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A biomolecule or biological    molecule is    a    loosely    used    term    for molecules present 

in organisms that  are  essential  to  one  or  more  typically biological  processes,  such  as cell 

division, morphogenesis,    or development. Biomolecules    include    large macromolecules (or 

polyanions)   such   as proteins, carbohydrates, lipids,   and nucleic   acids,   as   well   as small 

molecules such  as  primary metabolites, secondary  metabolites and natural  products.  A  more 

general name for this class of material is biological materials. Biomolecules are an important 

element of living organisms, those biomolecules are often endogenous, produced within the 

organism but  organisms  usually  need exogenous biomolecules,  for  example  certain nuts,  to 

survive. 

 

Biology and   its   subfields   of biochemistry and molecular   biology study   biomolecules   and 

their reactions.   Most   biomolecules   are organic   compounds,   and   just   four elements— 

oxygen, carbon, hydrogen, and nitrogen—make up 96% of the human body's mass. But many 

other elements, such as the various biometals, are present in small amounts. 

 

The uniformity of both specific types of molecules (the biomolecules) and of certain metabolic 

pathways are invariant features among the wide diversity of life forms; thus these biomolecules 

and metabolic pathways are referred to as "biochemical universals" or "theory of material unity 

of the living beings", a unifying concept in biology, along with cell theory and evolution theory. 

 
Types of biomolecules 

 

A diverse range of biomolecules exist, including: 
 
 

•     Small molecules: 
 

o Lipids, fatty acids, glycolipids, sterols, monosaccharides 
 

o Vitamins 
 

o Hormones, neurotransmitters 
 

o Metabolites 



 

•     Monomers, oligomers and polymers:
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Nucleosides and nucleotides 
 

Main articles: Nucleosides and Nucleotides 
 

Nucleosides are  molecules  formed  by  attaching  a nucleobase to  a ribose or deoxyribose ring. 

Examples        of        these        include cytidine (C), uridine (U), adenosine (A), guanosine (G), 

and thymidine (T). 

 

Nucleosides   can   be phosphorylated by   specific kinases in   the   cell,   producing nucleotides. 

Both DNA and RNA are polymers,    consisting    of    long,    linear    molecules    assembled 

by polymerase enzymes  from  repeating  structural  units,  or  monomers,  of  mononucleotides. 

DNA uses the deoxynucleotides C, G, A, and T, while RNA uses the ribonucleotides (which



have an extra hydroxyl(OH) group on the pentose ring) C, G, A, and U. Modified bases are 

fairly common (such as with methyl groups on the base ring), as found in ribosomal RNA 

or transfer RNAs or for discriminating the new from old strands of DNA after replication. 

 

Each nucleotide is made of an acyclic nitrogenous base, a pentose and one to three phosphate 

groups. They contain carbon, nitrogen, oxygen, hydrogen and phosphorus. They serve as sources 

of    chemical    energy    (adenosine    triphosphate and guanosine    triphosphate),    participate 

in cellular signaling  (cyclic  guanosine  monophosphate and cyclic  adenosine  monophosphate), 

and  are  incorporated  into  important  cofactors  of  enzymatic  reactions  (coenzyme  A, flavin 

adenine dinucleotide, flavin mononucleotide, and nicotinamide adenine dinucleotide phosphate). 

 

DNA and RNA structure 
 
DNA structure is dominated by the well-known double helix formed by Watson-Crick base- 

pairing of C with G and A with T. This is known as B-form DNA, and is overwhelmingly the 

most favorable and common state of DNA; its highly specific and stable base-pairing is the basis 

of reliable genetic information storage. DNA can sometimes occur as single strands (often needing 

to be stabilized by single-strand binding proteins) or as A-form or Z-form helices, and 

occasionally in more complex 3D structures such as the crossover at Holliday junctions during 

DNA replication. 

 

 
 

Stereo 3D image of a group I intron ribozyme (PDB file 1Y0Q); gray lines show base pairs; ribbon 

arrows show double-helix regions, blue to red from 5' to 3'
[when defined as?] 

end; white ribbon is an 

RNA product. 

 

RNA, in contrast, forms large and complex 3D tertiary structures reminiscent of proteins, as well 

as the loose single strands with locally folded regions that constitute messenger RNA molecules. 

Those RNA structures contain many stretches of A-form double helix, connected into definite 

3D  arrangements  by  single-stranded  loops,  bulges,  and  junctions.  Examples  are  tRNA, 

ribosomes, ribozymes, and riboswitches. These complex structures are facilitated by the fact that 

RNA backbone has less local flexibility than DNA but a large set of distinct conformations, 

apparently because of both positive and negative interactions of the extra OH on the ribose.



Structured  RNA  molecules  can  do  highly  specific  binding  of  other  molecules  and  can 

themselves be recognized specifically; in addition, they can perform enzymatic catalysis (when 

they are known as "ribozymes", as initially discovered by Tom Cech and colleagues). 

 
Saccharides 

 

Monosaccharides are the simplest form of carbohydrates with only one simple sugar. They 

essentially contain an aldehyde or ketone group in their structure. The presence of an aldehyde 

group in a monosaccharide is indicated by the prefix aldo-. Similarly, a ketone group is denoted 

by              the              prefix keto-. Examples              of              monosaccharides              are 

the hexoses, glucose, fructose, Trioses, Tetroses, Heptoses, galactose, pentoses,     ribose,     and 

deoxyribose.  Consumed  fructose  and glucose have  different  rates  of  gastric  emptying,  are 

differentially absorbed and have different metabolic fates, providing multiple opportunities for 2 

different saccharides to differentially affect food intake. Most saccharides eventually provide 

fuel for cellular respiration. 

 

Disaccharides are formed when two monosaccharides, or two single simple sugars, form a bond 

with removal of water. They can be hydrolyzed to yield their saccharin building blocks by 

boiling with dilute acid or reacting them with appropriate enzymes. Examples of disaccharides 

include sucrose, maltose, and lactose. 

 

Polysaccharides are  polymerized  monosaccharides,  or  complex  carbohydrates.  They  have 

multiple simple sugars. Examples are starch, cellulose, and glycogen. They are generally large 

and often have a complex branched connectivity. Because of their size, polysaccharides are not 

water-soluble, but their many hydroxy groups become hydrated individually when exposed to 

water, and some polysaccharides form thick colloidal dispersions when heated in water. Shorter 

polysaccharides, with 3 - 10 monomers, are called oligosaccharides. A fluorescent indicator- 

displacement molecular imprinting sensor was developed for discriminating saccharides. It 

successfully discriminated three brands of orange juice beverage. The change in fluorescence 

intensity of the sensing films resulting is directly related to the saccharide concentration. 

 
Lignin 

 

Lignin is a complex polyphenolic macromolecule composed mainly of beta-O4-aryl linkages. 

After cellulose,  lignin  is  the second  most  abundant  biopolymer and  is  one of the primary 

structural   components   of   most   plants.   It   contains   subunits   derived   from p-coumaryl 

alcohol, coniferyl alcohol, and sinapyl alcohol and is unusual among biomolecules in that it 

is racemic. The lack of optical activity is due to the polymerization of lignin which occurs



via free radical coupling reactions in which there is no preference for either configuration at 

a chiral center. 

 
Lipid 

 

Lipids (oleaginous) are chiefly fatty acid esters, and are the basic building blocks of biological 

membranes. Another biological role is energy storage (e.g., triglycerides). Most lipids consist of 

a polar or hydrophilic head (typically glycerol) and one to three non polar or hydrophobic fatty 

acid tails, and therefore they are amphiphilic. Fatty acids consist of unbranched chains of carbon 

atoms  that  are  connected  by  single  bonds  alone  (saturated fatty  acids)  or  by  both  single 

and double bonds (unsaturated fatty acids). The chains are usually 14-24 carbon groups long, 

but it is always an even number. 

 

For lipids present in biological membranes, the hydrophilic head is from one of three classes: 
 
 

•     Glycolipids, whose heads contain an oligosaccharide with 1-15 saccharide residues. 
 

•  Phospholipids, whose heads contain a positively charged group that is linked to the tail by a 

negatively charged phosphate group. 

•     Sterols, whose heads contain a planar steroid ring, for example, cholesterol. 
 
Other lipids include prostaglandins and leukotrienes which are both 20-carbon fatty acyl units 

synthesized from arachidonic acid. They are also known as fatty acids 

 
Amino acids 

 

Amino  acids contain  both amino and carboxylic  acid functional  groups.  (In biochemistry,  the 

term amino acid is used when referring to those amino acids in which the amino and carboxylate 

functionalities are attached to the same carbon, plus proline which is not actually an amino acid). 

 

Modified amino acids are sometimes observed in proteins; this is usually the result of enzymatic 

modification  after translation (protein  synthesis).  For  example,  phosphorylation  of  serine 

by kinases and dephosphorylation by phosphatases is an important control mechanism in the cell 

cycle. Only two amino acids other than the standard twenty are known to be incorporated into 

proteins during translation, in certain organisms: 

 
•  Selenocysteine is incorporated into some proteins at a UGA codon, which is normally a stop 

codon. 

•  Pyrrolysine is  incorporated  into  some  proteins  at  a  UAG  codon.  For  instance,  in 

some methanogens in enzymes that are used to produce methane.



Besides   those   used   in protein   synthesis,   other   biologically   important   amino   acids 

include carnitine (used in lipid transport within a cell), ornithine, GABA and taurine. 

 

Protein structure 
 

Main articles: Protein structure, Protein primary structure, Protein secondary structure, Protein 

tertiary structure, and Protein quaternary structure 

 

The particular series of amino acids that form a protein is known as that protein's primary 

structure. This sequence is determined by the genetic makeup of the individual. It specifies the 

order of side-chain groups along the linear polypeptide "backbone". 

 

Proteins have two types of well-classified, frequently occurring elements of local structure defined  

by  a  particular  pattern  of hydrogen  bonds along  the  backbone: alpha  helix and beta sheet. 

Their number and arrangement is called the secondary structure of the protein. Alpha helices 

are regular spirals stabilized by hydrogen bonds between the backbone CO group (carbonyl) of 

one amino acid residue and the backbone NH group (amide) of the i+4 residue. The spiral has 

about 3.6 amino acids per turn, and the amino acid side chains stick out from the cylinder of the 

helix. Beta pleated sheets are formed by backbone hydrogen bonds between individual beta strands 

each of which is in an "extended", or fully stretched-out, conformation. The strands may lie 

parallel or antiparallel to each other, and the side-chain direction alternates above and below the 

sheet. Hemoglobin contains only helices, natural silk is formed of beta pleated sheets, and many 

enzymes have a pattern of alternating helices and beta-strands. The secondary-structure elements 

are connected by "loop" or "coil" regions of non-repetitive conformation, which are sometimes 

quite mobile or disordered but usually adopt a well-defined, stable arrangement. 

 

The overall, compact, 3D structure of a protein is termed its tertiary structure or its "fold". It is 

formed     as     result     of     various     attractive     forces     like hydrogen     bonding, disulfide 

bridges, hydrophobic interactions, hydrophilic interactions, van der Waals force etc. 

 

When two or more polypeptide chains (either of identical or of different sequence) cluster to 

form a protein, quaternary structure of protein is formed. Quaternary structure is an attribute 

of polymeric (same-sequence    chains)    or heteromeric (different-sequence    chains)    proteins 

like hemoglobin, which consists of two "alpha" and two "beta" polypeptide chains. 

 

Apoenzymes 
 
An apoenzyme (or,  generally,  an  apoprotein)  is  the  protein  without  any  small-molecule 

cofactors, substrates, or inhibitors bound. It is often important as an inactive storage, transport, 

or secretory form of a protein. This is required, for instance, to protect the secretory cell from the



activity of that protein. Apoenzymes become active enzymes on addition of a cofactor. Cofactors 

can be either inorganic (e.g., metal ions and iron-sulfur clusters) or organic compounds, (e.g., 

[Flavin group|flavin] and heme). Organic cofactors can be either prosthetic groups, which are 

tightly bound to an enzyme, or coenzymes, which are released from the enzyme's active site 

during the reaction. 

 

Isoenzymes 
 

Isoenzymes,  or  isozymes,  are  multiple  forms  of  an  enzyme,  with  slightly  different protein 

sequence and closely similar but usually not identical functions. They are either products of 

different genes, or else different products of alternative splicing. They may either be produced in 

different organs or cell types to perform the same function, or several isoenzymes may be 

produced  in the same cell  type under differential regulation  to  suit the needs  of changing 

development or environment. LDH (lactate dehydrogenase) has multiple isozymes, while fetal 

hemoglobin is an example of a developmentally regulated isoform of a non-enzymatic protein. 

The relative levels of isoenzymes in blood can be used to diagnose problems in the organ of 

secretion . 

Surface modification and conjuction to nanomaterial 
 
 

Introduction 
 
 

In the last two decades a lot of attention has been payed on the preparation of nanoscaled materials 

and recently, depending on the development of new fabrication and characterization techniques, 

materials composed of a few atoms up to hundreds of atoms can be synthesized and their properties 

determined easily. Nano sized materials, as compared to their bulk counterparts, exhibit new 

characteristic optical, electrical and magnetic properties due to the enhanced surface to volume 

ratio and quantum confinement effects emerging in these size ranges. These new features of 

nanoparticles offers them the possibility to be used in a wide range of technological (magnetic 

data storage, refrigeration), environmental (catalysts, hydrogen storage), energy (lithium-ion 

batteries, solar cells) and biomedical applications. In biomedical applications there are different 

kind of nanoparticles used like metallic , magnetic, fluorescent (quantum dot) , polymeric and 

protein-based nanoparticles , in which much of the research in this field is focused on the 

magnetic nanoparticles. In this review only magnetic nanoparticles, which are composed of a 

magnetic core surrounded by a functionalized biocompatible surface shell will be concerned, 

where several reviews on vother type of nanoparticles are available in the literature. In the scope 

of the text particular attention will be payed on superparamagnetic iron oxide (SPIONs), which is 

beyond the most studied one among all types of magnetic nanoparticles. In



the beginning of the article, the biomedical applications of magnetic nanoparticles are summarized 

together with the key factors effecting the nanoparticles’ performance in these applications. Then 

the requirement for the surface treatment of the nanoparticles are discussed in the context of 

colloidal stability, toxicity (biocompatibility) and functionalization. Finally, the followed 

procedures for the surface coating of magnetic nanoparticles are briefly explained and the different 

materials used as surface coatings are listed in detail with examples from literature. 

 
2. Biomedical applications of magnetic nanoparticles 

 
 

Magnetic nanoparticles (MNP) with dimensions ranging from a few nanometers up to tens of 

nanometers, thanks to their comparable or smaller size than proteins, cells or viruses, are able to 

interact with (bind to or penetrate into) biological entities of interest . These size advantages of 

MNPs together with their sensing, moving and heating capabilites based on the unique nanometer-

scale magnetic and physiological properties give them the possibility to be used in biomedical 

applications such as magnetic resonance imaging (MRI), targeted drug delivery and hyperthermia 

. 

 
In MRI, which is the most promising non-invasive technique for the diagnosis of diseases, 

MNPs are used as contrast enhancement agents . The improved contrast in MR images permits 

better definition and precise locating of diseased tissues (such as tumors) together with monitoring  

the  effect  of  applied  therapy.  The  operation  of  MRI  is  based  on  the  Nuclear Magnetic  

Resonance  (NMR)  phenomena  and  the  image  processing  is  realized  by spatially encoding 

of NMR signal of water protons which comes from different volume elements in the body called 

voxels. The image contrast in MRI depends mainly on proton density, spin-lattice (T1) and spin-

spin (T2) nuclear relaxation times, differently weighted along different parts (voxels) of the body.  

The so-called contrast agents (CAs) themselves  do not generate any signals, yet they contribute 

to the nuclear relaxation of water protons by creating local magnetic fields, which are fluctuating 

in time through different mechanisms like magnetization reversal and water diffusion. As a 

consequence, the CAs decrease or increase the MRI signal intensity in the tissues by shortening 

both the T1 and T2 relaxation times of nearby protons resulting darker or brighter points in the 

image. The contrast enhancement efficiency of CAs is measured by the relaxivity r1,2, which is 

defined as the increament of the nuclear relaxation rates 1/T1,2 of water protons induced by one 

mM of the magnetic ion. The CAs having a ratio r2/r1 greater than two, especially at magnetic 

fields mostly used in MRI tomography (0.5, 1,5 or 3 Tesla), are classified as T2-relaxing (or 

negative) CAs since they more effectively decrease T2 rather than T1. On the other side CAs, 

characterized with a ratio r2/r1 smaller than two, have more pronounced effect on



T1 and  hence  called  as  T1-relaxing  (or  positive)  contrast  agents  .  The  MNPs  showing 

superparamagnetic property at physiological temperatures generally serve as T2-relaxing CAs 

and they negatively improve the image contrast resulting darker spots where they are delivered. 

Commercially a wide variety of superparamagnetic iron oxide (SPIO) based negative CAs are 

available in the market like Endorem, Sinerem, Resovist, Supravist, Clariscan, Abdoscan etc., 

where  each  of them  are used  for different  puposes  or in  different  organs  in  clinical  MRI 

application. 

 
In a second biomedical application called magnetic hyperthermia, which is a thermally treatment 

of  cancerous  cells  based  on  the  fact  that  the  cancer  cells  are  more  susceptible  to  high 

temperatures  than  the  healthy ones,  the MNPs  can  be used  as  heating mediators  .  In  this 

technique after concentrating the MNPs in the region of malignant tissue (by targeting or by 

direct injection), the MNPs are made to resonantly respond to a time-varying magnetic field and 

transfer  energy from  the exciting field  to  the  surroundings  as  heat.  By this  way using  an 

alternating field with sufficient intensity and optimum frequency, the temperature of tissue can 

be increased above 40-42 
o
C and the infected cells could be selectively destroyed. According to 

 

the models describing the heat release mechanisms of MNPs, increasing the frequency and the 

amplitude of the alternating field promises to significantly enhance the amount of released heat, 

but the limitations imposed by the biological systems restrict these values under a few tens of 

kA/m and a few hundreds of kHz for the field strength and frequency, respectively . The MNPs’ 

heating capacity in magnetic hyperthermia is denoted by Specific Absorbtion Rate (SAR) or in 

another term Specific Loss of Power (SLP), which is a measure of the energy converted into heat 

per unit mass. As the similar case in MRI CAs, the majority of magnetic hyperthermia heat 

mediators investigated to date are based on iron oxide MNPs, where in these studies the typical 

values reported for the maximum attained SAR range between 10 and 200 W/g . However, it has 

been also focused on several systems alternative to iron oxide, where in some of them SAR 

values 3-5 times larger than those of similar iron oxide MNPs are attained for the same field 

parameters . Recently, although there are lots of in-vitro studies about magnetic hyperthermia, 

the therapy with hyperthermia is still in pre-clinical stage and only a few studies on human patients 

are reported . However, in cancer treatment the magnetic hyperthermia is thought to be introduced 

as a complementary technique to chemo- and radiotherapy as increasing the effects of these 

therapies . 

 
In another major in-vivo application, the MNPs are used as drug carriers in a magnetic ‘tag- 

drag-release’ process called targeted drug delivery. In a drug delivery process the MNPs, loaded



with special drug molecules or conventional chemotherapy agents, are directly vectorized to tumor 

cells by targeting ligands on their surfaces or they brought into the vicinity of target tissue through 

magnetic forces exerted on them under an applied external magnetic field. Once the drugs/carriers 

are concentrated at the diseased site, the drugs are released from the carriers, again through 

modulation of magnetic field, enzymatic activity or changes in physiological conditions such as 

pH, osmolality or temperature. With this approach, the tumor cells can be destroyed by 

concentrating only the required quantity (dose) of drugs at target specific locations with minimized 

side effects on healthy tissues. The performance of the application depends mainly on the drug 

release kinetics and the cellular uptake of MNPs in tissues. There are huge number of drug delivery 

studies in the literature reporting both in-vitro and in-vivo results on different cell cultures  and  

different  types  of tumors  respectively,  where in  these  studies  several  kind  of targeting ligands 

and anticancer drugs are tested and in most of them again superparamagnetic iron oxide is used as 

magnetic core . Generally in the design of MNPs for targeted drug delivery, in order to monitor 

the effect of the therapy, MRI contrast increament ability of the same MNP system is also 

investigated . 

 
Actually in recent years much more interest has been concentrated on multifunctional MNPs, in 

which the above mentioned diagnostic (MRI) and therapeutic (hyperthemia and drug delivery) 

capabilities are combined . Although some MNP-based MRI contrast agents are commercialy 

available on one side and magnetic hyperthermia is already utilized in conjunction with other kind 

of therapies on the other side, MNPs optimized to perform both functions (diagnostic and 

therapeutical) have not been developed yet. Indeed the possibility to associate therapeutic effect 

generated by the heat release and delivered drugs with the enhanced contrast in MRI images, is 

extremely appealing since it would provide the possibility before heating the tissue to track the 

particle distribution by MRI, and after the drug therapy or thermotherapy to have an immediate 

control of the efficacy of the treatment itself. In Figure.1 a summarized illustration of biomedical 

applications has been shown.



 

 

 
Figure 1. 

 
 

Biomedical applications of magnetic nanoparticles (image has been reproduced from A. Lasicalfari 

et al. . 

 
3. Design of MNPs for biomedical applications 

 
 

In many biomedical applications of MNPs, usually a core/shell structure is required, where the 

inorganic magnetic core is surrounded by an outer layer of shell (coating). The successfull 

design of MNPs needs a carefull selection of magnetic core and surface coating material, where 

the first mainly determines the MNPs’ above mentioned heating, sensing etc. abilities related 

with application eficiency and the second specifies the interaction of these MNPs with 

physiological environment. In following sections the properties of magnetic core and the surface 

coating are discussed in detail. 

 
3.1. Magnetic core 

 
 

In the selection of magnetic core some important aspects should be taken in the consideration, such 

that for the first the magnetic core should be crystalline and smaller than a critical size as to consist 

of only one magnetic domain. This ensures that the single-domain nanoparticles exihibit 

superparamagnetic behaviour with zero remanent magnetization in the absence and a very high 

magnetization (approximately three orders of magnitude greater than paramagnetic materials) in 

the  presence  of  an  external  field.  This  physical  phenomenon  is  the  key  requirement  for 

biomedical applications since the particles can be dispersed and concentrated in solution in-vitro 

or in blood circulation in-vivo, without forming magnetized clusters and they can also respond to 

an instantly applied field with some kind of magnetic on/off switching behaviour. For the second



aspect, the size distribution of the magnetic cores should be as narrow as possible and third, all the 

magnetic cores in a particular sample should have a unique and uniform shape (monodispersed). 

This is because all the magnetic and physico-chemical properties strongly depend on the size and 

shape of the magnetic cores. From an applicative point of view the size, properly speaking the 

hydrodynamic size which is the total diameter of MNP including the coating tickness, is also 

important for the elongation of MNPs’ circulation time in blood and for the improvement  of  their 

internalization  by the  cells  at  the target  tissue such  that  smaller nanoparticles have bigger 

chance to reach the target cells and to penetrate inside them. 

 
In  the search of suitable elements for the magnetic core of MNPs, among other magnetic 

materials transition metals like Fe, Ni, Co and Mn are good candidates since they offer high 

magnetization values which is important for high performance MRI and hyperthermia 

applications. However they are not stable and oxidate very quickly yet in the synthesis step, if they 

are not specially treated. For this reason transition metal oxide compounds (also called ferrites) 

which are stable and have acceptable magnetizations are generally introduced in biomedical 

applications. Superparamagnetic iron oxide (SPION), belonging to ferrite family, is the most 

commonly employed one in biomedical applications. Nanocrystalline iron oxides have an inverse 

spinel crystal structures, where the oxygen atoms form face centered cubic lattices and iron ions 

occupy tetrahedral (Td) and octahedral (Oh) interstitial sites (Figure.2). İron oxide generally exist 

as two stable forms called magnetite (Fe3O4) and its γ phase maghemite (γ- Fe2O3), but there is 

also a α phase called hematite (α-Fe2O3), which is not stable and obtained by 

thermal treatment of magnetite or maghemite. In magnetite, bivalent Fe
+2 

ions occupy Oh sites 

and trivalent Fe
+3 

ions are equally distributed between Oh and Td sites, whereas maghemite, 

which  can  be  result  from  the  oxidation  of  magnetite,  only  contains  Fe
+2 

ions  distributed 

randomly over Oh and Td sites . In magnetite, since there is the same number of Fe
+3 

ions in 

Oh and Td sites, which compensate for each other, the resulting magnetization arises only from 

the uncompensated Fe
+2 

ions in Oh sites. On the other side the magnetization of maghemite 

originates  from  uncompensated  Fe
+3 

ions.  However  their  magnetic  behaivours  and  other 

properties are quite similar, which makes it very difficult to distinguish between them.



 

 

 
Figure 2. 

 
 

The cubic inverse spinel crystal structure of iron oxide showing Td and Oh sites 
 
 

Alternatively other types of ferrites were also studied for biomedical  applications. In these 

ferrites, as compared to the iron oxide nanocrystalls, Fe
+2 

ions are fully or partially replaced by 

other transition metals in spinel structure and they represented by a general formula (MFe2O4; 

M=Zn, Ni, Co, Mn). Manganese ferrites (MnFe2O4) serve as potential MRI contrast agents with 

largest magnetization among other ferrites  and zinc ferrite (ZnFe2O4) nanocrystals demonstrated 

better MRI contrast with respect to similar magnetite nanocrystals . On the other side as regard 

to magnetic hyperthermia, the use of cobalt ferrites (CoFe2O4), known by its high magnetic 

anisotropy energy which is responsible for holding the magnetization along certain direction, has 

proven to be a good way since much higher heating rates were reported for these nanocrystals 

compared  to  other ferrites  .  Another strategy followed  in  the design  of magnetic  core  for 

biomedical applications is the synhesis of mixed ferrites, where simple ferrites including one 

kind of magnetic ion except iron are doped with other kind of magnetic ion. This is generally 

realized in order to utilize from different outstanding magnetic features of different ions. For 

example in hyperthermia application, Co, being a hard magnetic material, is doped to other ferrites 

(MFe2O4) in changing concentrations (CoxM1-xFe2O4; x=concentration) in order to increase the 

magnetic anisotropy eventually to improve the heat transfer rate, whereas Zn is added  for 

reducing the  Curie temperature of  resulting mixed  ferrite  .  This  latter operation 

permits the tuning of the maximum reached temperature by heat transfer and prohibits overheating   

of   healthy   tissues   via   the   process   called   self-controlled   hyperthermia 

. Table.1 summarizes some important magnetic parameters of transition metal oxides (ferrites) 
 

used in biomedical applications. 
 
 

Another class of materials used as magnetic cores are the magnetic alloy nanoparticles, which 

composed of two or three different kind of metals like FeCo, FePt and NiCu. FePt is the most 

famous one among these materials due to its chemical stability and high magnetic anisotropy.



Maenosono and Saita have studied FePt nanocrystals and proposed them to be used as high 

performance  contrast  agents  and  heating  mediators  in  MRI  and  magnetic  hyperthermia, 

respectively . 
 

RT                saturation Anisotropy Curie  

Superparamagnetic

Ferrites magnetizationMs constantK1 (x104 temperatureTc  

sizeDSP (nm)

(emu/g) J/m3) (oC)

 
Fe3O4         90-100                             -1.2                        585                         25 

 

 

NiFe2O4   56                                    -0.68                      585                         28 
 

 

CoFe2O4  80-94                               18-39                     520                         14 
 

 

MnFe2O4 80                                    -0.25                      300                         25 
 

 

Table 1. 
 

Some important magnetic parameters (room temperature saturation magnetization, first degree 

anisotropy constant, Curie temperature and superparamagnetic transition size) of ferrites 

 
Although MNPs can be prepared with several techniques including inert gas condensation , 

mechanical milling , spray pyrolysis , sol-gel , vapor deposition  and wet chemical processes , all 

the before mentioned key requirements for biomedical applications like crystallinity, size and 

shape uniformity together with other criterias for organic/inorganic coating of MNP, can be 

satisfied by hydrothermal chemical decomposition method, which is the most common one used 

in the synthesis of MNPs for biomedical applications. In this liquid phase synthesis method, 

basically several organometalic precursors with suitable sitochiometric ratios are put in reaction 

in the presence of some organic surfactants or polimers. During the decomposition process at 

high tempertature, in order to prohibit a possible oxidation, continously an inert gas is fluxed 

through the mixture and at the end of the reaction the desired nanomaterial is obtained as a 

precipitate. The method enables the control on size of the MNPs through systematically change 

of the reaction parameters like concentration, reaction temperature and reaction time. In the 

method, MNPs with very narrow size distributions (σ~% 10) are synhesized and the distribution 

can  be further  improved  (down  to  σ~% 5)  by subsequently precipitating,  redispersing  and 

centrifuging of the particles, so-called as size selection processes (Figure.3). S. Sun and co- 

workers have published several pioneering papers in this area, where they have introduced 

hydrothermal routes for the synthesis of size-controlled MNPs for the first time and they have 

synthesized  monodispersed  iron  oxide  ,  other  transition  metal  oxides  and  iron-platinum



nanoparticles by using this method. The other advantages of the methods are the abilities of 

large quantity production of MNPs and the subsequent coating of them which will be explained 

in detail in the following of the chapter. 

 
Another common technique used in MNP synthesis for biomedical applications is the co- 

precipitation method. It has some disadvantages against thermal decomposition method like 

lower crystallinity and lower monodispersity but the procedure is easier and at the end of the 

procedure larger amount of product can be yield. The method is based on the simultaneous 

nucleation and growth of magnetic cores by dissolving metal salt precursors in aquaeous 

environment with changing pH and temperature . Alternatively this reaction can be governed in 

a confined environment via microemulsion method. In this method the co-precipitation reaction 

takes place in some kind of “nano-reactors” called micelles, those are dispersions of two 

immiscible liquids like oil-in-water or water-in-oil (reverse micelle). The main advantage of the 

microemulsion is to ensure that the reaction occurs in an isolated media limiting the particle growth 

and it is possible to control the size of the magnetic core precisely by changing the size of the 

micelles .



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3. 
 
 

An illustration of nanoparticle synthesis by high temperature thermal decomposition method and 

size selection processes. 

 
3.2. Surface coating 

 
 

In the design of MNPs, except the selection of a suitable magnetic core, fine tuning of surface 

coating materials represents a major challenge for the practical use of MNPs in clinical 

applications. The coating can consist of long-chain organic ligans or inorganic/organic polymers,



where  these  ligands  or  polymers  can  be introduced  during  (in-situ  coating)  or  after (post- 

synthetic coating) synthesis. During the in-situ coating, which is the procedure followed in co- 

precipitation synthesis technique, precursors of magnetic cores and coating materials are dissolved 

in the same reaction solution, and the nucleation of magnetic core and the coating occurs 

simultaneously. On the contrary in post-synthetic coating, which is the case in MNP synthesis 

with thermal decomposition technique, the surface coating materials are introduced after the 

formation of magnetic cores. In both procedures in order to link the surface molecules to magnetic 

cores, generally two different approaches; either end-grafting or surface- encapsulation are 

followed. In the former one, the coating molecules are anchored on magnetic core by the help of 

a single capping group at their one end, whereas in the latter generally polymers, already carrying 

multiple active groups, are attached on the surface of magnetic core with multiple connections 

resulting stronger and more stable coatings. 

 
In some cases, surface modification of MNPs can drammatically change the magnetic properties 

hence the performance of the MNPs in biomedical applications depending on which coating 

material is used and how these materials are linked on the magnetic core surface as discussed above. 

Formation of chemical bonds between coating molecules and surface metal ions changes the 

surface spin structure and consequently the magnetic properties of coated MNPs with recpect to 

uncoated ones. Actually it is difficult to discriminate between surface coating and finite size 

contributions, the latter being the effect of surface spin canting due to the minimization of 

magnetostatic energy at the surface and observed also in uncoated particles . In finite size effect 

the canted spins at MNP’s surface, do not respond to an external applied magnetic field as the bulk 

spins and give rise to a significant decrease in net magnetization, where this effect becomes 

dominant in smaller MNPs, since the volume fraction of disordered surface spins are increased . 

On the other side, the physical origin of the surface coating effect on magnetic properties is still 

unclear and different results were reported in several studies for different kind of magnetic cores 

and coating materials. For example, Vestal and Zhang have investigated the influence of the surface 

coordination chemistry on the magnetic properties of MnFe2O4 nanoparticles by capping the 4, 12 

and 25 nm sized MnFe2O4 nanoparticles with a variety of substituted benzenes and substituted 

benzoic acid ligands and observed an increase in saturation magnetization, whereas a decrease is 

reported by Ngo et al. for citrate coated 3 nm CoFe2O4 nanoparticles. On the other hand, no 

significant change in the magnetic properties of 10 nm sized γ-Fe2O3 nanoparticles is observed for 

different surface chemical treatments such as NO3, ClO4 and SO4 . Another in- direct effect of 

the surface coating on magnetic properties, which should be mentioned, is to reduce the magnetic 

interparticle interactions through decreasing the distance between magnetic



cores. This is important since strong interparticle interactions can alter the MNPs’ overall magnetic  

properties  i.e.  superparamagnetic  behaivour  and  diverse  it  from  isolated  ones. Dormann and 

Fiorani have published several important papers investigating the magnetic interparticle 

interactions and the effect of coating . 

 
The surface coating of MNPs plays a crucial role in biomedical applications by fulfilling more 

than one function at a time. The organic/inorganic surface coating is important for i) prohibiting 

agglomeration (clustering) of MNPs due to the above mentioned interparticle interactions and 

eventually providing the colloidal stability of water/organic solvent based suspensions/solutions 

(ferrofluids) prepared with MNPs ii) providing biocompatibility of MNPs by preventing any 

toxic ion leakage from magnetic core into the biological environment iii) serving as a base for 

further anchoring of functional groups such as biomarkers, antibodies, peptides etc. In the next 

paragraphs these functions of MNP’s surface coating are discussed in detail. 

 
3.2.1. Stability 

 
 

The stabilization of the MNPs is crucial to obtain magnetic colloidal ferrofluids that are stable 

against aggregation both in a biological medium and in a magnetic field. By coating the MNPs, 

direct  contacts  among  the  particles  are  prevented  by  surface  ligands  and  polymer  chains 

extending into the medium. Therefore, no aggregates of particles will be formed or the rate of 

precipitation will be decreased depending on the degree of covarege of coating on the particles 

and the thickness of the coating layer. The stability of a magnetic colloidal suspension results 

from the equilibrium between attractive (magnetic dipol-dipol, van der Waals) and repulsive 

(electrostatic, steric) forces . Controlling the strength of these forces is a key parameter to elaborate 

MNPs with good stability. A suitable surface coating should not only keep the MNPs apart from 

each other, eliminating the distance dependent attractive forces but should also ensure the charge 

neutrality and steric stability of MNPs in aquaeous or organic media. The MNPs capped by 

hydrophilic surfactants like dodecylamine, sodium oleate can be easily dispersed in aqua but when 

they are stabilized by hydrophobic surfactants like oleic acid, oleylamine, which is the frequent 

case in the MNP synthesis with thermal decomposition method, they can only be dispersed  in  

nonpolar  solvents  such  as  hexane,  toluene  or  weak  polar  solvents  such  as chloroform. 

Therefore in order to stabilize these MNPs in aquaeous media, different kind of polymers can be 

introduced on MNPs either by end-grafting or surface encapsulation or as an alternative strategy, 

the MNPs can be capped with amphiphilic molecules, consisting both hydrophobic  and  

hydrophilic  regions  at  their  opposite  ends  via  hydrophobic  interactions resulting micelle-like 

structures .



3.2.2. Toxicity (Biocompatibility) 
 
 

Another critical point which should be considered in the design of MNPs for biomedical 

applications is the toxicity of magnetic ion included in the magnetic core. The surface coating 

ensures a double- sided isolation both preventing the release of toxic ions from magnetic core 

into biological media and shielding the magnetic core from oxidization and corrosion. Among 

different types of MNPs iron oxide is by far the most commonly employed one for in vivo 

applications since iron is physiologically well tolerated. This is partially because the body is 

designed to process excess iron and it is already stored primarily in the core of the iron storage 

protein called ferritin. Manganese (Mn) and Zinc (Zn) are other essential trace elements in 

human bodies, but their tolerable limit is much lower than iron’s, so a surface manipulation is 

required [59]. Other elements, such as Co and Ni, which are desired for their high performance 

in hyperthermia application, are highly toxic and necessitates proper coatings when they are 

used in vivo. During in vivo applications once the MNPs are injected into the body, they are 

recognized  by the body’s  major defence  system  (also  known  as  reticuloendothelial  system 

(RES)), which eliminates any foreign substance from blood stream. In this “opsonisation” process, 

MNPs are attacked by plasma proteins, which are sent by RES and are responsible for the 

clearance of MNPs. The specific surface coatings prevent the adsorbtion of these proteins, thus 

elongate the MNPs circulation time in blood and maximize the possibility to reach target tissues 

[60]. 

 
3.2.3. Functionalization 

 
 

In order to enable the direct use of MNPs in biomedical applications, the MNPs should be 

further functionalized by conjugating them with functional groups. The surface coating provides 

suitable base for the attachment of these functional groups on MNPs. These groups such as 

antibodies, peptides, polysaccharides etc. permit specific recognition of cell types and target the 

nanoparticles to a specific tissue or cell type by binding to a cell surface receptor. Usually some 

linker   molecules   such   as   1-ethyl-3-(3-dimethylaminopropyl)   carbodi-mide   hydrochloride 

(EDCI), N-succinimidyl 3-(2-pyridyldithio) propionate (SPDP), N-hydroxysuccinimide or N, 

N’-methylene bis acrylamide (MBA) are also used to attach the initial hydrophilic coated 

molecules to these targeting units [58]. In practice although the targeted cell population  is 

recognized  with  high  specifity,  the  fraction  of  targeted  cells  interacting  with  the  antibody 

attached MNP is relatively low. Actually the effectiveness of biomedical applications depends 

more on cell-nanoparticle interactions than particle targeting. It is indicated that the cell membranes 

plays an important role in cell-nanoparticle interactions, either particle attachment to



the cell membrane or particle uptake into the cell body. In order to clarify the nature of cell- 

nanoparticle interactions, usually phospholipid bilayers mimicking a cellular membrane or living 

cell membranes are used in studies. 

 
3.2.4. Surface coating materials 

 
 

For utilizing all the above mentioned functionalities of MNP’s surface coating, different criterias 

of inorganic/organic molecules and polymers such as hydrophobic or hydrophilic, neutral or 

charged, synthetic or natural etc. are considered. The polymer coatings can be classified as 

natural polymers such as chitosan, dextran, rhamnose or synthetic polymers like 

polyethyleneglycol (PEG), polyvinyl alcohol (PVA), polyethyleneimine (PEI), 

polyvinylpyrolidone (PVP). In some cases other organic molecules including oleic acid, 

oleylamine, dodecylamine and sodium oleate are also used to enhance water solubility of MNPs. 

On the other side, there are very less number of inorganic materials available for MNPs surface 

coatings, in which gold (Au) and silica (SiO2) are the most common used ones due to their 

biocompatibility. In Figure.4 a representative sketch of MNPs with different types of coatings 

are shown. In the next paragraphs, these coating materials are introduced in detail by summarizing 

their outstanding properties and by discussing their feasibility in clinical applications with recent 

examples from literature. 

 

 

 
Figure 4. 

 
 

A representative sketch of MNPs with different types of surface coatings: (a) inorganic materials 
 

(b) long chain organic molecules (c) organic polymers 
 
 

3.2.4.1. Inorganic surface coatings 
 
 

Gold (Au)



Nanosized gold (Au) attracts too much attention due to its unique physical properties combined 

with chemical stability, biocompatibility and surface properties which permits its attachment to 

different chemical moieties. Surface modification of MNPs with biocompatible gold, both provides 

the in-water stabilization of particles by preventing their agglomeration and enables their 

fuctionalization by the attacment of several ligands on them. From applicative point of view, 

it also maintains the incorporation of some optical properties on MNPs promoting their use in 

dual-mode (optical and magnetic diagnosis) applications. Gold nanosurface shows surface 

plasmon resonance (SPR) phenomena, which triggers MNPs to strongly absorb and scatter near 

infrared wavelengths (Surface Enhanced Raman Scattering-SERS) accepted as “clear window” for 

deeper penetration of light into the human tissue . In this respect gold modified MNPs, 

besides other applications, can simultaneously be used in SERS imaging, where detection in 

molecular level is possible enabling the diagnosis of diseases at very early stages. E. Umut et al. 

have synthesized organically coated monodispersed gold-iron oxide hybrid nanoparticles 

following the chemical procedures introduced by W. Shi   and H. Yu , and showed that the 

superparamagnetic hybridnanoparticles have MRI contrast enhancement abilities associated with 

optical properties based on SPR phenomena, where the optical SPR absorbance depens on the 

geometry of synthesized hybrid nanoparticles. Similarly X. Ji et al. have fabricated 

hybridnanoparticles where superparamagnetic iron oxide nanoparticles were embedded in silica 

and further coated with gold nanoshell, and they exihibit that the resulting nanoparticles both can 

improve the MRI contrast and have efficient photothermal effects when exposed to near infrared 

light. In another study H. Y. Park et al.   have synthesized Fe3O4@Au coreshell nanoparticles 

with controllable size ranging from 5 to 100 nm following a hetero-interparticle coalescence 

strategy and demonstrated the surface protein-binding properties and SERS effectiveness of 

synthesized nanoparticles. There are lots of similar studies in the literature, where gold 

nanoparticles or nanosurfaces are introduced in different “smart” nanostructures for utilizing its 

optical properties together with surface binding properties in multifunctional manner . 

 
Silica (SiO2) 

 
 

Another inorganic but “biofriendly” material used as MNPs’ coating is silica, which is known 

for its chemical stability and easy-to-formation. The first advantage of having surface enriched 

in silica is the presence of silanol groups, which can easily react with coupling agents providing 

strong attachment of surface ligands on MNPs . As a second advantage, silica coating increases 

the stabilization of MNPs in liquid dispersions both by preventing the dipolar attractions and by 

increasing  the  surface  charges  hence  the  electrostatic  repulsions  between  particles  in  non-

mailto:Fe3O4@Au


aquaeous dispersions. There are several succesfull methods available for the formation of silica 

coating, in which the mostly used one is the Stöber method, where a hydrolysis reaction of 

tetraethyl ortosilicate (TEOS) is governed in alcohol media under catalysis by ammonia . In 

different studies reporting the synthesis of silica coated iron oxide nanoparticles, Y. H. Deng et 

al. have used Stöber method and obtained spherical coreshell nanoparticles by the condensation 

of TEOS  in sol-gel  form  on  pre-formed  magnetite nanoparticles  and  have investigated  the 

morphology and the thickness of the coating by systematically changing the used alcohol type or 

the amount of alcohol, amonia and TEOS . S. Santra et al. have applied water-in-oil microemulsion 

method again for the coating of previously synthesized iron oxide nanoparticles by using different 

nonionic surfactants and obtained as small as 1-2 nm and very uniformly sized (with standard 

deviation less than 10%) nanoparticles . In another study D. K. Yi and colleagues, again by 

following a reverse microemulsion method, have synthesized homogenous silica-coated 

SiO2/Fe2O3 nanoparticles with changing shell thickness at first stage and then they used these 

nanoparticles to derive mesoporous silica-coated SiO2/Fe2O3 MNPs and hollow SiO2 nanoballs . 

In these studies the effect of coating and coating tickness on the magnetic properties of iron 

oxide were also investigated. As being in Au coated MNPs, attachment of different functional 

components to silica encapsulated MNPs either by embedding into or binding onto silica shell, 

smart engineering nanostructures realizing more than one function can be prepared . 

 
3.2.4.2. Organic surface coatings 

 
 

Chitosan 
 
 

Natural polymers and their derivatives have been widely utilized for coating of MNPs for in vivo 

applications. This is because such polymers are inexpensive and are known to be nonimmunogenic 

and nonantigenic in the body. They are usually anchored onto the surfaces of MNPs through 

carboxylate groups on their side chains. Chitosan is a natural polysaccharide cationic polymer, 

which is nontoxic, hydrophilic and biodegredable. There are lots of studies introducing chitosan as 

MNP carriers with the aim of use in biomedical applications. Y. Chang and D. Chen have reported 

the preparation of 13,5 nm sized chitosan coated magnetite nanoparticles, where the chitosan was 

first carboxymethylated and then covalently bound on the surface of preformed magnetite 

nanoparticles via carbodiimide activation. They have also demonstrated  that  the  synhesized  

nanoparticles  can  be  efficiently  used  in  magnetic  ion separation. Thereafter instead of this two 

step suspension crosslinking approach, J. Zhi et al. proposed an alternative method for in situ 

preparation of chitosan-magnetite nanocomposites in water-in-oil  microemulsion  .  By  this  

method  they  have  synthesized  spherical  chitosan



nanoparticles in varying size from 10 nm to 80 nm with cubic shaped magnetite core. D. Kim et 

al. have prepared chitosan and -its derivative- starch coated iron oxide nanoparticles with the 

aim of treatment carcinoma cells by magnetic hyperthermia . After performing in vitro cell 

cytotoxity and affinity tests together with magneto-caloric measurements on magnetic fluids, 

they have shown that targeting of MNPs to cells was improved by using a chitosan coating and 

the coated MNPs are expected to be promising materials for use in magnetic hyperthermia. In 

another study published by Y. Ge et al. chitosan coated maghemite nanoparticles were modified 

with fluorescent dye by covalent bonding for dual-mode high efficient cellular imaging. They have 

shown that prepared nanoparticles could be efficiently internalized into cancer cells and serves as 

MRI contrast agents and optical probes for intravital fluorescence microscopy . 

 
Dextran 

 
 

Another natural polymer is dextran, which is a neutral, branched polysaccharide composed of 

glucose subunits. Dextran is one of the most frequently chosen polymer because of its high 

biocompatibility. The studies conducted in order to find the biocompatibility of dextran have 

shown that the surface-immobilized dextran on MNPs is stable in most tissue environment, because 

dextran is resistant to enzymatic degradation . However, the cellular uptake of dextran coated 

MNPs are not sufficient for most biomedical applications. One strategy to overcome this handicap 

has been reported by A. Jordan et al. as creating aminosilane groups on the surface of MNPs and 

by following this approach in vitro cellular uptake of such nanoparticles in carcinoma and 

glioblastoma cells was found to be thousand times higher than that of only dextran-coated MNPs 

. With this method also much more efficient hyperthemia results have been obtained. Another 

pathway to increase the internalization of dextran coated particles by tumor cells is the further 

coupling of them with specific ligands. Some authors, with the aim of achieving better localized 

MRI contrast, have attached “transferrin” onto dextran coated MNPs and the cellular uptake of 

these ligand modified MNPs were two or four times higher compared to unmodified ones . There 

are many studies reporting different synthesis methods for preparing dextran-coated iron oxide 

nanoparticles  and investigating their interaction with cells. 

 
Polyethylene Glycol (PEG) 

 
 

PEG is a neutral, hydrophilic, linear synthetic polymer that can be prepared with a wide range of 

terminal functional groups. By varying these functional groups, PEG can be binded to different 

surfaces. PEG coated MNPs reveal excellent stability and solubility in aquaeous dispersions and 

in pysiological media. Moreover the implementation of PEG as a surface coating of MNPs



drammatically increases the blood circulation time of MNPs, enhancing their hinderence from 

the body’s defence system. But as compared to multi-branched dextran coating, surface 

immobilized PEG permits limited grafting of further macromolecules since it has only one site 

available for ligand coupling. Related with the cellular uptake performance, Zhang et el.  have 

shown that the amount of internalized PEG coated MNPs into mouse macrophage cells are much 

lower than uncoated MNPs. However, for breast cancer cells PEG modification of MNPs promotes  

better internalization  of particles,  where this  situation  is  explained  with  the high solubility  

of  PEG  in  physiological  media  hence  the  possibility  of  its  diffusion  into  cell membranes . 

In any case, as being in dextran coated MNPs, additional surface coupling of targeting ligands on 

PEG modified MNPs increases their cellular uptake. In order to attain a better intracellular 

hyperthermia efficacy, M. Suzuki et al. have attached monoclonal IgG antibody on the surface 

of PEG-modified magnetite nanoparticles and showed that cellular uptake of particles is 

improved . 

 
Fabrication and applications of DNA nanowires 

 
Nanowire is a functional material that has great potential for integration with different technologies 

such as integrated circuits , solar cells , fuel cells , and bio-sensing , to generate various novel 

devices and applications. Various semiconductor nanowires and nanowire field- effect transistor 

(FET) devices have been developed via top-down approaches, including Si, InP 

, GaN , and ZnO , among others. The fabrication of several commercialized electronic devices, 

such as n- or p-type doped semiconductor nanowires, nanoscale FETs, p–n junctions, and 

nanoscale light-emitting diodes, has been carried out using electron-beam lithography . A typical 

inorganic, semiconductor nanowire FET device has three electrodes: source, drain, and gate 

electrodes (Fig. 1(a), left panel). The source, drain, and top gate electrodes are usually deposited 

on top of the inorganic semiconductor nanowire in conjunction with electron-beam patterning. For  

an  n-type  (p-type)  nanowire  FET  device,  the device conductivity and  current  increase 

(decrease) with the increase (decrease) of the positive gate voltage (Fig. 1(a), right panel). For 

example, in a semiconductor nanowire FET made of n-type zinc tin oxide (ZTO) nanowires and 

p-type poly(3-hexylthiophene-2,5-diyl) (P3HT) nanowires (Fig. 1(b)) , the p–n junction in the 

forward bias voltage region can be gated to switch on or off the diode function (Fig. 1(c)). The 

nanoscale p–n diode can be used for the fabrication of photodetectors and photovoltaic devices. 

Figure  1(d)  illustrates  photon  energy  harvesting  by  the  photovoltaic  cell.  The  open-circuit 

voltage and the short-circuit current of the nanoscale photovoltaic cells was estimated (see the 

caption of Fig. 1 for details). In this example, the organic nanowire is regarded as a semiconductor 

and can be doped to show p-type behavior and used in conjunction with n-type



inorganic semiconductors in compliance with the complementary metal-oxide-semiconductor 

technology. The bottom-up manufacturing of nanowire devices using modern semiconductor 

technology  was  first  demonstrated  by  the  fabrication  of  carbon  nanotube-based  room- 

temperature FETs . FET devices containing single wall nanotubes (SWNTs) exhibiting 

semiconducting behavior were specifically chosen  for further studies  and  applications.  The 

usage of SWNTs for the fabrication of FETs has several drawbacks, including a narrow bandgap 

and electron or hole doping on the nanotubes that is difficult to control. In addition, the organic 

materials may not be able to sustain thin-film deposition or the lithography process. These 

problems may be partly solved by a small modification in the fabrication process to allow the 

organic nanowire devices to be made easily . For example, organic nanowires can be placed on top 

of pre-patterned metallic electrodes by electrophoresis or dielectrophoresis . The fabrication of 

either inorganic or organic nanowire-based nanodevices may generate heterostructures of metal–

semiconductor or organic–inorganic cross-linked nanowires junction devices. At the interfaces of 

the metal–semiconductor and organic–inorganic structures, disorder at the contact surface may 

occur. For example, disorder occurred at the interface of a ZnO nanowire and the metal oxide 

TiOx, causing the charge to hop through the interface between the metal electrode and the 

semiconductor nanowire . DNA molecules as natural nanowires have also been applied in the 

fabrication of molecular or nano-electronics. DNA-based devices show 

 

 

 
Figure 1 Diagram and electronic properties of a semiconductor FET. (a) A typical nanowire 

FET operated by a top gate electrode (left panel). The source and drain electrodes are used to 

supply a bias voltage. An insulating layer is placed between the gate electrode and the nanowire.



The conductivity as a function of gate voltage for n- and p-type nanowire FET devices (right 

panel). (b) AFM image of an organic–inorganic (P3HT-ZTO) hybrid device for optoelectronic 

applications. 

 

(c) The plot of current vs. back gate voltage for p-type P3HT nanowire, n-type ZTO nanowire, 

and p–n junction devices. (d) The performance of a solar cell. The current density as a function 

bias voltage in the dark and under light radiation. The nanoscale photovoltaic cell provides an 

open-circuit voltage of 0.12 V, a short-circuit current density of 0.16 mA/cm2, a fill factor of 

0.33, and a power conversion efficiency of 0.018% great potential in integrating with biosome 
 

and selective assembly with organisms to facilitate their sensing and functional control. Although 

the fabrication of DNA-based nanoelectronic devices is similar to that of organic nanowire 

devices, their functions and properties are significantly different. The organic nanowire devices 

are operated under the same schema as the inorganic semiconductor technology, using the 

mechanism of the field-effect transistor. However, the DNA-based devices are operated as 

multiple-state memory devices. In particular, the metal ion-chelated DNA or polymer nanowire 

has  been  demonstrated  to  exhibit  a  unique  reduction–oxidation  (redox) reaction that leads 

to a negative differential resistance (NDR) . With this unique redox feature, different redox states 

of the chelated metal ions can be maintained in DNA nanowire devices by the external bias. On 

the other hand, information can be stored as different redox states of the DNA nanowires by 

setting with high voltages and read out by a small bias. Several novel applications in the fields 

of memristor, memcapacitors, and artificial neural network may evolve with the integration of 

metal-DNA nanowire devices. 

 

Micro- and nanofluidic systems in devices for biological 

 
Modern technologies allow to form repeatable micro- and nanoscale structures with desired 

characteristics in various materials. Proximity of the size of the nanostructures formed to the size 

of biological molecules (nucleic acids, amino acids, proteins) allows to make precision operation 

with them. The integration of nanostructures into compact microfluidic devices (chips) promotes 

creation     of  new  devices  and  systems  for  biological  and  medical  research,  which  are 

implemented the unique properties of nanomaterials, especially nanofluidics and the broadest 

opportunities of microfluidics. 

 

The global market for microfluidic devices in 2015 was about $ 2.56 billion (according to Yole 

Development, Emerging Markets for Microfluidic Application). Experts estimate the growth of 

the market by 2020 to about $ 5.95 billion. The largest growth in the market is predicted for the 

near future for systems aimed at pharmaceutical research and on-site diagnostic systems (Point



Of Care - POC). At the current time, more than 50% of microfluidic  devices are used in 

pharmaceutical research (search for medicines) and in Life Sciences, about 14% in clinical and 

veterinary diagnostics. 

 

The advantages of systems on microchip platform include are: a) the total control of all (or 

basic) stages of analysis or synthesis, b) a low reagent consumption, and c) the possibility of 

operations with a very small sample volume or the amount of analyte, g) the high sensitivity of 

detection analytes, d) the high speed of analysis or high throughput synthesis of materials. 

Manipulations with individual biological objects (cells, bacteria, viruses, proteins, nucleic acids) 

in a liquid medium may be performed on microchip devices. These advantages led to development 

of the devises on microchip platform for: electrophoretic and chromatographic methods of analysis; 

methods based on polymerase 

 

chain reaction; sequencing of nucleic acids; immunoassay methods; cytometric studies [1,2], 

and others. Although studies have been lead in microfluidics for more than 25 years, only a 

few companies have been able to fabricate commercial instruments [3]. For example, based on 

the methods of "droplet" microfluidics are produced commercial systems for digital PCR: 

QX200™ Droplet Digital™ PCR System (Bio-Rad) and RainDrop™ Digital PCR System 

(Raindance Tech., Inc.). An emulsion PCR is used in the Genome Sequencer FLX (Roche). 

It is possible to identify the main trends in the development of micro- and nanofluid 

systems in the analytical instrumentation, aimed at the creation of: a) automated systems for 

"full" analysis or the of certain key stages («micro Total Analysis System») [4]; b) relatively 

cheap microchips and specialized devices for rapid diagnosis (including «Point Of Care» system 

[5]); c) devices that mimic the basic physiological functions of the "living" systems for 

biological, pharmacological, toxicological studies («Organ-on-a-chip», «tissue-on-a-chip», 

etc.). [6]; g) systems, embedded in the laboratory devices (eg, mass spectrometers, optical 

microscopes), to solve research problems («chip-in-a-lab») [7]. 

One of the fundamental  advantages  of microfluidic devices  is  the ability to  integrate 

multiple chemical processing and fluidic manipulation operations into a small sizes. In many 

cases an automated sample-in/answer-out system is the ultimate goal. Such systems should 

provide accurate results in real time. The integration of automated sample collection, processing, 

and real time analysis on microfluidic platforms with mass spectrometry (MS) continued to 

show progress in analytical research. [8] For example, a microextraction system was designed 

to automatically extract samples from biological object without any pretreatments. This 

mechanical extraction system was integrated with both MS and a fluorescent microscope in 

order to monitor the time resolved extraction progress.



The POC applications continue to be popular. A number of new portable microfluidic devices 

were reported [9] with many built-in functions for creating simpler ones [10], faster and cheaper 

devices 

[11] with better detection limits. Microfluidic device consisting of 500 channels is intended 

for the rapid analysis (within 20 minutes) of the integrity of the sperm DNA using fluorescent 

imaging [11]. In experiments a significant increase in the viability of the bull and human 

sperm was demonstrated in comparison with existing methods. 

The cost of developing medicines is growing every year. Preparations considered as drug 

candidates often fail in clinical trials. Today, the cost of developing medicines in the US has 

reached the level of $ 2.6 billion. The limited predictability of in-vitro results relative to the 

results in vivo and the small number of patients participating in phase I and phase II clinical 

trials do not allow an adequate estimate of the likely clinical effectiveness [12]. This situation 

led to the creation of systems “organ-on-a-chip” for the detail study of physical and biochemical 

processes at the cellular level using biomimetic research platforms [6]. Separate systems of 

"organs" can be combined into a "human-on-a- chip." Systemic interactions between of various 

organs can significantly affect the health of the organism as the functions of the organs are 

highly dependent on their interaction [13]. With regard to testing preparations, individual drugs 

may well influence the target organ, but his the metabolites can lead to toxic effects on another 

organ [14]. An important task has been formed now, which is to develop new high-performance 

toxicity tests for a wide range of substances for prediction of toxic effects in the human body. 

Biochemical processes in the human body under the influence of toxic substances are complex 

and not thoroughly studied. The efforts of many researchers [15, 16] focus on the development 

of "organ-on-a-chip" devices that mimic the cellular environment in the organ or several 

interrelated organs. Thus, devices have been created  to  simulate  the  functioning  of organs  

under  the  influence  of drugs  or  changing metabolism to determine the toxicity of the drug. 

Many devices try to reproduce the processes occurring in the liver, since many pharmaceutical 

problems are caused by interactions occurring  in  the  liver  [for  example,  14].  Systems  that  

simulate  several  interconnected "human" "organs-on-a-chip" can help in solving problems of 

identifying new biomarkers, determining the toxicity of substances, studying the body's 

response to  viral or bacterial infections, which may be important for clinical tests.
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1.  Materials and methods for manufacturing of micro- and nanofluidic systems 
 

Development and manufacturing of the prototype device is an important stage in the creation 

of micro and nanofluidic systems for analytical instruments. Polydimethylsiloxane (PDMS) is 

the  most  popular  material  for  such  prototypes.  In  1997  group  prof.  G.  M.  Whitesides 

(Harvard) demonstrated the possibilities of: production of reproducible fingerprint patterns from 

the master-form in PDMS with nanometer resolution, the usage of PDMS replicas for 

microcontact printing and micro-transfer molding elastomer [17]. The method was called Soft 

lithography. PDMS chips have high optical transparency, elasticity, gas and water- permeability 

and good biocompatibility. However, because of its porosity and permeability of PDMS is 

unacceptable for some applications. 

Low molecular weight oligomer chains in PDMS can leach out into solution, negatively 

impacting cellular studies [18]. PDMS is hydrophobic material and susceptible to nonspecific 

adsorption and permeation by hydrophobic molecules [19]. Chemical modification of PDMS 

can address these issues. Plasma exposure will hydrophilize the PDMS surface but only a 

short  time  [20].  Reaction  of silanes  with  silanols  formed  by  plasma  activation  or other 

methods slows this change in surface properties [21]. PDMS is a valuable material for rapid 

prototyping  and  is  commonly  used  in  microfluidics  studies,  but  it  is  not  suitable  for 

commercial use. The efforts of researchers are aimed at finding other polymers (for example, 

variants of polyurethanes) because it has been found that they have the same benefits as 

PDMS but do not have permeability for small molecules [22]. Thermoplastic polymers: Poly 

(methyl methacrylate), Polycarbonate, Polystyrene, Cyclic-olefin copolymer are cheaper, and 

are considered as candidates for mass production of microchips. [23]. Technology micro / 

nano hot embossing and injection molding are promising for mass production of microchips. 

But to get appropriate the good reproducibility of the sizes and shape of elements necessary 

avoid structural damage due to thermal stress, adhesion and friction at the interface between 

the workpiece and the shape is necessary to improve the surface properties of the master-form 

[24]. 

For the direct formation of micro-dimensional structures in polymeric materials, laser 

ablation  is  used  often.  The  ablation  mechanisms  are  different  for  nano-,  pico-  and 

femtosecond  laser  pulses  [25].  With  femtosecond  pulses,  it  is  possible  to  achieve  more 

accurate and clean laser processing of metals and other solid materials than in pico and nano-



second generation regimes. This technology is convenient for the production of a small series 

of microfluidic devices because it allows flexible enough to change the topology and design 

of microchips, but has limited spatial resolution capabilities of structures. In addition, laser 

ablation creates a rough surface, which is unacceptable for some applications. 

Micro- and nano-fabrication technology is beautifully designed for silicon and glass, also 

used in the creation of microfluidic devices. Silicon surface chemistry based on the silanol group 

(−Si−OH) is well developed, so modification is easily accomplished via silanes. For example,  

nonspecific  adsorption  can  be  reduced  or  cellular  growth  improved  through chemical 

modification of the surface [26]. Silicon is transparent to infrared but not visible light and 

not used for optical detection. This  issue can be overcome by having a transparent material 

(polymer or glass) bound to silicon in a hybrid system. Microstructures in glass are created by 

etching into the glass through  wet or dry methods [27]. Formation of fluidic communication 

requires bonding or protection layer attachment to enclose. Glass has low background 

fluorescence, and as with silicon, modification chemistries are silanol based. Glass is 

compatible with biological samples, has relatively low nonspecific adsorption, and is not gas 

permeable. Glass microfluidic systems are currently available to us as commercial products of 

Dolomite, Micralyne, Agilent and Caliper. The glass microfluidic chip with a flow-through 

reaction chambers containing an array nanocells for clusters with high density, is used in 

devices for nucleic acid sequencing HiSeq (Illumina) (Chromatin Immunoprecipitation 

Sequencing technology - ChIP- Seq), another microfluidic chip with a system of interlocking 

microchannels cameras is used  in Agilent 2100 Bioanalyzer system (Agilent Technologies) for 

the electrophoretic separation of the sample and flow cytometry.



chain reaction; sequencing of nucleic acids; immunoassay methods; cytometric studies [1,2], 

and others. Although studies have been lead in microfluidics for more than 25 years, only a 

few companies have been able to fabricate commercial instruments [3]. For example, based 

on the methods of "droplet" microfluidics are produced commercial systems for digital PCR: 

QX200™ Droplet Digital™ PCR System (Bio-Rad) and RainDrop™ Digital PCR System 

(Raindance Tech., Inc.). An emulsion PCR is used in the Genome Sequencer FLX (Roche). 

 

It is possible to identify the main trends in the development of micro- and nanofluid systems 

in the analytical instrumentation, aimed at the creation of: a) automated systems for "full" 

analysis or the of certain key stages («micro Total Analysis System») [4]; b) relatively cheap 

microchips and specialized devices for rapid diagnosis (including «Point Of Care» system 

[5]); c) devices that mimic the basic physiological functions of the "living" systems for 

biological, pharmacological, toxicological studies («Organ-on-a-chip», «tissue-on-a-chip», 

etc.). [6]; g) systems, embedded in the laboratory devices (eg, mass spectrometers, optical 

microscopes), to solve research problems («chip-in-a-lab») [7]. 

 

One of the fundamental advantages of microfluidic devices is the ability to integrate multiple 

chemical processing and fluidic manipulation operations into a small sizes. In many cases an 

automated sample-in/answer-out system is the ultimate goal. Such systems should provide 

accurate results in real time. The integration of automated sample collection, processing, and 

real time analysis on microfluidic platforms with mass spectrometry (MS) continued to show 

progress in analytical research. [8] For example, a microextraction system was designed to 

automatically extract samples from biological object without any pretreatments. This 

mechanical extraction system was integrated with both MS and a fluorescent microscope in 

order to monitor the time resolved extraction progress. 

 

The POC applications continue to be popular. A number of new portable microfluidic devices 

were reported [9] with many built-in functions for creating simpler ones [10], faster and cheaper 

devices 

 

[11] with better detection limits. Microfluidic device consisting of 500 channels is intended 

for the rapid analysis (within 20 minutes) of the integrity of the sperm DNA using fluorescent 

imaging [11]. In experiments a significant increase in the viability of the bull and human sperm 

was demonstrated in comparison with existing methods. 

 

The cost of developing medicines is growing every year. Preparations considered as drug 

candidates often fail in clinical trials. Today, the cost of developing medicines in the US has



reached the level of $ 2.6 billion. The limited predictability of in-vitro results relative to the 

results in vivo and the small number of patients participating in phase I and phase II clinical 

trials do not allow an adequate estimate of the likely clinical effectiveness [12]. This situation 

led to the creation of systems “organ-on-a-chip” for the detail study of physical and biochemical 

processes at the cellular level using biomimetic research platforms [6]. Separate systems  of  

"organs"  can  be  combined  into  a "human-on-a-  chip."  Systemic  interactions between of 

various organs can significantly affect the health of the organism as the functions of the organs 

are highly dependent on their interaction [13]. With regard to testing preparations, individual 

drugs may well influence the target organ, but his the metabolites can lead to toxic effects on 

another organ [14]. An important task has been formed now, which is to develop new high-

performance toxicity tests for a wide range of substances for prediction of toxic effects in the 

human body. Biochemical processes in the human body under the influence of toxic substances 

are complex and not thoroughly studied. The efforts of many researchers [15, 16] focus on the 

development of "organ-on-a-chip" devices that mimic the cellular environment in the organ or 

several interrelated organs. Thus, devices have been created  to  simulate the functioning of 

organs  under the influence of  drugs  or changing metabolism  to  determine  the  toxicity  of  

the  drug.  Many  devices  try  to  reproduce  the processes occurring in the liver, since many 

pharmaceutical problems are caused by interactions occurring in the liver [for example, 14]. 

Systems that simulate several interconnected "human" "organs-on-a-chip" can help in solving 

problems of identifying new biomarkers, determining the toxicity of substances, studying the 

body's response to viral or bacterial infections, which may be important for clinical tests. 

 

Biomimics 

 
Biomimetics or biomimicry is the emulation of the models, systems, and elements of nature 

for the purpose of solving complex human problems.[1] The terms "biomimetics" and 

"biomimicry"  are derived from  Ancient  Greek:  βίος  (bios),  life,  and μίμησις  (mīmēsis), 

imitation, from μιμεῖσθαι (mīmeisthai), to imitate, from μῖμος (mimos), actor. A closely related 

field is bionics.[2] 

 

 
 
 

Living organisms have evolved well-adapted structures and materials over geological time 

through natural selection. Biomimetics has given rise to new technologies inspired by biological 

solutions at macro and nanoscales. Humans have looked at nature for answers to



problems throughout our existence. Nature has solved engineering problems such as self- 

healing abilities, environmental exposure tolerance and resistance, hydrophobicity, self- 

assembly, and harnessing solar energy. 

 

One of the early examples of biomimicry was the study of birds to enable human flight. 

Although never successful in creating a "flying machine", Leonardo da Vinci (1452–1519) 

was a keen observer of the anatomy and flight of birds, and made numerous notes and 

sketches on his observations as well as sketches of "flying machines".
[3] 

The Wright Brothers, 

who  succeeded  in  flying  the  first  heavier-than-air  aircraft  in  1903,  allegedly  derived 

inspiration from observations of pigeons in flight.
[4]

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Leonardo da Vinci's design for a flying machine with wings based closely upon the structure 

of bat wings. 

 

During  the  1950s   the  American biophysicist and polymath Otto   Schmitt developed   the 

concept of "biomimetics".
[5] 

During his doctoral research he developed the Schmitt trigger by 

studying the nerves in squid, attempting to engineer a device that replicated the biological 

system of nerve propagation.
[6] 

He continued to focus on devices that mimic natural systems 

and by 1957 he had perceived a converse to the standard view of biophysics at that time, a 

view he would come to call biomimetics.
[5]

 

 

Biophysics is not so much a subject matter as it is a point of view. It is an approach to problems 

of biological science utilizing the theory and technology of the physical sciences. Conversely, 

biophysics is also a biologist's approach to problems of physical science and engineering, 

although this aspect has largely been neglected. 

 

— Otto Herbert Schmitt, In Appreciation, A Lifetime of Connections: Otto Herbert Schmitt, 
 

1913 - 1998 

 
In 1960 Jack E. Steele coined a similar term, bionics, at Wright-Patterson Air Force Base in 

 

Dayton, Ohio, where Otto Schmitt also worked. Steele defined bionics as "the science of



systems which have some function copied from nature, or which represent characteristics of 

natural systems or their analogues".
[2][7] 

During a later meeting in 1963 Schmitt stated, 
 

Let us consider what bionics has come to mean operationally and what it or some word like it 

(I prefer biomimetics) ought to mean in order to make good use of the technical skills of 

scientists specializing, or rather, I should say, despecializing into this area of research. 

 

— Otto Herbert Schmitt, In Appreciation, A Lifetime of Connections: Otto Herbert Schmitt, 
 

1913 - 1998 
 

In 1969, Schmitt used the term “biomimetic“ in the title one of his papers,
[8] 

and by 1974 it 

had found its way into Webster's Dictionary, bionics entered the same dictionary earlier in 

1960 as "a science concerned with the application of data about the functioning of biological 

systems to the solution of engineering problems". Bionic took on a different connotation 

when Martin Caidin referenced Jack Steele and his work in the novel Cyborg which later 

resulted in the 1974 television series The Six Million Dollar Man and its spin-offs. The term 

bionic then became associated with "the use of electronically operated artificial body parts" 

and   "having   ordinary   human   powers   increased   by   or   as   if   by   the   aid   of   such 

devices".
[9] 

Because the  term bionic took  on  the implication  of supernatural  strength,  the 
 

scientific community in English speaking countries largely abandoned it.
[10]

 

 

The term biomimicry appeared as early as 1982.
[11] 

Biomimicry was popularized by scientist 

and  author Janine  Benyus in  her  1997  book Biomimicry:  Innovation  Inspired  by  Nature. 

Biomimicry is defined in the book as a "new science that studies nature's models and then 

imitates or takes inspiration from these designs and processes to solve human problems". 

Benyus suggests looking to Nature as a "Model, Measure, and Mentor" and emphasizes 

sustainability as an objective of biomimicry.
[12]

 

 

One of the latest examples of biomimicry has been created by Johannes-Paul Fladerer and Ernst 

Kurzmann by the description of "managemANT".
[13] 

This term (a combination of the words 

"management" and "ant"), describes the usage of behavioural strategies of ants in economic and 

management strategies.
[14]

 

 
Bio-inspired technologies[edit] 

 

Biomimetics could in principle be applied in many fields. Because of the diversity and 

complexity of biological systems, the number of features that might be imitated is large. 

Biomimetic applications are at various stages of development from technologies that might



become commercially usable to prototypes.
[15] 

Murray's law, which in conventional form 

determined the optimum diameter of blood vessels, has been re-derived to provide simple 

equations for the pipe or tube diameter which gives a minimum mass engineering system.
[16]

 

 

Locomotion[edit] 
 

 

 
The streamlined design of Shinkansen 500 Series (left) mimics the beak of kingfisher (right) 

 

to improve aerodynamics. 
 

Aircraft  wing design
[17] 

and  flight  techniques
[18] 

are  being  inspired  by  birds  and  bats. 

The aerodynamics of     streamlined     design     of     improved     Japanese     high     speed 

train Shinkansen 500 Series were modelled after the beak of kingfisher bird.
[19]

 

 

Biorobots based       on       the       physiology       and       methods       of locomotion       of 

animals include BionicKangaroo which moves like a kangaroo, saving energy from one jump 

and transferring it to its next jump.
[20] 

Kamigami Robots, a children's toy, mimic cockroach 

locomotion to run quickly and efficiently over indoor and outdoor surfaces.
[21]

 

 

Biomimetic Architecture[edit] 
 

Living beings have adapted to a constantly changing environment during evolution through 

mutation, recombination, and selection.
[22] 

The core idea of the biomimetic philosophy is that 

nature’s inhabitants including animals, plants, and microbes have the most experience in 

solving  problems  and  have  already  found  the  most  appropriate  ways  to  last  on  planet 

Earth.
[23] 

Similarly, biomimetic architecture seeks solutions for building sustainability present 

in nature. 

 

The 21st century has seen a ubiquitous waste of energy due to inefficient building designs, in 

addition to the over-utilization of energy during the operational phase of its life cycle.
[24] 

In 

parallel,  recent   advancements  in  fabrication  techniques,  computational  imaging,   and 

simulation  tools  have  opened  up  new  possibilities  to  mimic  nature  across  different 

architectural scales.
[22] 

As a result, there has been a rapid growth in devising innovative 

design approaches and solutions to counter energy problems. Biomimetic architecture is one



of these multi-disciplinary approaches to sustainable design that follows a set of principles 

rather than stylistic codes, going beyond using nature as inspiration for the aesthetic 

components of built form but instead seeking to use nature to solve problems of the building's 

functioning and saving energy. 

 

Characteristics[edit] 
 
The  term  Biomimetic  architecture  refers  to  the  study  and  application  of  construction 

principles which are found in natural environments and species, and are translated into the 

design of sustainable solutions for architecture.
[22] 

Biomimetic architecture uses nature as a 

model, measure and mentor for providing architectural solutions across scales, which are 

inspired by natural organisms that have solved similar problems in nature. Using nature as a 

measure refers to using an ecological standard of measuring sustainability, and efficiency of 

man-made innovations, while the term mentor refers to learning from natural principles and 

using biology as an inspirational source.
[12]

 

 

Biomorphic architecture, also referred to as Bio-decoration,
[22] 

on the other hand, refers to the 

use of formal and geometric elements found in nature, as a source of inspiration for aesthetic 

properties in designed architecture, and may not necessarily have non-physical, or economic 

functions. A historic example of biomorphic architecture dates back to Egyptian, Greek and 

Roman cultures, using tree and plant forms in the ornamentation of structural columns.
[25]

 

 

Procedures[edit] 
 
Within Biomimetic architecture, two basic procedures can be identified, namely, the bottom- 

up  approach  (biology  push)  and  top-down  approach  (technology  pull).
[26] 

The  boundary 

between the two approaches is blurry with the possibility of transition between the two, 

depending on each individual case. Biomimetic architecture is typically carried out in 

interdisciplinary teams in which biologists and  other natural scientists work in collaboration 

with engineers, material scientists, architects, designers, mathematicians and computer 

scientists. 

 

In the bottom-up approach, the starting point is a new result from basic biological research 

promising for biomimetic implementation. For example, developing a biomimetic material 

system after  the quantitative analysis of the mechanical, physical, and chemical properties of 

a biological system.



In the top-down approach, biomimetic innovations are sought for already existing 

developments that have been successfully established on the market. The cooperation focuses 

on the improvement or further development of an existing product. 

 

Examples[edit] 
 
Researchers  studied  the termite's  ability  to  maintain  virtually  constant  temperature  and 

humidity in their termite mounds in Africa despite outside temperatures that vary from 1.5 °C 

to 40 °C (35 °F to 104 °F). Researchers initially scanned a termite mound and created 3-D 

images   of   the   mound   structure,   which   revealed   construction   that   could   influence 

human building      design.      The Eastgate      Centre,      a      mid-rise      office      complex 

in Harare, Zimbabwe,
[27] 

stays cool without air conditioning and uses only 10% of the energy 
 

of a conventional building of the same size. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A Waagner-Biro double-skin facade being assembled at One Angel Square, Manchester. The 

brown outer facade can be seen being assembled to the inner white facade via struts. These 

struts create a walkway between both 'skins' for ventilation, solar shading and maintenance 

 

Researchers in the Sapienza University of Rome were inspired by the natural ventilation in 

termite mounds and designed a double façade that significantly cuts down over lit areas in a 

building. Scientists have imitated the porous nature of mound walls by designing a facade 

with double panels that was able to reduce heat gained by radiation and increase heat loss by 

convection in cavity between the two panels. The overall cooling load on the building’s 

energy consumption was reduced by 15%.
[28]

 

 

A  similar  inspiration  was  drawn  from  the  porous  walls  of  termite  mounds  to  design  a 

naturally ventilated façade with a small ventilation gap. This design of façade is able to 

induce  air  flow  due  to  the Venturi  effect and  continuously  circulates  rising  air  in  the 

ventilation slot. Significant transfer of heat between the building’s external wall surface and the 

air flowing over it was observed.
[29] 

The design is coupled with greening of the façade.



Green wall facilitates additional natural cooling via evaporation, respiration and transpiration 
 

in plants. The damp plant substrate further support the cooling effect.
[30]

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Sepiolite in solid form 

 
Scientists in Shanghai University were able to replicate the complex microstructure of clay- 

made conduit network in the mound to mimic the excellent humidity control in mounds. They 

proposed    a    porous    humidity   control    material    (HCM)    using Sepiolite and calcium 

chloride with water vapor adsorption-desorption content at 550 grams per meter squared. 

Calcium chloride is a desiccant and improves the water vapor adsorption-desorption property 

of the Bio-HCM. The proposed bio-HCM has a regime of interfiber mesopores which acts as 

a mini reservoir. The flexural strength of the proposed material was estimated to be 10.3 MPa 

using computational simulations.
[31][32]

 

 
In structural engineering, the Swiss Federal Institute of Technology (EPFL) has incorporated 

biomimetic characteristics in an adaptive deployable "tensegrity" bridge. The bridge can 

carry out self-diagnosis and self-repair.
[33] 

The arrangement of leaves on a plant has been 

adapted for better solar power collection.
[34]

 

 

Analysis of the elastic deformation happening when a pollinator lands on the sheath-like 

perch part of the flower Strelitzia reginae (known as Bird-of-Paradise flower) has inspired 

architects and scientists from the University of Freiburg and University of Stuttgart to create 

hingeless shading systems that can react to their environment. These bio-inspired products 

are sold under the name Flectofin.
[35][36]

 

Other hingeless bioinspired systems include Flectofold.
[37] 

Flectofold has been inspired from 

the trapping system developed by the carnivorous plant Aldrovanda vesiculosa. 

 

Structural materials[edit] 
 
There is a great need for new structural materials that are light weight but offer exceptional 

combinations of stiffness, strength, and toughness.



Such materials would need to be manufactured into bulk materials with complex shapes at high 

volume and low cost and would serve a variety of fields such as construction, transportation, 

energy storage and conversion.
[38] 

In a classic design problem, strength and toughness are more 

likely to be mutually exclusive i.e., strong materials are brittle and tough materials are weak. 

However, natural materials with complex and hierarchical material gradients that span from 

nano- to macro-scales are both strong and tough. Generally, most natural materials utilize 

limited chemical components but complex material architectures that give rise to exceptional 

mechanical properties. Understanding the highly diverse and multi 

functional biological materials and discovering approaches to replicate such structures will lead  

to  advanced  and  more  efficient  technologies. Bone, nacre (abalone  shell),  teeth,  the dactyl 

clubs of stomatopod shrimps and bamboo are great examples of damage tolerant materials.
[39] 

The exceptional resistance to fracture of bone is due to complex deformation and  toughening  

mechanisms  that  operate  at  spanning  different  size  scales  -  nanoscale 

structure of protein molecules to macroscopic physiological scale.
[40]

 

 
 
 
 
 
 
 
 
 
 
 
 

 

Electron microscopy image of a fractured surface of nacre 

 
Nacre exhibits similar mechanical properties however with rather simpler structure. Nacre 

shows a brick and mortar like structure with thick mineral layer (0.2∼0.9-μm) of closely
 

packed  aragonite  structures  and  thin  organic  matrix  (∼20-nm).
[41] 

While  thin  films  and
 

micrometer  sized  samples  that  mimic  these  structures  are  already  produced,  successful 
 

production of bulk biomimetic structural materials is yet to be realized. However, numerous 

processing techniques have been proposed for producing nacre like materials.
[39]

 

 

Biomorphic mineralization is a technique that produces materials with morphologies and 

structures resembling those of natural living organisms by using bio-structures as templates 

for mineralization. Compared to other methods of material production, biomorphic 

mineralization is facile, environmentally benign and economic.
[42]



Freeze casting (Ice templating), an inexpensive method to mimic natural layered structures 

was employed by researchers at Lawrence Berkeley National Laboratory to create alumina- Al-

Si and IT HAP-epoxy layered composites that match the mechanical properties of bone with  

an  equivalent  mineral/  organic  content.
[43] 

Various  further  studies 
[44][45][46][47] 

also 

employed similar methods to produce high strength and high toughness composites involving 

a variety of constituent phases. 

 

Recent studies demonstrated production of cohesive and self supporting macroscopic tissue 

constructs that mimic living tissues by printing tens of thousands of heterologous picoliter 

droplets in software-defined, 3D millimeter-scale geometries.
[48] 

Efforts are also taken up to 

mimic   the   design   of   nacre   in   artificial composite   materials using   fused   deposition 

modelling 
[49] 

and the helicoidal structures of stomatopod clubs in the fabrication of high 

performance carbon fiber-epoxy composites.
[50]

 

 

Various established and novel additive manufacturing technologies like PolyJet printing, 

direct ink writing, 3D magnetic printing, multi-material magnetically assisted 3D printing and 

magnetically-assisted slip casting have also been utilized to mimic the complex micro-scale 

architectures of natural materials and provide huge scope for future research.
[51]

 

Spider silk is tougher than Kevlar used in bulletproof vests.
[52] 

Engineers could in principle 

use such a material, if it could be reengineered to have a long enough life, for parachute lines, 

suspension bridge cables, artificial ligaments for medicine, and other purposes.
[12] 

The self- 

sharpening teeth of many animals have been copied to make better cutting tools.
[53]

 

 

New ceramics that exhibit giant electret hysteresis have also been realized.
[54]

 

 
Self healing materials[edit] 

 
In general in biological systems, self healing occurs via chemical signals released at the site 

of fracture which initiate a systemic response that transport repairing agents to the fracture 

site  thereby  promoting  autonomic  healing.
[55] 

To  demonstrate  the  use  of  micro-vascular 

networks for autonomic healing, researchers developed a microvascular coating–substrate 

architecture that mimics human skin.
[56] 

Bio-inspired self-healing structural color hydrogels that 

maintain the stability of an inverse opal structure and its resultant structural colors were 

developed.
[57] 

A self-repairing membrane inspired by rapid self-sealing processes in plants 

was developed for inflatable light weight structures such as rubber boats or Tensairity® 

constructions. The researchers applied a thin soft cellular polyurethane foam coating on the 

inside of a fabric substrate, which closes the crack if the membrane is punctured with a



spike.
[58] 

Self-healing   materials, polymers and composite   materials capable   of   mending 

cracks have been produced based on biological materials.
[59]

 

 

The self healing properties may also be achieved by the breaking and reforming of hydrogen 

bonds upon cyclical stress of the material.
[60]

 

 

Surfaces[edit] 
 
Surfaces that  recreate  properties  of shark  skin are  intended  to  enable  more  efficient 

movement through water. Efforts have been made to produce fabric that emulates shark 

skin.
[16][61] 

 

Surface      tension      biomimetics are      being      researched      for      technologies      such 

as hydrophobic or hydrophilic coatings and microactuators.
[62][63][64][65][66]

 

 

Adhesion[edit] 
 

Wet adhesion[edit] 
 
Some amphibians, such as tree and torrent frogs and arboreal salamanders, are able to attach 

to and move over wet or even flooded environments without falling. This kind of organisms 

have toe pads which are permanently wetted by mucus secreted from glands that open into 

the channels between epidermal cells. They attach to mating surfaces by wet adhesion and 

they  are  capable  of  climbing  on  wet  rocks  even  when  water  is  flowing  over  the 

surface.
[67] 

Tire treads have also been inspired by the toe pads of tree frogs.
[68]

 

 
Marine mussels can  stick  easily  and  efficiently  to  surfaces  underwater  under  the  harsh 

conditions of the ocean. Mussels use strong filaments to adhere to rocks in the inter-tidal 

zones of wave-swept beaches, preventing them from being swept away in strong sea currents. 

Mussel foot proteins attach the filaments to rocks, boats and practically any surface in nature 

including other mussels. These proteins contain a mix of amino acid residues which has been 

adapted specifically for adhesive purposes. Researchers from the University of California 

Santa Barbara borrowed and simplified chemistries that the mussel foot uses to overcome this 

engineering challenge of wet adhesion to create copolyampholytes,
[69] 

and one-component 
 

adhesive  systems
[70] 

with  potential  for  employment  in nanofabrication protocols.  Other 

research has proposed adhesive glue from mussels. 

 

Dry adhesion[edit] 
 
Leg       attachment       pads       of       several       animals,       including       many      insects 

 

(e.g. beetles and flies), spiders and lizards (e.g. geckos), are capable of attaching to a variety



of surfaces and are used for locomotion, even on vertical walls or across ceilings. Attachment 

systems in these organisms have similar structures at their terminal elements of contact, 

known  as setae.  Such  biological  examples  have  offered  inspiration  in  order  to  produce 

climbing  robots,
[71] 

boots  and  tape.
[72] 

Synthetic  setae have  also  been  developed  for  the 

production of dry adhesives. 

 

Optics[edit] 
 

Further information: Structural coloration, Patterns in nature, and Bio-inspired photonics 

 
Biomimetic materials are gaining increasing attention in the field of optics and photonics. 

There  are  still  little  known bioinspired  or  biomimetic  products involving  the  photonic 

properties of plants or animals. However, understanding how nature designed such optical 

materials from biological resources is worth pursuing and might lead to future commercial 

products. 
 

Macroscopic  picture  of  a  film   of  cellulose  nanocrystal   suspension   cast   on   a Petri 

dish (diameter: 3.5cm). 

 

Inspiration from fruits and plants[edit] 
 
For instance, the chiral self-assembly of cellulose inspired by the Pollia condensata berry has 

been exploited to make optically active films.
[73][74] 

Such films are made from cellulose which 

is a biodegradable and  biobased resource obtained from  wood or cotton. The structural 

colours can potentially be everlasting and have more vibrant colour than the ones obtained from 

chemical absorption of light. Pollia condensata is not the only fruit showing a structural 

coloured skin; iridescence is also found in berries of other species such as Margaritaria 

nobilis.
[75] 

These fruits show iridescent colors in the blue-green region of the visible spectrum 

which gives the fruit a strong metallic and shiny visual appearance.
[76] 

The structural colours 
 

come from the organisation of cellulose chains in the fruit's epicarp, a part of the fruit 

skin.
[76] 

Each cell of the epicarp is made of a multilayered envelope that behaves like a Bragg 

reflector. However, the light which is reflected from the skin of these fruits is not polarised 

unlike the one arising from man-made replicates obtained from the self-assembly of cellulose 

nanocrystals into helicoids, which only reflect left-handed circularly polarised light.
[77]

 

 

The fruit of Elaeocarpus angustifolius also show structural colour that come arises from the 

presence  of  specialised  cells  called  iridosomes  which  have  layered  structures.
[76] 

Similar 

iridosomes have also been found in Delarbrea michieana fruits.
[76]



In plants, multi layer structures can be found either at the surface of the leaves (on top of the 

epidermis),     such     as     in Selaginella     willdenowii
[76] 

or     within     specialized     intra- 

cellular organelles, the so-called iridoplasts, which are located inside the cells of the upper 

epidermis.
[76] 

For instance, the rain forest plants Begonia pavonina have iridoplasts located 

inside the epidermal cells.
[76]

 

 

Structural colours have also been found in several algae, such as in the red alga Chondrus 

crispus (Irish Moss).
[78]

 

 

Inspiration from animals[edit] 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Vibrant blue color of Morpho butterfly due to structural coloration has been mimicked by a 

variety of technologies. 

 

Structural coloration produces the rainbow colours of soap bubbles, butterfly wings and many 

beetle      scales.
[79][80] 

Phase-separation      has      been      used      to      fabricate      ultra- 

white scattering membranes                   from polymethylmethacrylate,                   mimicking 

the beetle Cyphochilus.
[81] 

LED lights  can  be  designed  to  mimic  the  patterns  of  scales 

on fireflies' abdomens, improving their efficiency.
[82]

 

 

Morpho butterfly wings are structurally coloured to produce a vibrant blue that does not vary 

with angle.
[83] 

This effect can be mimicked by a variety of technologies.
[84] 

Lotus Cars claim 

to have developed a paint that mimics the Morpho butterfly's structural blue colour.
[85] 

In 

2007, Qualcomm commercialised      an interferometric      modulator      display technology, 

"Mirasol", using Morpho-like optical interference.
[86] 

In 2010, the dressmaker Donna Sgro 

made  a  dress  from Teijin  Fibers' Morphotex,  an  undyed  fabric  woven  from  structurally 

coloured fibres, mimicking the microstructure of Morpho butterfly wing scales.
[87][88][89][90][91]

 

 

Canon Inc.'s SubWavelength structure Coating uses wedge-shaped structures the size of the 

wavelength of visible light. The wedge-shaped structures cause a continuously changing 

refractive index as light travels through the coating, significantly reducing lens flare. This



imitates the structure of a moth's eye.
[92][93] 

Notable figures such as the Wright Brothers and 

Leonardo da Vinci attempted to replicate the flight observed in birds.
[94] 

In an effort to reduce 

aircraft noise researchers have looked to the leading edge of owl feathers, which have an 

array of small finlets or rachis adapted to disperse aerodynamic pressure and provide nearly 

silent flight to the bird.
[95]

 

 

Agricultural systems[edit] 
 
Holistic  planned  grazing,  using  fencing  and/or herders,  seeks  to  restore grasslands by 

carefully planning movements of large herds of livestock to mimic the vast herds found in 

nature.  The  natural  system  being  mimicked  and  used  as  a  template  is grazing animals 

concentrated by pack predators that must move on after eating, trampling, and manuring an 

area, and returning only after it has fully recovered. Developed by Allan Savory,
[96] 

who in 

turn was inspired by the work of André Voisin, this method of grazing holds tremendous 

potential   in   building   soil,
[97] 

increasing   biodiversity,
[98] 

reversing   desertification,
[99] 

and 

mitigating global warming,
[100][101] 

similar to what occurred during the past 40 million years 
 

as the expansion of grass-grazer ecosystems built deep grassland soils, sequestering carbon 

and cooling the planet.
[102]

 

 

Permaculture is a set of design principles centered around whole systems thinking, simulating 

or directly utilizing the patterns and resilient features observed in natural ecosystems. It uses 

these principles in a growing number of fields  from regenerative agriculture, rewilding, 

community, and organizational design and development. 

 

Other uses[edit] 
 
Some air  conditioning systems  use  biomimicry  in  their  fans  to  increase airflow while 

reducing power consumption.
[103][104]

 

 

Technologists like Jas Johl have speculated that the functionality of vacuole cells could be 

used  to  design  highly adaptable  security systems.
[105] 

"The  functionality  of  a  vacuole,  a 

biological structure that guards and promotes growth, illuminates the value of adaptability as 

a guiding principle for security." The functions and significance of vacuoles are fractal in 

nature, the organelle has no basic shape or size; its structure varies according to the requirements 

of the cell. Vacuoles not only isolate threats, contain what's necessary, export waste, maintain 

pressure—they also help the cell scale and grow. Johl argues these functions are necessary for 

any security system design.
[105] 

The 500 Series Shinkansen used biomimicry 

to reduce energy consumption and noise levels while increasing passenger comfort.
[106] 

With



reference to space travel, NASA and other firms have sought to develop swarm-type space 

drones inspired by bee behavioural patterns, and oxtapod terrestrial drones designed with 

reference to desert spiders.
[107]

 

 
Other technologies[edit] 

 

Protein folding has been used to control material formation for self-assembled functional 

nanostructures.
[108] 

Polar  bear  fur  has  inspired  the  design  of  thermal  collectors  and 

clothing.
[109] 

The light refractive properties of the moth's eye has been studied to reduce the 

reflectivity of solar panels.
[110]

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Scanning electron micrograph of rod shaped tobacco mosaic virus particles. 

 
The Bombardier beetle's powerful repellent spray inspired a Swedish company to develop a 

"micro mist" spray technology, which is claimed to have a low carbon impact (compared to 

aerosol sprays). The beetle mixes chemicals and releases its spray via a steerable nozzle at the 

end of its abdomen, stinging and confusing the victim.
[111]

 

 

Most viruses have an outer capsule 20 to 300 nm in diameter. Virus capsules are remarkably 

robust and capable of withstanding temperatures as high as 60 °C; they are stable across 

the pH range 2-10.
[42] 

Viral capsules can be used to create nano device components such as 

nanowires, nanotubes, and quantum dots. Tubular virus particles such as the tobacco mosaic 

virus (TMV) can be used as templates to create nanofibers and nanotubes, since both the 

inner and outer layers of the virus are charged surfaces which can induce nucleation of crystal 

growth. This was demonstrated through the production of platinum and gold nanotubes using 

TMV as a template.
[112] 

Mineralized virus particles have been shown to withstand various pH 

values by mineralizing the viruses with different materials such as silicon, PbS, and CdS and 

could   therefore   serve   as   a   useful   carriers   of   material.
[113] 

A   spherical   plant   virus



called cowpea  chlorotic  mottle  virus (CCMV)  has  interesting  expanding  properties  when 

exposed to environments of pH higher than 6.5. Above this pH, 60 independent pores with 

diameters about 2 nm begin to exchange substance with the environment. The structural 

transition of the viral capsid can be utilized in Biomorphic mineralization for selective uptake 

and deposition of minerals by controlling the solution pH. Possible applications include using 

the      viral      cage      to      produce      uniformly      shaped      and      sized      quantum 

dot semiconductor nanoparticles through a series of pH washes. This is an alternative to 

the apoferritin cage     technique     currently     used     to     synthesize     uniform     CdSe 

nanoparticles.
[114] 

Such materials could also be used for targeted drug delivery since particles 
 

release contents upon exposure to specific pH levels. 


