
Annex Publishers | www.annexpublishers.com                    
 

Volume 1 | Issue 1  

Abstract
Polymeric nano-fiber based materials and their application is one of the research areas in materials science and nanotechnology. 
Nano-fibrous materials are receiving extensive research interest for applications in diverse fields as biosensors, optical and chemical 
sensors, stimuli-responsive or “smart” materials, bioreactors, drug delivery carriers, antibacterial materials, tissue engineering 
scaffolds, clean energy, electronic and semi-conductive materials, reinforced nano-composites, affinity membranes, etc. This is 
because of their important and interesting characteristics such as a very high surface area to volume ratio, tunable void volume 
fraction and inter-fiber space, flexibility in surface functionalities, good mechanical performance and malleability to construct 
a wide variety of nano-fiber based materials including beaded, ribbon, porous, and core-shell nano-fibers. Electro-spinning or 
electro-static spinning is the most considered technique for fabrication of nano-fibers. Synthetic and biopolymers, polymer blends, 
melts, nano-particle or drug-impregnated polymers, and ceramic precursors have been successfully used to produce electro-spun 
nano-fibers. Because the surface chemical and physical properties of the nano-fibers play an important role for a specific application, 
various surface modification techniques have been applied. A variety of bioactive molecules including anti-cancer drugs, enzymes 
and polysaccharides have been physically immobilized on the surface of nano-fibers. 
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Fiber materials with diameters within the nanometer range 
when compared with micro-scale materials have several 
important characteristics such as a very high surface area to 
volume ratio, which for a nano-fiber can be as large as 103 times 
that of a microfiber, tunable void volume fraction or “porosity”, 
inter-fiber space or “pore size” ranging from ten nanometers 
to several micrometers, flexibility in surface functionalities, 
good mechanical performance and malleability to construct a 
wide variety of fiber sizes, shapes as well as the formation of 
different tailored membranes [1].

Introduction

Polymer nano-fibers have been fabricated using physical, 
chemical, thermal and electrostatic techniques such as drawing 
[2], template synthesis [3], liquid-liquid phase separation [4], 
self-assembly [5], vapor-phase polymerization [6], and electro-
spinning or electrostatic spinning [1]. This last technique is the 
most popular and preferred to use for preparation of polymeric 
nano-fibers because of its simplicity, versatility, economics 
(i.e. cost effective) and scale-up. Moreover, it is also employed 
to organize nano-fibers of various types (e.g. porous, hollow 
and core/sheath) into well-defined arrays or hierarchical 
architectures in three-dimensional network. Different fiber 
morphologies have been fabricated, such as beaded, ribbon, 
porous, and core-shell fibers [1]. A wide range of polymers 

and copolymers can be used in this technique to produce 
fibers with different diameters from few micrometers down to 
tens of nanometers with controllable structures by adjusting 
electro-spinning process parameters [7].

The electro-spray process is known more than one century. 
Cooley [8] and Morton [9] patented an apparatus in which 
electric charges were used to electro-spray fluids. Between 
the first and second world wars, Formhals filed a series of US 
patents describing the experimental electro-spinning set-up 
for the production of polymer fibers using an electrostatic 
force [10-13]. Since then more than 50 patents on electro-
spinning have been filed.

Electro-spinning
Electro-spinning is easily realized by applying a high voltage 
to a metallic needle connected to an electrically isolated tube 
though which the polymer liquid to be spun is circulated with 
a constant flow rate [1]. For example, when a positive voltage 
is applied to a metallic needle, the ions of the polymer solution 
of like-polarity will be forced to aggregate at the surface of 
the drop suspended at the tip of the needle. The electric field 
generated by the surface charge will cause the pendant drop of 
the polymer solution at the needle tip to deform into a conical 
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Electro-spinning materials

During last 10 years, electro-spinning has regained attention 
probably due to the emerging interest in materials science and 
nanotechnology as well as to the different possible advanced 
applications of electro-spun nano-fibers [14]. 

A number of electro-spun polymeric nano-fibers have been 
fabricated for applications in the diverse fields such as affinity 
membrane [15], biosensor, optical and chemical sensors [16], 
stimuli-responsive or “smart” materials [17], bioreactors 
[18], drug delivery carriers, antibacterial materials, tissue 
engineering scaffolds, wound dressing [19], clean energy [20], 
electronic and semi-conductive materials [21], air filtration 
[22], reinforced nano-composites [23], and membrane 
distillation [24]. More details on electro-spun nano-fibers and 
their applications may be found in [14].

Nano-fibers made of synthetic and natural polymers, polymer 
blends as well as melts, nano-particle- or drug-impregnated 
polymers, and ceramic precursors have been successfully 
produced by electro-spinning. Typically, a wide range of 
polymers like those used in conventional spinning have been 
used in electro-spinning including polyurethanes, polyamides, 
polyester, polystyrene, polyvinylidene fluoride, poly (ether 
imide), styrene–butadiene–styrene triblock copolymer, 
poly (vinylidene fluoride-co-hexafluoropropylene), etc. 
Biopolymers like proteins, DNA, collagen, polypeptides or 
others like electric conducting and photonic polymers and silk 
fibroin have also been used. For biomedical applications, poly 
(a-hydroxy acids), especially lactic acids, glycolic acids and 
their copolymers with 3-caprolactone, are the most commonly 
used among all biodegradable polymers [25,26].

Modification of electro-spun nano-fibers 
and nano-fibrous materials
Most of the polymer nano-fibers do not possess required spe-
cific functional groups and therefore must be functionalized 
for successful applications. Various surface modification tech-
niques have been applied to render nano-fiber based materials 
suitable for a specific application. The methods used to modify 
the surface of polymer nano-fibers usually depend strongly on 
the nature of the fiber-forming polymer. Nano-fibers due to 
their size require less harsh reaction conditions and controlled 
reactions to prevent the morphology from being destroyed.

Surface modification is a powerful tool generally used to 
enhance the performance of electro-spun nano-fiber based 
materials and to increase the suitable functionality for specific 
applications. The methods used to modify the surface of 
polymer nano-fibers usually depend strongly on the nature 
of the fiber-forming polymer. Various surface modification 
techniques, categorized as physical or chemical processes, have 
been applied such as blending, coating, plasma treatment, wet 
mechanical method, surface graft polymerization, co-electro-
spinning of surface active agents and polymers, molecule 
immobilization by physical absorption, assembly of nano-
particles on the surface of nano-fibers, layer-by-layer assembly, 
chemical immobilization, etc.

A variety of bioactive molecules including anti-cancer drugs, 
enzymes and polysaccharides as well as nano-particles have 
been entrapped within the interior of nano-fibers or physically 
immobilized on their surface. The surfaces of electro-spun 
nano-fibers were also chemically modified by immobilizing 
cell specific bioactive ligands to enhance cell adhesion and cell 
proliferation by mimicking the morphology and biological 
function of extracellular matrix. One must recognize that 
surface modification of polymers is a classic research topic, 
and it is still receiving extensive attention because new 
applications of polymeric materials have emerged, especially in 
the fields of biotechnology, bioengineering, and most recently 
in nanotechnology. In order to successfully apply adequately 
electro-spun nano-fiber in a given application, its surface 
should be chemically and/or physically modified during and/
or after electro-spinning in order to provide the surface with 
the necessary properties for a successful application, such as 
chemical composition, hydrophilicity, roughness, crystallinity, 
conductivity, lubricity, antibacterial activity, etc. In some cases, 
physical surface modification methods can lead to changes 
in the chemical composition of the functional groups at the 
surface of the nano-fiber due to the removal or addition of a 
chemical group or activation of a chemical reaction on the 
surface of a material. For example, selective or ion-beam 
sputtering or selective cross-linking in the presence of plasma 
can induce chemical changes such as chain scissions, cross-
linking, surface oxidation, depletion of small molecular weight 
fragments, and lead to the formation of a significant amount of 
hydroxyl groups, and even carbonyl groups. 

shape. The drop will experience two major types of electrostatic 
forces, the electrostatic repulsion between the surface charges 
and the Coulombic force exerted by the external electric field 
induced between the needle and the electrically grounded 
collector acting as a counter electrode (i.e. plate, rotating metal 
cylinder, or conducting coagulation bath). When a critical 
voltage is exceeded, the electrostatic forces act in opposition 
to, and overcome the polymer solution surface tension of the 
polymer liquid and a charged thin jet is erupted from the 
surface of the formed cone and moves towards the collector. 
As the electrified jet travels through the air space between the 
needle and the collector, it undergoes a stretching, elongation 
and whipping processes, while the solvent evaporates and a thin 
polymer fiber is then deposited on the form of a non-woven 
mat or over a support [1]. A random motion and instabilities 
of the electro-spinning jet are generally observed as a result 
of different interaction variables including electrostatic forces, 
gravity, air friction, polymer viscosity and surface tension. 
Interconnected aligned nano-fibers and assembled membranes 
with specific nanostructures can be prepared. 
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Blending is the simplest and easiest method employed to 
functionalize a polymer nano-fiber. It is a physical approach 
consisting on the addition of blending ligand molecules into 
the polymer solution and then electro-spinning the polymer 
solution. No chemical bondings or attachments are involved 
between the polymer material and the modified species. It is a 
simple mixing of two or more materials that has been proven 
to be an effective method for polymer nano-fiber modification 
[27-29].

Plasma treatment of polymer materials has been commonly 
employed to tailor surface adhesion and wetting properties 
by changing the surface chemical composition [30,31]. 
Appropriate selection of a plasma source enabling the 
introduction of diverse functional groups on nano-fiber based 
materials is important [32].

Surface graft copolymerization is an easy and controllable in-
troduction of graft chains to the surface of nano-fibrous ma-
terials without changing their bulk properties. This technique 
can be employed to modify the nano-fiber surface to obtain 
distinct properties through the choice of different monomers 
[33]. Surface graft copolymerization can be used to confer 
surface hydrophilicity and also to introduce multi-functional 
groups on nano-fiber surface for covalent immobilization of 
bioactive molecules. The surface graft copolymerization can be 
initiated via direct chemical modification, ozone, gamma rays, 
electron beams, plasma discharge or UV radiation treatment to 
generate free radicals for the polymerization [34].

The formation of ultra-thin surface layers following a bottom-
up approach like self-assembly or applying surface coatings 
through synthetic chemistry on different types of surfaces is one 
of the research areas in materials science and nanotechnology. 
The main reason of such interest is the number of the applications 
requiring relatively defect-free surfaces with systematically 
engineered properties [35]. A surface modification method 
that allows surface coating with a thickness from a few nano- 
to several micro-meters through precise control has been 
realized by layer-by-layer polyelectrolyte multilayer assembly 
[36]. The method consists on an alternative layer-by-layer 
deposition of polyanions and polycations principally driven by 
an electrostatic force on charged substrates, resulting in self-
assembled multilayer coating. The combination of layer-by-
layer electrostatic assembly and electro-spinning provides the 
versatility to incorporate different functional polyelectrolytes 
to achieve multifunctional coatings. 

Molecule immobilization on nano-fiber surface can be 
carried out using active surface agents following chemical 
functionalization, post-spinning modification, physical 
adsorption or by nano-particle polymer composites. Among 
these approaches, physical surface adsorption is the simplest 
one. Generally, electrostatic interaction, hydrogen bonding, 
hydrophobic interaction and van der Waals interaction 
can be used as a driving force for surface adsorption. Many 
functionalized composite nano-fibers were produced directly 
by electro-spinning polymer solutions containing nano-
particles of different types including metal alkoxide precursors. 
Incorporation of metal nano-particles in polymer matrices has 
allowed the development of materials with unique properties 
due to the nano-scale size and shape of the dispersed nano-
particles. 

Covalent immobilization of active molecules on a polymer 
surface assures the long-term chemical stability of introduced 
chains in contrast to what occurs in physically coated polymer 
chains, and enhances cell adhesion and cell proliferation 
[33,39,40].

Acknowledgement

The author gratefully acknowledge the financial support of the 
I+D+I Project MAT2010-19249 (Spanish Ministry of Science 
and Innovation). 

References
1. Khayet M, Matsuura T (2011) Membrane Distillation: Principles and 
Applications. Elsevier, Netherlands.
2. Xing X, Wang Y, Li B (2008) Nanofibers drawing and nanodevices assembly 
in poly (trimethylene terephthalate). Opt Express 16: 10815-10822.

3. Tao SL, Desai TA (2007) Aligned arrays of biodegradable poly 
(epsiloncaprolactone) nanowires and nanofibers by template synthesis. Nano 
Lett 7: 1463-1468.
4. Ma PX, Zhang R (1999) Synthetic nano-scale fibrous extracellular matrix. J 
Biomed Mater Res 46: 60-72.

5. Hartgerink JD, Beniash E, Stupp SI (2001) Self-assembly and 
mineralization of peptide-amphiphile nanofibers. Science 294: 1684-1688.

6. Rollings DA, Tsoi S, Sit JC, Veinot JG (2007) Formation and aqueous surface 
wettability of polysiloxane nanofibers prepared via surface initiated vapor-
phase polymerization of organotrichlorosilanes. Langmuir 23: 5275-5278.
7. Deitzel JM, Kleinmeyer J, Hirvonen JK, Beck Tan NC (2001) Controlled 
deposition of electrospun poly (ethylene oxide) fibers. Polymer 42: 8163-
8170.

Chemical methods are more effective surface modification 
techniques because of their flexibility for surface modification 
of thick nano-fibrous based materials [37]. These methods 
involve the introduction of one or more chemical species to 
a given surface in order to produce a surface with enhanced 
chemical and physical properties. Wet chemical oxidation 
treatments are commonly employed to introduce oxygen 
containing functional groups such as carbonyl, hydroxyl, 
and carboxyl groups at the surface of the nano-fibrous based 
materials [38]. The oxygen containing functional groups 
increase the polarity and the ability to hydrogen bond, which 
favors wet ability and adhesion.

10. Formhals A (1934) Process and apparatus for preparing artificial threads. 
United States patent office.

9. Morton WJ (1902) Method of dispersing fluids. US Patent 705691.

8. Cooley JF (1902) Apparatus for electrically dispersing fluids. US patent 
692631.

11. Formhals A (1939) Method and apparatus for spinning. US patent 
2160962.
12. Formhals A (1940) Artificial thread and method of producing same. 
United States patent 2187306.
13. Formhals A (1943) Producing artificial fibers from fiber-forming liquids. 
United States patent 2323025.

14. Teo WE, Ramakrishna S (2006) A review on electrospinning design and 
nanofibre assemblies. Nanotechnology 17: R89-R106.

http://www.annexpublishers.com/
http://books.google.co.in/books?hl=en&lr=&id=5yzHdm8vOqMC&oi=fnd&pg=PP1&dq=Khayet+M,+Matsuura+T+%282011%29+&ots=DqZ26HuHLV&sig=P_QEn-lbUG42ThcHzhzx8sk7Kxc#v=onepage&q=Khayet%20M%2C%20Matsuura%20T%20(2011)&f=false
http://books.google.co.in/books?hl=en&lr=&id=5yzHdm8vOqMC&oi=fnd&pg=PP1&dq=Khayet+M,+Matsuura+T+%282011%29+&ots=DqZ26HuHLV&sig=P_QEn-lbUG42ThcHzhzx8sk7Kxc#v=onepage&q=Khayet%20M%2C%20Matsuura%20T%20(2011)&f=false
http://www.ncbi.nlm.nih.gov/pubmed/18607497
http://www.ncbi.nlm.nih.gov/pubmed/18607497
http://www.ncbi.nlm.nih.gov/pubmed/17488047
http://www.ncbi.nlm.nih.gov/pubmed/17488047
http://www.ncbi.nlm.nih.gov/pubmed/17488047
http://www.ncbi.nlm.nih.gov/pubmed/10357136
http://www.ncbi.nlm.nih.gov/pubmed/10357136
http://www.ncbi.nlm.nih.gov/pubmed/11721046
http://www.ncbi.nlm.nih.gov/pubmed/11721046
http://www.ncbi.nlm.nih.gov/pubmed/17402761
http://www.ncbi.nlm.nih.gov/pubmed/17402761
http://www.ncbi.nlm.nih.gov/pubmed/17402761
http://www.sciencedirect.com/science/article/pii/S0032386101003366
http://www.sciencedirect.com/science/article/pii/S0032386101003366
http://www.sciencedirect.com/science/article/pii/S0032386101003366
http://www.google.co.in/patents/US1975504?printsec=abstract#v=onepage&q&f=false
http://www.google.co.in/patents/US1975504?printsec=abstract#v=onepage&q&f=false
http://www.google.co.in/patents?id=g3ZgAAAAEBAJ&printsec=abstract#v=onepage&q&f=false
http://www.google.co.in/patents?hl=en&lr=&vid=USPAT692631&id=HeBCAAAAEBAJ&oi=fnd&dq=Apparatus+for+electrically+dispersing+fluids&printsec=abstract#v=onepage&q=Apparatus%20for%20electrically%20dispersing%20fluids&f=false
http://www.google.co.in/patents?hl=en&lr=&vid=USPAT692631&id=HeBCAAAAEBAJ&oi=fnd&dq=Apparatus+for+electrically+dispersing+fluids&printsec=abstract#v=onepage&q=Apparatus%20for%20electrically%20dispersing%20fluids&f=false
http://www.google.co.in/patents?hl=en&lr=&vid=USPAT2160962&id=9JJuAAAAEBAJ&oi=fnd&dq=Method+and+apparatus+for+spinning&printsec=abstract#v=onepage&q=Method%20and%20apparatus%20for%20spinning&f=false
http://www.google.co.in/patents?hl=en&lr=&vid=USPAT2160962&id=9JJuAAAAEBAJ&oi=fnd&dq=Method+and+apparatus+for+spinning&printsec=abstract#v=onepage&q=Method%20and%20apparatus%20for%20spinning&f=false
http://www.freepatentsonline.com/2187306.html
http://www.freepatentsonline.com/2187306.html
http://www.google.co.in/patents/US2323025?printsec=abstract#v=onepage&q&f=false
http://www.google.co.in/patents/US2323025?printsec=abstract#v=onepage&q&f=false
http://www.ncbi.nlm.nih.gov/pubmed/19661572
http://www.ncbi.nlm.nih.gov/pubmed/19661572


Annex Publishers | www.annexpublishers.com                    
 

Volume 1 | Issue 1  

Journal of Materials Science & Nanotechnology
 

4
15. Iskandar F (2009) Nanoparticle processing for optical applications - A 
review. Adv Powder Technol 20: 283-292.

16. Li D, Frey MW, Baeumner AJ (2006) Electrospun polylactic acid nanofiber 
membranes as substrates for biosensor assemblies. J Membrane Sci 279: 354-
363.

17. Fu GD, Xu LQ, Yao F, Li GL, Kang ET (2009) Smart nanofibers with a 
photoresponsive surface for controlled release. ACS Appl Mater Interfaces 1: 
2424-2427.
18. Huang XJ, Yu AG, Xu ZK (2008) Covalent immobilization of lipase from 
Candida rugosa onto poly (acrylonitrile-co-2-hydroxyethyl methacrylate) 
electrospun fibrous membranes for potential bioreactor application. Bioresour 
Technol 99: 5459-5465.
19. Liu SJ, Kau YC, Chou CY, Chen JK, Wu RC et al. (2010) Electrospun PLGA/
collagen nanofibrous membrane as early-stage wound dressing. J Membrane 
Sci 355: 53-59.
20. Ramakrishna S, Jose R, Archana PS, Nair AS, Balamurugan R, et al. (2010) 
Science and engineering of electrospun nanofibers for advances in clean 
energy, water filtration, and regenerative medicine. J Mater Sci 45: 6283-6312.
21. Laforgue A (2011) All-textile flexible supercapacitors using electrospun 
poly (3,4-ethylenedioxythiophene) nanofibers. J Power Sources 196: 559-564.
22. Gibson P, Gibson HS, Rivin D (2001) Transport properties of porous 
membranes based on electrospun nanofibers. Colloid Surf A: Physicochem 
Eng Aspect 187-188: 469-481.
23. Bergshoef MM, GJ Vancso (1999) Transparent nanocomposites with ul-
trathin, electrospun nylon-4,6 fiber reinforcement. Adv Mater 11: 1362-1365.
24. Essalhi M, Khayet M (2013) Self-sustained webs of polyvinylidene fluoride 
electrospun nanofibers at different electrospinning times : 1. Desalination by 
direct contact membrane distillation. J Membrane Sci 433: 167-179.
25. Piskin E, Bolgen N, Egri S, Isoglu I (2007) Electrospun matrices made of 
poly (alpha- hydroxy acids) for medical use. Nanomedicine 2: 441-457.
26. Nie H, He A, Jia B, Wang F, Jiang Q, et al. (2010) A novel carrier 
of radionuclide based on surface modified poly-(lactide-co-glycolide) 
nanofibrous membrane. Polymer 51: 3344-3348.

32. Yoo HS, Kim TG, Park TG (2009) Surface-functionalized electrospun 
nanofibers for tissue engineering and drug delivery. Adv Drug Deliv Rev 61: 
1033-1042.
33. Yao C, Li XS, Neoh KG, Shi ZL, ET Kang (2008) Surface modification and 
antibacterial activity of electrospun polyurethane fibrous membranes with 
quaternary ammonium moieties. J Membr Sci 320: 259-267
34. Ikada Y (1992) Comparison of surface modification of polymers by 
different methods. Radiat Phys Chem 39: 509-511.

35. Araujo JV, Martins A, Leonor IB, Pinho ED, Reis RL, et al. (2008) Surface 
controlled biomimetic coating of polycaprolactone nanofiber meshes to be 
used as bone extracellular matrix analogues. J Biomater Sci Polym Ed 19: 1261-
1278.
36. Tang Z, Wang Y, Podsiadlo P, Kotov NA (2006) Biomedical applications of 
layer-by-layer assembly: from biomimetics to tissue engineering. Adv Mater 
18: 3203-3224.
37. Croll TI, O'Connor AJ, Stevens GW, Cooper-White JJ (2004) Controllable 
surface modification of poly (lactic-co-glycolic acid) (PLGA) by hydrolysis or 
aminolysis I: Physical, chemical, and theoretical aspects. Biomacromol 5: 463-
473.
38. Agarwal S, Wendorff JH, Greiner A (2010) Chemistry on electrospun 
polymeric nanofibers: merely routine chemistry or a real challenge? Macromol 
Rapid Commun 31: 1317-1331.

39. Mori M, Uyama Y, Ikada Y (1994) Surface modification of polyethylene 
fiber by graft polymerization. J Polym Sci Polym Chem 32: 1683-1690.
40. Ma Z, Kotaki M, Yong T, He W, Ramakrishna S (2005) Surface engineering 
of electrospun polyethylene terephthalate (PET) nanofibers towards 
development of a new material for blood vessel engineering. Biomaterials 26: 
2527-2536.

30. Ladizesky NH, Ward IM (1995) A review of plasma treatment and the 
clinical application of polyethylene fibers to reinforcement of acrylic resins. J 
Mater Sci Mater Med 6: 497-504.
31. Grace JM, Gerenser LJ (2003) Plasma treatment of polymers. J Dispers Sci 
Technol 24: 305-341.

27. Kaur S, Kotaki M, Ma Z, Gopal R, Ramakrishna S, et al. (2006) 
Oligosaccharide functionalized nanofibrous membrane. Int J Nanosci 5: 1-11.
28. Bellan LM, Cross JD, Strychalski EA, Moren-Marbel J, Craighead HG 
(2006) Individually resolved DNA molecules stretched and embedded in 
electrospun polymer nanofibers. Nano Lett 6: 2526-2530.

29. He W, Yong T, Teo WE, Ma ZW, Ramakrishna S (2005) Fabrication and 
endothelialization of collagen-blended biodegradable polymer nanofibers: 
potential vascular graft for blood vessel tissue engineering. Tissue Eng 11: 
1574-1588.

Submit your next manuscript to Annex Publishers and 
benefit from:

                                    Submit your manuscript at
              http://www.annexpublishers.com/paper-submission.php

→  Easy online submission process
→  Rapid peer review process

→  Open access: articles available free online
→  Online article availability soon after acceptance for Publication

→  Better discount on subsequent article submission
→  More accessibility of the articles to the readers/researchers within the field

http://www.annexpublishers.com/
http://www.sciencedirect.com/science/article/pii/S0921883109001265
http://www.sciencedirect.com/science/article/pii/S0921883109001265
http://www.sciencedirect.com/science/article/pii/S0376738805009129
http://www.sciencedirect.com/science/article/pii/S0376738805009129
http://www.sciencedirect.com/science/article/pii/S0376738805009129
http://www.ncbi.nlm.nih.gov/pubmed/20356110
http://www.ncbi.nlm.nih.gov/pubmed/20356110
http://www.ncbi.nlm.nih.gov/pubmed/20356110
http://www.ncbi.nlm.nih.gov/pubmed/18248984
http://www.ncbi.nlm.nih.gov/pubmed/18248984
http://www.ncbi.nlm.nih.gov/pubmed/18248984
http://www.ncbi.nlm.nih.gov/pubmed/18248984
http://www.sciencedirect.com/science/article/pii/S0376738810002206
http://www.sciencedirect.com/science/article/pii/S0376738810002206
http://www.sciencedirect.com/science/article/pii/S0376738810002206
http://link.springer.com/article/10.1007/s10853-010-4509-1#page-1
http://link.springer.com/article/10.1007/s10853-010-4509-1#page-1
http://link.springer.com/article/10.1007/s10853-010-4509-1#page-1
http://www.sciencedirect.com/science/article/pii/S037877531001150X
http://www.sciencedirect.com/science/article/pii/S037877531001150X
http://www.sciencedirect.com/science/article/pii/S0927775701006161
http://www.sciencedirect.com/science/article/pii/S0927775701006161
http://www.sciencedirect.com/science/article/pii/S0927775701006161
http://onlinelibrary.wiley.com/doi/10.1002/%28SICI%291521-4095%28199911%2911:16%3C1362::AID-ADMA1362%3E3.0.CO;2-X/abstract
http://onlinelibrary.wiley.com/doi/10.1002/%28SICI%291521-4095%28199911%2911:16%3C1362::AID-ADMA1362%3E3.0.CO;2-X/abstract
http://www.sciencedirect.com/science/article/pii/S0376738813000501
http://www.sciencedirect.com/science/article/pii/S0376738813000501
http://www.sciencedirect.com/science/article/pii/S0376738813000501
http://www.ncbi.nlm.nih.gov/pubmed/17716131
http://www.ncbi.nlm.nih.gov/pubmed/17716131
http://www.sciencedirect.com/science/article/pii/S0032386110004167
http://www.sciencedirect.com/science/article/pii/S0032386110004167
http://www.sciencedirect.com/science/article/pii/S0032386110004167
http://www.ncbi.nlm.nih.gov/pubmed/19643152
http://www.ncbi.nlm.nih.gov/pubmed/19643152
http://www.ncbi.nlm.nih.gov/pubmed/19643152
http://www.sciencedirect.com/science/article/pii/S0376738808003189
http://www.sciencedirect.com/science/article/pii/S0376738808003189
http://www.sciencedirect.com/science/article/pii/S0376738808003189
http://www.sciencedirect.com/science/article/pii/135901979290104N
http://www.sciencedirect.com/science/article/pii/135901979290104N
http://www.ncbi.nlm.nih.gov/pubmed/18854121
http://www.ncbi.nlm.nih.gov/pubmed/18854121
http://www.ncbi.nlm.nih.gov/pubmed/18854121
http://www.ncbi.nlm.nih.gov/pubmed/18854121
http://onlinelibrary.wiley.com/doi/10.1002/adma.200600113/abstract?deniedAccessCustomisedMessage=&userIsAuthenticated=false
http://onlinelibrary.wiley.com/doi/10.1002/adma.200600113/abstract?deniedAccessCustomisedMessage=&userIsAuthenticated=false
http://onlinelibrary.wiley.com/doi/10.1002/adma.200600113/abstract?deniedAccessCustomisedMessage=&userIsAuthenticated=false
http://pubs.acs.org/doi/abs/10.1021/bm0343040
http://pubs.acs.org/doi/abs/10.1021/bm0343040
http://pubs.acs.org/doi/abs/10.1021/bm0343040
http://pubs.acs.org/doi/abs/10.1021/bm0343040
http://www.ncbi.nlm.nih.gov/pubmed/21567530
http://www.ncbi.nlm.nih.gov/pubmed/21567530
http://www.ncbi.nlm.nih.gov/pubmed/21567530
http://onlinelibrary.wiley.com/doi/10.1002/pola.1994.080320910/abstract
http://onlinelibrary.wiley.com/doi/10.1002/pola.1994.080320910/abstract
http://www.ncbi.nlm.nih.gov/pubmed/15585255
http://www.ncbi.nlm.nih.gov/pubmed/15585255
http://www.ncbi.nlm.nih.gov/pubmed/15585255
http://www.ncbi.nlm.nih.gov/pubmed/15585255
http://link.springer.com/article/10.1007/BF00151029#page-1
http://link.springer.com/article/10.1007/BF00151029#page-1
http://link.springer.com/article/10.1007/BF00151029#page-1
http://www.tandfonline.com/doi/abs/10.1081/DIS-120021793#.UgD3QZJge2V
http://www.tandfonline.com/doi/abs/10.1081/DIS-120021793#.UgD3QZJge2V
http://www.worldscientific.com/doi/abs/10.1142/S0219581X06004206
http://www.worldscientific.com/doi/abs/10.1142/S0219581X06004206
http://pubs.acs.org/doi/abs/10.1021/nl061894%2B
http://pubs.acs.org/doi/abs/10.1021/nl061894%2B
http://pubs.acs.org/doi/abs/10.1021/nl061894%2B
http://www.ncbi.nlm.nih.gov/pubmed/16259611
http://www.ncbi.nlm.nih.gov/pubmed/16259611
http://www.ncbi.nlm.nih.gov/pubmed/16259611
http://www.ncbi.nlm.nih.gov/pubmed/16259611

