissue-derived stem cells cultivated on thin nanocellulose film 
structure in static (left) and dynamic conditions (middle). Fluorescence staining of nuclei (DAPI) and F-actin 
(Phalloidin). Right: Custom built culture chambers creating controlled mechanical stress and strain with 
perfusion. Below, formation of a multilayered structure of cells creating opaque layer on the nanocellulose-
coated silicone membrane.
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stretching of human HaCaT keratinocytes on collagen-silicon sheets induced the 
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lar cellulose [124]. Afterwards, the porcine adipose tissue-derived stem cells were 
seeded on this surface. After 7 days of mechanical stimulation, a multilayered cell 
structure was observed in dynamic conditions, whereas in static conditions, only a 
cell monolayer was formed (Figure 5).

Increased concentration of calcium in keratinocytes and their differentiation 
can be also achieved by other means than mechanical stimulation, namely by 
stimulation with laser beam [125] or monodirectional pulsed electric current [126]. 
Electrical stimulation also enhanced the migration and proliferation of fibroblasts, 

Figure 5. 
Color-coded projection of porcine adipose tissue-derived stem cells cultivated on thin nanocellulose film 
structure in static (left) and dynamic conditions (middle). Fluorescence staining of nuclei (DAPI) and F-actin 
(Phalloidin). Right: Custom built culture chambers creating controlled mechanical stress and strain with 
perfusion. Below, formation of a multilayered structure of cells creating opaque layer on the nanocellulose-
coated silicone membrane.
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expression of ECM proteins in these cells, and differentiation of these cells towards 
myofibroblasts, i.e., processes critical for wound healing [127]. The positive effect 
of electrical current on fibroblasts can be further combined with light stimulation 
of the fibroblast proliferation, e.g., on nanofibrous PCL scaffolds electrospun with 
a semiconductive polymer, namely poly(N,N-bis(2-octyldodecyl)-3,6-di(thiophen-
2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione-alt-thieno[3,2-b]thiophene) 
(PDBTT), subjected to the illumination from a red light-emitting diode [128]. 
Also magnetic stimulation can be effectively used in skin tissue engineering. For 
example, multilayered sheets of keratinocytes were obtained by cultivation of 
keratinocytes loaded with magnetite cationic liposomes in a magnetic field. After 
removal of the magnet, the sheets were released from the cultivation plates, and 
were harvested with a magnet. This technology was termed “magnetic force-based 
tissue engineering” [129].

4.2 Air-liquid interface

In most experimental studies dealing with skin tissue engineering in vitro, kera-
tinocytes are submerged in the cell culture media. However, in physiological skin 
in vivo, keratinocytes are exposed to air, at least their uppermost layer, i.e., stratum 
corneum, which is an impermeable barrier of cornified cell layers. Therefore, in 
advanced tissue engineering, keratinocytes should be exposed to the air-liquid 
interface (Figure 6) in order to achieve their phenotypic maturation and creation of 
the stratum corneum and the other epidermal layers, namely the basal, spinous, and 
granular layers [130].

The early differentiation of human amnion epithelial cells towards kerati-
nocytes, manifested by formation desmosomes, was more pronounced in cells 
cultured at the air-liquid interface than in cells submerged in the culture medium 
[131]. In another study, human ADSCs were transdifferentiated towards keratino-
cytes in a medium containing retinoic acid, hydrocortisone, ascorbic acid, and bone 
morphogenetic protein-4 (BMP-4). This medium enabled high expression of pan-
cytokeratin in conventional 2D cultures, especially if the cells were grown on type 
IV collagen. When the cell cultures were lifted to air-liquid interface, significant 
stratification was observed, particularly on growth supports coated with type IV 
collagen or fibronectin, and epidermal differentiation markers, such as involucrin 
and cytokeratins 1 and 14, were induced [132].

At the air-liquid interface, the keratinocytes or cells differentiating towards 
keratinocytes have been cultured on various substrates, e.g., acellular dermis [133], 
porous sponge-like gelatin scaffolds incorporated with chrondroitin-6-sulfate and 
hyaluronic acid [134], de-epithelialized human amniotic membrane [135], collagen 
IV and fibronectin [132] and fibrin in the form of layer [131], hydrogel or clot [136]. 
On the mentioned substrates, keratinocytes were grown either alone or in combina-
tion with fibroblasts submerged in the culture medium. In a study by Wang et al. 
[134], fibroblasts were grown inside the porous gelatin-based scaffolds submerged 
in the medium, while keratinocytes were grown on the top of the scaffolds, exposed 
to the air-liquid interface. Similarly, on the de-epithelialized amniotic membrane, 

Figure 6. 
The principle of cell cultivation in a conventional cell culture system (A) and at the air-liquid interface (B).
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fibroblasts were cultured on the lower side of the membrane, submerged in the 
culture medium, while keratinocytes were grown on the upper side at the air-liquid 
interface [135]. In a study by Keck et al. [136], even a three-layered skin substitute 
was created. For the hypodermal layer, ADSCs and mature adipocytes were seeded 
within a fibrin hydrogel. On this layer, a fibrin clot with incorporated fibroblasts 
was placed for construction of the dermal layer. Keratinocytes were then added on 
the top of the two-layered construct and cultured at the air-liquid interface in order 
to create the epidermal layer [136].

Regarding the use of nanofibrous scaffolds for cultivation of keratinocytes at 
the air-liquid interface, synthetic and nature-derived scaffolds were used, namely 
electrospun PCL scaffolds [137, 138], electrospun polystyrene scaffolds [45] and 
fibrous sheets obtained after culturing human fibroblasts with ascorbic acid [139].

PCL scaffolds were used for construction of a three-dimensional in vitro skin 
model. The scaffolds were seeded with keratinocytes and melanocytes isolated 
from human scalp skin and cultured at the air-liquid interface. The keratinocytes 
contained a number of keratin fibrils and membrane-coated granules and formed a 
multilayered concentric structure, the surface of which became distinctly keratin-
ized at the air-liquid interface. Cells with characteristic of melanocytes showed 
scattered distribution within the construct [137]. PCL scaffolds loaded with wound 
healing drugs, namely dexpanthenol and metyrapone, were used for a cell-based 
wound healing assay for rapid and predictive evaluation of wound therapeutics in 
vitro, using human HaCaT keratinocytes cultured at the air-liquid interface [138].

Interesting results were obtained on electrospun polystyrene scaffolds. In the 
absence of serum, keratinocytes, fibroblasts, and endothelial cells did not grow 
when cultured alone. However, when fibroblasts were cocultured with kerati-
nocytes and endothelial cells, expansion of keratinocytes and endothelial cells 
occurred even in the absence of serum. Furthermore, the cells displayed native 
spatial three-dimensional organization when cultured at the air-liquid interface, 
even when all three cell types were introduced at random to the scaffolds [45].

The fibrous sheets produced by fibroblasts were used for creation of recon-
structed human skin in vitro. After seeding the sheets with keratinocytes and 
the cell maturation in vitro, the reconstructed skin exhibited a well-developed 
human epidermis that expressed differentiation markers and basement mem-
brane proteins [139].

The cultivation of keratinocytes at the air-liquid interface was also combined 
with cultivation of these cells in dynamic bioreactors, which further improved 
their growth and phenotypic maturation. Uniaxial strain stress (deformation of 
the cultivation substrate by 5–20%) further enhanced proliferation and epidermal 
differentiation of keratinocytes cultured at the air-liquid interface on electrospun 
collagen scaffolds containing fibroblasts in comparison with keratinocytes on 
unstrained cell-material constructs [34].

Also the perfusion with cell culture media showed beneficial effects on tissue-
engineered skin constructs at the air-liquid interface. In a perfusion system with 
various growth supports for cells, such as acellular human dermis, Azowipes, elec-
trospun polystyrene, and an electrospun composite of polystyrene and poly-dl-
lactide fibers, human dermal fibroblast and endothelial cells showed greater 
viability under submerged conditions than at the air-liquid interface, whereas 
keratinocytes favored cultivation at the air-liquid interface. In addition, the viabil-
ity of keratinocytes and fibroblasts was higher under continuous perfusion than 
under batch-feed perfusion, and on electrospun scaffolds than on acellular dermis 
[46]. In a recent study, a reconstructed skin model in vitro, containing a collagen 
matrix incorporated with fibroblasts and keratinocytes cultured at the air-liquid 
interface, was exposed to a continuous flow of cultivation medium (from 1.25 to 
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expression of ECM proteins in these cells, and differentiation of these cells towards 
myofibroblasts, i.e., processes critical for wound healing [127]. The positive effect 
of electrical current on fibroblasts can be further combined with light stimulation 
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a semiconductive polymer, namely poly(N,N-bis(2-octyldodecyl)-3,6-di(thiophen-
2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione-alt-thieno[3,2-b]thiophene) 
(PDBTT), subjected to the illumination from a red light-emitting diode [128]. 
Also magnetic stimulation can be effectively used in skin tissue engineering. For 
example, multilayered sheets of keratinocytes were obtained by cultivation of 
keratinocytes loaded with magnetite cationic liposomes in a magnetic field. After 
removal of the magnet, the sheets were released from the cultivation plates, and 
were harvested with a magnet. This technology was termed “magnetic force-based 
tissue engineering” [129].

4.2 Air-liquid interface

In most experimental studies dealing with skin tissue engineering in vitro, kera-
tinocytes are submerged in the cell culture media. However, in physiological skin 
in vivo, keratinocytes are exposed to air, at least their uppermost layer, i.e., stratum 
corneum, which is an impermeable barrier of cornified cell layers. Therefore, in 
advanced tissue engineering, keratinocytes should be exposed to the air-liquid 
interface (Figure 6) in order to achieve their phenotypic maturation and creation of 
the stratum corneum and the other epidermal layers, namely the basal, spinous, and 
granular layers [130].

The early differentiation of human amnion epithelial cells towards kerati-
nocytes, manifested by formation desmosomes, was more pronounced in cells 
cultured at the air-liquid interface than in cells submerged in the culture medium 
[131]. In another study, human ADSCs were transdifferentiated towards keratino-
cytes in a medium containing retinoic acid, hydrocortisone, ascorbic acid, and bone 
morphogenetic protein-4 (BMP-4). This medium enabled high expression of pan-
cytokeratin in conventional 2D cultures, especially if the cells were grown on type 
IV collagen. When the cell cultures were lifted to air-liquid interface, significant 
stratification was observed, particularly on growth supports coated with type IV 
collagen or fibronectin, and epidermal differentiation markers, such as involucrin 
and cytokeratins 1 and 14, were induced [132].

At the air-liquid interface, the keratinocytes or cells differentiating towards 
keratinocytes have been cultured on various substrates, e.g., acellular dermis [133], 
porous sponge-like gelatin scaffolds incorporated with chrondroitin-6-sulfate and 
hyaluronic acid [134], de-epithelialized human amniotic membrane [135], collagen 
IV and fibronectin [132] and fibrin in the form of layer [131], hydrogel or clot [136]. 
On the mentioned substrates, keratinocytes were grown either alone or in combina-
tion with fibroblasts submerged in the culture medium. In a study by Wang et al. 
[134], fibroblasts were grown inside the porous gelatin-based scaffolds submerged 
in the medium, while keratinocytes were grown on the top of the scaffolds, exposed 
to the air-liquid interface. Similarly, on the de-epithelialized amniotic membrane, 

Figure 6. 
The principle of cell cultivation in a conventional cell culture system (A) and at the air-liquid interface (B).
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fibroblasts were cultured on the lower side of the membrane, submerged in the 
culture medium, while keratinocytes were grown on the upper side at the air-liquid 
interface [135]. In a study by Keck et al. [136], even a three-layered skin substitute 
was created. For the hypodermal layer, ADSCs and mature adipocytes were seeded 
within a fibrin hydrogel. On this layer, a fibrin clot with incorporated fibroblasts 
was placed for construction of the dermal layer. Keratinocytes were then added on 
the top of the two-layered construct and cultured at the air-liquid interface in order 
to create the epidermal layer [136].

Regarding the use of nanofibrous scaffolds for cultivation of keratinocytes at 
the air-liquid interface, synthetic and nature-derived scaffolds were used, namely 
electrospun PCL scaffolds [137, 138], electrospun polystyrene scaffolds [45] and 
fibrous sheets obtained after culturing human fibroblasts with ascorbic acid [139].

PCL scaffolds were used for construction of a three-dimensional in vitro skin 
model. The scaffolds were seeded with keratinocytes and melanocytes isolated 
from human scalp skin and cultured at the air-liquid interface. The keratinocytes 
contained a number of keratin fibrils and membrane-coated granules and formed a 
multilayered concentric structure, the surface of which became distinctly keratin-
ized at the air-liquid interface. Cells with characteristic of melanocytes showed 
scattered distribution within the construct [137]. PCL scaffolds loaded with wound 
healing drugs, namely dexpanthenol and metyrapone, were used for a cell-based 
wound healing assay for rapid and predictive evaluation of wound therapeutics in 
vitro, using human HaCaT keratinocytes cultured at the air-liquid interface [138].

Interesting results were obtained on electrospun polystyrene scaffolds. In the 
absence of serum, keratinocytes, fibroblasts, and endothelial cells did not grow 
when cultured alone. However, when fibroblasts were cocultured with kerati-
nocytes and endothelial cells, expansion of keratinocytes and endothelial cells 
occurred even in the absence of serum. Furthermore, the cells displayed native 
spatial three-dimensional organization when cultured at the air-liquid interface, 
even when all three cell types were introduced at random to the scaffolds [45].

The fibrous sheets produced by fibroblasts were used for creation of recon-
structed human skin in vitro. After seeding the sheets with keratinocytes and 
the cell maturation in vitro, the reconstructed skin exhibited a well-developed 
human epidermis that expressed differentiation markers and basement mem-
brane proteins [139].

The cultivation of keratinocytes at the air-liquid interface was also combined 
with cultivation of these cells in dynamic bioreactors, which further improved 
their growth and phenotypic maturation. Uniaxial strain stress (deformation of 
the cultivation substrate by 5–20%) further enhanced proliferation and epidermal 
differentiation of keratinocytes cultured at the air-liquid interface on electrospun 
collagen scaffolds containing fibroblasts in comparison with keratinocytes on 
unstrained cell-material constructs [34].

Also the perfusion with cell culture media showed beneficial effects on tissue-
engineered skin constructs at the air-liquid interface. In a perfusion system with 
various growth supports for cells, such as acellular human dermis, Azowipes, elec-
trospun polystyrene, and an electrospun composite of polystyrene and poly-dl-
lactide fibers, human dermal fibroblast and endothelial cells showed greater 
viability under submerged conditions than at the air-liquid interface, whereas 
keratinocytes favored cultivation at the air-liquid interface. In addition, the viabil-
ity of keratinocytes and fibroblasts was higher under continuous perfusion than 
under batch-feed perfusion, and on electrospun scaffolds than on acellular dermis 
[46]. In a recent study, a reconstructed skin model in vitro, containing a collagen 
matrix incorporated with fibroblasts and keratinocytes cultured at the air-liquid 
interface, was exposed to a continuous flow of cultivation medium (from 1.25 to 
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7.5 ml/h) at its basal side. Histological examination confirmed the formation of 
a significantly thicker stratum corneum compared to the control constructs culti-
vated under static conditions. Moreover, the keratinocyte differentiation mark-
ers involucrin and filaggrin, as well as the tight junction proteins claudin 1 and 
occludin, showed increased expression in the dynamically cultured skin models. 
However, the skin barrier function of the dynamically cultivated skin models 
was not enhanced compared with the skin models cultivated under static condi-
tions [36]. Similar results were obtained in a study by Kalyanaraman et al. [140], 
performed on engineered skin substitutes based on collagen-glycosaminoglycan 
sponges, containing fibroblasts in their inside and keratinocytes on their surface, 
which were exposed to the air-liquid interface. Perfusion of these construct with 
the medium at the flow rate of 5 ml/min increased the metabolic activity of fibro-
blasts and maintained the epidermal barrier created by keratinocytes similarly as 
in static controls, while higher flow rates of 15 ml/min, and particularly 50 ml/
min, decreased the cell metabolic activity, increased the degradation of the scaf-
folds and decreased the epidermal barrier function, manifested by its increased 
hydration [140].

5. Conclusions

Nanofibrous scaffolds made of synthetic polymers have been widely investigated 
for their potential use in skin regenerative therapies. Non-degradable polymers 
used for preparation of nanofibrous scaffolds included polyurethane (which can 
also be prepared in degradable form), polydimethylsiloxane (PDMS), polyethylene 
terephthalate (PET), polyethersulfone (PES), and even polystyrene (PS). These 
scaffolds were mainly intended for wound dressing applications, and in case of PS, 
also for cultivation of skin cells in dynamic bioreactor and at the air/liquid interface. 
For creation of nanofibrous meshes, the non-degradable polymers have been often 
used in combinations with nature-derived polymers (dextran, chitosan, gelatin, 
and keratin), and loaded with various wound healing, angiogenic, antioxidant, 
anti-inflammatory, photoprotective, and antimicrobial substances. Non-degradable 
synthetic polymers also include hydrogels, such as poly(acrylic acid) (PAA), 
poly(methyl methacrylate) (PMMA) and particularly poly(di(ethylene glycol) 
methyl ether methacrylate) (PDEGMA), which is thermoresponsive and suitable 
for controlled drug delivery and cell delivery into wounds. Degradable synthetic 
polymers have been also applied in wound healing, but also as direct scaffolds for 
skin tissue engineering, i.e., as carriers for keratinocytes, fibroblasts, and stem cells. 
The most widely used degradable polymers for these applications include polycap-
rolactone (PCL) and its copolymers with polylactides (PLCL), and also polylactides 
(PLLA and PDLLA) and their copolymers with polyglycolides (PLGA). Similarly 
as non-degradable polymers, also degradable polymers are almost exclusively used 
in combination with nature-derived polymers (collagen, gelatin, keratin, fibrin, 
and glycosaminoglycans) in order to increase their attractiveness for cell coloniza-
tion, and also with some synthetic polymers, such as poly(ethylene glycol) (PEG), 
poly(ethylene oxide) (PEO), poly (vinyl alcohol) (PVA), and poly(vinyl pyrrol-
idone) (PVP). These synthetic polymers act as auxiliary, i.e., improving electros-
pinnability, mechanical properties, and wettability of other polymers. Similarly as 
non-degradable polymers, also degradable polymers have been loaded with a wide 
range of growth and angiogenic factors and other biologically active substances. 
The cell performance on non-degradable and degradable nanofibrous scaffolds can 
be further markedly improved by cultivation in dynamic bioreactors and/or at air/
liquid interface.
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Chapter 4

Applications of Nanotechnology in 
Agriculture
Alaa Y. Ghidan and Tawfiq M. Al Antary

Abstract

Nanotechnology has gained intense attention in the recent years due to its wide 
applications in several areas like medicine, medical drugs, catalysis, energy and 
materials. Those nanoparticles with small size to large surface area (1–100 nm) 
have several potential functions. These days, sustainable agriculture is needed. 
The development of nanochemicals has appeared as promising agents for the plant 
growth, fertilizers and pesticides. In recent years, the use of nanomaterials has been 
considered as an alternative solution to control plant pests including insects, fungi 
and weeds. Several nanomaterials are used as antimicrobial agents in food packing 
in which several nanoparticles such as silver nanomaterials are in great interest. 
Many nanoparticles (Ag, Fe, Cu, Si, Al, Zn, ZnO, TiO2, CeO2, Al2O3 and carbon 
nanotubes) have been reported to have some adverse effects on plant growth apart 
from the antimicrobial properties. In food industries, nanoparticles are leading in 
forming the food with high quality and good nutritive value.

Keywords: agriculture, food industries, applications, nanoparticles, pesticides, 
fertilizers, antimicrobial

1. Introduction

Nanotechnology has gained intense attention in recent years due to its wide 
applications in several areas like medicine, medical drugs, catalysis, energy and 
materials. Those nanoparticles with small size to large surface area (1–100 nm) have 
potential medical, industrial and agricultural applications. Scientists have carried out 
significant efforts toward the synthesis of nanoparticles by different means, including 
physical, chemical and biological methods [1]. These methods have many disadvan-
tages due to the difficulty of scale-up of the process, separation and purification of 
nanoparticles from the micro-emulsion (oil, surfactant, co-surfactant and aqueous 
phase) and consuming large amount of surfactants [2]. Green methods for synthesiz-
ing nanoparticles with plant extracts are advantageous as it is simple, convenient, 
eco-friendly and require less reaction time. Nanomaterials prepared by eco-friendly 
and green methods could increase agriculture potential for improving the fertilization 
process, plant growth regulators and pesticides [3]. In addition, they minimize the 
amount of harmful chemicals that pollutes the environment. Hence, this technology 
helps in reducing the environmental pollutants [4], and nanotechnology has recently 
gained attention due to its wide applications in different fields such as in medicine, 
environment and agriculture [5]. Particularly, the large surface area offered by the 
tiny nanoparticles, which have high surface area, makes them attractive to address 
challenges not met by physical, chemical pesticides and biological control methods.
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Nanotechnology in agriculture has gained good momentum in the last decade 
with an abundance of public funding, but the stage of development is good, even 
though many methods became under the umbrella of agriculture. This might be 
attributed to a unique nature of farm production, which functions as an open 
system whereby energy and matter are exchanged freely. The scale of demand of 
input materials is always being large in contrast with industrial nanoproducts with 
the absence of control over the input of the nanomaterials in contrast with indus-
trial nanoproducts [6]. Nanotechnology provides new agrochemical agents and 
new delivery mechanisms to improve crop productivity, and it promises to reduce 
pesticide applications. Nanotechnology can increase agricultural production, and 
its applications include: (1) nanoformulations of agrochemicals for applying pes-
ticides and fertilizers for crop improvement; (2) the application of nanosensors in 
crop protection for the identification of diseases and residues of agrochemicals; (3) 
nanodevices for the genetic engineering of plants; (4) plant disease diagnostics; (5) 
animal health, animal breeding, poultry production; and (6) postharvest manage-
ment. Precision farming techniques might be used to further improve the crop 
yields but not damage soil and water. In addition, it can reduce nitrogen loss due 
to leaching and emissions, and soil microorganisms. Nanotechnology applications 
include nanoparticle-mediated gene or DNA transfer in plants for the development 
of insect-resistant varieties, food processing and storage and increased product shelf 
life. Nanotechnology may increase the development of biomass-to-fuel production. 
Experts feel that the potential benefits of nanotechnology for agriculture, food, 
fisheries and aquaculture need to be balanced against concerns for the soil, water 
and environment and the occupational health of workers [7]. Nanotechnology uses 
are currently being researched, tested and in some cases already applied in food 
technology [8]. Nanomaterials are considered with specific chemical, physical and 
mechanical properties. In recent years, agricultural waste products have attracted 
attention as source of renewable raw materials to be processed in substitution of 
several different applications as well as a raw material for nonmaterial production. 
Insecticide resistance is one of the best examples of evolution occurring on an 
ecological time scale. The study of insecticide resistance is needed, both because 
it leads to understanding mechanisms operating in real time and because of its 
economic importance. It has become in insects an increasing problem for agricul-
ture and public health. Agricultural practices could include wide range of selective 
regimes [1]. Nanotechnology applications are being tested in food technology and 
agriculture. The applications of nanomaterials in agriculture aim to reduce spraying 
of plant protection products and to increase plant yields. Nanotechnology means 
like nanocapsules, and nanoparticles are examples of uses for the detection and 
treatment of diseases. Nanotechnology derived devices are also explored in the field 
of plant breeding and genetic transformation. The potential of nanotechnology in 
agriculture is large, but a few issues are still to be addressed as the risk assessment. 
In this respect, some nanoparticle attractants are derived from biopolymers such as 
proteins and carbohydrates with low effect on human health and the environment. 
Nanotechnology has many uses in all stages of production, processing, storing, 
packaging and transport of agricultural products. Nanotechnology will revolutionize 
agriculture and food industry such as in case of farming techniques, enhancing the 
ability of plants to absorb nutrients, disease detection and control pests.

2. Nanotechnology in pesticides and fertilizers

These days, sustainable agriculture is needed. It may be understood to present 
a good approach of ecosystem for long run. Practices that can cause long-term 
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damage to soil include excessive tilling of the soil which leads to erosion and irrigation 
without needed drainage. This will lead to salinization. This is to satisfy human 
being food, animal feed and fiber needs.

Long-term experiments are required to show the effect of different practices 
on soil properties which are essential to sustainability and to provide important 
data on this objective. In the United States, a federal agency, the development of 
nano-chemicals has appeared as promising agents for the plant growth and pest 
control. The fertilizers are required in plants growth. Nanomaterials act as fertil-
izers might have the properties such as crop improvement and with less eco-toxicity. 
Plants can give an important way for their bioaccumulation into the food chain. 
The recent developments in agriculture cover the applications of NPs for more 
effective and safe use of chemicals for plants. The effects of different NPs on plant 
growth and phytotoxicity were reported by several workers including magnetite 
(Fe3O4) nanoparticles and plant growth [9], alumina, zinc, and zinc oxide on seed 
germination and root growth of five higher plant species; radish, rape, lettuce, 
corn, and cucumber, silver nanoparticles and seedling growth in wheat [10], sulfur 
nanoparticles on tomato [11], zinc oxide in mungbean, nanoparticles of AlO, CuO, 
FeO, MnO, NiO, and ZnO [12]. Silver nanoparticles can stimulate wheat growth and 
yield. Soil applied 25 ppm SNPs had highly favorable growth promoting effects on 
wheat growth and yield.

Zinc has been considered as an essential micronutrient for metabolic activities 
in plants although it is required in trace amounts in plants. It was found that zinc 
has an important role in management of reactive oxygen species and protection of 
plant cells against oxidative stresses. Zinc has important functions in the synthesis 
of auxin or indoleacetic acid (IAA) from tryptophan as well as in biochemical 
reactions required for formation of chlorophyll and carbohydrates. The crop yield 
and quality of produce can be affected by deficiency of Zn. The development of 
insecticide resistance in pest insects has been an increasing problem for agriculture 
and public health.

Magnesium oxide (MgO) is important inorganic materials with many uses such 
as adsorbents, fire retardants, advanced ceramics, toxic waste remediation, and 
photo electronic materials. Therefore, various techniques and routes for synthesis of 
MgONPs have been reported [1]. MgOH was synthesized by green methods using 
nontoxic neem leaves extract [13], Citrus limon leaves extract, acacia gum [14].

2.1 Control of plant pests

Fusarium wilt is a destructive disease of tomato and lettuce in several countries 
due to its severe production loss, prolonged survival of fungus in soil and genera-
tion of resistant races. The disease can be reduced to some extent with the use of 
resistant cultivars and chemicals. However, the occurrence and development of new 
pathogenic races is a continuing problem, and the use of chemicals is expensive and 
not always effective. In recent years, the use of nanomaterials has been considered 
as an alternative solution to control plant pathogens. Ghidan et al. [15] has synthe-
sized nanoparticles of magnesium oxide (MgO) and tested the effect of different 
concentrations on the green peach aphid (GPA) under the greenhouse conditions 
[16–19]. The synthesis of nanomaterials of copper oxide (CuO), zinc oxide (ZnO), 
magnesium hydroxide (MgOH) and magnesium oxide (MgO) has been carried 
out successfully by using aqueous extracts of Punica granatum peels, Olea europaea 
leaves and Chamaemelum nobile flowers [1]. The screening of synthesized bio-
nanoparticles revealed that these nanoparticles were effective in increasing the 
mortality percent of green peach aphid. After the glasshouse experiments, the metal 
oxide nanoparticle accumulations were analyzed in the fruits and leaves of green 
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sweet pepper. The results showed that there was no any metal accumulation in any 
of the plant fruits. Foliar spray by synthesized of MgOH nanoparticles for green 
pepper leaves revealed that the foliar spraying leaves with 100–800 ppm metal 
nanoparticles are very beneficial to plant growth and produced healthy plants with 
greener leaves and high fruit quality compared to the control. Researchers made 
significant efforts toward the synthesis of nanoparticles by various means, includ-
ing physical, chemical and biological methods [1]. Green methods for synthesizing 
nanoparticles with plant extracts are advantageous as it is simple, convenient, 
environment friendly and require less reaction time. Nanomaterials prepared by 
eco-friendly and green methods may increase agriculture potential for improving 
the fertilization process, plant growth and pesticides. In addition, this technology 
minimizes the amount of harmful chemicals that pollutes the environment [4]. 
The green peach aphid is considered as a key pest on peach and globally important 
pest of a broad range of arable and horticultural crops, including Jordan. The pest 
is categorized as of the most important agricultural pest in the world. This devas-
tated pest combats organophosphorus and carbamate insecticides by overproduc-
ing insecticide-degrading carboxyl esterases. Moreover, control of such a pest is 
becoming increasingly difficult, because the overproduction of resistance for aphid 
individuals when using chemical insecticides such as carbamates, organophosphates 
and pyrethroids [20].

Nanomaterials such as copper oxide (CuONPs), zinc oxide (ZnONPs), magne-
sium hydroxide (MgOHNPs) and magnesium oxide (MgONPs) were synthesized by 
different physical and chemical methods [21]. With the growing needs to minimize 
the use of environmental-risk substances, such as insecticides, the biosynthesis of 
nanoparticles as an emerging highlight of the intersection of nanotechnology and 
biotechnology has received increasing attention. The rate of reduction of metal ions 
using plants has been found to be much faster as compared to microorganisms and 
stable formation of nanoparticles has been reported.

2.2 Nanoinsicticidal potential

Copper oxide nanoparticles (CuONPs) are synthesized through different 
methods [22] such as precipitation [23] and chemical reduction [24]. Many 
plant aqueous extracts have been reported such as Citrus limon juice [25] and 
carob leaves [26]. Applications led many researchers to develop different ways to 
synthesis ZnONPs such as chemical route [27], precipitation method [28], hydro-
lyzed in polar organic solvents [29] and microwave synthesis [30]. Different plant 
extracts have been reported in the open literature for green synthesis of ZnONPs 
such as Olea europaea, Solanum nigrum leaves [31] and Azadirachta indica [20]. 
Different methods for synthesis MgOHNPs and MgONPs have been reported such 
as hydrothermal route, water-in-oil microemulsion and microwave reaction [32]. 
MgOH was synthesized by green methods using nontoxic and eco-friendly such as 
Neem leaves extract, Citrus limon leaves extract, acacia gum, Brassica oleracea and 
Punica granatum peels [3, 22]. In agriculture sector, there are several uses avail-
able like nanotech based pesticides and fertilizers with effective impact on plant 
growth and molecular farming with the help of nanovectors which is hoping to 
take the place of viral vectors [33].

2.3 Antimicrobial activity

Several nanomaterials are used as antimicrobial agents in food packing in which 
silver nanoparticles are in great interest. This is because of its extended use. Some 
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other nanoparticles currently used are titanium dioxide (TiO2), zinc oxide (ZnO), 
silicon oxide (SiO2), magnesium oxide (MgO), gold and silver. All of them have 
specific characteristics and functions, for example, zinc nanocrystal shows antimi-
crobial and antifungal activity [34]. Silver was a disinfectant and sterilizing agent 
used by NASA and Russian Space station for water [35], silver zeolite and silver. 
Gold has high temperature stability and low volatility and good antifungal and 
antimicrobial effects against 150 different bacteria [36]. FDA in 2009 approves the 
direct use of silver as disinfectant in commercial water, since with effective result 
against microorganisms. The antimicrobial effect of these are E. coli, L. monocyto-
genes and Staphylococcus aureus [37], and nanosilver particles coated with cellulose 
acetate phthalate also provided similar results [37]. Some nanoparticles have shown 
their antifungal activity. These fungi include Candida albicans, Aspergillus niger [38] 
and yeast [39]. AgNPs are also found to be effective against methicillin resistant 
Staphylococcus aureus [39]. Other nanoparticles besides silver are also found to have 
antimicrobial characteristics like titanium oxide (TiO2). Its antimicrobial activity 
in UV light was obvious. Zinc oxide is reported to have antimicrobial activity in 
packaging material [39].

Zinc oxide nanoparticles synthesized using Punica granatum peel aqueous 
extract has shown effectiveness as antibacterial agents against standard strains of 
Gram-positive Staphylococcus aureus and Gram-negative Escherichia coli [1, 40].

2.4 Nanotechnology application as nanofungicides

The use of nanosilver has been studied recently against phytopathogen 
Colletotrichum gloeosporioides [41]. Other nanoparticles (Fe, Cu, Si, Al, Zn, ZnO, 
TiO2, CeO2, Al2O3 and carbon nanotubes) have been reported to have some adverse 
effects on plant growth apart from the antimicrobial properties [42]. Sometimes, 
nanoparticles also have an effect on the growth of useful soil bacteria, such as 
Pseudomonas putida KT2440 [43]. Various research groups focused their interest on 
the usage of eco-friendly pesticides. Similar to chemical pesticides, nanoparticle-
based pesticides and herbicides are being explored for the application of the 
antimicrobial agents to protect crops from various diseases. Extensive studies 
on nanoparticle-based systems may eliminate the intensive use of pesticides in 
the agricultural sector [44]. The antifungal properties of nanoparticles can help 
to formulate nanoparticle-based pesticides [41]. Among the different inorganic 
nanoparticle-based antimicrobial agents, silver has been extensively studied by 
many researchers because of its several advantages over other nanoparticles such as 
copper, zinc, gold, ZnO, Al2O3 and TiO2.

2.4.1 Effect of nickel nanoparticles on fungal mycelial growth

Both the concentrations of nickel nanoparticles (50 and 100 ppm) inhibited 
the fungal mycelial growth on solid media, and the inhibitions were significant 
(p ≤ 0.05) over control (Figure 1). Nickel nanoparticles at 100 ppm concentration 
inhibited the mycelial growth of F. oxysporum f. sp. lactucae and F. oxysporum f. sp. 
lycopersici by 60.23 and 59.77%, respectively, over control.

The inhibitory effects of nickel nanoparticles were also assessed in liquid 
medium, and the results were similar with solid media. In the liquid media, the 
fresh mycelial weight of the tested fungal pathogens decreased significantly and 
more than 50% reduction was recorded with the use of nickel nanoparticles at 
the concentration of 100 ppm. The results revealed that mycelial growth of tested 
pathogens was inhibited in a concentration dependent manner. These results 
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suggest that using Ni nanoparticle solution can significantly increase the surface 
areas acting on the mycelia of Fusarium and mycelial growth.

Nickel nanoparticles at the concentration of 100 ppm decreased the number 
of spore development by 81.40 and 74.60% in F. oxysporum f. sp. lactucae and 
F. oxysporum f. sp. lycopersici, respectively. The conidial germination was negatively 
affected by nickel nanoparticles (Figure 2).

The inhibitory effect of Ni nanoparticles on spore germination could be due 
to their fungicidal effect. These results agreed with the results obtained from 
other workers on antifungal effects of different metal nanoparticles against some 
pathogenic fungi such as silver nanoparticles and zinc nanoparticles against 
copper nanoparticles [46]. Inhibitory effect of Ni nanoparticles could be due 
to producing of extracellular enzymes from fungi as survival agents caused by 
stress of toxic materials [47] or could be due to large surface areas (Figure 3) 
and small sizes to penetrate into the cell membrane of pathogen and work in the 
cytosols [48].

2.5 Nanotechnology for controlling plant virus

Plant virus particularly spherical virus is considered to be the naturally occur-
ring nanomaterials. The smallest plant viruses known till date are satellite tobacco 
necrosis virus measuring only 18 nm in diameter [49]. Plant viruses are made up of 
single or double stranded RNA/DNA as genome which is encapsulated by a protein 
coat. Their ability to infect, deliver nucleic acid genome to a specific site in host 
cell, replicate, package nucleic acid and come out of host cell precisely in an orderly 
manner have necessitated them to be used in nanotechnology. A complete review on 
use of plant viruses as bio templates for nanomaterials and their uses has been done 
recently by Young et al. [50].

Figure 1. 
Petri dishes showing inhibition of Fusarium wilt causing pathogens: first row, Fusarium oxysporum f. sp. 
lycopersici [(A) control; (B) 50 ppm nickel nanoparticles; (C) 100 ppm nickel nanoparticles]; second row, 
Fusarium oxysporum f. sp. lactucae [(D) control; (E) 50 ppm nickel nanoparticles; (F) 100 ppm nickel 
nanoparticles] [45].
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3. Nanotechnology in food packaging

Food industries are leading in forming the food with good nutritive value. For 
example, high impermeable packaging nanomaterials are used for protection of 
food from UV radiations and providing more strength to maintain the food pro-
tected from environment, increasing their shelf lives. Nanosensors are used for 
the detection of chemicals, gases and pathogens in food. In modern terminology, a 
word is given to such type of packaging as smart packaging. Some studies suggested 
that people are not accepting the direct involvement of nanoparticles in food due to 
some risk factors. Therefore, it is needed to provide some safety measurements to 
reduce the risk and human safety.

4. Conclusions

The occurrence and development of new pathogenic races is a continuing prob-
lem, and the use of chemicals to control pests is expensive and not always effective. 
In recent years, the use of nanomaterials has been considered as an alternative 
solution to control plant pathogens. Agricultural practices usually include the 

Figure 2. 
Germination of Fusarium oxysporum f. sp. lycopersici conidia: (A) control; (B) 50 ppm nickel nanoparticles; 
and (C) 100 ppm nickel nanoparticles [45].

Figure 3. 
SEM, nanoflex of large surface areas of MgONPs [1].
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systematic application of a wide array of active compounds at variable dosages and 
frequencies, which represent a wide range of selective regimes.

Metal oxide nanoparticles have controlled the green peach aphid. Magnesium 
hydroxide, bionanoparticles synthesized were the best control to Myzus persicae 
compared to other synthetic nanoparticles. Zinc oxide nanoparticles synthesized using 
aqueous Punica granatum peel extract was tested for its potential antimicrobial activ-
ity against some selected microbes. Also this research work determined the effect of 
synthesized ZnONPs on green peach aphid and antibacterial efficacy against standard 
strains of Gram-positive Staphylococcus aureus and Gram-negative Escherichia coli. 
Other nanoparticles (Fe, Cu, Si, Al, Zn, ZnO, TiO2, CeO2, Al2O3 and carbon nanotubes) 
have also been reported to have some adverse effects on plant growth. Sometimes 
nanoparticles also have an adverse effect on the growth of useful soil bacteria, such as 
Pseudomonas putida KT2440. Both the concentrations of nickel nanoparticles (50 and 
100 ppm) inhibited the fungal mycelial growth on solid media, and the inhibitions were 
significant over control. Nickel nanoparticles at 100 ppm concentration inhibited the 
mycelial growth of F. oxysporum f. sp. lactucae and F. oxysporum f. sp. Lycopersici.

Green methods for synthesizing nanoparticles with plant extracts are advanta-
geous as it is simple, convenient, environment friendly and require less reaction 
time. Nanomaterials prepared by eco-friendly and green methods may increase 
agriculture potential for improving the fertilization process, plant growth regula-
tors, pesticides delivery of active component to the desired target sites, treatment 
of wastewater and also enhancing the absorption of nutrients in plant. In addi-
tion, they minimize the amount of harmful chemicals that pollutes the environ-
ment. Hence, this technology helps in reducing the environmental pollutants. 
Nanotechnology has recently gained attention due to wide applications in different 
fields such as in agriculture medicine and environment. The large surface area 
offered by the tiny nanoparticles, which have high surface area, makes them attrac-
tive to address challenges not met by different control methods.

Nanotechnology applications are currently being researched, tested and in some 
cases already applied across the entire spectrum of food technology, from agriculture 
to food processing, packaging and food supplements. They are with unique chemi-
cal, physical, and mechanical properties. In recent years, agricultural waste products 
have attracted attention as source of renewable raw materials. Insecticide resistance 
is one of the best examples of evolution occurring on an ecological time scale. The 
study of insecticide resistance is important, because it leads to a better understand-
ing of evolutionary mechanisms operating in real time. The development of insec-
ticide resistance in pest insects has been an increasing problem for agriculture and 
public health. Agricultural practices usually include the systematic application of a 
wide array of active compounds at variable dosages and frequencies.
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Chapter 5

Electro-Optical Manipulation
Based on Dielectric Nanoparticles
Jiahao Yan and Yuchao Li

Abstract

The ability to dynamically modulate plasmon resonances or Mie resonances is
crucial for practical application. Electrical tuning as one of the most efficiently active
tuning methods has high switching speed and large modulation depth. Silicon as a
typical high refractive index dielectric material can generate strong Mie resonances,
which have shown comparable performances with plasmonic nanostructures in spec-
tral tailoring and phase modulation. However, it is still unclear whether the optical
response of single silicon nanoantenna can be electrically controlled effectively. In
this chapter, we introduce two types of optoelectronic devices based on Mie reso-
nances in silicon nanoantennas. First, we observe obvious blueshift and intensity
attenuation of the plasmon-dielectric hybrid resonant peaks when applying bias
voltages. Second, photoluminescence (PL) enhancement and modulation are
achieved together in the WS2-Mie resonator hybrid system.

Keywords: silicon nanoparticles, silicon nanostripes, WS2, active control,
photoluminescence manipulation

1. Introduction

Dynamically controlling the optical responses from plasmonic or Mie resonators
is significant for future optical signal processing [1, 2]. Among different active
tuning methods, electrical tuning is one of the most effective one owing to high
switching speed and large tuning ranges [3–5]. Recently, electrical tuning on
metamaterials based on plasmonic nanostructures has been reported, and the con-
trol mechanisms rely on semiconductor layers [6–8], graphene [9–13], or electro-
mechanical deformation [14, 15]. Nevertheless, there are few works about the
optoelectronic modulation on nanoscale devices up to now. Furthermore, how to
realize the electrical tuning on single nanoparticles is still a challenge.

Combining optical nanoantennas with atomically thin WS2 may be another
method to realize dynamic optical responses. Atomically thin WS2 (monolayer or
bilayer) exhibits intriguing electrical and optical properties [16–18]. Monolayer
WS2 shows strong excitonic emission peak at visible wavelengths; however,
ultrathin thickness hinders further enhancement of excitonic emission. Near-field
enhancements at excitation wavelengths can enhance the light absorbance, while
that at emission wavelengths would boost the emission rate, so those two factors
both enhance the excitonic emission fromWS2. Based on it, many efforts have been
made to realize field enhancements via plasmonic nanostructures and photonic
crystals at both excitation and emission wavelengths.
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1. Introduction

Dynamically controlling the optical responses from plasmonic or Mie resonators
is significant for future optical signal processing [1, 2]. Among different active
tuning methods, electrical tuning is one of the most effective one owing to high
switching speed and large tuning ranges [3–5]. Recently, electrical tuning on
metamaterials based on plasmonic nanostructures has been reported, and the con-
trol mechanisms rely on semiconductor layers [6–8], graphene [9–13], or electro-
mechanical deformation [14, 15]. Nevertheless, there are few works about the
optoelectronic modulation on nanoscale devices up to now. Furthermore, how to
realize the electrical tuning on single nanoparticles is still a challenge.

Combining optical nanoantennas with atomically thin WS2 may be another
method to realize dynamic optical responses. Atomically thin WS2 (monolayer or
bilayer) exhibits intriguing electrical and optical properties [16–18]. Monolayer
WS2 shows strong excitonic emission peak at visible wavelengths; however,
ultrathin thickness hinders further enhancement of excitonic emission. Near-field
enhancements at excitation wavelengths can enhance the light absorbance, while
that at emission wavelengths would boost the emission rate, so those two factors
both enhance the excitonic emission fromWS2. Based on it, many efforts have been
made to realize field enhancements via plasmonic nanostructures and photonic
crystals at both excitation and emission wavelengths.
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Silicon nanoantennas as a typical dielectric Mie resonator have wide application
prospect in building metasurfaces [19–21], nonlinear optics [22], and biosensing
[23]. They may be better choice than plasmonic structures and photonic crystals in
building electrically controlled devices. The Mie resonances in silicon nanoantennas
can be modulated through changing the sizes [24, 25] or crystallographic phases
[20] passively. However, how to realize active control based on the Mie resonances
in silicon nanocavities is still a challenge. Besides changing the optical properties of
Mie resonators intrinsically, active tuning may also be realized via coupling with 2D
materials. Neshev et al. have theoretically demonstrated the PL modulation of 2D
materials based on the directional emission caused by Mie resonators [26]. Recently,
the first experimental work has been done, in which a forward-to-backward emis-
sion ratio of 20 was realized because of the interaction between MoS2 monolayer
and Mie resonators [27]. However, both of them were analyzed on passive control.

2. Electrically controlled optical responses of silicon-based
nanoantennas

In this chapter, we will discuss the applications of silicon-based Mie resonators
into electro-optical modulation. This chapter can be divided into two parts:

First, we demonstrated the electrically tunable scattering of a single silicon
nanoparticle at visible wavelengths. To build the nanoantennas, gold interdigital
electrodes with separation distances between 100 and 200 nm were fabricated using
photolithography and focused ion beam (FIB) milling. After trapping silicon
nanoparticles with different sizes between adjacent two electrodes, the scattering
spectra under different voltages can be measured. Interestingly, the scattering
experiences blueshift and obvious intensity attenuation when increasing the applied
voltages from 0 to 1.5 V. In theory, MIS (metal-insulator-semiconductor) junctions
can be formed at Au-SiO2-Si interfaces [28]. Once the bias voltage increases, the
inversion and accumulation effect would produce much more free carriers at inter-
faces [29–31] and then change the permittivity based on Drude model [32, 33]. The
proposed hybrid nanoantennas represent a new method to build optoelectronic
devices based on Mie resonators.

Second, we combined silicon nanostripes, a typical Mie resonator, with WS2 to
realize active PL manipulation. In the proposed electro-optical modulator,
suspended monolayer and bilayer WS2 are covered on a Si nanostripe. The Si
nanostripe not only acts as a nanoscale gate electrode but also a Mie resonator. For
both monolayer and bilayer WS2, the PL intensities on the nanostripes are much
stronger than those of the suspended one. After applying gate voltages, both the
electrostatic doping and strain come into effect. This new tuning mechanism leads
to abnormal control of exciton emission from WS2, which is clearly different from
that in previous works [34–36]. Considerable PL tuning can also be observed in
bilayer WS2 gated by Si nanostripes. Based on the modulation capability, we believe
the proposed electro-optical modulator will bring new possibilities for future
nanophotonic devices.

3. Hybrid nanoantennas based on silicon nanoparticles and nanostripes

3.1 Electrically driven scattering in a hybrid dielectric-plasmonic nanoantenna

In order to build an electrically controlled silicon nanoantenna, the biggest
issue is how to apply voltage on a single nanoparticle and collect the electrically
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modulated signals with low noise. The design of electrically tunable silicon
nanoantenna is shown in Figure 1a. First, maskless laser lithography and electron-
beam deposition were used to fabricate Au electrodes with the thickness of 100 nm
on the Si/SiO2 substrate, and the thickness of SiO2 layer is 300 nm. In our design,
several large Au electrodes (200 � 400 μm) are deposited with a row of holes in the
center. Second, the connected area in the center was nano-patterned using FIB
milling to form nanoscale interdigital electrode structure. The separation distance
between adjacent nano-electrodes is adjusted from 100 to 200 nm to match the size
distributions of silicon nanoparticles, since the silicon nanoparticles fabricated
through femtosecond laser ablation in liquid (fs-LAL) have a wide size distribution.
Finally, during the evaporation process, the silicon nanoparticles in colloid have a
certain probability to be trapped in the gaps.

Before studying the optical properties of Si-Au hybrid nanoantennas, we should
study the Au electrode platform first. For the fabricated Au grating, due to the
incident light that comes from a dark-field circle in the objective, wave vectors with
different directions at x-y plane cannot launch surface plasmon polariton effi-
ciently. In addition, the plasmon energy mainly decays nonradiatively through
near-field coupling between adjacent Au electrodes, so Au gratings cannot show
bright scattering as shown in Figure 1b. However, if only two electrodes left (see
Figure 1b), localized surface plasmon can be formed between two Au electrodes.
Strong scattering light can be generated from the plasmonic field enhancement in
the gap. Therefore, we use Au grating in experiment whose scattering can be
ignored compared with Si nanoparticles. Typical Au electrode-loaded Si
nanoparticles are shown in Figure 1c and d, where a bright dot can be seen in dark-
field image which means the scattering from the Si nanoantenna. In spectral mea-
surement, through moving the scattering spot into the center of slit and only
extracting the data from the location of nanoparticle, the exact scattering from the
Si nanoparticle can be obtained.

For isolated Si nanoparticles, the resonant modes depend on particle sizes and
particle numbers according to Mie theory. While for Au electrode-loaded Si

Figure 1.
Optical properties of the silicon nanoantenna. (a) A schematic diagram explains the fabrication of Au
electrode-loaded Si nanoparticles. (b) The schematic shows different plasmon resonant modes of two types Au
electrodes. (c) The scanning electron microscope (SEM) image of Au interdigital electrodes with a silicon NP
trapped among them. Inset is the high magnification SEM image with a scale bar of 100 nm. (d) The dark-field
scattering image of the sample in (c). The white circle reveals the location of Si nanoparticles. (e, f) Measured
scattering spectrum of a 180 nm Si nanoparticle (e) and the corresponding simulated scattering spectrum (f).
(g) The electric and magnetic field distributions at 675 nm, which represent the hybrid modes coupling between
localized plasmon and magnetic dipole.
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prospect in building metasurfaces [19–21], nonlinear optics [22], and biosensing
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electrodes with separation distances between 100 and 200 nm were fabricated using
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nanoparticles with different sizes between adjacent two electrodes, the scattering
spectra under different voltages can be measured. Interestingly, the scattering
experiences blueshift and obvious intensity attenuation when increasing the applied
voltages from 0 to 1.5 V. In theory, MIS (metal-insulator-semiconductor) junctions
can be formed at Au-SiO2-Si interfaces [28]. Once the bias voltage increases, the
inversion and accumulation effect would produce much more free carriers at inter-
faces [29–31] and then change the permittivity based on Drude model [32, 33]. The
proposed hybrid nanoantennas represent a new method to build optoelectronic
devices based on Mie resonators.

Second, we combined silicon nanostripes, a typical Mie resonator, with WS2 to
realize active PL manipulation. In the proposed electro-optical modulator,
suspended monolayer and bilayer WS2 are covered on a Si nanostripe. The Si
nanostripe not only acts as a nanoscale gate electrode but also a Mie resonator. For
both monolayer and bilayer WS2, the PL intensities on the nanostripes are much
stronger than those of the suspended one. After applying gate voltages, both the
electrostatic doping and strain come into effect. This new tuning mechanism leads
to abnormal control of exciton emission from WS2, which is clearly different from
that in previous works [34–36]. Considerable PL tuning can also be observed in
bilayer WS2 gated by Si nanostripes. Based on the modulation capability, we believe
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In order to build an electrically controlled silicon nanoantenna, the biggest
issue is how to apply voltage on a single nanoparticle and collect the electrically
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modulated signals with low noise. The design of electrically tunable silicon
nanoantenna is shown in Figure 1a. First, maskless laser lithography and electron-
beam deposition were used to fabricate Au electrodes with the thickness of 100 nm
on the Si/SiO2 substrate, and the thickness of SiO2 layer is 300 nm. In our design,
several large Au electrodes (200 � 400 μm) are deposited with a row of holes in the
center. Second, the connected area in the center was nano-patterned using FIB
milling to form nanoscale interdigital electrode structure. The separation distance
between adjacent nano-electrodes is adjusted from 100 to 200 nm to match the size
distributions of silicon nanoparticles, since the silicon nanoparticles fabricated
through femtosecond laser ablation in liquid (fs-LAL) have a wide size distribution.
Finally, during the evaporation process, the silicon nanoparticles in colloid have a
certain probability to be trapped in the gaps.

Before studying the optical properties of Si-Au hybrid nanoantennas, we should
study the Au electrode platform first. For the fabricated Au grating, due to the
incident light that comes from a dark-field circle in the objective, wave vectors with
different directions at x-y plane cannot launch surface plasmon polariton effi-
ciently. In addition, the plasmon energy mainly decays nonradiatively through
near-field coupling between adjacent Au electrodes, so Au gratings cannot show
bright scattering as shown in Figure 1b. However, if only two electrodes left (see
Figure 1b), localized surface plasmon can be formed between two Au electrodes.
Strong scattering light can be generated from the plasmonic field enhancement in
the gap. Therefore, we use Au grating in experiment whose scattering can be
ignored compared with Si nanoparticles. Typical Au electrode-loaded Si
nanoparticles are shown in Figure 1c and d, where a bright dot can be seen in dark-
field image which means the scattering from the Si nanoantenna. In spectral mea-
surement, through moving the scattering spot into the center of slit and only
extracting the data from the location of nanoparticle, the exact scattering from the
Si nanoparticle can be obtained.

For isolated Si nanoparticles, the resonant modes depend on particle sizes and
particle numbers according to Mie theory. While for Au electrode-loaded Si

Figure 1.
Optical properties of the silicon nanoantenna. (a) A schematic diagram explains the fabrication of Au
electrode-loaded Si nanoparticles. (b) The schematic shows different plasmon resonant modes of two types Au
electrodes. (c) The scanning electron microscope (SEM) image of Au interdigital electrodes with a silicon NP
trapped among them. Inset is the high magnification SEM image with a scale bar of 100 nm. (d) The dark-field
scattering image of the sample in (c). The white circle reveals the location of Si nanoparticles. (e, f) Measured
scattering spectrum of a 180 nm Si nanoparticle (e) and the corresponding simulated scattering spectrum (f).
(g) The electric and magnetic field distributions at 675 nm, which represent the hybrid modes coupling between
localized plasmon and magnetic dipole.
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nanoparticles, the mode coupling between nanoparticles and Au electrodes also
needs to be considered. The hybrid nanoantennas may exhibit different scattering
spectra at visible wavelengths. Therefore, it is necessary to study the scattering
spectra without applied voltage first. Although self-assembled process is random,
desirable and representative nanoparticles can be found through matching and
positioning. Figure 1e shows 180 nm Si nanoparticles between two Au electrodes
with a spacing slightly less than 180 nm. The measured scattering spectra exhibits a
single broad peak around λ ¼ 650nm. As shown in Figure 1f, the simulated spec-
trum is very similar to experimental spectrum. Corresponding electric and magnetic
field distributions in Figure 1g demonstrate the existence of circular magnetic field
distributions and strong electric field enhancement at interfaces, which means the
scattering peak is generated from the interaction between the Mie-type magnetic
dipole mode in Si nanoparticles and the localized surface plasmon resonances
(LSPR) at Au-Si interfaces.

The electrical properties of the Si-Au hybrid devices were measured using a
semiconductor parameter analyzer. The measured I-V curve is shown in Figure 2a,
and we can conclude that the Si-Au interfaces can be regarded as Schottky junc-
tions. From 0 to 1.5 V, the current increases nonlinearly with the voltage. For the
fabricated Si nanoparticles, thin oxide (1–2 nm) shells will be formed inevitably in
the air. Therefore, the interfaces are MIS junctions whose current is generated
through tunnel effect and plasmon hot electron injection. For MIS junctions, the
band bends upward at interfaces when no voltage applies as the schematic diagram
shown in Figure 2b. Depletion region forms at the interfaces and free carriers move
away from interfaces based on the band bending [29]. With applied bias, surface
potential at two interfaces increases. The carrier concentration at the MIS junction
under lower potential was greatly increased because the downward energy band
realizes the accumulation of electrons. The other MIS junction under higher poten-
tial could form an inversion layer if the applied voltage is high enough. When the
intrinsic energy level crosses the Fermi level [29–31], the hole density would greatly
increase under the inversion state. The charge densities at surface at different
applied voltages can be estimated by the following equations [29]

Qinvj j ¼ �Cox VG � VTð Þ∝ exp
βΨS

2

� �
(1)

Figure 2.
Analysis on the voltage-induced carrier injection. (a) The I-V curve of a fabricated Si-Au hybrid structure.
(b) Schemes for the band bending and carrier distribution with and without applied voltage. (c) The Raman
spectrum of a loaded nanoparticle before and after applied voltage (1.5 V).
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Qaccj j ¼ Cox VG � VFBð Þ∝ exp
�βΨS
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where Qacc and Qinv are the carrier densities at accumulation and inversion
regions. Cox is the capacitance of thin insulator layer. VG is the applied bias. VFB and
VT are accumulation and inversion effects related to voltages. β ¼ q=kBT is a con-
stant. ΨS is the surface potential at interfaces. Based on the electric field we applied
and above calculation, the electron or hole concentrations can be increased by more
than three orders of magnitude in accumulation or inversion regions, respectively
[29]. The Raman signals under different voltages are presented in Figure 2c. With
1.5 V applied bias, the resonant peak of silicon just red shifts slightly, and this weak
shift means the temperature variation is less than 100 K [37]. Therefore, we can
exclude the influence of thermal effect on the refractive index since the refractive
index of silicon only increases 3:85� 10�4 per degree [38].

To examine whether the mechanism discussed above could affect the optical
properties significantly, the scattering spectra of the typical silicon nanoantenna
with applied bias were presented in Figure 3a. To ensure stability, all scattering
data were collected in 1 min during the increase of voltage from 0 to 1.5 V. Because
the interfaces of the fabricated hybrid nanoantenna are symmetric, we only need to
collect the scattering spectra under forward bias which is enough to embody the
properties of hybrid nanoantennas. For a typical hybrid nanoantenna as shown in
Figure 3a with a 180 nm Si nanoparticle, we can observe the suppression of hybrid
plasmon-Mie resonant peaks when increasing the voltages. The magnetic dipole
peak was dominated when no voltage applies. However, when applied voltage
reaches 1.5 V, the electric dipole peak at shorter wavelength becomes the more
prominent one.

As discussed above, different applied voltages result in different free carrier
concentrations of Si nanoparticles. Further, we should clarify how carrier injection
influences the dielectric function of silicon. The modulation mechanism is based on
free carrier-induced refractive index change. Although electric field cannot change
the refractive index of bulk silicon or whole silicon nanostructures significantly as
previous works reported [39], obvious refractive index modification can be realized
at accumulation and inversion interfaces. From the field profiles, one can under-
stand the refractive index change on surface is enough to change optical responses
because field enhancements and radiative decays mainly come from interfaces.
How free carriers contribute to the refractive index change at interfaces can be
described by the Drude model

Figure 3.
Electrically controlled scattering. (a) Scattering spectra of the 180 nm Si nanoparticles when applied voltages
equal to 0, 0.3, 0.6, 0.9, 1.2, and 1.5 V. (b) The variation trend of the real part of permittivity at Au-SiO2-Si
interfaces when increasing the carrier concentrations. (c) The calculated scattering spectra of the 180 nm Si
nanoparticle under different carrier concentrations at interfaces.

81

Electro-Optical Manipulation Based on Dielectric Nanoparticles
DOI: http://dx.doi.org/10.5772/intechopen.88616



nanoparticles, the mode coupling between nanoparticles and Au electrodes also
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[29]. The Raman signals under different voltages are presented in Figure 2c. With
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shift means the temperature variation is less than 100 K [37]. Therefore, we can
exclude the influence of thermal effect on the refractive index since the refractive
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To examine whether the mechanism discussed above could affect the optical
properties significantly, the scattering spectra of the typical silicon nanoantenna
with applied bias were presented in Figure 3a. To ensure stability, all scattering
data were collected in 1 min during the increase of voltage from 0 to 1.5 V. Because
the interfaces of the fabricated hybrid nanoantenna are symmetric, we only need to
collect the scattering spectra under forward bias which is enough to embody the
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plasmon-Mie resonant peaks when increasing the voltages. The magnetic dipole
peak was dominated when no voltage applies. However, when applied voltage
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where ωp is the plasma frequency which is defined as ωp ¼
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the damping time equals to μmC=e where e is the charge of an electron. mC is the
effective mass, ε0 is the vacuum permittivity, and ε∞ is the permittivity of silicon at
visible band. N is the concentration of free carrier which determines the changes of
permittivity. Using the Drude model discussed above, we can calculate how free
carriers influence the dielectric function of silicon as shown in Figure 3b. Putting
different carrier concentrations (1017to2:0� 1020cm�3) into Drude model, one can
see the real part of permittivity decreases gradually especially at longer wavelengths
from 600 to 900 nm. Because the accumulation and inversion layers are less than
5 nm at interfaces, we only used the free carrier-induced dielectric functions at
interfaces for the numerical simulation. As shown in Figure 3c, the simulated
scattering spectra under different carrier concentrations are very similar to the
corresponding measured spectra under different applied bias. For the 180 nm Si
nanoparticle (see Figure 3c), the hybrid resonant peak experiences blueshift and
intensity attenuation when increasing the carrier concentrations in sequence. The
attenuation trend of resonant peaks is very similar to the experimental spectra in
Figure 3a. Our proposed structures provide an opportunity to collect the electrically
controlled scattering signals on single-particle level.

3.2 PL enhancements enabled by silicon nanostripes

Owing to the unique properties of dielectric Mie resonators, researchers are
trying to use Mie resonators as an important building block to form new-generation
electro-optical modulators. One strategy is to combine Mie resonators with 2D
materials as the schematic shown in Figure 4a. WS2 monolayers and bilayers were
obtained by mechanical exfoliation and all-dry transfer technique. WS2 layers and
Si nanostripes were aligned and contacted under an optical microscope. Si
nanostripes were fabricated by FIB milling onto SiO2 coated silicon-on-insulator
(SOI) wafers. Gold electrodes were patterned and deposited on WS2 and bare
silicon to build source, drain, and gate. A simple cross-section schematic of the
substrate in Figure 4a shows that there is an insulator layer between the Si substrate
and the top Si film. Therefore, the scattering from Si nanostripes is not only pure
Mie effect but the Mie resonance combined with the Fabry-Perot effect. In our case,
the thickness of the insulator layer (h) is 375 nm. The dark-field scattering spectrum
and the corresponding optical image in Figure 1b indicate that Si nanostripes have a
broadband resonant peak. Dominant peaks are located around 700 nm, and two
small peaks can also be distinguished below λ ¼ 600nm. Figure 4c is a typical WS2-
Si nanostripe hybrid nanostructure. Corresponding SEM images are shown in
Figure 4d. From SEM images, we can see the width of Si nanostripe is around
650 nm surrounded by two 10� 30μm etched regions. Wrinkles and missing
regions are inevitably formed during the transfer and lift-off processes. Fortunately,
these regions can be avoided in the following measurements.

Figure 5a indicates different locations we measured on bilayer and monolayer
WS2. From the PL emission spectra of monolayer WS2 as shown in Figure 5b, one
can conclude Si nanostripes can increase the PL intensities but less than threefold
compared with that in the suspended region. It should be noticed that the
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unpatterned region can also enhance the PL intensity and the enhancement perfor-
mance is better than that on the Si nanostripe. For bilayer WS2, the PL enhancement
is much more significant as shown in Figure 5c. The bilayer WS2 on the Si
nanostripe possesses nearly 10 times larger PL intensities than the suspended area.
Interestingly, this PL enhancement was only observed at λ ¼ 625nm where direct
bandgap transition happens. However, for unpatterned area, PL intensities at both
direct and indirect transition wavelengths (λ ¼ 635&750 nm) are enhanced. The
performances of PL enhancement for direct transition are comparable for
unpatterned area and the Si nanostripe. Moreover, unpatterned area can strengthen
the indirect transition more than 10 times. Besides the differences of PL intensities,
the line shapes also change in Figure 5b and cwhich reveals the conversion between
exciton (A) and trion (A�). The locations of exciton and trion emission are labeled
in Figure 5b and c. Further peak fitting demonstrates the decreased trend of trion
emission from suspended area and nanostripes to the unpatterned region. Substrate

Figure 5.
PL enhancements in monolayer and bilayer WS2. (a) The optical image showing the detection points on
monolayer (M) and bilayer (B) WS2. (b, c) PL spectra of different positions marked in (a). The locations of
exciton (A) and trion (A�) states are labeled, along with the range of Mie resonant modes (marked by red
stripe).

Figure 4.
Experimental design for the WS2-Si nanostripe hybrid structure. (a) Schematic illustration of the electrically
controlled device and the cross section of the SiO2-coated SOI substrate. (b) Dark-field backward scattering of
the fabricated Si nanostripe. Inset: The dark-field optical image. (c) The bright-field optical image of a typical
device. Monolayer and bilayer regions are labeled as 1L and 2L. (d) The corresponding SEM image.
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3.2 PL enhancements enabled by silicon nanostripes

Owing to the unique properties of dielectric Mie resonators, researchers are
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materials as the schematic shown in Figure 4a. WS2 monolayers and bilayers were
obtained by mechanical exfoliation and all-dry transfer technique. WS2 layers and
Si nanostripes were aligned and contacted under an optical microscope. Si
nanostripes were fabricated by FIB milling onto SiO2 coated silicon-on-insulator
(SOI) wafers. Gold electrodes were patterned and deposited on WS2 and bare
silicon to build source, drain, and gate. A simple cross-section schematic of the
substrate in Figure 4a shows that there is an insulator layer between the Si substrate
and the top Si film. Therefore, the scattering from Si nanostripes is not only pure
Mie effect but the Mie resonance combined with the Fabry-Perot effect. In our case,
the thickness of the insulator layer (h) is 375 nm. The dark-field scattering spectrum
and the corresponding optical image in Figure 1b indicate that Si nanostripes have a
broadband resonant peak. Dominant peaks are located around 700 nm, and two
small peaks can also be distinguished below λ ¼ 600nm. Figure 4c is a typical WS2-
Si nanostripe hybrid nanostructure. Corresponding SEM images are shown in
Figure 4d. From SEM images, we can see the width of Si nanostripe is around
650 nm surrounded by two 10� 30μm etched regions. Wrinkles and missing
regions are inevitably formed during the transfer and lift-off processes. Fortunately,
these regions can be avoided in the following measurements.

Figure 5a indicates different locations we measured on bilayer and monolayer
WS2. From the PL emission spectra of monolayer WS2 as shown in Figure 5b, one
can conclude Si nanostripes can increase the PL intensities but less than threefold
compared with that in the suspended region. It should be noticed that the
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unpatterned region can also enhance the PL intensity and the enhancement perfor-
mance is better than that on the Si nanostripe. For bilayer WS2, the PL enhancement
is much more significant as shown in Figure 5c. The bilayer WS2 on the Si
nanostripe possesses nearly 10 times larger PL intensities than the suspended area.
Interestingly, this PL enhancement was only observed at λ ¼ 625nm where direct
bandgap transition happens. However, for unpatterned area, PL intensities at both
direct and indirect transition wavelengths (λ ¼ 635&750 nm) are enhanced. The
performances of PL enhancement for direct transition are comparable for
unpatterned area and the Si nanostripe. Moreover, unpatterned area can strengthen
the indirect transition more than 10 times. Besides the differences of PL intensities,
the line shapes also change in Figure 5b and cwhich reveals the conversion between
exciton (A) and trion (A�). The locations of exciton and trion emission are labeled
in Figure 5b and c. Further peak fitting demonstrates the decreased trend of trion
emission from suspended area and nanostripes to the unpatterned region. Substrate

Figure 5.
PL enhancements in monolayer and bilayer WS2. (a) The optical image showing the detection points on
monolayer (M) and bilayer (B) WS2. (b, c) PL spectra of different positions marked in (a). The locations of
exciton (A) and trion (A�) states are labeled, along with the range of Mie resonant modes (marked by red
stripe).

Figure 4.
Experimental design for the WS2-Si nanostripe hybrid structure. (a) Schematic illustration of the electrically
controlled device and the cross section of the SiO2-coated SOI substrate. (b) Dark-field backward scattering of
the fabricated Si nanostripe. Inset: The dark-field optical image. (c) The bright-field optical image of a typical
device. Monolayer and bilayer regions are labeled as 1L and 2L. (d) The corresponding SEM image.
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effect and the optical resonant modes may be two reasons that lead to the change of
line shapes. The Fabry-Perot mode in the unpatterned substrate and Fabry-Perot
mode assisted by Mie resonances in fabricated nanostripes can both influence the
PL line shapes.

3.3 PL manipulation of monolayer and bilayerWS2 gated by silicon nanostripes

Realizing the electrical tuning is crucial for further application. To examine the
electrical tuning performance, first, PL intensities of monolayer WS2 under differ-
ent voltages were measured as shown in Figure 6a. When applying negative gate
voltages from 0 to �10 V, the maximum PL intensity increases by 50%. On the
contrary, the intensity of the PL peak decreases to half under positive gate voltages
from 0 to 10 V. Compared with the normal WS2 monolayer gated by the flat gate
[34–36], the PL enhancement effect is weaker, while the reduction effect is more
obvious. This phenomenon indicates that the tuning effect is not pure electrostatic
doping and there should be a new mechanism. PL changes of the bilayer WS2 under
different voltages were also measured as shown in Figure 6b and c. Unexpectedly,
the variation trends under positive and negative gate voltages are almost the same.
The maximum PL intensity doubled when increasing the gate voltage from 0 to
10 V. Several groups have studied the electrically controlled PL of bilayer WS2,
while no obvious effect has been observed [34–36]. Therefore, the obvious PL
enhancement we observed may not arise from pure electrostatic doping. The gate
voltage dependent intensity of excitonic peak is plotted in Figure 6d. The PL
intensity of monolayer WS2 increases linearly with gate voltage, while the PL
intensity of bilayer WS2 and the gate voltage follow a parabolic relationship.

How to explain the abnormal PL manipulation in the proposed hybrid
nanoantennas? The schematic shown in Figure 7a may give a better understanding.

Figure 6.
Electrically controlled PL. (a) PL spectra of the monolayer WS2 on the Si nanostripe at different gate voltages.
(b, c) PL spectra of the bilayer WS2 on the Si nanostripe at different gate voltages. (d) The gate voltage
dependence of PL intensities.
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When placing WS2 flakes on the Si nanostripe, there are three regions that experi-
ence different forces. The first part is WS2 on the Si nanostripe, the second part is
WS2 near the edges of Si nanostripes, and the third part is fully suspended WS2. If
the applied voltage is high enough, a great number of holes and electrons will be
produced at WS2 layers and bottom Si nanostructures, respectively. Besides the
electrostatic doping, the static electric field can also produce attractive forces. As
shown in Figure 7a, there are three types of attractive forces F1, F2, and F3 which
depend on different distances and capacitances. F1 is the attractive force between
adherent WS2 and Si nanostripe through the 30 nm insulator layer. F2 is the attrac-
tive force between suspended WS2 around edges and the Si nanostripe. F2 at edges
equals to F1 and decreases gradually away from the Si nanostripe, so this force will
let WS2 at edges be curved and exert a large uniaxial tensile strain on WS2. The
electrostatic attraction between the suspended WS2 and bottom Si (F3) is much
weaker which can be ignored because of a larger distance and smaller capacitance.
The deflection of few layer WS2 Δl under electrostatic force can be calculated by
equation [40]:

PL2 ¼ 8T0tΔlþ 64
3

Et
L2 1� υ2ð ÞΔl

3 (5)

where t is the thickness that equals to 0.8 or 1.6 nm, E is the Young’s modulus of
WS2, and L is the effective length of strainedWS2. The effective length is very small
because only WS2 at edges experiences significant attractive forces. P ¼ C2V2

gð Þ=2ε0 is
the electrostatic pressure, where C is the capacitance per unit area and ε0 is the
permittivity of vacuum. After considering the relationship between strain and the
deflection, the strain can be estimated by [40]:

χ ¼ 2Δl2=L2 ¼ 2 3=64ð Þ PLð Þ= Etð Þ½ �2=3 (6)

Based on the calculation above, the strain χ within effective area is larger than
2.8%. Such high strain is able to change the band structure of WS2 and influence the
excitonic emission [41–43]. Therefore, in Figure 7b, we combine electrostatic dop-
ing and strain effect together to analyze the change of band structure and PL
intensity. For 1L-WS2, if only electrostatic doping comes into effect, negative gating
would enhance the PL intensity contributed by direct transition. However, in our
case, larger strain generated from attractive forces changes the band gap of mono-
layer WS2. Without applied bias, the locations of valence-band maximum and
conduction-band minimum are overlapped at the point Κ. Once strain is applied,

Figure 7.
Mechanism of electrical tuning. (a) Schematic setup showing how tensile strain can be generated by electrostatic
gating. F1, F2, and F3 represent three types of electrostatic forces. (b) Schematic diagram showing the changes of
band structure and dominated transitions before and after applying strain.
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effect and the optical resonant modes may be two reasons that lead to the change of
line shapes. The Fabry-Perot mode in the unpatterned substrate and Fabry-Perot
mode assisted by Mie resonances in fabricated nanostripes can both influence the
PL line shapes.

3.3 PL manipulation of monolayer and bilayerWS2 gated by silicon nanostripes

Realizing the electrical tuning is crucial for further application. To examine the
electrical tuning performance, first, PL intensities of monolayer WS2 under differ-
ent voltages were measured as shown in Figure 6a. When applying negative gate
voltages from 0 to �10 V, the maximum PL intensity increases by 50%. On the
contrary, the intensity of the PL peak decreases to half under positive gate voltages
from 0 to 10 V. Compared with the normal WS2 monolayer gated by the flat gate
[34–36], the PL enhancement effect is weaker, while the reduction effect is more
obvious. This phenomenon indicates that the tuning effect is not pure electrostatic
doping and there should be a new mechanism. PL changes of the bilayer WS2 under
different voltages were also measured as shown in Figure 6b and c. Unexpectedly,
the variation trends under positive and negative gate voltages are almost the same.
The maximum PL intensity doubled when increasing the gate voltage from 0 to
10 V. Several groups have studied the electrically controlled PL of bilayer WS2,
while no obvious effect has been observed [34–36]. Therefore, the obvious PL
enhancement we observed may not arise from pure electrostatic doping. The gate
voltage dependent intensity of excitonic peak is plotted in Figure 6d. The PL
intensity of monolayer WS2 increases linearly with gate voltage, while the PL
intensity of bilayer WS2 and the gate voltage follow a parabolic relationship.

How to explain the abnormal PL manipulation in the proposed hybrid
nanoantennas? The schematic shown in Figure 7a may give a better understanding.

Figure 6.
Electrically controlled PL. (a) PL spectra of the monolayer WS2 on the Si nanostripe at different gate voltages.
(b, c) PL spectra of the bilayer WS2 on the Si nanostripe at different gate voltages. (d) The gate voltage
dependence of PL intensities.
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ence different forces. The first part is WS2 on the Si nanostripe, the second part is
WS2 near the edges of Si nanostripes, and the third part is fully suspended WS2. If
the applied voltage is high enough, a great number of holes and electrons will be
produced at WS2 layers and bottom Si nanostructures, respectively. Besides the
electrostatic doping, the static electric field can also produce attractive forces. As
shown in Figure 7a, there are three types of attractive forces F1, F2, and F3 which
depend on different distances and capacitances. F1 is the attractive force between
adherent WS2 and Si nanostripe through the 30 nm insulator layer. F2 is the attrac-
tive force between suspended WS2 around edges and the Si nanostripe. F2 at edges
equals to F1 and decreases gradually away from the Si nanostripe, so this force will
let WS2 at edges be curved and exert a large uniaxial tensile strain on WS2. The
electrostatic attraction between the suspended WS2 and bottom Si (F3) is much
weaker which can be ignored because of a larger distance and smaller capacitance.
The deflection of few layer WS2 Δl under electrostatic force can be calculated by
equation [40]:

PL2 ¼ 8T0tΔlþ 64
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where t is the thickness that equals to 0.8 or 1.6 nm, E is the Young’s modulus of
WS2, and L is the effective length of strainedWS2. The effective length is very small
because only WS2 at edges experiences significant attractive forces. P ¼ C2V2

gð Þ=2ε0 is
the electrostatic pressure, where C is the capacitance per unit area and ε0 is the
permittivity of vacuum. After considering the relationship between strain and the
deflection, the strain can be estimated by [40]:

χ ¼ 2Δl2=L2 ¼ 2 3=64ð Þ PLð Þ= Etð Þ½ �2=3 (6)

Based on the calculation above, the strain χ within effective area is larger than
2.8%. Such high strain is able to change the band structure of WS2 and influence the
excitonic emission [41–43]. Therefore, in Figure 7b, we combine electrostatic dop-
ing and strain effect together to analyze the change of band structure and PL
intensity. For 1L-WS2, if only electrostatic doping comes into effect, negative gating
would enhance the PL intensity contributed by direct transition. However, in our
case, larger strain generated from attractive forces changes the band gap of mono-
layer WS2. Without applied bias, the locations of valence-band maximum and
conduction-band minimum are overlapped at the point Κ. Once strain is applied,
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Mechanism of electrical tuning. (a) Schematic setup showing how tensile strain can be generated by electrostatic
gating. F1, F2, and F3 represent three types of electrostatic forces. (b) Schematic diagram showing the changes of
band structure and dominated transitions before and after applying strain.
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the valence-band maximum will shift from Κ to Γ point, and indirect transition will
happen. Therefore, the strain effect will weaken the PL intensity, which has oppo-
site effect compared with electrostatic doping under negative gating. As a conse-
quence, the PL enhancement is weaker under negative gating and more obvious
under positive gating compared with previous works. For 2L-WS2, electrostatic
effect can be ignored, and the strain effect is dominated. Without applied bias, the
PL emission of bilayer WS2 contains both direct transitions and indirect transitions.
If the strain becomes larger, valence-band maximum at the Κ point reduces, which
promotes the direct transition along the Κ� Κ direction [43, 44].

4. Dielectric nanoparticles for bionanosensing

From the above analysis, we know that Mie resonators such as Si nanoparticles
can combine with plasmonic nano-electrodes to obtain electrically controlled opti-
cal responses, and Mie resonators such as Si nanostripes can also interact with WS2
layers to realize abnormal electro-optical modulation based on electrostatic doping
and strain effect. Further, it is necessary to utilize the unique properties of Mie
resonators and analyze their application prospect in biosensing.

As we know, plasmonic nanostructures have been widely used in biosensing.
Plasmon resonances experience redshift when increasing the surrounding refractive
index, which is the most basic mechanism of biosensing. Dielectric Mie resonators
have low-loss feature and strong directional scattering which also have a potential
as biosensing nanoantennas. However, based on current reports and our experi-
ments, we found the optical responses of single silicon nanostructures such as Si
nanoparticles cannot exhibit obvious change when changing the surrounding
refractive index. Therefore, the biosensor based on a single Si nanoparticle is
insensitive.

Fortunately, we found the scattering spectra become very sensitive to sur-
rounding refractive index if single Si nanoparticles combine to dimers or other
oligomers. Based on our theoretical analysis, touching Si nanoparticles can produce
strong electric field enhancement in the gap. This gap electric mode is a key factor
for sensitive spectral change, because the gap electric mode would enhance and
experience redshift with the increase of surrounding refractive index. As talked
above, 1–2 nm silica layer is naturally grown on Si nanoparticles. Based on the
mature biomarker technique, we can easily modify the silica surface with specific
functional groups and realize the detection of many kinds of biomolecules.
Furtherly, Si nanoparticles can be injected into living cells to realize the sensing
in vivo. Finally, we can combine the biosensing and optoelectronic property of Mie
resonators to build new type biosensors. On the one hand, biomolecules can change
the electrical properties of dielectric nanostructures and then influence the optical
signals. On the other hand, biomolecules can change the optical properties of
nanoantennas and furtherly influence the electrical readout.

5. Conclusions

In this chapter, we have introduced the electrically controlled scattering of
individual Mie resonators and PL from the WS2-Mie resonator hybrid system. The
strong magnetic responses and low-loss feature make silicon-based Mie resonators
become important building blocks in nanophotonics. Combining top-down and
bottom-up fabrication methods, plasmon-Mie hybrid nanostructures and WS2-Mie
hybrid nanostructures are fabricated, respectively. These structures give us an
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opportunity to apply voltages at nanoscale and collect the optical signals at single
points. Interfaces are important in those hybrid nanodevices. The interfaces
between plasmonic structures and Mie resonators bring new mechanism on carrier
injection and changes of refractive index, while the contact between WS2 and Mie
resonator generates unique PL active tuning arising from the synergistic effect
between electrical doping and tensile strain under gate voltages. In the emerging
applications based on dielectric Mie resonators, our findings provide an important
and feasible method to build optoelectronic functional devices that can transfer
electrical signal to optical signal. Furthermore, the excellent biosensing perfor-
mance will expand the applications of Mie resonator-based optoelectronic devices.
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Chapter 6

Nanofluids and Computational
Applications in Medicine and
Biology
Laith Jaafer Habeeb and Hasan Shakir Majdi

Abstract

The chapter comprises of two sections: the first concerns with the nanofluids,
and the second is about the computational applications in medicine and biology.
Nanotechnology is a novel logical methodology that includes materials and gear
equipped for controlling the physical just as chemical properties of a substance at
subatomic dimensions. This innovation can possibly expel the evident limits
between biology, physics, and chemistry to some degree and shape up our present
thoughts and comprehension. Consequently, numerous new difficulties and bear-
ings may likewise emerge in education, research, and diagnostics in parallel by the
extensive use of nanobiotechnology with the progression of time. Blood flow
modeling in various arteries is an important topic of CFD biomechanics. Regardless
of these endeavors and advances, there are as yet confounded inquiries around,
for example, the interaction between blood flow and various artery diseases.

Keywords: nanofluidics, computational fluid dynamics, fluid-structure interaction,
multiphysics systems coupling, multiphase flow

1. Introduction

The use of solid particles, like particles having millimeter or micrometer size, as
additives suspended into the base fluid has been well recognized for numerous
years. Nevertheless, they have not been of attention for the practical uses owing to
problems, like the sedimentation that leads to increase the pressure drop in the
channel of flow. The recent progress in the technology of material has done it able
to engender an innovative nanofluid via the suspension of the particles having
nanometer size in the base fluids that can vary the fluid movement and some
properties of the base fluid. The nanofluids are solid-liquid composite alloys
comprising solid nanofibers or nanoparticles having sizes distinctively from 1 to
100 nm suspended in a fluid. Various base fluids are commonly used. These are
water, organic liquids (e.g., ethylene, triethylene glycols, refrigerants, etc.), oils and
lubricants, bio-fluids, and polymeric solutions. The nanoparticles utilized in
nanofluids include chemically stable metals (gold, copper, aluminum), metal oxides
(alumina, silica, zirconia, and titania), metal carbides (SiC), metal nitrides (AIN,
SiN), various forms of carbon (diamond, graphite, carbon nanotubes, fullerene),
and functionalized nanoparticles. It is not a simple liquid-solid blend; the highly
significant criterion of nanofluid is the agglomeration of freely steady suspension
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for long periods without resulting in any chemical variations in the base fluid. That
can be done via increasing the liquid viscosity, via preventing the particles from
agglomeration, and via using particles having nanometer size. The particle settling
can prevent or minimize the density between solids and liquids [1].

Classical science and engineering disciplines already provide a wide, well-
established base of knowledge for the understanding of these phenomena of
nanofluids. Examples of areas that deal intensively with nanoscale phenomena
include tribology, surface sciences, and colloid sciences (Figure 1).

Another classical research field that previously dealt with nanofluidic phenom-
ena is the surface science, which studies the phenomena occurring at the interface
of two phases, such as solid-liquid interfaces, solid-gas interfaces, and liquid-gas
interfaces (Figure 2).

Computational fluid dynamics (CFD) is the using of computer-based simulation
to analyze the systems that involve fluid flow, heat transfer, and connected phe-
nomena. A numerical model is initially built utilizing a set of mathematical equa-
tions describing the flow. Then, such equations are solved employing a computer
program for obtaining the flow parameters within the domain of flow. The devel-
opment and application of CFD have undergone a considerable growth, and as a
result, it has become a powerful tool in the design and analysis of engineering and
other processes [2]. The governing equations of the models are partial differential
equations (PDEs). Because the digital computers can merely recognize and handle
the numerical data, such equations cannot be solved straightforward. Thus, the
partial differential equations must be converted into numerical equations including
merely the numbers and no derivatives. Such operation of making a numerical
analogue to the partial differential equations is named “numerical discretization.”
The discretization operation includes an error because the “numerical” terms are
merely the approximations to the initial “partial differential” terms. Such error,
nevertheless, can be much reduced to low and thus acceptable levels. The main

Figure 1.
Length scales and volume scales of nanofluidics, microfluidics, common microtechnologies, and common
objects [1].
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technique utilized for discretization is the “finite volume method.” This method is
likely the highly famous one employed for the “numerical discretization” in CFD. In
some ways, it’s similar to the “finite difference method (FEM),” but certain of its
tools drag the features taken from the FEM. Such method includes discretization of
spatial domain into the finite control volumes. The control volume overlaps with
numerous mesh elements, and thus it can be split into sectors, each one backs to
various mesh elements, as depicted in Figure 3.

The governing differential equations are integrated over every control volume.
The obtained laws of integral conservation are precisely met for every control
volume and for the whole domain, which is a discrete benefit of the FEM. Then,
every integral term is changed into a separate form, therefore providing discretized
equations at the nodal points, or centroids, of control volumes.

2. Some advantages and applications of using nanofluid and CFD

Due to the size of nanoparticles, the pressure drop is minimal, and a strong
change in the properties of the main fluid, by the suspension of nanofluids and
because of the size of nanoparticles, the liquid is considered one fluid.

Figure 2.
Classical areas of science and engineering related to nanofluidics [1].

Figure 3.
A control volume (Vi) surrounded by mesh elements.
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According to the application, nanofluids are classified as heat transfer nanofluids,
environmental (pollution cleaning) nanofluids, bio- and pharmaceutical nanofluids,
and medical nanofluids (drug delivery, functional and tissue-cell interaction) [3].
The biomedical industry, for instant, the conventional method of cancer treatment
kill the cells of cancers, drugs the radiation without damaging, cool the brain, and
safe the surgery. Nanofluids can be utilized for cooling the equipment of welding
and engines of automobiles and for cooling the high heat flux instrument, like a
high-power laser diode array and high-power microwave tubes. Nanofluid can
move throughout the tiny passage in MEMS to enhance efficiency. Within the
industry of transportation, nanocars, General Motors (GM), are used. The
nanofluid critical heat flux (CHF) measurement in a forced convection loop is
beneficial for the nuclear uses. If nanofluid enhances the efficiency of the chiller
by 1%, an electricity saving of 320 billion KWh or equivalent 5.5 million barrel of
oil annually would be released in the USA only. Nanofluids possess the capability
for the operations of deep drilling. Also, the nanofluid can be utilized to increase
the dielectric power and age of an oil transformer via spreading nanodiamond
particles [1].

There are numerous practical engineering problems for which one cannot
determine the exact solutions. Such incapability to determine a perfect solution may
be ascribed to either the intricate nature of the governing deferential equations or
the difficulties that accrue from treating with the boundary and primary conditions.
To treat with these problems, one resorts to numerical approximations. In contrast
to the analytical solutions, which reveal the perfect behavior of a regime at any
point through it, the numerical solutions approximate the perfect solutions merely
at separate points. Two- and three-dimensional (CFD) modeling is time-consuming
and computationally more expensive than one-dimensional analytical modeling.
However, it can provide more information of the flow. It is also an effective
alternative to experimental investigation. The simulation setup can be changed
more flexibly than the experimental setup. Where is CFD used? It is used in
aerospace, automotive, biomedical and chemical processing, HVAC (heating,
ventilation, and air conditioning), hydraulics, marine, oil and gas, power
generation, sports, etc. The major kinds of the fluid flow problems that the
general-purpose CFD codes can solve are:

a. Kinds of flow: transient or steady, viscous or inviscid, laminar or turbulent
(using a variety of turbulent models such as the k-model), compressible or
incompressible, subsonic or supersonic speeds, or ultrasonic, multiphase
(continuous phases or particles), chemical reacting, combustion, swirling,
and non-Newtonian

b. Heat transfer modes: conduction, convection, and radiation

c. Kinds of material: solid (porous or homogenous) and fluid (gas or liquid)

d. Kinds of coordinate systems: cylindrical polar, Cartesian, curvilinear,
moving/rotating, and body fitted

The use of computers is to help with all phases of engineering design work. Like
computer-aided design (CAD), but also involving the construction and analysis of
objects, the idea is to use computer processing and interactive computer graphics to
enable engineers to create, modify, and analyze designs and hence to determine the
structural, thermal, flow-field properties or other conditions of a regime.
Computer-aided engineering (CAE) programs may employ a geometry definition
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from a CAD program as a starting point and always use some forms of FEA as the
tool to conduct the analysis. The advantages of CAE system are:

a. It is capable of carrying out different engineering analyses, such as stresses
and deformations, buckling, contact analyses, plastic deformations, vibration,
heat transfer, fluid flow, magnetic field, coupled field problems, design
optimization, etc.

b. It can work interactively with the CAD systems.

c. The analyses are facilitated through GUI (graphical user interface).

d. Different types of material properties can be included: isotropic, orthotropic,
nonlinear, etc., and there is reduction of time.

e. Analysis and simulation can be modified and revised easily.

f. The results are presented graphically.

The disadvantages of CAE system are high cost of CAE software and special
and advanced hardware, optical fatigue, and high cost of user’s training and
qualification.

3. Selected topics in nanofluidics and computational applications

Computational fluid dynamics studies are performed to grow a deeper insight
into the field of the flow. In order to clarify the influence of the turbulence model,
which involves the solution of a two-transport equation, model is used. Therefore,
the techniques of the numerical solution will solve these Cartesian coordinate sys-
tems (x, y, and z). A three-dimensional geometry will generate.

3.1 Preparation of nanofluid and calculation of the thermal conductivity

Nanoparticles are made in one of two ways: physical processes and chemical
processes. The physical techniques include mechanical grinding and the inert gas
condensation technique. The chemical processes include chemical precipitation,
spray pyrolysis, and thermal spaying. There are two ways to prepare nanofluid [1].

3.1.1 Single-step method

Single-step technique combines the production of nanoparticles and dispersion
of nanoparticles into base fluid in a single step by the aid of chemical solvents [4].

3.1.2 Two-step method

This is the most widely used method for preparing nanofluids. This gives a large-
scale production of nanofluids, whereas the single-step method is limited, in which
dry powders are dispersed into a fluid. The second step is processing with the help
of intensive magnetic force agitation, high-shear mixing, ultrasonic agitation, ball
milling and homogenizing [4].

The main drawback in the two-step method is large agglomerations, whereas
single-step method has limited agglomerations. The single-step method has the
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advantages in terms of controlling the particle size, reducing the particles
agglomeration, and producing nanofluids containing metallic nanoparticles. The
disadvantage is that it is difficult to prepare nanofluids with a high particle volume
concentration [4].

The volume concentration is evaluated from the following relation in
percentage:

φ ¼ volume of nanopartical
volume of nanopartical þ volume of water

� 100 (1)

or

φ ¼
m ρ

�� �
nanopartical

m ρ

�� �
nanopartical þ m ρ

�� �
water

� 100 (2)

Due to difficulties of thermal conductivity measurement, it is estimated by the
following equation:

Knf ¼ Kf
2þ Kpf þ 2∅ Kpf � 1

� �

2þ Kpf �∅ Kpf � 1
� �

" #
(3)

where

Kpf ¼
Kp

Kf
(4)

In addition, thermal conductivity measurement techniques for nanofluids are
transient hot-wire technique, transient plane source, thermal constant analyzer
technique, thermal comparator, steady-state parallel-plate method, cylindrical cell
method, temperature oscillation technique, 3ω method, and laser flash method.

3.2 The effect of nanofluid on heat transfer in a horizontal pipe

The enhancement of the distilled water heat transfer characteristics and the
metal oxide nanofluid (ferrofluid)-type (Fe3O4) nanoparticles of average diameter

Figure 4.
Geometry shape (experimental and numerical) and mesh generated.
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(80 nm) with distilled water at concentrations (φ) of 0.3, 0.6, and 0.9% by volume
in a horizontal pipe have been studied experimentally and numerically [1]. All tests
are conducted with the Reynolds number range of 2900–9820 and uniform heat
flux 11,262–19,562 W/m2. The numerical treatment of the present problem is based
on the finite volume technique using commercial CFD software. The system
geometry shown in Figure 4 consists of a copper tube with a diameter of 1.4 cm
and a length of 150 cm length. The fluid flows in the tube and is subjected to a
uniform heat flux. The number of mesh element in this study is 305,492.

Figure 5 shows the comparison between numerical and experimental results for
water and ferrofluid with volume concentration (0 (water), 0.3, 0.6, and 0.9%).
An agreement between the results was noticed, and the maximum division was 25,
29, 19, and 7% for nanofluid concentrations of 0, 0.3, 0.6, and 0.9%, respectively.
This division could be related to the losses associated with the experimental part
which are not taken into account theoretically, and one deals with it as a single-
phase flow. However, both results have the same behavior. Figure 6 shows the
contours of temperature at the positions Z = 0, 0.22, 0.44, 0.66, 0.88, 1.1, 1.32, and
0.15 m for a volume concentration of 0.6% and Re = 5890. Such contours of
temperature manifest increase in temperatures with decreasing ferrofluid concen-
tration or with decreasing velocity.

Figure 5.
Comparison of numerical and experimental results for distilled water and ferrofluid.

Figure 6.
Temperature contours in K at locations of Z = 0.22 m (left) and 1.32 m (right) along the test section for
ferrofluid of volume concentration = 0.6% with Re =5890.
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3.3 One- and two-way interaction study of nanofluid characteristics
in a finned tube with twisted tape

This section presents an experimental and numerical study to investigate the
improvement of the heat transfer and the interaction in a circular finned tube by
utilizing one metal oxide [γ-Al2O3 (20 nm)]/distilled water nanofluid as a coolant
with a typical twisted tape having a twist ratio (TR) of 1.85 [5]. The studied concen-
trations of nanofluids are φ = 0, 3, and 5% by volume under laminar and turbulent
flow conditions. The study includes constructing a test section that consists of alumi-
num tube of 1.5 m long, with internal and external diameters of 22 and 32 mm,
respectively; see Figure 7. The coolant flows through the inner pipe under laminar

Figure 7.
Physical geometry of finned tube (all dimensions in mm), geometry of twisted tape inside a finned tube insert,
and meshing geometry.
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flow (678 ≥ Re ≥ 2033) and turbulent flow (3390 ≥ Re ≥ 10,172) regime with a
constant inlet temperature of 60°C. Because of the complexity of twisted tape con-
figurations and the one- and two-way fluid-structure interaction (FSI), it is impossi-
ble to determine an analytical solution of the governing equations for the practical
configuration. The numerical simulations permit the intricate geometry analysis of
the domain flow and the interaction by multiphysics systems coupling. Therefore, the
commercial software of the finite volume numerical methods have been used to solve
those equations and to study the interaction pattern of the fluid-heat-structure among
fluid flow, typical twisted tape insert, and the finned tube having multidegrees of
freedom flow-induced vibration for free and forced vibration.

The mathematical equations utilized for describing the fluid flow are continuity
and momentum equations that characterize the conservation of mass and momen-
tum. In addition, the momentum equations are recognized as the Navier-Stokes
equations. For flows including heat transfer, another group of equations is needed
for describing the energy conservation. Continuity equation is derived via
employing the mass conservation principle to a small differential fluid volume. In
the Cartesian coordinates, three equations with the following forms are determined.
For laminar flow, the continuity, momentum, and energy equations are:

∂u
∂x

þ ∂v
∂y

þ ∂w
∂z

¼ 0 (5)
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For turbulent flow, the continuity, momentum, and energy equations and
turbulence kinetic energy (k) and its dissipation rate (ε) are:
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For turbulent flow, the continuity, momentum, and energy equations and
turbulence kinetic energy (k) and its dissipation rate (ε) are:
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Grid independence test is carried out to obtain the most suitable computational
grid for which a finer grid provides the similar outputs with the initial one, and the
outputs do not vary as grid becomes finer. The checking procedure, either the
solution is grid independent or not, is to generate a grid with many cells for
comparing the solutions of both models. The tests of grid refinement for Nusselt
number explain that the grid size of almost 2 million cells provides a sufficient
accuracy and resolution to be adopted as the standard for all cases. The grid inde-
pendence test performed for typical twist tape with TR = 1.85 configuration is
shown in Figure 8.

The analysis of fluid-structure interaction (FSI) is an instant of a multiphysics
problem, where the interaction between two dissimilar analyses is taken into
consideration. This analysis includes conducting a structural analysis taking into
consideration the interaction with the corresponding fluid analysis. The interaction
between both analyses distinctively occurs at the model solution boundary

Figure 8.
The grid-independent solution test for typical twisted tape.
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(the fluid-structure interface), where the outputs of one analysis are passed to the
other one as a load. There are two different fluid-structure interaction approaches
that can be used, depending on the physical nature of the interaction. The
multiphysics problems are too hard to solve via the analytical approaches. Accord-
ingly, they must be solved either via employing experiments or numerical simula-
tions. The progressed methods and the existence of the reckoned commercial
software in both CFD and computational structural mechanics (CSM) have made
such numerical simulation possible. There are two dissimilar methods to solve the
problems of FSI utilizing such software: the monolithic method and the partitioned
method. In one-way coupled FSI, the results (forces) from the fluid analysis at the
fluid-structure interface are applied as a load to the structural analysis. The bound-
ary displacement from the structure is not passed back to the fluid analysis. The
assumption is that the deformation of the structure is small, having insignificant
effect on the fluid flow prediction. This allows the fluid analysis and structure
analysis to be run independently. This technique will be used for the theoretical
analysis. In the two-way coupled FSI, the structural analysis results are conveyed to
the fluid analysis as a load. In a similar way, the fluid analysis results are passed back
to the structural analysis as a load. For instance, the fluid pressure at the boundary
can be applied as a load on the structural analysis, and the resulted displacement,
velocity, or acceleration determined in the structural simulation could be passed on
as a load to the fluid analysis. The analysis will carry on till the whole equilibrium
(convergence) is attained between the fluid flow solution and the structural solution.

The simulated values of average Nusselt number are compared with the experi-
mental results, as shown in Figure 9. The computed values agree with the experi-
mental data within �13 and �12% for laminar and turbulent flow, respectively. The
simulated friction factors along the tube against the Reynolds no. are also compared
to those determined from the experiments. It’s noticed that the simulated data are
matching with the experimental data within �11% for the average Nusselt no. and
�9% for the friction factor, respectively. However, both results have the same
behavior, and the differences are with acceptable values. Figure 10 shows the
velocity vector at location of Z = 0.5 m along the test section. A secondary flow is
created, and a rotational movement is noted along the tube, and this will enhance
the heat transfer within the tube.

Figure 11 elucidates the 3D view for the distribution of static temperature along
the test section at the midplane (environment and tube) for a nanofluid having a 3%

Figure 9.
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Figure 8.
The grid-independent solution test for typical twisted tape.
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volume concentration and a Reynolds no. equal to 5086 for a turbulent flow.
Figure 12 shows the test section deformation calculated using static structural-
mechanical is a solution processing model, under the influence of enlarging its value
(1.8 � 103 autoscale). The maximum deformation occurs at the beginning of the
tube in all models because of the high temperature concentration at this region.
From this figure, one can see that the total deformation decreases as the volume
concentration and the mass flow rate increase due to the frequency effect, which is
decreased with the increase in nanoparticle mass.

Figure 13 highlights the 3D view for the twisted tape with the velocity vector
along a focused distance of the test section for a nanofluid having a 3% volume
concentration. In this figure, one can see that the vector magnitude and direction
change at different periods of time due to effect of the twisted tape deformation,
which is much higher than that of the tube, resulted from thermal expansion
(elongation), fluid pressure effect, and reaction force on it.

Figure 10.
Velocity vectors in m/s at Re =10,172 for nanofluid (φ = 3%) at Z = 0.5 m.

Figure 11.
Temperature distribution along the test section for φ = 3%.
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4. Selected topics in medicine and biology

During the previous decades, there has been a significant raise in the use of
quantitative techniques for studying the physiological regimes. Recent methods for

Figure 12.
Total deformation from one-way interaction for Re = 10,172 and φ = 5%.

Figure 13.
Velocity vectors for two periods at Re = 678 and φ = 3% and T2 = 0.8 s.
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conducting the physiological measurements are being steadily evolved and used,
and there has been a relevant rise in the techniques that exist for analyzing and
interpreting the data of experiment. Increasingly, such methods are obtaining their
way within the physiological studies and in the related studies in clinical sciences
and medicine. A supplementary driver for the whole of this is, certainly, the exis-
tence of further computing power. Utilizing the whole of these gathered is causing
an increment in the use of mathematical modeling approaches in the physiological
studies. The further use of modeling and dynamic regime analysis provides advan-
tages for the biomedical engineering, governing and regime science, and physiol-
ogy. The proper application of mathematical models provides numerous potential
advantages for the physiologist. Such models offer a brief explanation of intricate
dynamic operations, indicating the methods, in which the enhanced experimental
design can be performed, and empowering the hypotheses regarding the physio-
logical structure to be examined. Further to that, they permit the estimates to be
done for the factors (physiological quantities) that are in different way not
straightforward able to be reached to measurement. Despite firstly the most
modeling uses have been in the fields of medical and physiological investigation,
they are presently further being utilized as assistances in diagnosing and treating
the disease [6]. The biomedical engineering (BME) is an engineering branch
involved with solving problems in the biology and the medicine. Biomedical engi-
neers use principles, methods, and approaches drawn from the more traditional
branches of electrical, mechanical, chemical, material, and computer engineering to
solve this wide range of problems. They use them with other fundamentals to the
problems in the fields of life sciences and healthcare, i.e., this engineer must also be
familiarized with the biological ideas of physiology and anatomy at the cellular,
molecular, and regime levels. Practicing the healthcare needs the familiarization
with the nervous system, cardiovascular regime, circulation, respiration, body
fluids, and kidneys. The biomedical engineering field is expanding fast. The bio-
medical engineers will take a big role in the investigation in the life sciences and
device evolution for the adequate healthcare delivery. The biomedical engineering
scope ranges from the bionanotechnology to the assisting instruments, from the
cellular and molecular engineering to the robotics of surgery, and from the neuro-
muscular regimes to the synthetic lungs. The ideas introduced in this context will
assist the biomedical engineers to operate in such variant field [7].

4.1 Dentistry analysis

Dental scientists are making increased usage of computational methods, partic-
ularly in situations where the experimental procedures fail to give proper answers.
An experimental procedure may explain the maximum load of a tooth failure, but it
cannot give an accepted reply around the failure evolution mechanism. Dentistry
analysis is done in many ways, such as stress analysis, fluid mechanics and dynamic
analysis, thermal analysis, restorative material analysis, and so on. The structure
of the normal tooth conveys the loads of the external biting via the enamel within
the dentin. Since the teeth aren’t stiff structures, so they subject to deformation
(strain) during the usual loading. The focused external loads are spread over a big
internal volume of the tooth structure, and thus the local stresses are less. Within
such operation, a little quantity of the dentin deformation may take place that
causes the tooth bending. If a load is exerted, the structure is subject to a deforma-
tion since its bonds are sheared, stretched, or compressed. As the loading pro-
gresses, this structure will deform. Firstly, such deformation (strain) is totally a
reversible elastic strain. However, the incremented loading eventually makes also
certain irreversible strain (plastic strain) that results in a fixed deformation.
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The onset of the plastic strain point is named the elastic limit (proportional limit, or
yield point). This point is exhibited on the stress-strain curve at the point, where the
straight line begins to be curved. Thus, progress of the plastic strain ultimately
results in a failure via fracture. The largest stress prior to fracture is the maximum
strength, and the whole tensile strain (plastic) at the fracture is named the elonga-
tion. Figure 14 shows the sound and restored teeth models with finite element
mesh. Since the enamel is of greater stiffness than that of the dentin, it will take
most of the applied load and distributes it all over the dentin in a uniform manner.
In this case, only small values of stress will reach the dentin. Whereas, in
Figure 15A, Young’s modulus values of the enamel are assumed to be high, the load
is applied at the tip of the buccal cusp. The enamel is acting here as a stress
distributor, where the stress would transfer in a shape very similar to the stressed
enamel. Moreover, when Young’s modulus value of the enamel is low, the stress
tunnels through the enamel in a sharp manner, reaching the dentin, which is
assumed to be of higher Young’s modulus value (Figure 15B). Then, the dentin in
turn would act as a stress distributor when transmitting it to the following parts
and the pulp [8].

Figure 14.
Mesh of (A) sound model and (B) restored model.

Figure 15.
Distribution of the von Mises stress contour of the sound tooth model subjected to loading case.
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4.2 Contaminant degradation

One of the specific bioremediation mechanisms is the contaminant degradation in
the soil via the plant enzymes that are exuded from the roots. For the soil that is
contaminated by petroleum, the result of bioremediation is suggested to be depended
upon the degrading microorganism stimulation in the rhizosphere, named
rhizodegradation or phytostimulation. The biodegradation is commonly a slow oper-
ation owing to the contaminant’s hydrophobic nature and the resulted bioavailability
limitations. The petroleum hydrocarbons, like diesel with the n-alkane markers that
range in size from C8 to C25, are mostly decreased organic molecules that can work as
a carbon origin and electron donor for the microorganisms, for supporting the
microbial metabolism. The hydrocarbon biodegradation reduces with the raise of the
molecular weight. Microorganisms are able to degrade the hydrocarbons with a broad
range of n-alkanes between C10 and C35, among which C14–C19 are desired. Beneath
the anaerobic circumstances, the electron acceptors other than O2 are utilized for the
microbial respiration and through such operation; hydrocarbons are oxidized to the
intermediate molecules and finally to CO2, whereas the terminal electron acceptors
are decreased. Rhizobacteria (RB) are characterized as the bacteria that live in the
surrounding area of the root or on the surface of the root. The hydrocarbon degrada-
tion is enhanced via a rhizosphere influence with plants that exude the organic
constituents throughout their roots, affecting the variety, abundance, or the ability of
potential hydrocarbon to degrade the microorganisms in the region that surrounds
the roots. The roots provide suitable attachment locations for the microorganisms and
also provide the nutrients in the shape of exudates composing of organic acids and
amino acids, sugars, enzymes, and intricate carbohydrates. Moreover, the root exu-
dates from plants do help to degrade the toxic organic chemicals and acts as sub-
strates for the soil microorganisms to increase the biodegradation rate of the organic
contaminants. The hydrocarbon-contaminated soil biodegradation that exploits the
capability of microorganisms for degrading and/or detoxifying the organic contami-
nation has been built as an adequate, versatile, economic, and environmentally a good
processing for the kerosene-contaminated soils. The microorganisms make
biosurfactant being plentiful in nature; they hinder the water (groundwater, seawa-
ter, and freshwater) and the land (sediment, sludge, and soil). Additionally, they can
be obtained in the utmost surroundings (e.g., reservoirs of oil) and prosper at a broad
range of salinity, temperatures, and pH values. Nevertheless, the microbial commu-
nities of hydrocarbon-degrading abide the highly proper ambient for a broad capa-
bility for the production of biosurfactant. The hydrocarbon-degrading bacterial
populations are, in general, prevailed via a fewmajor genera, including Sphingomonas,
Bacillus, Actinobacteria in sediments and soils, Pseudomonas and Klebsiella, and
Halomonas, Alcanivorax, Acinetobacter, and Pseudoalteromonas in the marine ecosys-
tems. It has been documented that 2–3% of the screened populations within the
uncontaminated soils are microorganisms that produce biosurfactant. That raises to
25% in the polluted soils. From the other side, the methods of enrichment culture,
specifically for the hydrocarbon-degrading bacteria, may result a greater detection of
the biosurfactant makers with estimates till 80%. The biosurfactants made via micro-
organisms are divided into two various classes depending upon their chemical com-
position: like the surface-active agents with less molecular weight named
biosurfactants and the biosurfactants with more molecular weight denoted as
bioemulsifiers.

4.3 Wastewater treatment

One of the multiphase flow applications is the three-phase fluidized bed
(gas-liquid-solid fluidized bed) which has appeared recently as one of the major
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promising instruments for the three-phase process. This instrument is of important
industrial significance as proofed from its broad use in the chemical, biochemical,
and petrochemical treatment. The fluidized beds work in numerous aims in the
industry, like promoting the catalytic and non-catalytic reactions. Three-phase
fluidized beds have been used adequately in numerous industrial operations, like in
the H2-oil operation for the residual oil hydrogenation and hydrodesulfurization; H-
coal operation for the coal liquefaction; Fischer-Tropsch operation; bio-oxidation
process for wastewater treatment; biotechnological operations, such as pharmaceu-
ticals and mineral industries; fermentation and aerobic wastewater processing; and
so on. One of the recent biotechnological process applications is the study of three-
phase fluidized beds for dried algae such as chlorella after they are mixed, crushed,
dried, and immobilized to us as the solid phase. The liquid phase is the water, and
the gas phase is the air. Figure 16 represents (from left to right) the contours of
velocity magnitude for air in m/s at time = 3 s, contours of dynamic pressure for
solid particles in Pascal at time = 3 s, contours of velocity magnitude for solid
particles in m/s at time = 3 s, and contours of volume fraction for solid particles at
time = 3 s, respectively.

5. Conclusion

Nanofluids, as mentioned earlier, are prepared from suspending nanoparticles
into dilute liquid. The thermal behavior of nanofluids may offer a huge invention
for heat transfer. Too many applications are in field of nanofluidics: transportation,
electronics cooling, nuclear systems cooling, boiler flue gas temperature reduction,
energy efficient cooling, heating of buildings without increased pumping power in
heating, ventilation and air conditioning, heat exchangers, biomedical industry, for

Figure 16.
Contours of velocity magnitude for air in m/s, contours of dynamic pressure for solid particles in Pascal,
contours of velocity magnitude for solid particles in m/s, and contours of volume fraction for solid particles,
respectively.
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example, traditional cancer treatment method, kill cancers cells, drugs radiation
without damaging, cool the brain, safer surgery, heat pipes, fuel cell, solar water
heating, domestic refrigerator, diesel combustion, thermal storage, etc. Solving
CFD problem usually consists of four components: geometry and grid generation,
setting up a physical model, solving it, and post-processing the computer data. The
created geometry and grid are generated, the set problem is computed, and the way
acquired data is presented is very well known. Precise theory is available. Mathe-
matical modeling is now widely applied in physiology and medicine to support the
life scientist and clinical worker. Mathematical modeling finds application in med-
ical research, in education, and in supporting clinical practice. The use of models
can, for example, yield quantitative insights into the manner in which physiological
systems are controlled. In the educational setting, medical students can use com-
puter model simulation to explore the dynamic effects of pathophysiological pro-
cesses or of drug therapy. In the clinical arena, mathematical models can enable
estimates to be made of physiological parameters that are not directly measurable—
useful for example in diagnosis, as well as enabling predictions to be made as to how
changes in drug therapy will impact on variables of clinical importance such as
blood pressure or blood glucose concentration.
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Abstract

Nanobiotechnology has huge number of applications in medical science thereby
improving health care practices. Keeping in mind the applications of nanoparticles
and the convection patterns in biological fields, behaviour of nanofluids is explored
for small temperature difference in the layer. The flow of nanofluids is usually
described by system of differential equations. A mathematical model for the system
based on conservation laws of mass, momentum and energy is formed. To get the
insight of the problem, complex equations are simplified wherever needed to get
interesting results without violating the necessary physics. The influence of physical
properties such as density and conductivity of metallic/non-metallic nanoparticles
is examined on the onset of convection currents in the fluid layer.

Keywords: nanofluids, natural convection, conservation equations,
metallic and non-metallic nanoparticles

1. Introduction

In 1959, the celebrated physicist and Nobel laureate Richard Feynman presented
an idea of nanotechnology in his talk “There is a plenty of room at the bottom-An
invitation to enter a new field of physics” by emphasizing on the fact that the laws
of physics allow us to arrange the atoms the way we want. Almost a century ago,
Maxwell [1] initiated working on this issue theoretically and unveiled that the
particles of size of micrometer and millimeter, if used in traditional fluids can
resolve the motive in a more efficient manner. Yet they had few drawbacks like
clogging, erosion in micro channel and settling down which were curbed with the
evolution of better substitute; nanosized particles (called as nanoparticles). The
suspension of nanoparticles in the regular fluids comprised the nanofluids [2].
Nanofluids have also shown many interesting properties, and the distinctive fea-
tures (refer Table 1) resulting in unprecedented potential for many applications
particularly in biological, medical and biomedical applications.

The catalytic role of nanoparticles in intensifying the thermal conductivity of
nanofluids is analyzed by many researchers: Masuda et al. [3], Eastman et al. [4],
Das et al. [5] and others. In 2006, Buongiorno [6] pioneered the formulation of
conservation equations of nanofluids by incorporating the impacts of diffusion due
to Brownian motion and thermophoresis of nanoparticles. He made an observation
that the velocity of nanoparticles can be perceived as a sum of base fluid and
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relative (slip) velocities. To prosecute his research, he considered seven slip mech-
anisms; inactivity, magnus effect, Brownian motion, diffusiophoresis,
thermophoresis, gravitational settling and fluid drainage. Throughout his investi-
gation, he agreed that from all these seven techniques, Brownian diffusion and
thermophoresis have a significant part in the absence of turbulent effects. Choi et al.
[7] found that carbon nanotubes provide highest thermal conductivity enhancement
of nanofluids. There are ample number of evaluations on thermal conductivity of
nanofluids [8–11] in which they discussed and analyzed the theoretical as well as
experimental results. Heat transfer in nanofluids because of convection has been
examined and contemplated by Das and Choi [12], Ding et al. [13] and Das et al. [14].

The ballistic character of heat transfer within nanoparticles has been studied by
Chen [15]. Abnormal increase in viscosity is generally observed in relation to the
base fluid. The presence of nanoparticles has found to enhance thermal conductiv-
ity [4, 7, 16–19]. At very low nanoparticle volume fractions (<0.1%), a heat trans-
fer enhancement up to 40% has been reported [8] and this percentage is found to
enhance with temperature [5] and concentration of nanoparticles [16]. The results
of Choi et al. [7] established the unexpected non-linear character of measured
thermal conductivity with nanotube loadings at low concentration while all theo-
retical studies concluded a linear relationship. Also, it was discovered that thermal
conductivity strongly depends on temperature [5] and particle size [20]. Pak and
Cho [21] in their study also reported the heat transfer data for turbulent flow of
nanofluids having nanoparticles as aluminum and titanium in circular tubes. They
found that Nusselt number is up to 30% more than that of base fluid. Nowadays
nanofluids are also used in drug delivery systems [22] and advanced nuclear sys-
tems [23] due to enriched thermal properties. The nanofluid technology is still in its
early stage and various researchers are using nanofluids as a tool to solve techno-
logical riddles of the modern society. Figure 1 establishes big impact of small
particles in view of the diverse applications of nanofluids in fields of industrial,
residential, biomedical and transportation.

These days, nanoparticles are used in almost every biomedical application.
Recent usage of nanotechnology in medicine and cancer therapy has attracted a lot
of interest in thermal properties of nanofluid such as blood with nanoparticles
suspension. Researchers have made the efforts to construct a mathematical model
that shows the physical system or phenomenon nearly exact behaviour [24, 25].
Motivated by their work, we also intended to form an analytical model for the
analysis of the convection currents in a horizontal nanofluid layer which is in
accordance with the physical laws. Consequently, the onset of convection currents
in the nanofluid layer is investigated mathematically with the help of partial differ-
ential equations. To begin with, equations are non-dimensionalized to get Rayleigh

Properties Microparticles Nanoparticles

Stability Not stable Stable

Surface/Volume ratio One One thousand times more than that of microparticles

Conductivity Less High

Clogging More Negligible

Erosion Yes No

Nanoscale phenomenon No Yes

Table 1.
Comparison of particles.
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number in the system. Then small disturbances are added to the initial flow and
new set of equations are obtained. Further PDE’s are converted into ordinary dif-
ferential equations using normal modes and expression for Rayleigh number is
obtained. It is found that density and conductivity of nanoparticles are important
parameters in deciding the stability of the system.

2. Instability of fluids under small temperature gradient: Rayleigh
Bênard convection

The convective motions occur in a fluid layer heated underside in which a
small temperature gradient is maintained across its boundaries. The maintained
temperature across the boundaries must surpass a certain value before the
instability can manifest itself. This Phenomenon was discovered by Bénard [26] in
1900. In most of his experiments, he found that if a fluid layer is heated underside,
the layer at the bottom expands due to higher temperature. This makes the fluid
density lighter at the bottom than that on the top making the system top heavy.
Here viscosity and thermal diffusivity tend to oppose the convective motions but
with the application of higher temperature gradient across the fluid layer, the
thermal convection process gets initiated showing the pattern of cellular motions
(called Bénard convection). Bénard [27] performed an experiment with metallic
plate with a thin non-volatile liquid layer of 1 mm depth maintained under
constant temperature.

Keeping the upper layer of fluid exposed to free air, he observed that the fluid
layer was decomposed into number of cells (showing cellular motion) called Bénard
cells. Thus in the standard Bénard problem, density difference due to variation in

Figure 1.
Applications of nanofluids.
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temperature across the upper and lower boundaries of the fluid becomes the main
reason for the occurrence of instability. Figure 2 shows the schematic representa-
tion of Rayleigh-Bénard convection. Rayleigh [28] was the first person who gave an
analytical treatment of the problem related to identifying the conditions responsible
for breakdown of basic state. As a subsequent work carried out by Rayleigh and
Bénard, thermal instability of fluids is known as Rayleigh Bénard convection. The
condition for convective motions (depends on temperature gradient) can be
represented in dimensionless form by the critical Rayleigh number. He figured out
the condition for the instability of free surfaces by showing that the instability
would occur on a large temperature gradient β ¼ �dT=dz in such a way that the
Rayleigh number; RA ¼ αβgd4=κν, exceeds a certain critical value; where accelera-
tion due to gravity is represented by g, coefficient of thermal expansion by α, the
depth of the layer by d, thermal diffusivity by κ and kinematic viscosity is given
by ν. For the stabilizing viscous force, RA parameter gives the force of destabilizing
buoyancy. Chandra [29] found discrepancy between the theoretical and experi-
mental work for the convective motions in fluids when heated underside. He
explained it by conducting an experiment on the layer in air and observed that
instability of the fluid layer was dependent on its depth. A simplification in the
partial differential equations describing the flow of compressible fluid is done by
Spiegel and Veronis [30] by assuming very small depth of the layer as compared to
the height. The basic equations of a fluid layer in porous medium (when heated
underside) were formulated and derived by Joseph [31] by using Boussinesq
approximation. The problem of thermal convection of a fluid layer has been put
forward by Chandrasekhar [32] by considering the implications of various aspects
of hydrodynamics and hydromagnetics. He depicted the result that addition of
rotation and magnetic field increases the stability of the system. Kim et al. [33]
considered the same problem of thermal convection for nanofluids. They showed
that convective motion directly depends on the two physical properties (heat
capacity and density) of nanoparticles and adversely depends on the conductivity of
nanoparticles. Buongiorno [6] was the first scientist who formulated the conserva-
tion equations of nanofluids by assimilating the effects of diffusion due to Brownian
motion and thermophoresis of nanoparticles. During his analysis, he concluded that
Brownian and thermophoretic diffusion play a significant role in the absence of
turbulent effects as compared to other seven mechanisms. Hwang et al. [34] treated
this problem analytically and put forth the result of thermal instability of water
based nanofluid with alumina nanoparticles in a rectangular container which is
heated from below. They found that stability of the base fluid is enhanced by adding
alumina nanoparticles and further it is enhanced by increasing the volume fraction
of nanoparticles, the average temperature of the nanofluids and by decreasing the
size of nanoparticles. They observed the decrease in heat transfer coefficient of
nanofluids with the increase of the size of nanoparticles and decrease in the

Figure 2.
A view of Rayleigh-Bénard convection.
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temperature of nanofluids. Tzou [35, 36] investigated the onset of convective
instability of nanofluids using Buongiorno’s model analytically and established that
nanofluids exhibit much lower stability than regular fluids. The results depict the
inverse relationship of density and heat capacity of nanoparticles with their thermal
conductivity and the shape factor. The results also include that the heat transfer
coefficient of nanofluid is enhanced relative to volume fraction of nanoparticles.
Nield and Kuznetsov [37] reconsidered the instability problem for nanofluids to get
the expression for Rayleigh number and found conditions for the existence of
oscillatory convection. It was established that the buoyancy coupled with the con-
servation of nanoparticles lead to higher instability of nanofluids. Alloui et al. [38]
considered the shallow cavity to study Rayleigh Bénard instability for nanofluids.
They concluded that rate of heat transfer in nanofluids depends on the strength of
convection and volume fraction of nanoparticles while the presence of
nanoparticles increase the stability of the system. Thermal instability for a horizon-
tal nanofluid layer was considered by Yadav et al. [39]. They found an expression of
thermal Rayleigh number and observed that the temperature gradient delays the
convective motions while volumetric fraction of nanoparticles and the ratio of the
density of nanoparticles to that of base fluid have destabilizing impact on the layer.
The joint behaviour of nano-effects (Brownian motion and thermophoresis) creates
destabilizing effect and can reduce the values of critical Rayleigh number as com-
pared to that of regular fluids.

3. Conservation equations for a nanofluid layer

We start this section with the description of Boussinesq approximation which is
used to write the conservation equations of nanofluids in simplified form.

As is the case of regular fluid [32], equations of nanofluids are difficult to solve
because of their non-linear character. Therefore some mathematical approxima-
tions are to be used to simplify the basic equations without violating the physical
laws. The contribution of Boussinesq [40] in the solution of thermal instability
problems is in the form of approximations which is after his name. This approxi-
mation has been used by a many researchers for solving different problems of
fluids. Boussinesq suggested that inertial effects of density variations can be
neglected as compared to its gravitational effects as such situations exist in the
domain of meteorology and oceanography. So, density is assumed to be constant
everywhere in the equations of motion except in the term with external force.
Therefore, we change ρ0 1þ α T0 � Tð Þ½ � by ρ0 everywhere in the equations of
motion except the term representing the external body force.

Anoop et al. [41] explained various experimental techniques using which
nanoparticles can be suspended in the base fluid and that suspension remain stable
for several weeks. Buongiorno [6] adopted the formalism of Bird et al. [42] and
Chandrasekhar [32] to write conservation equations for nanofluids by considering
nanoscale effects; Brownian diffusion and thermophoresis. A model for convective
transport in regular fluids was reformulated for nanofluids to accommodate these
nanoscale effects as follows.

The random motion of nanoparticles is called Brownian motion and results into
the continuous collisions with the base fluid molecules. The Brownian diffusion
coefficient due to Brownian motion is given by

DB ¼ kBT
3πμdp

, (1)
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temperature of nanofluids. Tzou [35, 36] investigated the onset of convective
instability of nanofluids using Buongiorno’s model analytically and established that
nanofluids exhibit much lower stability than regular fluids. The results depict the
inverse relationship of density and heat capacity of nanoparticles with their thermal
conductivity and the shape factor. The results also include that the heat transfer
coefficient of nanofluid is enhanced relative to volume fraction of nanoparticles.
Nield and Kuznetsov [37] reconsidered the instability problem for nanofluids to get
the expression for Rayleigh number and found conditions for the existence of
oscillatory convection. It was established that the buoyancy coupled with the con-
servation of nanoparticles lead to higher instability of nanofluids. Alloui et al. [38]
considered the shallow cavity to study Rayleigh Bénard instability for nanofluids.
They concluded that rate of heat transfer in nanofluids depends on the strength of
convection and volume fraction of nanoparticles while the presence of
nanoparticles increase the stability of the system. Thermal instability for a horizon-
tal nanofluid layer was considered by Yadav et al. [39]. They found an expression of
thermal Rayleigh number and observed that the temperature gradient delays the
convective motions while volumetric fraction of nanoparticles and the ratio of the
density of nanoparticles to that of base fluid have destabilizing impact on the layer.
The joint behaviour of nano-effects (Brownian motion and thermophoresis) creates
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3. Conservation equations for a nanofluid layer
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As is the case of regular fluid [32], equations of nanofluids are difficult to solve
because of their non-linear character. Therefore some mathematical approxima-
tions are to be used to simplify the basic equations without violating the physical
laws. The contribution of Boussinesq [40] in the solution of thermal instability
problems is in the form of approximations which is after his name. This approxi-
mation has been used by a many researchers for solving different problems of
fluids. Boussinesq suggested that inertial effects of density variations can be
neglected as compared to its gravitational effects as such situations exist in the
domain of meteorology and oceanography. So, density is assumed to be constant
everywhere in the equations of motion except in the term with external force.
Therefore, we change ρ0 1þ α T0 � Tð Þ½ � by ρ0 everywhere in the equations of
motion except the term representing the external body force.

Anoop et al. [41] explained various experimental techniques using which
nanoparticles can be suspended in the base fluid and that suspension remain stable
for several weeks. Buongiorno [6] adopted the formalism of Bird et al. [42] and
Chandrasekhar [32] to write conservation equations for nanofluids by considering
nanoscale effects; Brownian diffusion and thermophoresis. A model for convective
transport in regular fluids was reformulated for nanofluids to accommodate these
nanoscale effects as follows.

The random motion of nanoparticles is called Brownian motion and results into
the continuous collisions with the base fluid molecules. The Brownian diffusion
coefficient due to Brownian motion is given by

DB ¼ kBT
3πμdp

, (1)
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where dp is the nanoparticle’s diameter, kB is the Boltzmann’s constant and μ is
the viscosity of the fluid. The nanoparticles mass flux due to Brownian diffusion,
jp,B is given as

jp,B ¼ �ρpDB∇ϕ, (2)

whereϕ is the nanoparticle volume fraction and ρp is the nanoparticlemass density.
Thermophoresis is the phenomenon in which particles diffuse due to tempera-

ture gradient and the effect is similar to one of well-known effects of solute; Soret
effect. The thermophoretic velocity is defined as.

VT ¼ �~β
μ

ρ

∇T
T

where ~β ¼ 0:26
k

2kþ kp
: (3)

Here, ρ is the overall density of the nanofluid, k and kp are the thermal conductivities
of the fluid and the particle material, respectively. The negative sign in thermophoretic
velocity represents movement of particles down the temperature gradient (from hot to
cold). The nanoparticle mass flux due to thermophoresis, jp,T is given as.

jp,T ¼ �ρpϕVT ¼ �ρpDT
∇T
T

with DT ¼ ~β
μ

ρ
ϕ, (4)

where DT represents the thermophoretic diffusion coefficient.
The nanoparticles mass flux due to Brownian diffusion (Eq. (1)) and

thermophoresis (Eq. (4)) are used to develop a two-component model for convec-
tive transport in nanofluids with the following assumptions:

• The nanofluid flow is incompressible.

• There are no chemical reactions in the fluid layer.

• The external forces are negligible.

• The mixture is dilute with nanoparticle volume fraction less than 1%.

• The viscous dissipation is negligible in the fluid.

• The radiative heat transfer is negligible.

• The nanoparticles and base fluid are locally in thermal equilibrium.

The seven equations based on basic conservation laws with the above mentioned
assumptions are given as follows.

• Equation of state (one).

• Equation of continuity (one).

• Equation of nanoparticles (one).

• Equations of motion (three).

• Equation of energy (one).
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3.1 Equation of state

Variables of state depend only upon the state of a system. The physical quanti-
ties: p; the pressure,T; the temperature and ρ; the density are the variables of state.
We have three thermodynamic variables and a relation between them is given as.

F p, ρ,Tð Þ ¼ 0, (5)

For substances with which we shall be principally concerned, the equation of
state can be written as

ρ ¼ ρ0 1þ α T0 � Tð Þ½ �, (6)

where T0 is the temperature at which ρ = ρ0.

3.2 Equation of continuity-conservation of mass

The equation of continuity for nanofluids is

∂ρ

∂t
þ uj

∂ρ

∂xj
¼ �ρ

∂uj
∂xj

, (7)

where uj is the jth component of nanofluid’s velocity.
For an incompressible flow (using equation of state)

∂ρ

∂t
þ uj

∂ρ

∂xj
¼ 0, (8)

so that the Eq. (7) reduces to

∂uj
∂xj

¼ 0, (9)

and in vector form continuity equation for nanofluid is expressed as

∇:v ¼ 0: (10)

3.3 Equation of nanoparticles-conservation of mass

The conservation equation for nanoparticles in absence of chemical reactions is

∂ϕ

∂t
þ v:∇ϕ ¼ � 1

ρp
∇:jp, (11)

where t is the time, ϕ is the nanoparticles volume fraction and jp is the diffusion
mass flux for nanoparticles and as external forces are negligible jp, the sum of two
diffusion terms (Brownian diffusion and thermophoresis) using Eqs. (1) and (4)
can be written as

jp ¼ jp,B þ jp,T ¼ �ρpDB∇ϕ� ρpDT
∇T
T

, (12)

Combining Eqs. (11) and (12), nanoparticles conservation equation becomes
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∂ϕ

∂t
þ v:∇ϕ ¼ ∇: DB∇ϕþDT

∇T
T

� �
: (13)

Eq. (13) reveals that the nanoparticles move consistently with fluid (second
term of left-hand side) and possess velocity relative to fluid (right-hand side) due to
Brownian diffusion and thermophoresis.

3.4 Equations of motion-conservation of momentum

The equation of motion is derived from Newton’s second law of motion which
states that

Rate of change of linear momentum ¼ Total force:

The momentum equation for nanofluid with negligible external forces is

ρ0
∂v
∂t

þ v:∇v
� �

¼ �∇pþ μ∇2vþ ρg, (14)

where ρ0 is the nanofluid density at the reference temperature T0 and the overall
density of nanofluid; written as

ρ ¼ ϕρp þ 1� ϕð Þρf ffi ϕρp þ 1� ϕð Þ ρ0 1� α T � T0ð Þð Þf g (15)

Thus Eq. (14) becomes

ρ0
∂v
∂t

þ v:∇v
� �

¼ �∇pþ μ∇2vþ ϕρp þ 1� ϕð Þ ρ0 1� α T � T0ð Þð Þf g
� �

g: (16)

Note that in the absence of nanoparticles, Eq. (16) reduces to momentum
equation for regular fluid.

3.5 Equation of energy-conservation of energy

The thermal energy equation for nanofluid with the assumptions (i)–(v) is

ρcð Þ ∂T
∂t

þ v:∇T
� �

¼ �∇:qþ hp∇:jp, (17)

where c and hp are the specific heat of fluid (at constant pressure) and the
specific enthalpy of nanoparticles, respectively and q is the energy flux, neglecting
radiative heat transfer, the sum of heat fluxes due to conduction and nanoparticle
diffusion, written as

q ¼ �k∇T þ hpjp, (18)

Substituting Eq. (18) in Eq. (17), we get

ρcð Þ ∂T
∂t

þ v:∇T
� �

¼ ∇: k∇Tð Þ � cpjp:∇T: (19)

with assumption of negligible external forces ∇hp ¼ cp∇T. Substituting Eq. (12)
in Eq. (19); gives final form of thermal energy equation as
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ρcð Þ ∂T
∂t

þ v:∇T
� �

¼ k∇2T þ ρcð Þp DB∇ϕ:∇T þDT
∇T:∇T

T

� �
: (20)

Note that if jp is zero, Eq.(19) and hence Eq. (20) reduces to the familiar energy
equation for regular fluid and therefore last two terms on right-hand side truly
account for contributions of nanoparticle motion relative to fluid. Eq. (20) estab-
lishes that the transport of heat in nanofluids is possible by convection (second term
on left-hand side), by conduction (first term on right-hand side), and also by virtue
of nanoparticle diffusion (second and third terms on right-hand side).

Thus, Eqs. (10), (13), (16), (20) constitute the convective transport model for
nanofluids which further can be solved for different parameters once the initial and
boundary conditions are known. It is interesting to note that all the equations are
strongly coupled meaning thereby that the one parameter depends on various other
parameters.

Let us introduce non-dimensional variables to get the expression for thermal
Rayleigh number as.

x0, y0, z0ð Þ ¼ x, y, zð Þ
d

, t0 ¼ tαf
d2

, v0 ¼ v d
αf

, p0 ¼ pd2

μαf
,ϕ0 ¼ ϕ

ϕb
,T0 ¼ T � T0

T1 � T0
, (21)

where αf ¼ k
ρC :.

Using Eqs. (21), (10), (13), (16), (20) after dropping the dashes are

∇:v ¼ 0, (22)

ραf
μ

∂v
∂t

þ v:∇v
� �

¼ �∇pþ ∇2v� ρgd3

μαf
k̂þ RATk̂�

ρp � ρ
� �

ϕb g d
3

μαf
ϕ k̂, (23)

∂T
∂t

þ v:∇T ¼ ∇2T þ ρCð ÞP
ρC

ϕb
DB

αf
∇ϕ:∇T þDT T1 � T0ð Þ

DBT0ϕb

ρCð ÞP
ρC

ϕb
DB

αf
∇T:∇T,

(24)

∂ϕ

∂t
þ v:∇ϕ ¼ DB

αf
∇2ϕþDT T1 � T0ð Þ

DBT0ϕb

DB

αf
∇2T, (25)

where thermal Rayleigh number RA ¼ ρ g βTd
3 T1�T0ð Þ
μαf

:

4. Initial and perturbed flow

At the initial state, it is assumed that nanoparticle volume fraction is constant
and fluid layer is still while temperature and pressure vary in horizontal direction.
We get initial solution of Eqs. (22)–(25) using the fact that thermal diffusivity is
very large as compared to Brownian diffusion coefficient (refer Buongiorno [1]) as

vi ¼ 0,ϕi ¼ 1,Ti ¼ 1� z (26)

Let us add perturbations to initial solution and write

v, p,T,ϕð Þ ¼ vi þ ~v, pi þ ~p,Ti þ ~T, ϕi þ ~ϕ
� �

: (27)
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T

� �
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ραf
μ

∂v
∂t

þ v:∇v
� �

¼ �∇pþ ∇2v� ρgd3

μαf
k̂þ RATk̂�

ρp � ρ
� �

ϕb g d
3

μαf
ϕ k̂, (23)

∂T
∂t

þ v:∇T ¼ ∇2T þ ρCð ÞP
ρC

ϕb
DB

αf
∇ϕ:∇T þDT T1 � T0ð Þ

DBT0ϕb

ρCð ÞP
ρC

ϕb
DB

αf
∇T:∇T,

(24)

∂ϕ

∂t
þ v:∇ϕ ¼ DB

αf
∇2ϕþDT T1 � T0ð Þ

DBT0ϕb

DB

αf
∇2T, (25)

where thermal Rayleigh number RA ¼ ρ g βTd
3 T1�T0ð Þ
μαf

:

4. Initial and perturbed flow

At the initial state, it is assumed that nanoparticle volume fraction is constant
and fluid layer is still while temperature and pressure vary in horizontal direction.
We get initial solution of Eqs. (22)–(25) using the fact that thermal diffusivity is
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vi ¼ 0,ϕi ¼ 1,Ti ¼ 1� z (26)

Let us add perturbations to initial solution and write
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The Eq. (27) in Eqs. (22)–(25) give

∇:~v ¼ 0, (28)

ραf
μ

∂~v
∂t

¼ �∇~pþ ∇2~vþ RA ~T k̂�
ρp � ρ
� �

ϕb g d3

μαf
~ϕk̂, (29)

∂ ~T
∂t

� ~u3 ¼ ∇2 ~T � ρCð ÞP
ρC

ϕb
DB

αf

∂~ϕ

∂z
� 2

DT T1 � T0ð Þ
DBT0ϕb

ρCð ÞP
ρC

ϕb
DB

αf

∂ ~T
∂z

, (30)

∂~ϕ

∂t
¼ DB

αf
∇2 ~ϕþDT T1 � T0ð Þ

DBT0ϕb

DB

αf
∇2 ~T: (31)

Making use of the identity curlcurl � graddiv� ∇2 curlcurl ¼ graddiv� ∇2 on
Eq. (29) together with Eq. (28), we get

ραf
μ

∂

∂t
∇2 ~u3
� �� ∇4 ~u3 ¼ RA∇2

H
~T �

ρp � ρ
� �

ϕb g d3

μαf
∇2

H
~ϕ, (32)

where ∇2
H ¼ ∂

2

∂x2 þ ∂
2

∂y2 :.

5. Method of normal modes

To change PDE’s to ODE’s, Eqs. (30)–(32) are solved using normal mode analysis
and perturbed variables are written as

~u3, ~T, ~ϕ
� � ¼ W zð Þ,Τ zð Þ,Φ zð Þð Þ exp ikxxþ ikyyþ st

� �
, (33)

Thus above mentioned equations reduce to

D2 � α2
� �2 � sραf

μ
D2 � α2
� �� �

W � RA α
2Τþ

ρp � ρ
� �

ϕb g d3

μαf
α2Φ ¼ 0, (34)

W þ D2 � α2
� �� s� 2

DT T1 � T0ð Þ
DBT0ϕb

ρCð ÞP
ρC

ϕb
DB

αf
D

 !
Τ� ρCð ÞP

ρC
ϕb

DB

αf
DΦ ¼ 0,

(35)

DB

αf
D2 � α2
� �� s

 !
ΦþDT T1 � T0ð Þ

DBT0ϕb

DB

αf
D2 � α2
� �

Τ ¼ 0, (36)

where D � d
dz, α ¼ kx

2 þ ky
2� �1⁄ 2

: Using one term Galerkin weighted residual
method and free-free boundaries conditions

W ¼ D2W ¼ Τ ¼ 0 at z ¼ 0 and z ¼ 1: (37)

We write

W ¼ A sin πz, and T ¼ B sin πz, (38)
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using of the orthogonality to the functions; gives eigenvalue equation as

J þ sð Þ JDB

αf
þ s

 !
J2 þ ραf Js

μ

� �
� α2

JDT ρp � ρ
� �

T1 � T0ð Þg d3

DBμα2f T0
þ RA

JDB

αf
þ s

 !0
@

1
A

0
@

1
A

�α2J
J DT ρp � ρ

� �
T1 � T0ð Þg d3

DBμα2f T0
þ RA

JDT ρp � ρ
� �

T1 � T0ð Þg d3

DBμα2f T0
þ s

0
@

1
A

0
@

1
A ¼ 0

(39)

where J ¼ π2 þ α2:

6. Results and discussion

6.1 Stationary convection

For non-oscillatory motions s ¼ 0, this gives the expression for RA from Eq. (39) as

RA ¼ J3

α2
�
DT ρp � ρ
� �

T1 � T0ð Þg d3

DBμαf T0
: (40)

where DB ¼ kBT
3πμdp

and DT ¼ ~β μ
ρ ϕ with ~β ¼ 0:26 k

2kþkp
as given by Nield and

Kuznetsov [35].
Also

RA ¼ J3

α2
�

ρp � ρ
� �

2kþ kp
A; (41)

where A depends on the base fluid properties.

7. Discussions on analytical results using various metallic/non-metallic
nanoparticles

Table 2 shows the ratios of density to conductivity of various metallic/non-
metallic nanoparticles and density 997.1 and conductivity 0.613 of water is used.

It is observed that ratio of density to conductivity is accountable for hastening
the onset of convection in the system. The ratio is more for non-metals than metals
establishes the lesser stability of non-metallic nanoparticles than metals. Alumina is

Physical properties Al Cu Ag Fe Al2O3 SiO2 CuO TiO2

ρ Kg=m3ð Þ 2700 9000 10,500 7900 3970 2600 6510 4250

k W=mKð Þ 237 401 429 80 40 10.4 18 8.9

ρp=kp 11.3 22.4 24.47 98.7 99.25 250 361.6 477.5

Table 2.
Ratios of density to conductivity of metallic and non-metallic nanoparticles.
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ϕb g d3

μαf
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ρC

ϕb
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� 2
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ρC

ϕb
DB
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ραf
μ

∂
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H
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H ¼ ∂

2

∂x2 þ ∂
2

∂y2 :.

5. Method of normal modes

To change PDE’s to ODE’s, Eqs. (30)–(32) are solved using normal mode analysis
and perturbed variables are written as

~u3, ~T, ~ϕ
� � ¼ W zð Þ,Τ zð Þ,Φ zð Þð Þ exp ikxxþ ikyyþ st

� �
, (33)

Thus above mentioned equations reduce to

D2 � α2
� �2 � sραf

μ
D2 � α2
� �� �

W � RA α
2Τþ

ρp � ρ
� �

ϕb g d3

μαf
α2Φ ¼ 0, (34)

W þ D2 � α2
� �� s� 2

DT T1 � T0ð Þ
DBT0ϕb

ρCð ÞP
ρC

ϕb
DB

αf
D

 !
Τ� ρCð ÞP

ρC
ϕb

DB

αf
DΦ ¼ 0,

(35)

DB

αf
D2 � α2
� �� s

 !
ΦþDT T1 � T0ð Þ

DBT0ϕb

DB

αf
D2 � α2
� �

Τ ¼ 0, (36)

where D � d
dz, α ¼ kx

2 þ ky
2� �1⁄ 2

: Using one term Galerkin weighted residual
method and free-free boundaries conditions

W ¼ D2W ¼ Τ ¼ 0 at z ¼ 0 and z ¼ 1: (37)

We write

W ¼ A sin πz, and T ¼ B sin πz, (38)
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using of the orthogonality to the functions; gives eigenvalue equation as

J þ sð Þ JDB

αf
þ s

 !
J2 þ ραf Js

μ

� �
� α2

JDT ρp � ρ
� �

T1 � T0ð Þg d3

DBμα2f T0
þ RA

JDB

αf
þ s

 !0
@

1
A

0
@

1
A

�α2J
J DT ρp � ρ

� �
T1 � T0ð Þg d3

DBμα2f T0
þ RA

JDT ρp � ρ
� �

T1 � T0ð Þg d3

DBμα2f T0
þ s

0
@

1
A

0
@

1
A ¼ 0

(39)

where J ¼ π2 þ α2:

6. Results and discussion

6.1 Stationary convection

For non-oscillatory motions s ¼ 0, this gives the expression for RA from Eq. (39) as

RA ¼ J3

α2
�
DT ρp � ρ
� �

T1 � T0ð Þg d3

DBμαf T0
: (40)

where DB ¼ kBT
3πμdp

and DT ¼ ~β μ
ρ ϕ with ~β ¼ 0:26 k

2kþkp
as given by Nield and

Kuznetsov [35].
Also

RA ¼ J3

α2
�

ρp � ρ
� �

2kþ kp
A; (41)

where A depends on the base fluid properties.

7. Discussions on analytical results using various metallic/non-metallic
nanoparticles

Table 2 shows the ratios of density to conductivity of various metallic/non-
metallic nanoparticles and density 997.1 and conductivity 0.613 of water is used.

It is observed that ratio of density to conductivity is accountable for hastening
the onset of convection in the system. The ratio is more for non-metals than metals
establishes the lesser stability of non-metallic nanoparticles than metals. Alumina is

Physical properties Al Cu Ag Fe Al2O3 SiO2 CuO TiO2

ρ Kg=m3ð Þ 2700 9000 10,500 7900 3970 2600 6510 4250

k W=mKð Þ 237 401 429 80 40 10.4 18 8.9

ρp=kp 11.3 22.4 24.47 98.7 99.25 250 361.6 477.5

Table 2.
Ratios of density to conductivity of metallic and non-metallic nanoparticles.

123

Convection Currents in Nanofluids under Small Temperature Gradient
DOI: http://dx.doi.org/10.5772/intechopen.88887



most stable and titanium oxide is least stable among the nanoparticles under con-
sideration. Density is found to be more influential than conductivity towards
deciding the onset of convection in the layer.

8. Conclusions

Tremendous applications of nanofluids in pharmaceutical industry with respect
to drug invention and cancer imaging motivated the scientists to study convection
currents in fluid layer mathematically as well as experimentally. In the present
work, the onset of instability in layer is studied under small temperature difference
with the help of equations based on conservation laws. The expression of non-
dimensional number Rayleigh number is found analytically which decides the
instability of the system. Approximations are made whenever needed without vio-
lating the necessary physics to get the useful results. Analysis reveals that lesser the
ratio of density to conductivity, higher is the stability of the layer. It is found that
convection currents majorly depends on density and conductivity and precisely
concluding density is more pronounced property than conductivity of
nanoparticles. Metallic oxides make the system more stable than metallic
nanoparticles in the fluid.
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