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I like the scientific spirit—the holding off, the being sure but not too sure, the willingness to 

surrender ideas when the evidence is against them: this is ultimately fine—it always keeps the way 

beyond open—always gives life, thought, affection, the whole man, a chance to try over again  

after a mistake—after a wrong guess. 

 

Walt Whitman 
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Introduction 

Widely employed for a steadily increasing number of industrial processes and experimental studies, 

plasma can be considered as one of the most pervasive and promising technologies of our time.  

Concerning the branch of thermal plasmas, the efforts carried out in the last two centuries have pushed 

this technology to assume a key role in several processes, i.e. metals cutting and welding, 

nanoparticles synthesis, waste reforming, leading to an accurate and almost complete knowledge on 

the exploitability of thermal plasmas in the industrial sector.  

Conversely, the potentialities offered by non-equilibrium plasmas, especially if working at 

atmospheric pressure, are still far away to be totally understood, since the surprising and, sometimes, 

unpredictable results coming from studies carried out all over the world bring out the growing 

versatility of this technology and its suitability for many applications intersecting our daily lives.  

Promising results in several fields, i.e. materials modification, coatings deposition, decontamination 

of solid and liquid substrates, stimulate the vision of the successful use of non-equilibrium 

atmospheric plasma, also called cold atmospheric plasma (CAP), technology, known to be highly 

environmentally friendly, flexible, easily scaling up or down, in substitution of conventional 

techniques.  

Furthermore, besides the applications of CAP in the industrial sector, the results of the experimental 

studies performed in the field placed at the front edge of plasma research activities and referred as 

Plasma medicine highlighted that these plasmas are endowed of unique properties and characteristics, 

which make them suitable also for biomedical applications and medical therapies.  

All these mentioned applications are made possible by specific mechanisms occurring during the 

interactions between plasma and treated substrate (solid, liquid, polymeric or biologic). 

Unfortunately, the knowledge gained so far is not enough to provide an exhaustive interpretation to 

these mechanisms, which are generally quite different from those of conventional processes, and an 

interdisciplinary approach is strongly required to improve the understanding of the plasma induced 

effects.  

To answer to the challenging questions about the way in which plasma and its components interact 

with all the different substrates would enable to better control each plasma process and to further 

widen the fields of possible applications. Further studies are then needed, but the worthy results so 

far achieved jointly to the increasing number of scientific groups involved in this research field allow 

being optimistic regarding the achievement of this aim.  
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Outline 

During my Ph.D studies at Alma Mater Studiorum – Università di Bologna, I have been thoroughly 

involved in the activities of the Research Group for Industrial Application of Plasmas (IAP group) 

headed by Prof. Colombo. 

I focused my studies mainly on the setup and optimization of CAP-assisted processes for materials 

modification, coating deposition, crosslinking of polymers and synthesis of nanostructures in liquid 

phase. I also had the opportunity to take part to other research activities dealing with the investigation 

of the physical characteristics of the plasma discharge by means of the employment of diagnostic 

techniques and with interesting applications of CAP in the field of Plasma medicine. 

 

The present dissertation, organized in two parts, is focused to present and discuss the results obtained 

from the research activities carried out in the wide and interesting field of plasma and materials.  

 

The first part of the work is mainly aimed at investigating the potentialities of CAP for the 

modification of materials, coating deposition and crosslinking of polymers. In the first two chapters, 

I will briefly summarize the conventional techniques and the CAP approaches most employed to carry 

out the processes I dealt with during my studies. In the other chapters, organized by topic, the results 

achieved during my research activities in the fields of surface material modification, coating 

deposition and crosslinking of polymers will be presented and discussed. As reported in the respective 

chapters of the first part of the dissertation, some of the presented research activities and achieved 

results were made possible thanks to the fruitful and instructive collaborations between the IAP Group 

and Research Groups at University of Bologna, University of Piemonte Orientale and University of 

Catania.  In particular, the collaborations with the Research Groups of Prof. Maria Letizia Focarete 

(Alma Mater Studiorum - Università di Bologna), Prof. Adriana Bigi (Alma Mater Studiorum - 

Università di Bologna)), Prof. Laura Calzà (Alma Mater Studiorum - Università di Bologna)), Prof. 

Lia Rimondini (University of Piemonte Orientale) and Prof. Antonino Pollicino (Unverisity of 

Catania) are gratefully acknowledged.  

 

The second part of the dissertation is linked to the research activities I performed during my short 

term scientific mission (STSM), granted by the CMST COST Action TD1208 – Electrical Discharge 

with Liquids for Future Application, undertaken in Prof Mariotti’s research group at Ulster 

University, Northern Ireland, UK. As reported in the related chapters, the STSM and the collaboration 

with Prof. Mariotti enabled to garner useful knowledge on the potentialities of plasma-induced 

chemistry in a liquid environment for the synthesis of nanostructures. Similarly to the first one, the 
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second part of the dissertation will first present an overview on the conventional methods for 

nanostructures synthesis, while the last chapter will be devoted at illustrating the plasma assisted 

processes for nanoparticles production and the experimental activities I performed during the STSM, 

aimed at synthesising nanostructures in liquid phase by means of CAP.  

 

The presented activities were developed in the framework of the European networking projects 

MPNS COST Action MP1101 - Biomedical Applications of Atmospheric Pressure Plasma 

Technology and CMST COST Action TD1208 - Electrical Discharge with Liquids for Future 

Application and the FARB (Alma Mater Studiorum – Univeristà di Bologna grant for fundamental 

research) project PLASMAT  “Plasma-assisted    preparation    and    modification    of    molecular    

and macromolecular materials for biomedical, pharmaceutical and energy applications”, within the  

activities  of  IAP Group at Alma Mater Studiorum - Università di Bologna).  

 

The achieved results have been reported in the following papers published or submitted to 

international journal:  

 

1. A. Liguori, E. Traldi, E. Toccaceli, R. Laurita, A. Pollicino, M. L. Focarete, V. Colombo, M. 

Gherardi, Co-deposition of plasma-polymerized polyacrylic acid and silver nanoparticles for 

the production of nanocomposite coatings using a non-equilibrium atmospheric pressure 

plasma jet, Plasma Processes and Polymers 2015, DOI: 10.1002/ppap.201500143. 

2. A. Liguori, A. Pollicino, A. Stancampiano, F. Tarterini, M. L. Focarete, V. Colombo, M. 

Gherardi, Deposition of plasma-polymerized polyacrylic acid coatings by a nonequilibrium 

atmospheric pressure nanopulsed plasma jet, Plasma Processes and Polymers 2016, 13, 375. 

3. A. Liguori, L. Paltrinieri, A. Stancampiano, C. Gualandi, M. Gherardi, V. Colombo, M. L. 

Focarete, Solid-State Crosslinking of Polysaccharide Electrospun Fibers by Atmospheric 

Pressure Non-Equilibrium Plasma: A Novel Straightforward Approach, Plasma Processes and 

Polymers 2015, 12, 1195. 

4. L. S. Dolci, S. D. Quiroga, M. Gherardi, R. Laurita, A. Liguori, P. Sanibondi, A. Fiorani, L. 

Calzà, V. Colombo, M. L. Focarete, Carboxyl Surface Functionalization of Poly(L-lactic acid) 

Electrospun Nanofibers through Atmospheric Non-Thermal Plasma Affects Fibroblast 

Morphology, Plasma Processes and Polymers 2012, 11, 203. 

5. A. Liguori, A. Bigi, V. Colombo, M. L. Focarete, M. Gherardi, C. Gualandi, M. Oleari, S. 

Panzavolta, Crosslinking of gelatine by means of atmospheric pressure non-equilibrium 

plasma: a green and easy method, to be submitted. 
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6. A. Liguori, A. Cochis, A. Stancampiano,  R. Laurita, B. Azzimonti, R. Sorrentino, E. Varoni, 

M. Petri, V. Colombo, M. Gherardi, L. Rimondini, Cold atmospheric plasma affects early 

bacteria adhesion and decontamination of soft reline palatal obturators, submitted to Journal 

of Biomedical Materials Research Part B. 

7. T. Velusamy, A. Liguori, M. Macias-Montero, M. Gherardi, V. Colombo, P. Maguire, D. 

Mariotti, One-Step Rapid Synthesis of CuO Quantum Dots with tailored energy-band diagram 

for all-inorganic solar cells, submitted to Nature Communications. 

8. L. S. Dolci, A. Liguori, A. Merlettini, L. Calzà, M. Gherardi, V. Colombo, M. L. Focarete, 

Antibody immobilization on poly(L-lactic acid) nanofibers advantageously carried out by 

means of a non-equilibrium atmospheric plasma process, submitted to Journal of Physics D: 

Applied Physics.  

9. C. Gualandi, N. Bloise, N. Mauro, P. Ferruti, A. Manfredi, M. Sampaolesi, A. Liguori, R. 

Laurita, M. Gherardi, V. Colombo, L. Visai, M. L. Focarete, E. Ranucci, Poly-L-lactic acid 

nanofiber–polyamidoamine hydrogel composites: preparation, properties and preliminary 

evaluation as scaffolds for human pluripotent stem cell culturing, submitted to 

Macromolecular Bioscience.   

 

Furthermore, I took part into other research in the field of Plasma medicine and diagnostic of plasma 

discharges, which led to the following scientific works: 

 

1. E. Simoncelli, D. Barbieri, R. Laurita, A. Liguori, A. Stancampiano, L. Viola, R. Tonini, M. 

Gherardi, V. Colombo, Preliminary investigation of the antibacterial efficacy of a handheld 

plasma gun source for endodontic procedures, Clinical Plasma Medicine 2015, 3, 2. 

2. M. Boselli, V. Colombo, M. Gherardi, R. Laurita, A. Liguori, E. Simoncelli, A. Stancampiano, 

Characterization of a cold atmospheric pressure plasma jet device driven by nanosecond 

voltage pulses, IEEE Transactions on Plasma Science 2015, 43, 3. 

3. D. Barbieri, M. Boselli, F. Cavrini, V. Colombo, M. Gherardi, M. P. Landini, R. Laurita, A. 

Liguori, A. Stancampiano, Investigation of the antimicrobial activity at safe levels for 

eukaryotic cells of a low power atmospheric pressure inductively coupled plasma source, 

Biointerphases 2015, 10, 029519. 

4. M. Gherardi, E. Turrini, R. Laurita, E. De Gianni, L. Ferruzzi, A. Liguori, A. Stancampiano, 

V. Colombo, C. Fimognari, Atmospheric Non-Equilibrium Plasma Promotes Cell Death and 

Cell-Cycle Arrest in a Lymphoma Cell Line, Plasma Processes and Polymers 2015, DOI: 

10.1002/ppap.201500033. 
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5. M. Boselli, V. Colombo, M. Gherardi, R. Laurita, A. Liguori, P. Sanibondi, A. Stancampiano, 

High-Speed Multi-Imaging of Repetitive Unipolar Nanosecond-Pulsed DBDs, IEEE 

Transactions on Plasma Science, Images in Plasma Science 2014, 42, 10. 

6. S. Bianconi, F. Cavrini, V. Colombo, M. Gherardi, R. Laurita, A. Liguori, P. Sanibondi, A. 

Stabcampiano, ICCD imaging of the transition from uncoupled to coupled mode in a plasma 

source for biomedical and materials treatment applications, IEEE Transactions on Plasma 

Science, Images in Plasma Science 2014, 42, 10. 

7. M. Boselli, F. Cavrini, V. Colombo, E. Ghedini, M. Gherardi, R. Laurita, A. Liguori, P. 

Sanibondi, A. Stancampiano, High-speed and Schlieren imaging of a low power inductively 

coupled plasma source for potential biomedical applications, IEEE Transactions on Plasma 

Science, Images in Plasma Science 2014, 42, 10. 

8. M. Boselli, V. Colombo , E. Ghedini, M. Gherardi, R. Laurita, A. Liguori, P. Sanibondi, A. 

Stancampiano, Schlieren high-speed imaging of a nanosecond pulsed atmospheric pressure 

non-equilibrium plasma jet, Plasma Chemistry and Plasma Processes 2014, 34, 4. 

 

The results have been also presented at international conferences: 

 

1. Non-equilibrium nanopulsed plasma jet for the synthesis of copper-based nanostructures in 

liquid environments, oral presentation at International Conference on Electrical Discharges 

with Liquids (ICEDL 16), Kocaeli University, Turkey, 13-17 March 2016. 

2. Plasma treatment of materials and for materials synthesis, oral presentation at (Micro)Plasma 

& Microstructures, Ghent University, Belgium, 26-27 November 2015. 

3. Atmospheric non-equilibrium plasma sources and processes with a focus on plasma medicine 

and antibacterial applications, oral presentation at GEC-68/ICRP-9/SPP-33, Honolulu, USA, 

12-16 October 2015. 

4. Effective decontamination of soft reline-based oral cancer shutters by means of non-thermal 

atmospheric plasma, poster presentation at Joint meeting of COST Actions CMST TD1208 

and MPNS MP1101, Bertinoro, Italy, 13-16 September 2015 

5. Investigation of the antimicrobial activity at safe levels for eukaryotic cells of a low power 

atmospheric pressure inductively coupled plasma source, poster presentation at Joint meeting 

of COST Actions CMST TD1208 and MPNS MP1101, Bertinoro, Italy, 13-16 September 

2015 
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6. Atmospheric pressure non-thermal plasma for imparting water resistance properties to 

pullulan electrospun non-woven mats, poster presentation at Joint meeting of COST Actions 

CMST TD1208 and MPNS MP1101, Bertinoro, Italy, 13-16 September 2015 

7. Investigation of antibacterial efficacy of a plasma gun source for endodontic applications, oral 

presentation at Joint meeting of COST Actions CMST TD1208 and MPNS MP1101, 

Bertinoro, Italy, 13-16 September 2015. 

8. Single step process for deposition on nanocomposite antibacterial coatings using a non-

equilibrium atmospheric pressure plasma jet, poster presentation at Joint meeting of COST 

Actions CMST TD1208 and MPNS MP1101, Bertinoro, Italy, 13-16 September 2015. 

9. Non-equilibrium atmospheric pressure plasma jet driven by a nanosecond pulse generator for 

acrylic acidi plasma-polymerization, poster presentation at Joint meeting of COST Actions 

CMST TD1208 and MPNS MP1101, Bertinoro, Italy, 13-16 September 2015. 

10. PlasmMi-Plasma Mobile Inactivator: cold plasma smartphone sanitizer to reduce hospital and 

community-acquired bacterial diseases, poster presentation at Joint meeting of COST Actions 

CMST TD1208 and MPNS MP1101, Bertinoro, Italy, 13-16 September 2015. 

11. Atmospheric pressure DC microplasma for the surfactant-free synthesis of CuO nanoparticles 

in a liquid environment,  oral presentation at Joint meeting of COST Actions CMST TD1208 

and MPNS MP1101, Bertinoro, Italy, 13-16 September 2015. 

12. In vivo investigation on the effects of plasma activated water against plant pathogenic 

bacteria, poster presentation at Joint meeting of COST Actions CMST TD1208 and MPNS 

MP1101, Bertinoro, Italy, 13-16 September 2015. 

13. Characterization of a cold nanopulsed plasma jet in free-flow configuration and imping on 

different substrates, poster presentation at Joint meeting of COST Actions CMST TD1208 

and MPNS MP1101, Bertinoro, Italy, 13-16 September 2015. 

14. Advanced investigation of electrical and fluid-dynamic parameters on a nanopulsed plasma 

jet impinging on a liquid substrate, poster presentation at Joint meeting of COST Actions 

CMST TD1208 and MPNS MP1101, Bertinoro, Italy, 13-16 September 2015. 

15. Investigation of the antimicrobial activity at safe levels for eukaryotic cells of a low power 

atmospheric pressure inductively coupled plasma source, poster presentation at Sixth Central 

European Symposium on Plasma Chemistry (CESPC-6),Bressanone (Italy), September 2015 

16. Multi-diagnostic investigation of a non-equilibrium atmospheric pressure plasma jet driven 

by nanosecond voltage pulses in free-flow configuration and while imping on different 

substrate, oral presentation at Sixth Central European Symposium on Plasma Chemistry 

(CESPC-6),Bressanone (Italy), September 2015. 
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17. Surface characterization of plasma-polymerized polyacrylic acid thin film deposited by means 

of a nanosecond pulsed plasma jet, oral presentation at Sixth Central European Symposium 

on Plasma Chemistry (CESPC-6),Bressanone (Italy), September 2015. 

18. Investigation of the efficacy of plasma gun decontamination of realistic root canal models for 

endodontic applications, oral presentation at Sixth Central European Symposium on Plasma 

Chemistry (CESPC-6),Bressanone (Italy), September 2015. 

19. In vivo investigation on the effects of plasma activated water against plant pathogenic bacteria 

poster presentation at 22th  ISPC, Antwerp, Belgium, July 2015. 

20.  Characterization of a cold nanopulsed plasma jet in free-flow configuration and imping on 

different substrates poster presentation at 22th  ISPC, Antwerp, Belgium, July 2015. 

21. Advanced investigation of electrical and fluid-dynamic parameters on a nanopulsed plasma 

jet impinging on a liquid substrate,  poster presentation at 22th  ISPC, Antwerp, Belgium, July 

2015. 

22. Investigation of the antimicrobial activity at safe levels for eukaryotic cells of a low power 

atmospheric pressure inductively coupled plasma source, poster presentation at 22th  ISPC, 

Antwerp, Belgium, July 2015. 

23.  Effective decontamination of soft reline-based oral cancer shutters by means of non-thermal 

atmospheric plasma, poster presentation at 22th ISPC, Antwerp, Belgium, July 2015.  

24. Investigation of antibacterial efficacy of a plasma gun source for endodontic applications 

poster presentation at 22th  ISPC, Antwerp, Belgium, July 2015. 

25. Atmospheric pressure non-thermal plasma for imparting water resistance properties to 

pullulan electrospun non-woven mats, poster presentation at 22th  ISPC, Antwerp, Belgium, 

July 2015. 

26. Effective deposition of plasma-polymerized polyacrilic acid thin film by means of a plasma 

jet driven by nanosecond high voltage pulses, oral presentation at 22th  ISPC, Antwerp, 

Belgium, July 2015. 

27. Effective decontamination of soft reline-based oral cancer shutters by means of non-thermal 

atmospheric plasma ” poster presentation at Congresso Nazionale Biomateriali SIB, 
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28. Characterization and evaluation of bactericidal effect and cytocompatibility of a low power 

ICP source for biomedical applications, oral presentation at the 42nd IEEE International 

Conference on Plasma Science (ICOPS) Belek, Antalya (Turkey), May 2015. 
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CHAPTER 1 

CONVENTIONAL STRATEGIES FOR FUNCTIONAL 
SURFACE MODIFICATION OF MATERIALS  
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1.1  Surface modification of biomedical polymers 

Polymers have been successfully applied in several fields such as biomedical applications, fabrication 

of protective coatings, composite materials and microelectronic devices, thin-film technology, and so 

on [1]. Generally, specific surface properties such as chemical composition, hydrophilicity, 

roughness, conductivity, lubricity, crosslinking density, are required for the success of these 

applications [1]. Polymers, although being characterized by excellent bulk physical and chemical 

properties, low manufacturing cost and ease of process, very often are not able to meet all the 

requirements needed for these applications. In order to overcome this limitation, the modification of 

surface properties of polymers are often required to transform inexpensive materials into highly 

valuable finished products [2].  

Recently, the forefront sector of the tissue engineering has attracted a great interest; activities in this 

field, merging the principles of biology, medicine and engineering, aim at replacing damaged or 

missing biological tissues with functional artificial substitutes [2-4], named scaffolds, consisting in 

most cases in polymeric materials, selected for their strength and mechanical properties.  

Since these scaffolds are required to be biocompatible, biodegradable, able to promote cells adhesion, 

growth and sometimes differentiation, without inducing any inflammatory responses, formation of 

undesired tissues or other deleterious reactions, the control of their surface properties is mandatory 

[5], even more than for other applications.  

 

In order to properly modify the surface properties of the polymeric scaffolds, conferring them 

biocompatible properties and preventing the occurrence of unwanted inflammatory response, the 

interactions between material and cells must be understood [2, 6].  

Generally, cells bind to the extra-cellular matrix (ECM) through the cell membrane receptors. There 

are several classes of these receptors, also called protrusions, which are micrometer-sized sheet-like 

structures composed of an actin filament mesh with, at their end, smaller hair-like protrusions, 

“filopodia”, consisting of long, thin actin filament bundles which act as sensors of the environment 

of the cell. When the filopodia find a suitable binding site, a so-called receptor binding site, the 

filopodia bind to this site, and a feedback signalling pathway within the cell allows more receptors to 

be localized in that region of the cell. One class of receptors include the integrins, which bind 

selectively to specific binding sites such as Arg-Gly-Asp (RGD) tripeptide found in cell adhesive 

proteins such as vitronectin, laminin, and fibronectin [2, 6].  

Considering biomaterial-cell interactions, these receptors sense the sorrounding environment of the 

cell, which is the biomaterial surface. If this surface contains binding sites, similar to the natural 

ECM, it can be referred as a biomimetic material. As a consequence, cells will interact with the 
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material and will recognize the implant as if it were a part of the body. The receptor binding to the 

ligands, present on the biomimetic material, determines the strength of the cell attachment, the cell 

migration rate, and the extent of cytoskeletal organization formation [2, 6]. 

 The presence of the functional groups can be stated to directly influence the cell adhesion and 

differentiation [6]. Indeed, several papers demonstrated the surface-dependent differences in integrin 

binding in relation to the functional groups onto the material [6, 7]. For example, the presence of 

polar functionalities seems to exhibit intermediate levels of local adhesion components, while the 

hydrophobic substrates displayed the lowest levels, underlining the influence of the surface chemistry 

on the cells adhesion and differentiation [6, 8]. Besides the key role played by the chemical surface 

characteristics of the scaffold on the biocompatibility of the material, it is worth pointing out that also 

the morphology of the scaffolds requires to be considered with the aim to mimic the fibrous structure 

of the ECM due to the presence of proteins such collagen and fibronectin [6, 9-12].  

 

The surface functionalization of polymers is not only required to promote cell adhesion and 

proliferation, but also to enable the immobilization of drugs, enzymes, antibodies or other biologically 

active species, leading to the fabrication of bio-active scaffolds, demanded for a variety of biomedical 

applications. While the end use of the bio-active polymer varies with each application, the overall 

concept for its fabrication is the same. It concerns the selection of the polymer presenting the bulk 

properties matching the end use, its surface functionalization in order to introduce the type and 

quantity of reactive functional groups, the covalent binding of the natural or synthetic bioactive 

compound onto the functionalized polymer surface, via an intermediary, as needed [13].  

 

Another relevant aspect to take into account for the application of scaffolds and implants in the 

biomedical film is represented by the presence of bacteria in every biological environment. It is now 

widely accepted that bacteria survive by attaching to solid substrates, in sessile structured 

communities called biofilms, where they can persist for extended periods, acting as a reservoir of 

pathogens and multiplying their pathways of transmission [14, 15, 16]. Bacteria in biofilms are 

drastically more resistant to antibiotics and external forces and can withstand host immune responses 

[14, 17].  

For the correct functioning of an implant, it is thus critical that the attachment of bacteria is prevented, 

by conferring antibacterial characteristics to the surface of the implant. 
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In this chapter, a quick overview of the conventional approaches and strategies, mainly based on 

chemical and physical methods, for the modification of the chemical characteristics of polymers as 

well as for the fabrication of antibacterial surfaces is reported. 

 

1.2  Conventional methods for the functionalization of polymers 

As already discussed, chemical and physical surface modifications of the polymeric materials are 

generally required to confer biomimetic characteristics to the implant. Several strategies have been 

investigated and tested over time and despite being different, under a chemical point of view, all of 

them aim at the introduction of polar functional groups onto the material surface. Indeed, polar groups 

such as carboxyl, hydroxyl, amine groups are expected to confer hydrophilic characteristics to the 

surface and, moreover, they can also be used for the immobilization of biomimetic molecules. 

As reviewed and deeply documented by Desmet at al, in their work “Nonthermal Plasma Technology 

as a Versatile Strategy for Polymeric Biomaterials Surface Modification: A Review” published on 

Biomaterials in 2009, the techniques for the introduction of functional groups onto polymeric 

substrates can be subdivided in different classes [6].  

 

The first class of techniques refers to the wet-chemical methods and concerns the reactions between 

a chemical compound in solution and the surface of a solid material. Examples of this technique 

include aminolysis, a chemical reaction in which a molecule is split into two parts by reacting with a 

molecule of ammonia or an amine, and alkaline or acidic hydrolysis, which relies on the cleavage of 

chemical bonds by the addition of water. When a polyester is hydrolyzed via autocatalytic cleavage 

of main-chain ester-bonds, hydroxyl and carboxyl end-groups are generated, with an increase of 

roughness and hydrophilicity of the surface [6, 18, 19]. In some cases, both enhanced cell attachment 

and spreading are obtained. In general, subsequent immobilization of natural proteins tends to 

increase cell adhesion and viability.  

Wet chemical methods are very effective, but they present relevant drawbacks linked to the fact that 

they are not green technology and they can lead to non-specific reactions, irregular surface etching 

and surface degradation with a reduction of the mechanical properties [6, 20].  

 

A second strategy implies oxidization of the surface of a biomaterial by exposing it to ozone. Ozone 

can be used as such, but it was found that a combination of ozone and UV irradiation significantly 

increased the kinetics of the process [6, 21]. This observation could be attributed to the different 

pathways for both methods. As for wet-chemical treatment, this is a non-specific technique and 

dependant on the UV/ozone procedure adopted for the functionalization and cleaning of the surface 
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[6, 22]. UV treatment has been used for surface graft polymerization of polymers in the presence of 

a photoinitiator or photosensitizer [6, 23, 24]. Depending on the chemical structure of the grafted 

polymer, different functionalities are introduced into the surface. UV can be applied while the sample 

is kept under vacuum conditions (VUV), or submerged in an inert gas such as argon, or covered with 

monomer solution [6]. 

 

The most common radiation types, used in industry, include γ-radiation and e-beam radiation [6, 138]. 

Ion beams are used in order to achieve ion implantation in the outer surface layer or to deposit 

coatings. Many different ions have been employed for irradiating polymers such as hydrogen and 

helium atoms, as well as ions of gold or uranium. Ion implantation does not directly introduce 

functional groups onto the surface but the surface chemistry, and thus the surface properties, are 

changed. For the treatment of polymers, the high energy irradiation can cause additional chemical 

effects: free radicals can recombine, leading to cross-linking, and chains can be cleaved, leading to 

degradation of the polymer [6, 25, 26].  

 

Self-assembly is a class of processes where a disordered system of components forms and organizes 

a structure or pattern as a consequence of specific, local interactions among the components 

themselves, without inputs from the outside of the system. In the case of surfaces, this implies that 

certain molecules are able to interact with a surface and form a self-assembled monolayer (SAM) on 

the surface. Depending on the chemical structure of the molecules making up the SAM-layer, 

different functionalities can be introduced onto the surface [6]. 

 

The polar groups introduced by means of the reported techniques lead to an increase of the 

hydrophilicity, inducing a surface modification of the chemical properties of the substrate. These 

functional groups can be exploited to promote the adhesion of cells directly onto the polymer or to 

induce the chemical immobilization of natural or synthetic compounds to the polymer surface, in 

order to achieve the desired biocompatibility or bio-activation of the material.  

The major methods to immobilize a bioactive compound to a polymeric surface are adsorption via 

electrostatic interactions, ligand–receptor pairing, and covalent attachment. Non-covalent adsorption 

is sometimes desirable, as in certain drug delivery applications [13, 27]. It is also appropriate in the 

case of regenerable antimicrobial textiles. However, covalent immobilizations offer several 

advantages by providing the most stable bond between the compound and the functionalized polymer 

surface. In the biomedical field, a covalent immobilization can be used to extend the half-life of a 
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biomolecule or allow for continued bioactivity of in-dwelling devices (as in vascular devices, shunts, 

or catheters) [13, 28, 29]. In the case of active food packaging applications, a covalent linkage ensures 

that the bioactive compound will not migrate to the food and thus may offer the regulatory advantage 

of not requiring approval as a food additive [13]. Among the numerous bio-conjugation methods 

based on the covalent immobilization, one of the most common technique is the carbodiimide 

coupling of a carboxylic group with a primary amine, based on the reaction of the carbodiimide with 

the carboxylic group to form a reactive intermediate, which is stabilized by the addition of (sulfo)-N-

hydroxysuccinimide (NHS) to form a reactive ester [6, 13].   

 

1.3 Conventional methods for the crosslinking of polymers 

Among the wide range of polymers, an interesting class is represented by the so-called biopolymers, 

which being produced by living organisms (plants, microorganisms, etc) represents a sustainable and 

renewable resource, in contrast with the quickly depletable feedstocks of polymers deriving from 

petrochemicals or chemical processes.  

Like polymers, biopolymers are chain-like molecules made up of repeating chemical blocks. 

Biopolymers can be classified in three groups, depending on the nature of the repeating unit they are 

made of: (i) polysaccharrides are made of sugars, (ii) proteins of amino acids, and (iii) nucleic acids 

of nucleotides. The following substances are example-biopolymers for each group: cellulose (found 

in plants), gelatin (obtained from a controlled hydrolysis of collagen), and DNA (genetic material of 

a given organism). In contrast to synthetic polymers, which have a simpler and more randomic 

structure, biopolymers are complex molecular assemblies that adopt precise and defined 3D shapes 

and structures. This feature is essential to make these biopolymers active molecules in vivo.  

Due to their high biocompatibility and biodegradability, biopolymers find a wide range of 

applications in the pharmaceutical and biomedical fields, being also ideal excipients, building blocks, 

carrier and protective agents to improve the performances of other biologically active molecules in a 

product. 

Despite their interesting properties, the range of the possible applications of these biopolymers is not 

so high as expected, since the majority of them turn out to be extremely soluble upon water contact, 

bringing out the necessity of a crosslinking step to ensure manufacture stability during their storage 

and use in case of contact with water.  

Crosslinking, which refers to the linking of polymeric chains, can be defined, according to the IUPAC 

definition, as a small region in a macromolecule from which at least four chains are emanate, and 
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formed by reactions involving sites or groups on existing macromolecules or by interactions between 

existing macromolecules. The small region of the macromolecule may be an atom, a group of atoms, 

or a number of branch points connected by bonds or oligomeric chains. In the majority of cases, a 

crosslinking is a covalent structure but the term can be also used to describe sites of weaker chemical 

interactions, portions of crystallites, and even physical interactions and entanglements. 

As reported by Hennink et al in their work “Novel crosslinking methods to design hydrogels” 

published on Advanced Drug Delivery Reviews in 2012, different chemical and physical approaches 

have been developed for polymer crosslinking [30]. The most relevant methods and techniques are 

here reported and briefly described. 

 

1.3.1 Chemical methods 

Crosslinking by radical polymerization 

Chemically crosslinked gels can be obtained by radical polymerization of low molecular weight 

monomers in the presence of crosslinking agents. Poly(2-hydroxyethyl methacrylate) (pHEMA) is a 

well known and frequently studied hydrogel system by polymerization of HEMA in the presence of 

a suitable crosslinking agent (e.g. ethylene glycol dimethacrylate). Using similar procedures, a great 

variety of other hydrogel systems has been synthesized [30, 31]. The hydrogel characteristics, among 

which the swelling, can be modulated by the amount of crosslinker. Moreover, stimuli-sensitive 

materials can be obtained by the addition of e.g. methacrylic acid (pH-sensitive gels [32]) or N-

isopropylacrylamide (temperature-sensitive gels [33]). Besides the radical polymerization of mixtures 

of vinyl-monomers, chemically crosslinked hydrogels can also be obtained by radical polymerization 

of water-soluble polymers derivatized with polymerizable groups. Different water-soluble (synthetic, 

semi-synthetic and natural) polymers have been used for the design of hydrogels via this route.  

Crosslinking by chemical reaction of complementary groups 

The method exploits the presence of functional groups (mainly OH, COOH, NH2) in the chemical 

structure of water-soluble polymers to create covalent linkages between the polymeric chains through 

inducing reactions between functional groups with complementary reactivity, such as an amine-

carboxylic acid or an isocyanate-OH/NH2 reaction.  

Water-soluble polymers with hydroxyl groups (e.g. poly(vinylalcohol)) can be crosslinked using 

glutaraldehyde [13, 34, 35]. In order to establish crosslinking, rather drastic conditions have to be 

applied (low pH, high temperature, methanol added as quencher). In contrast, amine-containing 

polymers can be crosslinked with the same reagent under mild conditions whereby so-called Schiff 
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basesare formed. This has especially been investigated for the preparation of crosslinked proteins and 

amine containing polysaccharides [30, 36]. Because glutaraldehyde is a toxic compound that even at 

low concentration shows cell-growth inhibition, alternatives have been developed. Crosslinking of 

gelatin using polyaldehydes obtained by partial oxidation of dextran has been reported [30, 37]. These 

gels were designed for application in wound treatment and epidermal growth factor (EFG) was 

incorporated to promote wound healing. The release rate of EGF decreased with increasing storage 

time, due to the ongoing processes of both chemical crosslinking and physical structuring of the 

hydrogel matrix. 

Water-soluble polymers can be converted into hydrogels using bis (or higher) functional crosslinking 

agents, which react with functional groups of water-soluble polymers via addition reactions. 

Polysaccharides can be crosslinked with 1,6-hexamethylenediisocyanate, divinylsulfone, or 1,6-

hexanedibromide and many other reagents [30]. The network properties can be easily tailored by the 

concentration of the dissolved polymer and the amount of crosslinking agent. The crosslinking 

reactions are preferably carried out in organic solvents, because water can also react with the 

crosslinking agent. Furthermore, since the crosslinking agents are generally very toxic, the gels have 

to be extracted to remove traces of unreacted agents. If these matrices are aimed for the release of 

pharmaceutically active agents, they have to be loaded after the gel formation and extraction process 

[30, 38, 39]. 

Condensation reactions between hydroxyl groups or amines with carboxylic acids or derivatives are 

frequently applied for the synthesis of polymers to yield polyesters and polyamides, respectively. 

These reactions can also be used for the preparation of crosslinked hydrogels. A very efficient reagent 

to crosslink water-soluble polymers with amide bonds is N,N-(3-dimethylaminopropyl)-N-ethyl 

carbodiimide (EDC) [30, 40]. During the reaction N-hydroxysuccinimide is added to suppress 

possible side-reactions and to have a better control over the crosslink density of the gels. The gels 

were designed as a delivery device for the release of antibacterial proteins and were incorporated in 

a Dacron prosthetic valve. Lysozyme was loaded in the gels after their formation and released both 

in vitro and in vivo for a period of 2 days. To improve the loading capacity, a negatively charged 

polysaccharide, (chrondroitin sulfate) was incorporated in the hydrogels network [30, 41]. Indeed, 

the loading capacity was substantially increased and the release was retarded with increasing 

chrondroitin content of the gels mostly due to electrostatic interactions between the cationic protein 

and anionic polysaccharide. 
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Crosslinking by high-energy radiation 

High energy radiation, in particular gamma and electron beams, can be used to polymerize 

unsaturated compounds. This means that water-soluble polymers derivatized with vinyl groups can 

be converted into hydrogels using high energy irradiation. During irradiation (gamma or electron-

beam) of aqueous solutions of polymers, radicals can be formed on the polymer chain by e.g. the 

scission of C–H bonds. Additionally, radiolysis of water molecules generates the formation of 

hydroxyl radicals, which can attack polymer chains also resulting in the formation of macroradicals 

[30, 42]. Recombination of the macroradicals on different chains results in the formation of covalent 

bonds and finally in a crosslinked structure. Since the generated macroradicals can react with oxygen, 

radiation is normally performed in an inert (nitrogen, argon) atmosphere. 

Although the great number of chemical approach set up for the crosslinking of hydrogel and water 

soluble polymers, new methods are required for conferring stability to the biopolymers that will be 

employed in the fields of biomedicine and tissue engineering. The main reason lies in the fact that 

these methods are based in the use of crosslinking chemical agents to prepare such hydrogels. These 

agents do not only affect the integrity of the substances to be entrapped (e.g. proteins, cells), but they 

are often toxic compounds to be removed/extracted from the gels before they application [30]. In 

order to overcome the drawback of the chemical approach, alternative methods for obtaining 

physically crosslinked polymers are demanded.  

 

1.3.2 Physical methods 

Crosslinking by ionic interactions 

Alginate is a well-known example of a polymer that can be crosslinked by ionic interactions. Alginate 

is a polysaccharide with mannuronic and glucuronic acid residues and can be crosslinked by calcium 

ions [30, 43]. Crosslinking can be carried out at room temperature and physiological pH. Therefore, 

alginate gels are frequently used as matrix for the encapsulation of living cells [30, 44] and for the 

release of proteins [30, 45]. Interestingly, the gels can be destabilized by extraction of the Ca-ions 

from the gel by a chelating agent. The release of proteins from alginate microparticles, obtained by 

spraying a solution of sodium alginate into an aqueous solution of calcium chloride, can be modulated 

by coating the particles with cationic polymers, e.g. chitosan and polylysine [30, 46, 47]. 
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Crosslinking by crystallization 

Poly(vinyl alcohol) (PVA) is a water-soluble polymer. When aqueous solutions of PVA are stored at 

room temperature they gradually form a gel with, however, a low mechanical strength. Interestingly, 

once aqueous solutions of this polymer undergo a freeze–thawing process, a strong and highly elastic 

gel is formed [30, 48]. The properties of the gel depend on the PVA molecular weight, the PVA 

concentration in water, the temperature and time of freezing and the number of freezing cycles. Gel 

formation is ascribed to the formation of PVA crystallites, which act as physical crosslinking sites in 

the network [30, 48]. 

Crosslinking from amphiphilic block and graft copolymers 

Amphiphilic block and graft copolymers are able to self-assemble in water to form organized 

structures like polymeric micelles and hydrogels, in which the hydrophobic segments of the polymers 

are aggregated. Amphiphilic diblock copolymers typically form micelles, lamellar phases, etc. [30, 

49]. Physically crosslinked hydrogels are generally obtained from multiblock copolymers or graft 

copolymers. The latter can be composed of a water-soluble polymer backbone, for example a 

polysaccharide, to which hydrophobic units are attached, or hydrophobic chains containing water-

soluble grafts. 

The biodegradability of poly(lactic acid) (or its copolymer with glycolic acid) and the 

biocompatibility of poly(ethylene glycol) prompted several researchers to prepare block copolymers 

composed of these segments, and to develop hydrogels from them for drug delivery purposes. Drug 

release can be driven by both passive diffusion and degradation phenomena. Triblock polymers with 

the hydrophobic PL(G)A segment in the middle have been prepared by coupling of two PEG–PL(G)A 

diblock copolymers [30, 50-52]. Micelles are formed at low concentrations in water, and at higher 

concentrations thermoreversible gels are formed. The critical gel concentration and gel-to-sol 

transition temperature strongly depend on the molecular weights and the composition of the blocks 

[132]. 

Multiblock copolymers of PEG and another hydrophobic polyester, poly(butylene terephthalate) 

(PBT), were investigated [30, 53, 54]. These biocompatible polymers are prepared by melt 

polycondensation of PEG, butanediol and dimethyl terephthalate. To load polymers with lysozyme 

as a model protein, polymer solutions were prepared in a mixture of chloroform and 

hexafluoroisopropanol (6:1) and subsequently a water-in-oil emulsion, containing the protein in the 

aqueous phase, was prepared. These emulsions were either cast to form a film, or microspheres were 

prepared using a water-in-oil-in-water emulsion method. The equilibrium swelling ratio, the 
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estimated mesh size of the hydrogel network and the release rate of lysozyme increased with the 

weight percentage and molecular weight of the PEG blocks [30, 53, 54]. 

Crosslinking by hydrogen bonds 

Poly(acrylic acid) and poly(methacrylic acid) form complexes with poly(ethylene glycol). These 

complexes are held together by hydrogen bonds between the oxygen of the poly(ethylene glycol) and 

the carboxylic group of poly((meth)acrylic acid), whereas for poly((meth)acrylic acid) hydrophobic 

interactions also play a role [30, 55]. Hydrogen bonding does not only occur between poly((meth) 

acrylic acid) and poly(ethylene glycol), but has also been observed in poly(methacrylic acid-g-

ethylene glycol) [30, 56, 57]. The hydrogen bonds are only formed when the carboxylic acid groups 

are protonated. This implies that the swelling of these gels is strongly dependent on the pH. 

Crosslinking by proteins interactions 

Protein engineering is a recent branch of materials chemistry, a field which was pioneered by Tirrell 

and Cappello [30, 58, 59]. The major advantage is that the sequence of peptides, and thereby its 

physical and chemical properties, can be precisely controlled by the proper design of the genetic code 

in synthetic DNA sequences. Even synthetic amino acids, which normally do not occur in nature, can 

be synthesised [30, 60]. By genetic engineering, Cappello and colleagues prepared sequential block 

copolymers containing a repetition of silk-like and elastine-like blocks, in which the insoluble silk-

like segments are associated in the form of aligned hydrogen bonded beta strands or sheets [30, 59, 

62]. 

These biocompatible so-called ProLastins are fluid solutions in water which can be mixed with drugs, 

and undergo an irreversible sol-to-gel transition with time under physiological conditions due to 

crystallization of the silk-like domains. The rate of gelation and subsequent drug release depends on 

various factors like concentration, polymer composition, and temperature. The release rates are 

related to water content of the gels and the molecular weights of the incorporated compounds and 

follow first-order like kinetics [30]. 

As reported, many crosslinking methods have been investigated to physically crosslink biopolymer 

and the fundamentals studies so far performed have greatly contributed to the understanding of the 

phenomenon [30]. However, more effective technologies are demanded, since all the presented 

processes turn out to be very high time-consuming and the final results is strongly dependent on the 

kind of biopolymers subjected to the process as well as to the characteristics of the environment in 

which the process is performed.  
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Finally, it is worth underlining that all the chemical and physical crosslinking methods here briefly 

reported are based on processes performed in liquid state. The possibility to induce the crosslinking 

of the biopolymers directly in the solid state is strongly required to relevantly decrease the process 

time and to scale up the fabrication of materials with the desired properties. 

 

1.4 Strategies for the fabrication of antibacterial surfaces 

As mentioned above, the contamination of scaffolds by bacterial biofilm definitely has to be 

prevented in order to guarantee the success of its application onto biological tissues. As documented 

by Campoccia et al. [62], the earliest step in the pathogenesis of foreign-body-related infections is 

bacterial adhesion and, clearly, there is no possibility for colonisation to occur if bacteria cannot 

adhere to a solid surface. Bacterial adhesion on biomaterial surfaces is known to occur through 

multiple mechanisms, spanning from passive adsorption due to the physic-chemical interactions 

between the solid surface and the bacteria cells to active mechanisms of adhesion mediated by specific 

bacteria structures [62, 63, 64].  

Considering the early phases of microbial adhesion on the biomaterial surface, the strategies to 

contrast bacterial colonisation strongly depend on the route of contamination. Indeed, while the 

contamination in a dry state can be contrasted by an adequate sterility of the operating room, the 

contamination due to wet conditions is harder to prevent. In aqueous solutions, bacterial adhesion on 

biomaterial surfaces is influenced by numerous variables, including the type of pathogens and the 

nature of the physiological fluids, since the presence of proteins can lead to the formation of 

proteinaceous layer onto the surface of the biomaterial, supporting the adhesion of bacteria.  

Bacterial adhesion in these circumstances is driven by: mass transport, electrostatic interactions, Van 

der Waals forces, hydrophobic interactions, hydrogen bonding. Bacterial behaviour varies especially 

as a function of material hydrophobicity and electrostatic charge. Chemico-physical properties and 

functional groups exhibited by the biomaterial surface interact with those of the bacterial cells 

determining the kinetics of microbial adhesion. The adsorption of proteins on a surface can be reduced 

either by altering the interaction potential (so that protein-surface interactions are suppressed) or by 

slowing down the rate of adsorption through high potential barriers for the interaction. This latter way 

of controlling the kinetic of adsorption can be achieved by polymer grafting resulting in the 

introduction of long range repulsive forces [62, 65]. Other strategies to achieve lower bacterial 

adhesion in biomaterials exposed to protein solutions rely on conditioning the surfaces. Heparin 

coatings have long been used to reduce bacterial adhesion to catheters and artificial lenses [62, 66, 

67]. Heparin, in this case, was introduced to increase hydrophylicity, forming a highly hydrated layer 
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between the bacteria and the surface. In fact it has been proved that just heparin in solution can 

interfere with S. epidermidis adhesion [62, 68, 69]. Increased hydrophilicity of contact lenses can lead 

to a decreased bacterial adhesion [62, 70]. 

A critical point when developing new coatings concerns the way of the depositing and stabilizing the 

coating on the biomaterial. Current approaches to achieve functional antifouling coatings rely on 

different strategies including, among others, production of self-assembled mono- or multilayers, 

polymer brushes, surface grafting, zwitterionic polymers, hydrogels, and so on. The great difficulties 

in demonstrating the efficacy of anti-adhesive inert surfaces under real clinical conditions poses 

serious limitations to the assessment of the best anti-adhesive surfaces as well as to the correlation of 

in vitro, in vivo preclinical, and clinical data. Furthermore, it is worth taking into account that the 

antifouling properties conferred to the biopolymers require to be selected in relation to the application 

and in order to prevent bacteria adhesion, guaranteeing at the same time the desirable interactions 

with the host tissue. Indeed, for instance, low adhesiveness of antifouling surfaces is certainly a great 

advantage for catheters, but in other internal applications could possibly hinder tissue adhesion and 

integration of the implant. The achievement of selective adhesion properties has therefore become a 

relevant target of study [71]. 
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CHAPTER 2 

PLASMA ASSISTED PROCESSES FOR THE 
MODIFICATION OF MATERIALS 
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2.1 Non-equilibrium atmospheric pressure plasma for the functional modification 

of polymers 

In the previous chapter, polymers surface modification and crosslinking techniques mainly based on 

the use of chemical and physical methods have been reported with a focus on their possible 

advantages and drawbacks. The documented investigation allowed concluding that innovative, 

flexible and effective techniques, based on environmentally friendly and less time-consuming 

approaches, able to guarantee better, or at least the same, results than that achieved by means of 

conventional processes in the fields of biomaterials functionalization, polymers crosslinking and 

antibacterial surfaces preparation are demanded.  

CAP technology can be considered as an effective alternative to conventional techniques and, even 

more, a suitable solution to overcome the above reported issues. Indeed, the plasma processes enable 

to effectively functionalize the surface layer of the polymers with short treatment times (from some 

seconds to few tens of minutes); to choose the chemical characteristics to confer to the treated polymer 

by varying the gas used for the plasma generation; to uniformly modify the whole surface and, 

importantly, without the use of chemical solvents.  

Plasma is sometimes referred to as the fourth state of matter and is a partly ionized gas, defined as a 

quasi-neutral particle system in the form of gaseous or fluid-like mixtures of electrons, ions and 

radicals, generally also containing neutral particles (atoms, molecules). Since certain electrons are 

free, rather than bound to molecules or atoms, positive and negative charges can move independently 

from each other. There are two main categories of plasma: equilibrium and non-equilibrium plasmas. 

Equilibrium plasmas cannot be used for the surface treatment of polymers because of their high gas 

temperature, while non-equilibrium plasmas have a much lower gas temperature but relatively high 

electron temperature. Non-equlibrium plasmas do not induce any thermal damage of the surface of 

heat sensitive materials, although the reactive species can lead to chemical functionalization and, in 

some cases, physical modifications of the surface [1]. 

Since plasma contains a wide range of active species, different interactions of the plasma with the 

surface can occur. During exposure, different chemical functional groups can be implanted at the 

surface, in relation to the gas used for the plasma generation [2], and as a side effect the crosslinking 

can occur. This is often referred to as plasma functionalization or plasma treatment and the most used 

gases are oxygen or nitrogen containing gases or inert gases. The incorporated groups change the 

surface properties, mainly the surface wettability and thus the surface energy, but also the surface 

roughness [3]. The plasma-treated surfaces can be used to directly promote the cell adhesion and 

differentiation or to immobilize (or to graft) biologically active ligands. One major and important 
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drawback of plasma treatment is the durability of the treatment effect, since the surface undergoes a 

hydrophobic recovery after treatment losing part of the generated effect [4, 5]. 

Besides the plasma functionalization, CAPs have been greatly employed in the plasma polymerization 

process, basically a deposition technique where a gaseous or liquid monomer is introduced inside the 

plasma and converted into active fragments [6-9], which, reacting with each other and with the surface 

of the substrate, enable the formation of plasma polymer coating. These coatings are characterized by 

chemical and physical properties, which make them slightly different than conventionally fabricated 

polymer coatings. As a matter of fact, plasma polymer coatings generally are pinhole-free, highly 

crosslinked and are therefore insoluble, thermally stable, chemically inert and mechanically tough. 

Furthermore, these films often are highly coherent and adherent to a variety of substrates including 

conventional polymer, glass and metal surfaces [10]. 

A schematic representation of the CAP assisted processes, which can be carried out onto polymeric 

materials is reported in Figure 1. 
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Figure 1. Surface modification processes assisted by non-equilibrium plasmas 
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In this chapter, after a brief overview on the most used CAP sources, some studies from scientific 

literature reporting the use of CAP for the surface modification of biomaterials, by means of plasma 

functionalization or polymerization, and the crosslinking of polymers are reported and discussed.  

 

2.2 Non-equilibrium atmospheric pressure plasma sources  

Non-equilibrium plasmas are generated by the application of an electric field to a neutral gas, which 

ensures the ionization in the gas volume and the production of charged particles, accelerated in the 

applied electric field. Electrons are particularly affected by the electric field, due to their mass, while 

the heavy ions efficiently exchange their energy by collisions with the background gas, remaining 

cold and guaranteeing a temperature suitable for the treatment of thermo-sensitive materials, such as 

biopolymers. The collisions between energetic electrons and neutral molecules lead to the creation of 

radicals, which are crucial for the chemical activity of the plasma.  

An effective and proven technology in the field of plasma modification of materials is represented by 

low pressures plasmas, which operating with a pressure in a range of 10-8 -  10-2 bar are very stable 

and characterized by highly controllable reactions, also due to the long mean free path of the gas 

particles.  

The challenging request for developing flexible and easy to scale-up processes has encouraged and 

accelerated the evolution of the plasma technology, leading to the design and optimization of 

processes based on the use of non-equilibrium plasma sources working at atmospheric pressure, 

which, for the absence of the vacuum pump, can also be cost-effectively integrated in industrial in-

line processes for the production of both high- and low value-added materials.  

The difficulty in operating with atmospheric pressure plasmas is represented by the instabilities of 

the discharge, linked to the short mean free path. Indeed, if not properly controlled and prevented, 

these instabilities can induce the transition to thermal arc discharge, greatly undesired because of the 

loss of homogeneity as the discharge is constricted to narrow current channels, with a subsequent 

increase of the gas temperature [11].  

Different solutions have been optimized to prevent this transition at atmospheric pressure [12, 13]. 

Pulsed corona employed at atmospheric pressure limit the discharge maintenance time by working in 

a pulsed regime; Dielectric Barrier Discharges (DBDs) prevent the transition by autopulsation of the 

discharge with a dielectric barrier covering one or both the electrodes; in the direct current (DC) glow 

discharges, the instabilities are prevented by the application of a fast gas flow.  

In the following, the most significant properties of the non-equilibrium atmospheric pressure plasma 

discharges employed in the experimental activities reported in the present thesis are briefly discussed. 
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Corona discharge 

A corona is a weakly luminous discharge, which appears at atmospheric pressure near sharp points, 

edges, or thin wires, where the electric field is sufficiently large. Corona discharges are always non-

uniform: a strong electric field, ionization, and luminosity are located in the vicinity of one electrode 

[14]. Charged particles are dragged by the weak electric fields from one electrode to another to close 

the electric circuit [14]. Applications of the continuous coronas are limited by low current and power, 

which results in a low rate of treatment of materials and exhaust streams. Increasing the corona power 

without transition to sparks becomes possible by using pulse-periodic voltages. Therefore, for the 

pulsed corona discharges, the key is the development of the pulse power supplies generating 

sufficiently short voltage pulses with a steep front and short rise times. As an example, nanosecond 

pulse power supplies generate pulses with duration 100–300 nsec, sufficiently short to avoid the 

corona-to-spark transition [14]. 

Despite the small active volume, corona discharges are often applied for treatment of polymers [15-

18], even though it was suggested that corona-discharge treatment could possibly influence the 

biodegradability of certain polymers [19]. 

Dielectric Barrier Discharge (DBD) 

The transition to equilibrium plasma is prevented in a pulsed corona by employing nanosecond pulse 

power supplies. Another approach to avoid this transition is based on the use of a dielectric barrier in 

the discharge gap that stops the current flow and prevents spark formation. Such a discharge is called 

DBD. The presence of a dielectric barrier precludes DC operation of DBD, which usually operates at 

frequencies of 0.05–500 kHz. DBD has numerous applications because it can be operated in strongly 

non-equilibrium conditions at atmospheric pressure and using different gases, including air, at 

reasonably high power levels and (in contrast to the pulsed corona) without requiring the use of 

sophisticated pulse power supplies [14]. 

DBD plasma sources can be characterized by several configurations and in one of the most common 

configuration least one of the electrodes is covered by a dielectric layer (Figure 2). The dielectric, as 

reported, is the essential part of the discharge. Indeed, after ionization at a certain location in the 

discharge gap, the transported charge accumulates at the dielectric surface, generating an electrical 

field that reduces the field in the gap and interrupts in this way the current flow after a few 

nanoseconds [11]. When an AC voltage (typical frequencies: 1-100 kHz) with an amplitude sufficient 

for breakdown is applied, a large number of microdischarges are induced, randomly distributed in 

time and space. The dielectric layer limits the amount of charge transported by a single 

microdischarge and distributes the microdischarges over the entire area of the electrode [11]. 
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DBDs have been applied for a wide variety of applications such as ozone generation, in UV sources, 

in polymer treatment, for pollution control, for biological and medical application, in plasma-assisted 

combustion and so on [14].  

 

Figure 2. Schematic representations of dielectric-barrier discharges (DBDs). (The schematic refers 

to the DBD representation reported in [14]) 

Plasma Jet for remote plasma treatment  

In recent years, non-equilibrium atmospheric pressure plasma jets (APPJs) have been raising a 

significant interest because of their broad range of applications, among which the decontamination 

and sterilization of surfaces [20, 21], surface modification of polymers [22-24], thin film deposition 

[25, 26], nanomaterials fabrication and modification [27-31], medical therapies [32, 33, 34]. One of 

the reasons of the diffuse interest toward APPJs is their versatility, granted by the diverse possible 

combinations of driving power supply, gas employed, and source architecture [35]. Among this ample 

number of plasma sources, APPJs notable for their scientific and historical relevance, characteristic 

architecture, or extensive application are the plasma needle [36], the plasma gun [37], the plasma 

pencil [38], the kINPen [39], the plasma jet array or Gatling machine gun-like plasma jet [40, 41], 

and the plasma jet with the porous alumina layer between anode and cathode [42]. 

In the field of the treatment of thermo-sensitive polymers, plasma jets are often employed since they 

allow performing a remote plasma treatment [11]. Differently from the active plasma treatment where 

the substrate to be treated is placed between the electrodes, in the remote configuration (or afterglow 

treatment) the substrate is located outside the region of plasma generation, but it comes in contact 

with the gas stream loaded with radicals and other active species. While the active plasma treatment 
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has the advantage of a higher concentration of active species near the surface of the substrate, in the 

remote plasma treatment the concentration of species reaching the substrate decreases as a function 

of distance from the plasma generation region and depends on the lifetime of the active species [43]. 

The remote plasma configuration is generally chosen to prevent damages from the discharge and to 

treat the surface of materials of any thickness and any geometry (3D objects) [11]. 

 

2.3 Functionalization of polymers by means of non-equilibrium plasma 

The functionalization of polymers is strictly connected to the modification of the chemical 

characteristics of the surface layer in relation to the gas used for the plasma generation and treatment. 

Oxygen and oxygen-containing plasmas are commonly employed to produce a variety of oxygen 

functional groups, including C-O, C=O, O-C=O, C-O-O and CO3 at the polymer surface, through the 

reactions between the active species from the plasma and the surface atoms [44]. Nitrogen and 

nitrogen-containing plasmas are widely used to improve wettability, printability, bondability and 

biocompatibility of polymer surfaces [45]. The introduction of amino groups on the surface of 

polystyrene films with ammonia-plasma treatment was reported to improve cell affinity [46]. 

Ammonia and nitrogen plasmas have been used to provide surface amino binding sites for 

immobilization of heparin on a variety of polymer surfaces [47]. Despite the use of nitrogen 

containing gas for the plasma generation, oxygen functionalities are always incorporated on the 

polymer surfaces, mainly due to the presence of oxygen inside the plasma chamber and the creation 

during the plasma process of free radicals on the polymer surface, which are able to react with the 

oxygen when the surface is exposed to the atmosphere [44]. Polymers that are treated with inert gas, 

such as Ar or He, plasmas will not be subjected to the incorporation of new functionalities on their 

surface during the process, however, free radicals, which can interact with the oxygen from the 

atmosphere, will be created [48]. 

In light of these considerations, it can be stated that unfortunately plasma functionalization does not 

result in a unique functionality, which means it can not be considered as a selective technique [11]. 

In order to overcome this limitation, the deposition of coatings, containing the desired functional 

groups, onto the substrates by means of plasma-polymerization processes is performed, as described 

in the following. 

The functionalization of the polymer surfaces can be devoted to the fabrication of biocompatible 

polymers, which can be exploited as substrate for the direct adhesion of eukaryotic cells or for the 

preparation of bioactive surfaces through the immobilization, by means of chemical reactions, of 

biomolecules onto the functionalized substrate. It is worth underlining that, contextually to the 
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increase of the biocompatibility, plasma functionalization, when performed in properly selected 

operating conditions, can also confer antibacterial characteristics to the surface, leading to the 

fabrication of materials highly suitable for biomedical applications and regenerative medicine.  

 

2.3.1 Plasma functionalization to improve cell adhesion 

Several efforts in the field of plasma modification of materials have been devoted to document the 

effectiveness of non-equilibrium plasma in increasing the surface biocompatibility of polymers by 

means of processes based on the use of non-polymerizable gas, with the aim to promote cells 

adhesion, proliferation and differentiation. Furthermore, interesting reviews, such as the works of 

Leys and co-workers [11, 49], have deeply abridged the state of the art, providing a complete 

overview on the plasma processes up to now implemented and on the achieved results. In the frame 

of atmospheric pressure processes, some interesting works are here reported and discussed.  

Nakagawa et al. [50] and Teraoka et al. [51] modified PLA surfaces with an atmospheric air plasma 

jet. The X-ray photoelectron spectroscopy (XPS) underlined the introduction of oxygen-containing 

groups such as C–O, C=O and O–C=O on the top layer of the substrate surface were incorporated. 

Cell culture tests performed with mouse osteoblast-like MC3T3-E1 cells highlighted the 

improvement of both cells adhesion and proliferation onto the plasma treated PLA. Furthermore, the 

authors demonstrated the surface modification method of PLLA using the low-temperature plasma 

treatment apparatus at atmospheric pressure is a clinically useful method, where the bonding of the 

cell can be easily controlled by varying the gas to employ during the process [50]. Yildirim et al. [52] 

employed an atmospheric pressure DBD plasma operated in oxygen to treat PCL samples and 

observed that the oxygen plasma treatment not only enhances the hydrophilicity and increases solid 

surface energy, surface roughness of PCL but also improves the initial attachment and the 

proliferation of osteoblasts on the PCL substrate. Lee et al. also used an atmospheric pressure DBD 

operating in air to modify PCL films [53]. Fourier Transform Infrared (FT-IR) spectroscopy and XPS 

detected a higher amount of oxygen containing hydrophilic groups (C–O, COOH, C=O and OH) on 

the plasma-treated films and the cell attachment and proliferation of human prostate epithelial cells 

(HPECs) was found to be ten times higher on plasma-treated PCL films compared to untreated film.  

The same authors used different gas mixtures [54] for plasma treatment and observed that when 

Ar+H2 was used as gas discharge, the contact angle increased after treatment. Opposite results were 

found for Ar+N2, Ar and Ar+O2. The increase in the hydrophobicity of the Ar + H2 plasma-treated 

PCL film resulted in a lower cell loading in the initial step of cell culture as well as a decrease in the 

level of cell attachment and proliferation compared with the pristine film. However, the hydrophilic 
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properties of the Ar + N2, Ar and Ar + O2 plasma-treated PCL film improved the adhesion properties. 

Therefore, the Ar + N2, Ar and Ar + O2 plasma-treated PCL films showed a better cell distribution 

and growth than that of the pristine PCL film.  

Recently, Kuzminova et al. [55] reported about the use of an atmospheric pressure DBD operated in 

air for the modification of surface properties of PET foils, observing that the exposure to the plasma 

led to a rapid change of the surface chemical composition, with an increase of the amount of –COOH 

groups. This was in turn responsible for the fast increase of the polar part of surface energy and 

consequently for the increase of PET wettability. However, both changes in surface chemical 

composition and wettability were found to be independent on the DBD plasma treatment duration: 

no significant differences were observed for PET foils treated 1 and 32 s. The biological tests, 

performed by using two cell types (Saos-2 human osteoblast-like cells and HUVEC human umbilical 

vein endothelialcells), highlighted that the result in terms of cell adhesion is also linked to the kind 

of cell. In fact, whereas endothelial cells were found to rapidly attach and grow on treated PET foils, 

only slight enhancement in cells count was observed for osteoblast-like cells. This finding underlines 

that it is not possible to generalize the results obtained for a particular cell type on other cell types 

and, thus, each cell type has to be considered separately. Trizio et al. [56] dealt with the 

functionalization of a 3D porous PCL scaffold by means of an atmospheric pressure plasma jet fed 

with a mixture of He and O2. The results highlighted that plasma can functionalize the outer and inner 

surface of the scaffold with a consequent improvement of the cytocompatibility. Indeed the 

cytocompatibility assays revealed that Saos-2 cells could adhere to and colonize better the porous 

structure of plasma treated PCL scaffolds, reaching a polygonal shape and developing their typical 

cluster aggregation.  

 

2.3.2 Plasma functionalization for biomolecules immobilization 

Besides the introduction of chemical groups to promote cell adhesion and proliferation directly onto 

the functionalized surface, plasmas can also be used for the covalent immobilization of bioactive 

molecules, in order to promote the interaction of cells with the grafted molecules rather than with the 

underlying surface. In this case, plasma is mainly used to pretreat the surface before the 

immobilization of the selected biomolecule, carried out by means of chemical or physical techniques. 

This approach has been implemented for the immobilization of biomolecules like insulin, chitosan, 

gelatin, Arg-Gly-Asp (RGD) or Arg-Gly-Asp-Cys (RGDC), enabling to obtain the enhancing of cell-

material interaction [57–60]. The immobilization of insulin on PHBV led to an increased cell 

proliferation of human fibroblast cells and full cell spreading on the surface [57]. By using the spacer 
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arm bNH2PEG (O,O’-bis-(2-aminopropyl)-polyethylene glycol 500), the RGDC peptide were 

immobilized on the surface of acrylic acid grafted poly(tetrafluoroethylene) (PTFE) [58]. The 

attachment amount of HUVECs was observed to be four times higher for the modified polymer than 

for the pristine one. Besides the covalent immobilization, some authors have been immersing plasma 

pretreated biomedical polymers into protein containing solutions leading to non-covalent linking of 

proteins to the surface. Although these proteins can be easily removed, they also lead to a better cell 

attachment and proliferation onto the modified surface [59–62]. It can be inferred that plasma 

functionalized surfaces with amine, carboxyl, hydroxyl and aldehyde groups can provide a suitable 

platform for the interfacial immobilization of bioactive molecules. The ability of plasma technology 

in introducing functional groups onto the surface of polymers, also by employing atmospheric 

pressure plasma processes, have been widely documented, as above reported. Moreover, in this 

context, with the aim to further discuss the potentialities of CAPs in introducing functional groups 

for biomolecules immobilization, two other studies are reported. Kostov et al. [63] investigated the 

surface modification of different polymers performed by means of an Ar plasma jet operated in 

different operating conditions; moreover, the comparison between the polymer surface modifications 

induced by the plasma jet and a Dielectric Barrier Discharge (DBD) treatment was carried out [63]. 

The achieved results brought out that both the plasma sources are efficient tools for the surface 

modification, even though, in the optimized operating conditions, the plasma jet can enable the 

introduction of a higher amount of –COOH groups than the DBD treatment, suggesting the 

occurrence of a more intense surface oxidation [63]. Sarra-Bournet at al [64] proposed the filamentary 

dielectric barrier discharge (FDBD) and the atmospheric pressure glow discharge (APGD) as 

interesting alternatives to the low pressure plasma sources. N2 + H2 and N2 + NH3 plasmas were 

applied on poly(tetrafluoroethylene) to determine the relative influence of both the discharge regime 

and the gas nature on the surface transformations. From XPS analysis, it was shown that the discharge 

regime had a significant effect on the surface transformation; FDBDs operating in H2/N2 led to a high 

concentration of amino-groups with high specificity but also important damaging on the surface. 

Glow discharges in both H2/N2 and NH3/N2 led to lower concentrations of amino-groups with lower 

specificity but lower surface damaging. Therefore, this simple surface treatment turned out to be an 

effective, low cost method for the production of uniform surface modification with amino-groups that 

can subsequently be used to graft various chemical functionalities used for biomaterial compatibility 

[64]. 
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2.3.3 Plasma preparation of antibacterial surfaces 

The surface functionalities that arise as a result of plasma treatment can serve as a platform for further 

surface modification processes, such as cell adhesion, grafting of biomolecules and other functional 

structures. Among the spectrum of the possible applications, the functionalization of the polymers 

surface can be properly controlled to confer antibacterial properties to the substrate.  As previously 

mentioned, bacterial attachment to a solid surface is highly dependent on the surface properties of the 

material, such as its chemical composition and reactivity, surface energy and hydrophobicity [65], 

surface roughness [66, 67], and porosity. Furthermore, bacterial attachment is a competitive process, 

in which microorganisms race against host proteins and cells for the colonisation of the surface [68], 

as inferred by using a microfluidic device for real time imaging of the behaviour of osteoblasts in 

response to the presence of a very limited numbers of S. epidermidis on an alloy surface. During the 

early stages of culture, osteoblast adhesion, spreading, and proliferation were not adversely affected. 

Towards the end of the culture, however, the osteoblasts became damaged because S. epidermidis 

actively proliferated in the co-culture channels and formed small clusters on the alloy surface, 

changing the microenvironment so that it was no longer favorable for the sustainance of osteoblasts 

[69].  

Since most pathogens are hydrophilic under physiological conditions, decreasing the water contact 

angle of the material may improve its antibacterial properties. Indeed, a DC oxygen treatment of 

medical grade poly(vinyl chloride) resulted in a 70% reduction in bacterial adhesion for the four 

strains of P. aeruginosa [70]. However, this reduction was unlikely to be sufficient to prevent P. 

aeruginosa colonisation of endotracheal intubation devices [71]. Treatment of polyethylene 

terephthalate with helium and 20% oxygen in helium (He/O2) plasma were demonstrated to 

significantly reduce S. epidermidis bacterial adhesion compared with the untreated material [72]. 

Furthermore, exposure to plasma was shown to irreversibly damage bacterial cells, allowing in situ 

sterilisation of the biomaterial during the surface modification process.  

Besides the preparation of antibacterial surfaces, another great challenge in designing materials 

intended for biological environments is the production of surfaces that resist nonspecific protein 

adsorption. When a biomaterial is implanted in vivo, in fact, after a few minutes a layer of nonspecific 

adsorbed proteins is formed. Subsequently, many events which generate the so called ‘‘foreign body 

reaction’’, such as cytokine production or macrophage attack, will occur to develop the formation of 

a thin collageneous capsule which isolates the implant from the body [73, 74]. Proteins randomly 

adsorbed at the biomaterial surface will not specifically interact with receptors, proteins, or 
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glycoproteins located at the cell membrane, in order to drive a cell-specific response. The only 

possibility to drive a specific cell–surface interaction (e.g. a specific function) is therefore to avoid a 

nonspecific protein adsorption, which may occur immediately after the implantation [74]. As an 

example, to prevent protein adsorption poly(ethylene glycol) (PEG), also known as poly(ethylene 

oxide) (PEO), a synthetic, water-soluble polymer has been largely employed on plasma activated 

substrates with or without coupling agents for several practical applications ranging from chemistry 

to biomedicals and cosmetics [74]. The large interest that PEO coatings generate in these applications 

is mainly due to its low degrees of protein adsorption [74, 75], together with low cell and bacterial 

adhesion [74, 76]. 

 

2.3.4 Ageing of plasma functionalized polymers  

In general, the concentration of functional groups introduced on a polymer surface by plasma 

treatment could change as a function of time depending on the environment and temperature. This 

phenomenon is due to the greater mobility of the polymer chains at the surface than in the bulk, 

allowing the surface to reorient in response to different environments. Surface orientation can be 

accomplished by the diffusion of low molecular weight oxidized components into the bulk. When a 

polymer is exposed to an oxygen-containing plasma, the surface changes to a higher energy state as 

a result of the formation of polar groups and of the increase of the surface energy. Various surface 

studies have indicated that the decrease in the surface energy when the treated surface is placed in a 

low energy medium, such as air or vacuum, is caused by the rotation of the polar groups in the bulk 

or the migration of low molecular weight fragments to the surface to reduce the interfacial energy 

[44]. Conversely, when a low energy surface formed by treating a polymer in a fluorine-containing 

plasma is placed in a high energy medium such as water, the apolar groups will tend to minimize the 

interfacial energy by moving away from the surface into the bulk [44].  

This phenomenon is usually described as ageing of a treated surface and in light of the previous 

considerations, it is a very complex phenomenon affected by the storage conditions of the substrate. 

In this respect, Nakamatsu et al. [77] observed that poly(tetrafluoroethylene) treated with air plasma 

and kept in water did not lose the functionalization achieved with the plasma treatment, as the polar 

hydrophilic groups remained on the surface, even for 180 days after the treatment. On the contrary, 

the surface chemical composition of a N2 plasma treated polyethylene surface, monitored as a 

function of storage time in air, was subjected to a rapid loss of nitrogen and a significant increase in 

oxygen during the first few days. 
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Another important factor affecting the aging characteristics of a plasma treated polymeric surface is 

the storage temperature. Indeed, it has been demonstrated that a lower storage temperature reduces 

the rate of ageing [78]. The rapid change of the contact angle at high temperatures supports the idea 

that the changes in the surface are caused by polymer chain motion, reorienting the polar groups into 

the bulk [78].  

 

2.4 Plasma deposition 

In order to overcome the recovery of the functionalities introduced by the plasma treatment onto the 

surface of the polymeric substrates, plasma polymerization is generally preferred to the 

functionalization, especially when the elapsing time between the surface chemical modification and 

the use of the substrate is too high to prevent the total or partial loss of the induced functionalities.  

Differently from the immobilization of molecules, plasma deposition is not based on the covalent 

binding of species onto a previously activated polymer surface, but it enables, in a single step process, 

to coat a substrate by exploiting the contextual activation of both the monomeric units introduced 

inside the plasma region and the substrate subjected to the plasma discharge.  

A wide variety of substrates and monomers has been applied so far [11] and, depending on the nature 

of the monomer and on the operating conditions used to carry out the process, the coatings are 

characterized by different chemical and physical properties, mainly due to the fact that the monomer 

can react in different ways with the plasma [79, 80]. 

In the frame of biomedical applications, great efforts have been devoted to the plasma polymerization 

of acrylic acid (AA), since it enables to produce coatings containing carboxylic acid (—COOH) 

groups [81], which are known to favor cell adhesion and can also be exploited for biomolecule 

immobilization [82].  

Low-pressure plasma enhanced chemical vapour deposition (PECVD) is nowadays one of the most 

widespread tools for the effective coatings deposition on substrates [83]. Several studies have been 

already performed with the aim to investigate the characteristics of plasma-polymerized acrylic acid 

(pPAA) films deposited by means of PECVD technology. The obtained results show that the plasma 

operating conditions can strongly influence the chemical composition, the morphology and the 

homogeneity of the pPAA coatings, as well as their water stability [84, 85].  

In recent years, many efforts have been dedicated to develop coating processes relying on non-

equilibrium plasma sources working at atmospheric pressure [86-88]; as an example, the possibility 

to employ atmospheric pressure DBD to obtain functional surfaces with chemically reactive moieties 

such as amino [89] or carboxylic groups [90] was demonstrated.  
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Results of previous works on pPAA deposition [91-93] showed that in these systems the effect of 

monomer fragmentation on the retention of –COOH groups turns out to be relevant: the higher the 

monomer fragmentation, the lower the amount of –COOH groups on the coated substrate [91, 93], as 

also experimentally evidenced by Palumbo et al. [94] through a correlation of Optical Emission 

Spectroscopy and X-ray Photoelectron Spectroscopy results. 

With the aim to contribute to overcome the problem of the monomer fragmentation, recent studies 

were performed on the polymerization of an allyl monomer containing phosphorus [95] and the 

deposition of glycidyl methacrylate layer [96] with a nanosecond square-pulsed AP-DBD, in order to 

maximize the structural retention of monomers and preserve their functional groups. In fact, thanks 

to its very high slew rate, the ultra-short square pulses enable the generation of a short and 

homogeneous discharge with a large proportion of high energy electrons, which efficiently induce 

the creation of free radicals able, in turn, to initiate the free radical polymerization reactions, 

responsible of the high retention of the monomer functional groups [96].  

Differently from the AP-DBD systems, non-equilibrium atmospheric pressure plasma jet (APPJ) are 

well suited for localized treatment and coating of complex 3D geometries, since the substrate does 

not have to be placed in the gap between electrodes. Furthermore, the possibility to scale down the 

dimension of the jet to the submillimeter range widens the field of application of the process. The 

studies performed with this kind of sources demonstrated the effectiveness of non-equilibrium APPJs 

in depositing polymeric films by means of monomer polymerization.  

With regard to AA plasma-polymerization, Donegan et al. [97] investigated the water stability, the 

chemical/morphological characteristics and the level of protein adhesion of pPAA coatings deposited 

onto silicon substrates by using two different plasma jet deposition systems. Chen et al [98] 

highlighted the possibility to deposit pPAA coatings onto the surfaces of silk fibers (SF) using an 

atmospheric pressure glow discharge in order to immobilize antimicrobial peptide onto the SF 

surface.  Carton et al. [99] employed a pulsed-arc atmospheric pressure plasma jet for the AA plasma 

polymerization and the deposition of organic coatings suitable for biomedical applications. The same 

plasma source was also used to perform the polymerization of AA and methylene-bis-acrylamide 

[100]. The latter compound was added as crosslinking agent to the precursor in order to improve the 

water stability of the deposited coatings. Ward et al. [101] performed the deposition, by introducing 

ultrasonic atomization of AA into an APGD, of pPAA layers characterized by good adhesive and gas 

barrier properties. 

 

Besides the fabrication of plasma polymer coatings, in recent years the efficacy of CAPs in depositing 

nanocomposite coatings, characterized by nanoparticles (NPs) embedded in a polymeric matrix, 
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widely required for a great range of industrial applications, has been successfully demonstrated [102-

112].  The first work on his topic was published in 2009 by Bardon et al. [113] and reported on the 

deposition of a nanocomposite coating where AlCeO3NPs were embedded in an organosilicon 

matrix; the process was performed injecting in a DBD reactor a NPs dispersion in a liquid 

organosilicon precursor. Later, Dembele et al. [114] reported on the deposition of a nanocomposite 

coatings (organosilicon polymer and TiO2NPs) obtained by introducing a dispersion of NPs in 

tetramethoxysilane in a plasma jet having a point to plane corona configuration. Some studies were 

also performed on the synthesis of organicinorganic nanocomposite coatings by means of 

atmospheric pressure cold plasma. In particular, Uygun et al. [115] deposited different coatings by 

introducing a dispersion of polymer precursor (either pyrrole, thyophene, or furan monomers), 

TiO2NPs, and LiClO4 in acetonitrile in an atmospheric pressure RF uniform glow discharge. Michel 

et al. [116] investigated the deposition of plasma-polymerized polyaniline (PANI) coatings including 

mercaptoaniline functionalized PtNPs, by introducing a dispersion of functionalized NPs in ethanol 

and aniline in the plasma region of a DBD. Fanelli et al. [117] reported on the deposition of 

ZnONPs/hydrocarbon polymer nanocomposite coatings using an atmospheric pressure DBD, fed 

with He and with an aerosol of oleate-capped ZnONPs dispersed in a hydrocarbon solvent. 

Recently, cold plasma deposition of nanocomposite coatings with antibacterial properties has also 

been investigated, exploiting the well known antimicrobial properties of AgNPs [118]. Indeed, Beier 

et al. [119] reported on a process where hexamethyldisiloxane, used as silicon containing precursor 

for the matrix, and a dispersion containing either AgNO3 or AgNPs were simultaneously injected in 

the plasma region of a DC pulsed arc discharge plasma jet. A different process, relying on the use of 

DC plasma jet, was proposed by Deng et al. [25]; N2 was used to sustain the plasma discharge and 

an admixture of O2, tetramethyldisiloxane, as organosilicon precursor for the matrix, N2 and AgNPs 

was fed to the plasma region. To date, only one work, published by Humud et al. [120] proposed the 

fabrication of coatings containing AgNPs in a polymeric matrix using an atmospheric pressure 

plasma; the process, performed with a DBD plasma jet, was aimed at improving the conductivity of 

a polyaniline matrix by means of the introduction of AgNPs. As precursor, a dispersion of AgNPs in 

aniline was carried, in form of aerosol, by an Ar flow and injected into the plasma region [120]. 

 

2.5 Plasma induced crosslinking 

As reported in the previous chapter, the crosslinking of water soluble biopolymer can be performed 

by using either physical methods or chemical agents [121-123]. However, the most common 

crosslinking agents often give rise to cytotoxicity problems, and are therefore not suitable for 
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biomedical applications. Many efforts have been devoted to develop less cytotoxic chemical agents, 

as well as new methods able to crosslink biopolymers without using chemical compounds [124-128]. 

Non-equilibrium plasma, being an environmentally friendly technology, can represent a suitable 

solution for the achievement of the proposed aim. Some studies have been recently performed to 

evaluate the possibility of employing a single-step plasma process to induce the crosslinking of water 

soluble polymers in liquid phase, since non-equilibrium plasma treatment is able to induce the 

formation of radicals, which may recombine producing unsaturation and polymer crosslinking [129-

131]. 

Prasertsung et al. [132], pointed out that the generation of pulsed electrical discharges in gelatin 

solutions enables: (i) to increase the solution viscosity; (ii) to enhance the gel strength; (iii) to produce 

films characterized by a higher crosslinking degree with respect to that obtained by untreated gelatin 

solutions. Recently, Molinas et al. [133] reported about the possibility to use an atmospheric dielectric 

barrier discharge (DBD) plasma to induce in-situ liquid phase gelation of an aqueous solution of 

chitosan in order to obtain a crosslinked hydrogel.  

To the best of our knowledge, only few studies have reported the use of plasma to confer water 

resistance and improve the mechanical properties of water soluble polymers directly in the solid state 

[134, 135]. These studies, which were carried out by subjecting electrospun polymeric fibres to low 

pressure plasma treatments, were not successful in stabilizing the polymer against water dissolution, 

probably because the plasma treatment affected only the surface of the fibres resulting in a limited 

crosslinking degree.  

Therefore, further studies are required to optimize the non-equilibrium plasma processes in order to 

induce crosslinking directly in the solid state 
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3.1 Introduction 

As overviewed in the previous chapters, among the various techniques available for surface 

modification and functionalization of biomaterials, non-equilibrium plasma treatment has been 

proven to enhance biomaterial cellular acceptance and to increase cell viability and proliferation [1–

3]. This solvent-free versatile process can provide a uniform physical and chemical modification of 

the scaffold surface without altering its bulk properties; indeed, the typical thickness of the region 

affected by plasma treatment ranges from several hundreds of angstrom to several hundreds of 

nanometers [4]. Potentialities of CAP are greatly expressed in surface modification of polymers and 

biomaterials. However, only few works report about the use of atmospheric plasma to functionalize 

porous nanofibrous scaffolds fabricated through electrospinning technology [5–9]. Indeed, most of 

the available data in this field are related to low-pressure plasma processes [10–20].  

Electrospun assemblies are ideal candidates for the production of scaffolds to be used for tissue 

engineering, since they mimic the fibrillar arrangement of the extracellular matrix, fulfilling specific 

topographical, morphological, and mechanical requirements of different tissues and organs [21]. 

In this chapter, the experimental studies and activities carried out to assess the capability of 

atmospheric pressure non-equilibrium plasma to improve the hydrophilicity of electrospun poly(L-

lactic acid) scaffolds by means of the introduction of carboxyl groups on scaffold surface are reported. 

Results concerning the evaluation of the thermo-mechanical properties, morphology, hydrophilicity, 

and water uptake of the plasma-treated scaffolds, as well as the amount of carboxyl functional groups 

on the scaffold surface are reported. Finally, the effect of plasma treatment on mouse embryonic 

fibroblast morphology is presented and discussed.  

Studies and results, here reported and deeper described in the scientific work [22], were carried out 

and obtained thanks to the collaboration among three scientific research groups at the Alma Mater 

Studiorum - Università di Bologna) : the IAP Group headed by Prof. Colombo, the group headed by 

Prof. Laura Calzà from the Health Sciences and Technologies - Center for Industrial Research (HST-

ICIR) and the group headed by Prof. Maria Letizia Focarete from the Department of Chemistry ‘G. 

Ciamician’. 

 

3.2 Experimental part 

In this session, the processes for the fabrication of electrospun scaffolds and for their modification by 

means of non-equilibrium atmospheric pressure plasma treatment are briefly described. Some 

information regarding the characterization techniques performed to evaluate the effects of the plasma 

treatment in terms of morphological, thermo-mechanical and chemical modification induced onto the 
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scaffolds, along with the procedure adopted to investigate the behaviour of the cell culture onto the 

scaffold, are reported. All the details concerning the employed protocols can be found in the scientific 

work published on Plasma Processes and Polymers [22].  

 

3.2.1 Scaffolds fabrication 

The scaffolds were fabricated in poly(L-lactic acid) (PLLA), typically used in the fabrication of 

bioresorbable scaffolds for wound dressings [23], neural tissue engineering [24], cardiac repair [25], 

and other tissue-engineered implants [26].  

The electrospuns PLLA (ES-PLLA) scaffolds fabrication was carried out by Prof. Focarete’s group 

by using a home-made electrospinning apparatus schematically depicted in Figure 1, where the main 

components are shown. The system is composed of a high-voltage power supply, a syringe pump, a 

glass syringe, a stainless-steel blunt-ended needle connected with the power supply electrode and a 

rotating cylindrical collector. 

 

Figure 1. Schematic 3D view of the electrospinning apparatus: (1) high voltage power supply, (2) 

syringe pump, (3) syringe (4) stainless-steel needle, (5) rotating cylindrical collector [22]. 

 

3.2.2 Plasma treatment for the surface modification  

The plasma functionalization of the ES scaffolds was performed by the IAP Group. The plasma 

treatment of PLLA scaffolds was carried out by means of a Linear Corona (LC) plasma source 

mounted on a shaft moved at a controlled speed by a motorized linear stage (Figure 2).  
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Figure 2. Schematic (left) and picture (right) of the LC plasma treatment of PLLA scaffolds [22] 

 

The LC plasma source, made by the IAP Group, is composed of a housing made of dielectric material 

and a sharp stainless steel blade, 36 mm wide and 0.1 mm thick, as the high-voltage electrode. The 

housing is provided of a gas inlet, a compensation chamber and two parallel gas channels to feed a 

uniform gas flow to the electrode region, as reported in Figure 3.  

 

Figure 3. 3D drawings of the LC plasma source 

 

In order to generate a uniform glow discharge and to deliver a uniform treatment of ES-PLLA 

scaffolds and PLLA-film, the LC plasma source was driven by a nanosecond pulsed generator having 

peak voltage (PV) 7–20 kV into a 100–200 Ohm load, pulse repetition frequency (PRF) 83–1 050 

Hz, pulse width 12 ns and rise time 3 ns. 

Plasma treatments were carried out at PV 20 kV, PRF 1 kHz; N2 was employed as the plasma gas 

with a 5 slpm flow rate; the treatments were performed after flushing the gas line for 5 min. The 
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distance between source and substrate was kept constant at 2 mm, the plasma treatment time was 20 

s. After plasma treatment all materials were kept at RT in air. 

 

3.2.3 Scaffolds characterization 

The characterization of the pristine and plasma treated scaffolds was performed by means of scanning 

electron microscope (SEM), thermogravimetric analysis (TGA), differential scanning calorimetry 

(DSC) and stress strain test. The effects of the plasma treatment on the scaffolds hydrophilicity were 

investigated by means of water contact angle and water absorption measurements. 

SEM observations were carried out using a Philips 515 SEM at an accelerating voltage of 15 kV, on 

samples sputter-coated with gold. TGA analysis measurements were performed with a TA 

Instruments TGA2950 from RT to 600 °C. DSC measurements were carried out using a 

TAInstruments Q100 DSC equipped with the liquid nitrogen cooling system (LNCS) accessory. 

Stress–strain measurements were carried out with an Instron 4465 tensile testing machine on 

rectangular sheets cut from electrospun mats (5mm wide). 

Static WCA measurements were performed soon after plasma treatment and after selected ageing 

times at RT under ambient conditions by using an optical contact angle and surface tension meter 

KSV’s CAM 100 (KSV, Espoo, Finland). Milli-Q water was used for measurements. The water drop 

profile images were collected in a time range of 0–90 s, every 1 s.  

Water adsorption was determined by weighing the scaffold before and after soaking in deionized 

water for 24 h at RT. Prior to weighing, excess of adsorbed water was removed from the scaffold by 

gently blotting with filter paper. Scaffolds were immediately weighted in wet conditions with an 

electronic balance, to avoid water evaporation. The percentage water adsorption was calculated 

according to the following equation: 

𝑊𝑎𝑡𝑒𝑟 𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 (%) =  
𝑊𝑒 − 𝑊𝑑

𝑊𝑑
∙ 100% 

where We is the wet weight and Wd is the dry weight (initial weight) of the scaffold. In order to 

improve the statistics, the experiments were performed using scaffolds with predefined size (2.5cm x 

2.5 cm) and with thickness between 30 and 60mm. 

 

The chemical characterization of the pristine and plasma treated ES-PLLA scaffolds, performed by 

Prof Calzà’s group, was carried out with the aim to evaluate the amount of carboxyl groups onto the 

scaffolds surface by using the chemical surface conjugation with fluorescein isothiocyanate (FITC) 

and a fluorescence characterization technique. 
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The ES-PLLA scaffolds plasma treated (ES-PLLA-LC) and untreated (ES-PLLA-untreated) were 

washed with EtOH 30% and subsequently the carboxyl groups were activated by incubation with 

EDC and sNHS, in buffer MES 0.1 M pH 5 for 1 h at RT by shaking. The fibres were incubated with 

0.01M diaminobutane in carbonate buffer and incubated with FITC. The controls were obtained by 

using the same protocol adopted for plasma treated and untreated scaffolds, but avoiding the 

incubation step in presence of EDC and sNHS reagents. In order to evaluate stability of plasma 

treatment and ageing, ES-PLLA-untreated and ES-PLLA-LC scaffolds were conjugated at different 

times after plasma treatment (0, 6, 24, 48, 

72, and 144 h) and the fluorescence of FITC was considered as a function of storage time at 48 °C; 

the ES-PLLA-LC scaffold fluorescence was also compared with that obtained on plasma ES-PLLA 

untreated nanofibres.  

FITC conjugate ES-PLLA-untreated, ES-PLLA-LC were observed by means of Nikon eclipse E600 

(Nikon, Italy) equipped with digital CCD cameraQimaging Retiga 20002V.  

A schematic representation of the employed chemical protocol for the FITC conjugation is reported 

in Figure 4. 

 

Figure 4. A) Scheme of chemical conjugation reaction; B) Fluorescence microscope images for ES-

PLLA-LC and ES-PLLA-untreated [22]. 
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3.2.4 Cell culture on scaffolds and immucytochemistry 

Cell culture on scaffolds was performed by Prof. Calzà’s group. Mouse embryonic fibroblasts (MEF) 

cultured for 24, 48 and72 h were fixed in 4% PFA in 0.1 M phosphate buffer for 20 min at RT, washed 

with PBS and incubated with blocking buffer for 1 h at RT in order to minimize non-specific 

absorption of antibody. Subsequently, the cells were incubated with anti-actin primary antibodies in 

PBS 0.3% triton overnight at 4 °C. The cells were rinsed with PBS and incubated with DyLight488-

labeled secondary antibodies (1:1 000) 30 min at 37 8C followed by rinses with PBS (2x10 min). 

To identify pyknotic and fragmented nuclei, nuclear staining was performed, using the nuclear dye 

Hoechst 33258  for 20 min at RT and washed with PBS. More than 150 cells were counted.  

Finally, the cells were mounted with glycerol 0.1% 1,4-phenylendiamine. Negative controls were 

performed by primary antibody absence. Cells were observed by means of Nikon eclipse E600 

(Nikon, Italy) equipped with digital CCD cameraQimaging Retiga 20002V.  

 

3.3 Results and Discussion 

Morphology of pristine ES-PLLA (ES-PLLA-untreated) and plasma-treated PLLA fibres (ES-PLLA-

LC) is shown in the SEM micrographs of Figure 5. No morphological modifications, in terms of fibre 

shape, uniformity, and diameter were observed in the sample exposed to the LC plasma source. 

 

Figure 5. SEM micrographs of: A) ES-PLLA-untreated and B) ESPLLA-LC (scale bar: 10mm). 

Insets: higher magnification (scale bar: 1mm) [22]. 

 

The thermo-mechanical characterizetion pointed out the ES-PLLA-untreated scaffold presented a 

glass transition at a temperature (Tg) around 65 °C and a cold crystallization process followed by a 

melting process of the same entity. This result indicates that the melting phenomena regards only the 
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PLLA crystal phase developed in the cold crystallization process during the heating scan, thus 

demonstrating that completely amorphous PLLA mats were obtained through the electrospinning 

process, as previously reported [27, 28]. The plasma treatment did not modify the thermal properties 

of the polymer that remained amorphous. As expected, similarity of thermal properties led to 

mechanical properties not significantly different for the two scaffolds. The only appreciable effect of 

the plasma treatment was a slight decrease of the elastic modulus associated with a small increase of 

deformation at break, attributing to a slight loss of rigidity. 

The WCA measurements highlighted that LC plasma treatment dramatically lowered the contact 

angle of the scaffold and its wettability with respect to the untreated scaffold (Figure 6A). Indeed, in 

the plasma-treated scaffold, the water drop was spread out instantaneously and immediately 

penetrated into the mesh, resulting in a change of the WCA from about 120° to about 20° (or lower) 

within 60 s, as revealed by the evolution of water drop profile reported in Figure 6B. 

 

Figure 6. A) Water contact angle behavior of ES-PLLA-untreated (black circles) and ES-PLLA-LC 

soon after plasma treatment (white circles); B) evolution of water drop profile obtained on  

ES-PLLA-LC with time [22]. 
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WCA values obtained for electrospun scaffolds were compared with those obtained for PLLA 

compression molded films, both untreated and subjected to the same plasma treatment performed on 

electrospun scaffolds. Data listed in Table 1 show that, as expected, untreated ES-PLLA fibrous 

meshes display enhanced hydrophobicity compared to PLLA planar films given their porous structure 

that increases air entrapment. The porous structure of the electrospun scaffolds is also responsible for 

the rapid penetration of the water drop inside the plasma treated construct, which was observed over 

an ageing time of at least 48 h at RT (Table 1). Such rapid water penetration did not occur for films. 

In the case of PLLA-film-LC, the decrease of WCA was not so pronounced as in the case of the 

fibrous meshes; however data confirm an increase of hydrophilicity also for PLLA-film-LC, which 

is maintained for at least 48 h. 

 

Table 2. Effect of ageing time at RT on WCA values of PLLA electrospun scaffolds and films [22]. 

Sample Time after plasma treatment 

[h] 

WCA [°] 

ES-PLLA-untreated - 121.5 ± 1.7 

ES-PLLA-LC 3 Instantaneous water absorption 

 24 Instantaneous water absorption 

 48 Instantaneous water absorption 

PLLA film untreated - 90.3 ± 5.8 

PLLA film LC 3 46.4 ± 3.9 

 24 48.6 ± 3.4 

 48 45.8 ± 4.0 

 

The ageing effects on electrospun samples exposed to LC plasma and stored for different periods of 

time in air at RT were also studied through water uptake measurements. The results reported that LC 

plasma treatment dramatically increased the ability of retaining water into the construct of ES-PLLA-

LC: the average percentage of water uptake was around 10% and around 400% for ES-PLLA-

untreated and ES-PLLA-LC, respectively. In addition, this ability was preserved for different ageing 

times, up to at least 120 h. 

 

The presence of carboxyl (—COOH) functional groups, introduced on the surface of PLLA fibres by 

LC plasma treatment, was studied by means of chemical conjugation reactions via the FITC 

fluorophore. The carboxyl groups were activated with water-soluble carbodiimide to covalently attach 

FITC molecules. Figure 7 displays the mean fluorescence intensity after background subtraction 
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(signal – background normalized to ES-PLLA-untreated) of both ES-PLLA-untreated and ES-PLLA-

LC subjected to conjugation reaction. The signal of ES-PLLA-LC increased more than five times if 

compared with that of ES-PLLA-untreated. 

 

Figure 7. Mean fluorescence intensity normalized to ES-PLLA-untreated, error bars expressed as 

mean ± SD of four independent measurements (statistical analysis: t-test ***p<0.0001) [22] 

 

It is worth noting that fluorescence signal of ES-PLLA-untreated is not completely lacking, possibly 

due to the presence of terminal carboxyl groups in the macromolecular chains of PLLA.  

Finally, fluorescence intensity of ES-PLLA-LC was measured as a function of time at RT, observing 

that the intensity of FITC fluorescence remained almost constant over a period of 6 days, in agreement 

with the above reported results on scaffold wettability and water uptake. 

 

In order to explore the LC plasma treatment effect on cell–material interactions, MEF morphology 

was investigated as a function of surface chemical composition, by seeding the cells on glass, BME-

coated glass (as control), ES-PLLA-untreated, and ES-PLLA-LC, for 24, 48, and 72 h, in order to 

analyse cell morphology [26]. 

Results obtained from cells seeded on glass and on BME-coated glass were overlapping, therefore 

the BME-coated glass was chosen as the control substrate. At all investigated times the cell body of 

fibroblasts seeded on BME-coated glass showed the classical round and ‘‘spread’’ shape (Figure 8A) 

and no significant time-dependent variation of shape was observed. Conversely, fibroblast shape 

factors were mostly different when cultured on ES-PLLA-untreated and ES-PLLA-LC. Notably, 

fibroblasts seeded on ES-PLLA-untreated (Figure 8B) were small, rounded, and star-like with short 

cell processes, while those grown on ES-PLLA-LC (Figure 8C) were elongated and with ‘‘dendritic’’ 

morphology.  
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Figure 8. Mouse embryonic fibroblast cells (MEF) cultured on A) BME-coated glass, B) ES-

PLLA-untreated and C) ES-PLLA-LC [22]. 

 

The applied atmospheric pressure plasma treatment remarkably changed the chemical surface 

properties of the scaffold. While ES-PLLA-untreated was highly hydrophobic (with a measured WCA 

of about 120°), the ES-PLLA-LC showed a dramatic decrease of WCA (from 120° to below than 20° 

within 60 s after drop deposition). 

Water uptake experiments confirmed WCA results: LC plasma treatment increased the average 

percentage of water uptake by the scaffold, from about 10% up to about 400% for ES-PLLA-untreated 

and ES-PLLA-LC, respectively. The obtained results demonstrate that the applied treatment is an 

effective method to increase the surface hydrophilicity and wettability of ES-PLLA. The increase of 

hydrophilicity of the plasma-treated PLLA scaffolds can be interpreted considering that oxygen 

containing functionalities are introduced on the scaffold surface, enhancing its hydrophilic behaviour. 

It is well known that the common treatments to introduce oxygen based groups onto polymeric 

material surface are oxygen or air plasma treatments, where the oxidation is mainly caused by radical 

reactions between the polymeric chains and the atomic oxygen in the plasma, or inert gases plasmas 

followed by a post-plasma exposure to air [29]. In all cases, the introduction of oxygen-containing 

functionalities leads to various functionalities such as hydroxyl, hydroperoxides, carbonyls, 

carboxylic acids, and peracids [29]. In fact, a higher content of oxygen containing groups (namely —

COOH groups) was detected on ES-PLLA-LC, through the chemical conjugation reactions [30] 

followed by functionalization with fluorescent FITC molecule. The interest toward carboxyl groups 

is also related to the possibility of further exploitation of such functionalities through conjugation 

reactions to introduce specific bioactive molecules on the biomaterial surface.  

The investigation of the plasma functionalization on the biocompatibility of PLLA-scaffold surface 

was carried out by evaluating the survival and morphology of fibroblasts grown on untreated and LC 

treated ES-PLLA. A main result of this study is that plasma-treatment significantly improved the 

biocompatibility of ES-PLLA, as underlined by the elongated shape of fibroblasts seeded onto plasma 
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treated mats. This results is a further proof of the fact that a surface chemical modification could 

deeply affect cell biology. In fact, fibroblast shape is a complex phenomenon strictly regulated by 

transmembrane proteins (like integrins) linking binding domains of the extracellular matrix to the cell 

cytoskeletron [31], which is highly influenced by cell adhesion and mechanical forces [32]. The 

increase in carboxyl groups derived from plasma treatment could actively participate in the reshaping 

of fibroblast, as suggested also for silk fibroin surface treated with low energy plasma [33]. 

 

3.4 Conclusions 

Non-thermal atmospheric pressure plasma was successfully applied for surface modification of ES-

PLLA scaffolds that mimic the extracellular matrix. The plasma treatment was effective in modifying 

surface chemical properties of the scaffolds without altering their morphological characteristics and 

thermo-mechanical properties. A notable increase of scaffold hydrophilicity and wettability was 

observed and measured as a decrease of WCA and water absorbance capacity. The functionalization 

of the fibres surface occurred through the introduction of carboxylic functional groups. Chemical 

derivatization and conjugation with FITC were used to evaluate the amount of carboxyl functional 

groups and a relevant increase of —COOH concentration was registered. In vitro experiments were 

performed using MEF cells to assess the effect of plasma treatment on cells. Cells cultured on ES-

PLLA-LC showed a more elongated and ‘‘dendritic’’ morphology than cells cultured on untreated 

ES-PLLA. Moreover, cells cultured on ES-PLLA-LC showed a higher vitality than cells grown on 

ES-PLLA-untreated. These results demonstrated that the treatment applied was successful to make 

the scaffold more compatible with fibroblast cells. 
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CHAPTER 4 

NON-EQUILIBRIUM ATMOSPHERIC PRESSURE 
PLASMA FOR THE IMMOBILIZATION OF 

BIOMOLECULES ON BIOMATERIALS  
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4.1 Introduction 

As reported and documented in chapter 2, the covalent immobilization of bioactive compounds such 

as drugs, enzymes and antibodies, onto polymeric surfaces has been widely investigated in the last 

decades for applications in different fields spanning from medical diagnostics, drug delivery, tissue 

engineering, bioprocessing and food packaging [1-9]. Polymeric biomaterials used in tissue 

engineering and regenerative medicine field need to be modified with biochemical cues, through 

surface chemistry, to achieve bioactivity and to provide cell signaling. Surface modification of 

polymeric scaffolds with molecules targeting biological functions allows the regulation of cellular 

behavior, promoting adhesion, proliferation, differentiation [10,11], and the conjugation of 

biomolecules, which, presenting a high affinity with cell receptors, are exploitable for cells binding 

[12,13]. In the wide range of methods for the introduction of functional groups onto the surface of 

polymeric substrates, wet-chemical methods have been deeply investigated and employed [1,8, 

14,15]. Well-known examples of wet-chemical methods include alkaline or acidic hydrolysis and 

aminolysis, both based on the autocatalytic cleavage of the main-chain ester-bonds to generate 

carboxyl and amine end-groups respectively, onto the surface of the polymer. As a consequence of 

the autocatalytic cleavage, the roughness and the wettability of the polymeric surface turned out to 

increase [8]. Although chemical approaches for surface functionalization do not require any 

specialized equipment and are more capable of penetrating porous 3D substrates than other physical 

techniques [1], the wet-chemical methods present some relevant drawbacks related to the fact that 

polyesters are susceptible of degradation by chain scission with loss of mechanical properties and, 

since they are sensitive towards solvents, irregular etching of the surface might occur [1,8]. Moreover, 

the use of hazardous chemicals requires also extended treatment in concentrated corrosive solutions 

[1]. In light of these considerations, wet-chemical methods are not suitable for industrial applications 

and more flexible, environmentally friendly solutions are sought. 

In this chapter the comparison between a conventional wet-chemical method and a CAP process for 

the functionalization of poly(L-lactic acid) (PLLA) electrospun fibers with carboxylic groups, 

required for the subsequent chemical conjugation of an antibody onto the fibres surface, is reported.  

The wet-chemical method is performed by means of alkaline hydrolysis at room temperature (RT), 

while the plasma process is carried out by means of a DBD operated at atmospheric pressure in a 

controlled atmosphere of a He/air mixture. After functionalization, the physico-chemical and 

morphological properties of the electrospun PLLA fibres were evaluated through water contact angle, 

gel permeation chromatography (GPC) and scanning electron microscopy (SEM), and compared to 

those of the untreated fibres. The amount of —COOH functional groups, created at the fibre surface 
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by both the wet chemical method and the atmospheric pressure plasma treatment, was assessed by 

means of fluorescence analysis after chemical derivatization with fluorescein isothiocyanate (FITC). 

In order to compare the efficiency of biomolecules immobilization for chemically- and plasma- 

treated fibres, the functionalization step was followed by the conjugation of an artificial antibody 

(anti-CD10) to PLLA fibres surface by exploiting the carbodiimide chemistry, via 1-ethyl-3-[3-

dimethylaminopropyl] carbodiimide (EDC) and hydroxysulfosuccinimide (sNHS). Finally, the 

presence of the anti-CD10 antibody on the fibres surface was evaluated through a secondary antibody-

FITC labeled by means of fluorescence intensity measurement. 

The research activity, which led to a scientific work [16], submitted to Journal of Physics D: Applied 

Phisics, was carried out in collaboration with Prof. Focarete’s group from the Department of 

Chemistry ‘G. Ciamician’, which took care of the mats fabrication, their functionalization with the 

chemical method and their characterization. 

 

4.2 Experimental part 

In this session, the processes for the fabrication of electrospun scaffolds and for their functionalization 

by means of chemical method and CAP treatment are briefly described. Some information regarding 

the characterization techniques performed to evaluate the effects of the chemical method and plasma 

treatment in terms of morphological, thermo-mechanical and chemical modification induced onto the 

mats, along with the procedure adopted to investigate the immobilization of biomolecules on the 

functionalized mats, are reported.  

 

4.2.1 PLLA mats fabrication 

The fabrication of mats was carried out by Prof. Focarete’s group by using an electrospinning 

apparatus, composed of a high voltage power supply (Spellman, SL 50 P 10/CE/230), a syringe 

pump (KD Scientific 200 series), a glass syringe, a stainless-steel blunt-ended needle (inner 

diameter: 0.84 mm) connected with the power supply electrode, and a rotating cylindrical collector 

(50 mm diameter; 120 mm length). PLLA was dissolved in a mixed solvent, DCM:DMF=65:35 v/v 

at a concentration of 13% w/v. The polymer solution was dispensed, through a Teflon tube, to the 

needle with a flow rate of 0.02 ml/min. The electrospinning process was performed by applying a 

potential of 20 kV, at RT with a relative humidity of 50%, collecting the electrospun fibres over a 
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rotating cylindrical collector (40 rpm) placed at a distance of 20 cm from the needle. The obtained 

PLLA electrospun fibrous mats were kept under vacuum over P2O5 at RT overnight in order to 

remove residual solvents. 

4.2.2 PLLA mats functionalization 

Alkaline hydrolysis of PLLA mats  

The chemical functionalization of the PLLA mats was performed by Prof. Focarete’s group. PLLA 

mats were fixed by means of CellCrown supports (Scaffdex, Tampere, Finland), in a 24-well and 

immersed in H2O:EtOH=90:10 (v:v) for 10 minutes. Subsequently, electrospun mats were washed 

twice with distilled H2O and then incubated with sodium hydroxide (NaOH) solution at different 

concentrations and for different times, as described in the Results section. Finally, the electrospun 

mats were abundantly washed with distilled H2O.  

 

Plasma treatment of PLLA mats 

The plasma functionalization of the mats was carried out by the IAP group. The Dielectric Barrier 

Discharge (DBD) plasma source employed for the introduction of ―COOH groups onto the surface 

of PLLA electrospun mats consisted of two aluminium parallel-plate electrodes; the upper electrode, 

having a surface of 13x8 cm2 and a thickness of 0.13 mm, was covered by a dielectric POM-C plate, 

having a surface of 15x11 cm2 and a thickness of 2.4 mm and was connected to the high voltage (HV) 

generator; while the lower electrode, with a surface of 13x9 cm2 and a thickness of 0.13 mm, was 

grounded.  

The plasma source was enclosed in a volume having a size of (21x17x3) cm3 (LxWxH) to perform 

the treatment in a controlled atmosphere by introducing specific gases or gas mixtures. The gas 

mixtures used for volume saturation and plasma discharge generation are introduced from the top of 

the plasma reactor through a rilsan tube (diameter 6 mm) connected to the gas flow meter. A bleed 

port (1 cm diameter) was placed on a side wall of the plasma reactor for removing the air at the 

beginning of the process and for keeping a constant pressure inside the close volume during the 

process. The DBD plasma source was driven by a commercial pulsed DC generator (FID GmbH-FPG 

20-1NMK) producing high-voltage pulses with a slew rate of 3–5 kV ns-1, a pulse duration around 30 

ns, a peak voltage (PV) of 7–20 kV, and an energy per pulse of 50 mJ at maximum voltage amplitude 

into a 100–200V load impedance, with a maximum pulse repetition rate (RR) of 1000 Hz. During the 

plasma treatment, the mats were placed onto the grounded electrode and directly subjected to the 

plasma discharge, as reported in Figure 1. The plasma was generated by fixing the gap between the 



78 

 

grounded electrode and the POM-C plate at 0.5 mm and setting the PV and RR at 10.4 kV and 500 

Hz, respectively. Treatment times of 5, 7.5 and 10 min were adopted. A mixture of 3 slpm of He and 

1 slpm of air was used for the saturation of the chamber and for plasma generation. To produce the 

controlled atmosphere conditions, the gas mixture was initially flown for 4 min inside the close 

volume; following this phase, the chamber bleed port was opened and the plasma discharge was 

ignited while maintaining the flux of the gas mixture constant during the whole plasma treatment. 

 

 

Figure 1. Experimental setup employed for the plasma functionalization of the PLLA mats [16] 

Carboxylic groups evaluation  

The evaluation of the obtained ―COOH groups was carried out by means of fluorescence 

characterization [17]. Briefly, functionalized PLLA mats were fixed by means of CellCrown supports 

and activated by incubation with 10 mM EDC and 10mM sulfo-NHS in 0.1M MES buffer (pH 5) for 

30 min at RT. The solution was removed and the mats were incubated with Diaminobutane (0.01 M) 

in 0.1M carbonate buffer (pH 9.8) for 1 h at RT and rinsed three times for 5 minutes with carbonate 

buffer. Finally, the mats were incubated with 10-4 M FITC in carbonate buffer for 2 hours at RT and 

rinsed three times in PBS for 5 minutes. Negative control was obtained by omitting the presence of 

reactive reagents (EDC and sNHS) in the above described procedure in order to evaluate non-specific 

binding of FITC to the fibre surface. The mean intensity fluorescence is shown after the subtraction 

of the negative control. 
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4.2.3 Antibody conjugation 

Ab-FITC conjugation  

PLLA mats carrying ―COOH groups at their surface were activated with EDC/sNHS in 0.1M MES 

(pH 5.0) buffer and incubated with Ab-FITC at different concentrations and at different conditions of 

time, pH and temperature, as indicated in the results and discussion section. As a negative control, 

the reaction was performed on PLLA hydrolyzed or PLLA plasma-treated without EDC/sNHS 

activation to evaluate non-specific binding of Ab-FITC to the fibre surface. The data are shown after 

the subtraction of the negative control. 

 

Anti-CD10 antibody conjugation 

PLLA fibres functionalized with ―COOH groups at their surface, by both wet chemical and plasma 

treatment, were conjugated with anti-CD10 antibody using the following optimized protocol. Briefly, 

the anti-CD10 antibody was conjugated, onto the activated PLLA substrate, at three different 

concentrations (1, 5, 10µg/mL) in 0.1M PBS overnight at 4°C. In order to verify the anti-CD10 

antibody immobilization, Ab-FITC at 1:200 dilution in 0.1M PBS (2h at RT) was used. 

 

4.2.4 Characterization techniques 

Fibre morphology was observed with a Philips 515 scanning electron microscope (SEM) at an 

accelerating voltage of 15 kV. Prior to SEM analysis, samples were sputter-coated with gold. The 

distribution of fibre diameters was determined through the measurement of about 250 fibres by means 

of an acquisition and image analysis software (EDAX Genesis) and the results were given as the 

average diameter ± standard deviation (SD).  

Static water contact angle (WCA) measurements were performed at RT by using an optical contact 

angle and surface tension meter KSV’s CAM 100 (KSV, Espoo, Finland), by recording the side 

profiles of Milli-Q water drops for image analysis. The water drop profile images were collected in a 

time range of 0-20 s, by recording an image every 1 s. Results were averaged on at least five 

measurements obtained in different areas of the sample.  

Polymer molecular weight data were obtained by gel permeation chromatography (GPC) at 33°C 

using a KNAUER Advance Instruments system equipped with three columns (Agilent) connected in 

series as follow: two PLgel minimix C (PM range from 200-2000000 g/mol, 250 mm/4.6 mm 

length/i.d.) and a PLgel minimix E (PM range up to 30000 g/mol, 250 mm/4.6 mm length/i.d.). 

Polystyrene standards in the range of molecular weight 2000–100 000 g/mol were used and a 
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refractive index detector was employed. Chloroform was used as eluent with a 0.3 mL min-1 flow and 

sample concentration of about 10 mg mL-1 was applied. 

Image analysis has been performed using a Nikon eclipse E600 microscope (Nikon, Italy) equipped 

with digital CCD camera Q Imaging Retiga 20002V (Q Imaging, Surry, BC, Canada). All images 

were taken with a 10x objective (10x/0.50 NIKON Plan Fluor). The images were analyzed using 

Imaging NIS Elements software. In order to obtain the mean fluorescence intensity, images of at least 

five different fields for each sample were taken; furthermore for each of these fields the average 

intensity of eight different areas were calculated. Data were expressed as mean ± SD. 

 

4.3 Results and Discussion 

The electrospinning process parameters were optimized in order to obtain PLLA defect-free fibres, 

randomly oriented, and characterized by a mean fibre diameter of 574±190 nm. 

The chemical functionalization of the PLLA fibres was carried out using different alkaline hydrolysis 

conditions, by varying the hydrolysis time and the NaOH concentration, in order to achieve the 

highest density of carboxylic groups at the fibre surface while minimizing possible damage of the 

fibres caused by PLLA hydrolysis. PLLA fibres were treated with NaOH at concentrations of 0.01M, 

0.02M and 0.05M for treatment times of 5 and 10 minutes. In these experimental conditions, no 

modification of the fibre morphology was detected by SEM analysis, with respect to the as spun, not-

hydrolyzed mat. On the contrary, for concentrations of NaOH higher than 0.05 M, or for reaction 

times longer than 10 min, the nanofibres started collapsing and breaking. 

The plasma functionalization of the PLLA fibres was performed according to the operating conditions 

reported in the experimental part by testing three different treatment times (5, 7.5 and 10 min). SEM 

analysis (Figure 2) highlighted that the treatment time of 5 min did not induce any morphological 

change or visible degradation to the electrospun mat. Conversely, after both 7.5 min and 10 min of 

plasma exposure, a partial loss of the fibrous morphology and a macroscopic damage, i.e. the presence 

of little holes in the mat, probably due to the occurrence of polymer thermal degradation. Based on 

the obtained results, 5 min plasma treatment was chosen as the optimal condition for the 

functionalization and the subsequent antibody conjugation step. 
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Figure 2. SEM images at two different magnifications of the plasma treated electrospun mats for 5 

min (A), 7.5 min (B) and 10 min (C) [16]. 

The presence of carboxyl groups onto PLLA fibres was assessed, for both the chemically and the 

plasma functionalized mats, by means of conjugation reactions via the FITC fluorophore and 

measuring the ―COOH-FITC mean fluorescence intensity [17]. Results of the alkaline hydrolysis 

protocol are displayed in Figure 3A, where the fluorescence intensity is reported as a function of 

NaOH concentration for the two different times investigated. As expected, the fluorescence intensity 

progressively increased as a function of NaOH concentration and incubation time. In light of the 

achieved results, the 10 min treatment with 0.05M NaOH was selected as the optimal condition for 

the subsequent conjugation step.  

Figure 3B reports the comparison between the ―COOH-FITC fluorescence intensities obtained for 

chemically and plasma functionalized mats, together with the results collected for the pristine PLLA 

mat. The fluorescence intensity of the mat after chemical hydrolysis was more than five times higher 

of that of untreated PLLA. Moreover, the chemical hydrolysis introduced a higher amount of carboxyl 

functionalities than the plasma treatment (Figure 3B). It is pointed out that, in order to evaluate any 

non-specific interactions, a control-reaction was performed on an electrospun PLLA mat without the 

EDC/sNHS reagents and the diaminobutane linker: in these conditions, i.e. in the absence of the 

conjugation reagents, the non-specific FITC fluorescence intensity resulted negligible.  
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Figure 3. (A) COOH-FITC mean fluorescence intensity response (after negative control 

subtraction) as a function of NaOH concentration for 5min (■) and 10 min (▲) incubation time. (B) 

Comparison between COOH-FITC mean fluorescence intensity of pristine, chemically hydrolyzed 

(0.05M NaOH, 10 min) and plasma (5 min) functionalized PLLA mats [16]. 

 

Electrospun mats functionalized by means of the two selected protocols - i.e. 0.05M, 10min NaOH 

hydrolysis and 5min plasma treatment - were analyzed by the GPC to evaluate possible changes in 

PLLA molecular weight that was expected due to hydrolysis and scission of the ester linkages of the 

PLLA backbone chain to generate carboxylic and hydroxyl end-groups on polymer chains. GPC 

measurements demonstrated that molecular weight did not change for the chemically treated mat (Mw 

= 129 x 103 g mol-1) whereas only a slight decrease was observed after the plasma treatment (Mw = 

121 x 103 g mol-1). 

Surface hydrophilicity of the functionalized PLLA mat was evaluated through water contact angle 

measurements. A constant WCA value of 120° was obtained for pristine PLLA mat, indicating a 

hydrophobic behavior of the material. The carboxylic functionalization significantly lowered the 

WCA of the mats and increased mat wettability, allowing an almost instantaneous penetration of 

water. The reduction of WCA indicated that both the alkaline hydrolysis and the plasma treatment 

successfully improved the surface hydrophilicity. 
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In order to define the suitable conditions for the antibody conjugation, an antibody-FITC labeled (Ab-

FITC) was used as a model compound. Ab-FITC was conjugated via EDC/sNHS to the surface of 

PLLA mat treated with NaOH 0.05M for 10 minutes. Different conjugation conditions were tested in 

order to optimize the covalent binding efficiency and to minimize the non-specific interactions 

between the antibody and the PLLA fibres. In particular, temperature, pH, time of reaction and Ab-

FITC concentration were varied. The antibody was tested at concentrations of 1µg/mL, 5µg/mL and 

10µg/mL in three different conditions: (I) carbonate buffer at pH 9.5 for 1 hour at RT; (II) carbonate 

buffer at pH 9.5 for 4 hours at 4°C; (III) PBS buffer at pH 7.5 for 20 hours at 4°C. As a negative 

control the reaction was performed on NaOH hydrolyzed PLLA without EDC/sNHS to evaluate the 

non-specific binding of the Ab-FITC to the fibre surface.  

As expected, the results showed an increase of fluorescence intensity as a function of Ab-FITC 

concentration. Moreover, among the tested conditions, the reaction III was revealed to be the most 

favorable for the antibody conjugation.  

As last step, the anti-CD10 antibody was covalently linked to the fibre surface of PLLA mats, both 

chemically and plasma functionalized, at the three different concentrations tested above, by using the 

selected optimal conjugation conditions (PBS buffer at pH 7.5 for 20 hours at 4°C). Subsequently, in 

order to saturate the unreacted sites and to avoid aspecific interactions with the molecules of the Ab-

FITC used to recognize the anti-CD10, the mats were incubated with BSA 2% in PBS 0.1M pH7.5. 

Figure 4A shows the fluorescence intensity of the anti-CD10 / Ab-FITC system, as a function of anti-

CD10 concentration. It is interesting to observe that, despite the different amount of ―COOH groups 

introduced by the two functionalization methods, the chemically and the plasma treated PLLA mats 

displayed similar values of the mean fluorescence intensity due to anti-CD10 conjugation (Figure 

4A). This result suggests that the larger amount of ―COOH groups, detected on the chemically 

functionalized mats with respect to the plasma treated ones (as shown in Figure 3B), does not lead to 

a higher concentration of antibody conjugated onto the fibres. 
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Figure 4. (A) Mean fluorescence intensity, after negative control subtraction, of the anti-CD10 

conjugated at different concentrations onto the surface of PLLA mat (white bars = chemical 

functionalization; black bars = plasma treatment) and recognized by secondary antibody Ab-FITC 

labeled as schematized in (B). (C) Fluorescence microscope image of the PLLA fibres after anti-

CD10 conjugation [16]. 

 

The two methods for PLLA fibres functionalization investigated in this work were optimized, by 

varying the experimental conditions, in order to minimize the fibre damage while generating the 

highest density of ―COOH groups onto the fibres surface. Indeed, for both methods, optimal 

functionalization conditions, which did not cause any morphological change nor the reduction of 

polymer molecular weight, were found, demonstrating that in such conditions no appreciable polymer 

degradation occurred.  

As expected, the formation of carboxylic groups at the fibre surface remarkably increased 

hydrophilicity of both chemically and plasma treated mats with respect to the pristine sample that 

was highly hydrophobic (with a measured WCA of about 120°). Interestingly, a dramatic decrease of 

WCA from 120° to below 20° in less than 20 s after drop deposition was observed for the two kinds 

of functionalized samples, even if chemically and plasma functionalized mats were characterized by 

a different amount of carboxylic groups. Indeed, although the fluorescence detection method revealed 

a higher amount of carboxyl functionalities onto the surface of mats subjected to the alkaline 

hydrolysis process with respect to the plasma treated ones (Figure 4B), the WCA results indicated 

that the concentration of ―COOH groups introduced by the plasma functionalization was enough to 

greatly enhance hydrophilicity and wettability of the mat. 

The ability of the chemically and plasma functionalized mats to covalently link an antibody was 
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assessed through two steps: (i) by optimizing the conjugation reaction using a FITC-labeled antibody 

as a model biomolecule, and (ii) by immobilizing an anti-CD10 antibody that was then revealed by a 

secondary antibody-FITC labeled. Interestingly, similarly to what underlined by the WCA analysis, 

despite the different amount of ―COOH groups introduced by the two functionalization methods, 

the fluorescence analysis revealed that the chemically and plasma treated PLLA mats displayed 

similar values of the fluorescence intensity related to anti-CD10 conjugation  (Figure 4A). The 

achieved result clearly highlights that no great differences in terms of antibody conjugation efficiency 

can be detected by comparing the wet-chemical method and the proposed plasma functionalization 

process.  This effect can be explained by assuming that the amount of  ―COOH groups is in large 

excess with respect to the number of anti-CD molecules that can be conjugated onto the fibre surface, 

also due to the steric hindrance among the antibody molecules that limits their binding to neighboring 

sites. 

 

4.4 Conclusions 

In the present work, the efficacy of a CAP process for the conjugation of biomolecules onto the 

surface of PLLA electrospun fibres has been demonstrated. The comparison between a conventional 

wet-chemical method and the proposed plasma assisted approach for covalently linking biomolecules 

was carried out through the conjugation of an artificial antibody onto chemically and plasma 

functionalized mats. The results clearly highlighted that a high concentration of antibody was linked 

to chemically and plasma functionalized mats with respect to pristine PLLA fibres and, more 

interestingly, no great differences in terms of antibody conjugation efficiency was detected by 

comparing the chemically and plasma functionalized mats. The performed study brought out the 

possibility to replace a toxic chemical method with a highly flexible and eco-compatible non-

equilibrium atmospheric plasma process for the effective immobilization of biomolecules onto 

biomaterials. 
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CHAPTER 5 

NON-EQUILIBRIUM ATMOSPHERIC PRESSURE 
PLASMA FOR MATERIALS DECONTAMINATION AND 

PREVENTION OF BIOFILM FORMATION 
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5.1 Introduction 

Several studies in the frame of biomedical applications, clinical practices and surface 

decontamination have widely documented the capabilities of CAP as a suitable and effective tool for 

the reduction of bacterial load [1-8], thanks to its characteristic blend of several and synergic 

biologically active agents [8-11], which are effective in disrupting individual micro-organisms [3-7] 

and apparently are not influenced by mechanisms of microbial resistance to antibiotics (innate or 

acquired) [8].   

Since among the biologically active components of plasma, charged particles and electric field are 

also included, it is proposed that these componets can affect the cell membrane causing electrostatic 

disruption or at least permeabilization for a very short time [12-14]. As a consequence, plasma-

derived ROS/RNS molecules can penetrate the cell membrane [15-16] inducing further chemical 

reactions inside the cytoplasm and leading to the oxidization of cellular proteins and microbial DNA 

[9, 17-19].  

Some literature results report the effective use of plasma for biofilm disinfection or inactivation [20, 

21]. The remarkable study carried out by Joaquin et al. [22], about the investigations of the effects 

induced by atmospheric plasma on living biofilm-forming bacterial cells, suggests these cells go 

through sequential physiological and morphological changes before becoming inactivated by plasma 

and that longer treatment time, even more than for the case of planktonic bacteria, are necessary to 

ensure a complete inactivation. 

During my Ph.D activities, some efforts have been dedicated in evaluating the effects of CAP in 

decontaminating and preventing biofilm formation onto soft reline oral palatal obturators. The 

motivation to carry out the following study lies in the purpose to contribute in identifying a preventive 

and therapeutic approach to counteract or remove biofilm contamination from palatal obturators, 

widely used in plastic surgical reconstruction of tissues affected by cancer and resected by palate- 

and maxillectomy.  Indeed, when the breach is wide, patients are required to temporary of definitively 

wear custom-made removable palatal obturators, to replace the lacking tissues and restore 

masticatory, deglutition and speech functions  [23].   

Among the large number of materials suitable for this purpose, soft reline holds a relevant position 

since it is easily moldable and possesses, thanks to its sponge-like return, the mechanical 

characteristics required to sustain the typical values of the compressive oral forces.  

Unfortunately, because of the sophistication of the raw material and the custom-made production 

process, soft reline oral palatal obturators are quite expensive; therefore, an eventual implant failure 

might be severely resource- (because of the implants cost) and time- (because of the long production 
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process) consuming. Severe bacteria biofilm contamination of the device is one of the major causes 

of failure of prosthetic rehabilitations in many body districts [24]. 

Conventional decontamination methods based on the use of antimicrobial agents have been already 

demonstrated to be often ineffective against bacteria within a biofilm; therefore, the ability to destroy 

these living organisms is critical and the development of an alternative technique is demanded.  

In this chapter, the results concerning the treatment of soft reline oral shutters by means of two CAP 

sources, with the aim of evaluating their effectiveness in preventing biofilm adhesion and enabling 

biofilm decontamination, are presented. A wider description of the performed studies and of the 

achieved results is reported in the scientific work [25]. 

The ability of plasma in preventing biofilm adhesion was evaluated by contaminating with 24 h old 

biofilm sterile specimens previously exposed to plasma treatment, while the efficacy in reducing 

bacteria viability was tested treating with plasma specimens previously contaminated with 90 min 

(early) and 24 h (mature) old biofilm. In both cases, Streptococcus mutans and Aggregatibacter 

actinomycetemcomitans were chosen, since they are strongly related to biofilm formation in the oral 

cavity. Finally, since the soft reline palatal obturators are properly designed to replace resected 

tissues, the viability of human primary cells cultivated directly onto the surface of plasma treated 

specimens has been evaluated. 

The work was carried out in collaboration with the group headed by Prof. Lia Rimondini, from the 

Laboratory of Biomedical Materials, Department of Health Sciences, Università del Piemonte 

Orientale, Novara, Italy. 

 

5.2 Experimental part 

In this session, first, the protocol used for soft reline specimens preparation, the characteristic of the 

plasma sources and the operating conditions adopted for plasma treatment are reported. The 

description of the techniques and methods employed to perform the mechanical characterization of 

the specimens before and after the plasma exposure and to evaluate the plasma antibacterial activity 

and the specimens cytocompatibility after the plasma exposure are presented.  

 

5.2.1. Specimens preparation 

Soft relines were prepared following the manufacturer’s instructions (Reline Soft, GC Europe N.V., 

Leuven, Belgium); afterwards, polymers were cut in order to realize square specimens (5 mm per 

side) with a thickness of 2 mm.  Prior to plasma treatment, specimens were sterilized by ethanol 

immersion overnight followed by three washes in phosphate buffered saline.  
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5.2.2. Plasma sources  

The plasma treated of the specimens was performed by the IAP group. In order to evaluate the 

effectiveness of CAP in preventing bacteria adhesion and in biofilm decontamination, two dielectric 

barrier discharge (DBD) plasma sources were tested. Schematics and pictures of both adopted plasma 

sources are presented in Figure 1.  

 

 

 

Figure 1. DBD-Rod (upper panel) and DBD-Plate (lower panel), pictures of the discharge during 

operation (left figures) and schematics representations of the sources (right figures) [25]. 

 

The first plasma source, named DBD-Rod, consists of a cylindrical brass electrode, with a 10 mm 

diameter, having a semispherical tip, with curvature radius of approximately 5 mm. The electrode is 
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covered with borosilicate glass (relative permittivity εr=4.7) as dielectric layer with a thickness of 1 

mm. When operated, the plasma source is positioned near, or even in contact with, a grounded 

electrode realised with an aluminium plate [26]. The DBD-Rod plasma source was driven by a 

micropulsed generator, producing high-voltage nearly sinusoidal pulses having a peak voltage (PV) 

of 15.4 kV, frequency (f) of 40 kHz, pulse duration of 250 µs and fixed pulsed repetition frequency 

(PRF) of 1000 Hz.  

The second plasma source used in this work, named DBD-Plate, is composed by a POM-C plate 

(1mm thickness, relative permittivity εr=3.4), used as dielectric layer, and an aluminium foil (6x6 

cm) adherent to the top surface of the dielectric plate as the high voltage electrode. The bottom surface 

of the dielectric barrier is parallel to an aluminium plate placed underneath and working as the 

grounded electrode. The DBD-Plate plasma source was driven by a micropulsed generator, producing 

high-voltage sinusoidal pulses having a peak voltage (PV) of 12 kV, frequency (f) of 20 kHz, pulse 

duration of 4 ms and fixed pulsed repetition frequency (PRF) of 100 Hz.  

In this work, the distance between the dielectric surface and the grounded plate was kept constant and 

equal to 3 mm for both plasma sources. During the treatments, specimens were placed on the 

grounded plate.  

 

5.2.3. Mechanical characterization  

With the aim of evaluating the potential effects of plasma treatment on the mechanical properties of 

the reline polymer, stress-strain tests were carried out both on untreated and treated specimens. 

Stress–strain measurements were performed with an Instron 4465 (ITW Test and Measurements, 

Torino, Italy) tensile testing machine on rectangular samples (8 mm x 0.1 mm). The gauge length 

was 13 mm and the cross-head speed was 50 mm/min. At least five samples were tested for each 

condition and results were evaluated as the average value ± standard deviation. 

 

5.2.4. In vitro plasma antibacterial activity 

The investigation of the antibacterial activity of the CAP treatments was carried out by the Prof 

Rimondini’s group. 

Bacteria Strains and Growth conditions 

Two exponentially growing oral biofilm former strains were used for the evaluation of plasma 

induced antibacterial activity: i) Streptococcus mutans (DSMZ 20523, Leibniz Institute DSMZ-

German Collection of Microorganisms and Cell Cultures, Braunschweig, Germany) and ii) 

Aggregatibacter actinomycetemcomitans (DSMZ 11123). Bacteria were cultivated in blood agar 
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plates (Sintak S.r.l., Corsico, Milan, Italy) at 37°C in aerobic conditions for 48 h until single round 

colonies were obtained. Single colonies were inoculated into fresh LB medium and grown at 37°C in 

a Gallenkamp orbital shaker incubator at 120 rpm until a 1x107 cells/ml broth culture was obtained, 

according to McFarland 1.0 standard. 

 

Evaluation of plasma activity in preventing bacteria adhesion 

Sterile reline specimens were treated with both the DBD sources for 30, 60 and 120 s. Then, samples 

were placed into a 24 multiwell plate (Nunclon Delta Surface, Thermo Scientific, Rodano, Milan, 

Italy) and submerged with 1 ml of LB medium containing 1x107 bacterial cells. Plate was incubated 

for 90 min at 37°C in agitation (120 rpm, adhesion phase) [27]. Finally, supernatants containing 

floating planktonic cells (separation phase) were removed and specimens were washed carefully with 

PBS. The number of biofilm viable colonies was evaluated by the Colonies Forming Unit (CFU) 

count, while bacteria viability was determined by the colorimetric metabolic 2,3-bis (2-methoxy-4-

nitro-5-sulphophenyl)-5-[(phenyl amino) carbonyl]-2H-tetrazolium hydroxide assay (XTT, Sigma, 

Milan, Italy) assay, as previously described. Briefly, bacteria colonizing surface were detached by 

means of sonicator and vortex (30 s each, 3 times), collected in PBS and used to obtain 6 ten-fold 

dilutions; then, 20 ml of each dilutions were spotted onto LB agar plates and incubated for 24 h at 

37°C. The final CFU number was calculated as follows [28]:  

CFU = [(number of colonies x dilution factor)^(serial ten-fold dilution)] 

Bacteria viability was evaluated by adding 50 ml of XTT solution (3mg/ml in acetone containing 

1µM menadione) to each well; plate was incubated for 4 h in the dark and the optical density was 

evaluated by a spectrophotometer (SpectraCount, Packard Bell, Chicago, USA) at 490 nm 

wavelength. Specimens not subjected to plasma treatment were used as control and bacteria viability 

onto these samples was considered as 100% and assumed to express the viability onto plasma treated 

specimens. Experiments were performed in triplicate. 

 

Evaluation of plasma activity in decontaminating early biofilm 

Sterile untreated specimens were placed into a 24 multiwell plate (Nunclon Delta Surface, Thermo 

Scientific) and submerged with 1 ml of LB medium containing 1x107 bacteria cells. Plate was 

incubated for 90 min at 37°C in agitation at 120 rpm (adhesion phase). Then, supernatants were 

extracted in order to remove floating planktonic cells (separation phase) [27], and plasma treatment 

was directly performed onto 90 min bacteria cells (early biofilm) colonizing the surface of specimens 

for 30, 60 and 120 s by using both the DBD plasma sources. 20 min after the plasma treatment, CFU 

count and XTT assay were performed. Infected and untreated specimens were used as control and 
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bacteria viability onto these samples was considered as 100%. Experiments were performed in 

triplicate. 

 

Evaluation of plasma activity in decontaminating mature biofilm 

Sterile untreated specimens were infected as described. After the separation phase, samples 

containing biofilm were rinsed with 1ml of fresh medium and cultivated for 24 h at 37°C to promote 

biofilm maturation. Then, supernatants were removed and plasma treatment was directly performed 

onto 24 h bacteria cells (mature biofilm) colonizing the surface of the specimens for 30, 60 and 120 

s by using both the plasma sources. After 20 min, CFU and XTT analysis were performed as described 

above. Infected and untreated specimens were used as control and bacteria viability onto these 

samples was considered as 100%. Experiments were performed in triplicate. 

 

5.2.5. In vitro cytocompatibility 

The investigation of the cytocompatibility of the CAP treatments was carried out by the Prof 

Rimondini’s group. 

 

Human Primary Cells 

Cytocompatibility of plasma treated soft reline specimens was evaluated against pooled primary 

human gingival fibroblasts (HGFs) and skin keratinocytes (HEKs). HGFs were isolated from 

discarded normal human gingiva. Obtained cells were cultivated in α-MEM (Sigma) supplemented 

with 10% heat-inactivated foetal bovine serum FBS (Sigma-Aldrich, Italy)) and 1% antibiotics-

antimycotics (Anti-Anti, Sigma) at 37°C in a humidified 5% CO2 atmosphere. HEK were obtained 

from Clonetics (Euroclone, Milan, Italy) and maintained in EpiLife® Medium (Invitrogen, Milan, 

Italy). Before confluence, both eukaryotic cell types were trypsinized, re-suspended, plated for the 

experiments and used within fifteen population doublings. 

 

Evaluation of cyotocompatibility of plasma treated soft reline specimens 

Sterile specimens were plasma treated with both the DBD sources for 30 and 120 s. Then, a defined 

number (5x104 cells/specimen) of eukaryotic cells were seeded onto plasma treated reline surfaces; 

samples were incubated for 24 h at 37°C, 5% CO2. After 24 h, eukaryotic cell viability was 

determined by the colorimetric metabolic assay 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT, Sigma). Briefly, 20 µL of MTT solution (3 mg mL-1 in PBS) were spotted into each 

well; plates were incubated for 4 h in the dark in incubator at 37°C. Afterwards, medium was removed 
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and formazan crystals on the wells bottom were solved with 100 µL of DMSO. Finally, 50 µL aliquots 

were collected from each well and the optical density measured by the spectrophotometer at 570 nm. 

Eukaryotic cells were also cultivated onto untreated reline to confirm its cytocompatibility, while 

eukaryotic cells cultivated onto polystyrene wells were considered as 100% and assumed to express 

the viability onto plasma treated specimens. Furthermore, cells morphology, spread and density were 

visually checked by light microscope (Leica AF 6500, Leica Microsystems, Basel, CH). Experiments 

were performed in triplicate. 

 

5.3 Results and Discussion 

5.3.1. Mechanical characterization  

The mechanical characterization was performed on untreated and 30, 60 and 120 s plasma treated soft 

reline polymers, with the aim to garner some knowledge about the possible variation induced in the 

material by plasma treatment in terms of elastic modulus, stress at break and deformation at break.  

Tensile mechanical properties of the samples treated with both the DBD plasma sources are reported 

in Table 1, where elastic modulus E, stress at break σb, and deformation at break εb are listed.   

 

Table 1. Elastic modulus (E), stress at break (σb) and deformation at break (εb) for DBD-Rod and 

DBD-Plate plasma treated specimens. Data are expressed as means ± standard deviations [25]. 

Specimen E [MPa] σb [MPa] εb [%] 

2 min DBD-Rod 2.90± 0.87 3.13±1.38 143.91±32.99 

1 min DBD-Rod 2.24±0.20 1.83±0.64 107±40,80 

30 s DBD-Rod 2.40±0.52 2.14±0.84 111.58±32.54 

2 min DBD-Plate 1.39±0.29 1.34±0.69 117.14±54.07 

1 min DBD-Plate 1.70±0.12 2.13±0.41 158.2±27.14 

30 s DBD-Plate 1.47±0.09 1.50±0.33 123.05±25.49 

Untreated 2.05±0.56 2.20±0.97 132.99±34.99 

 

Figure 2a and Figure 2b show a representative stress–strain curve of specimens treated by DBD-Rod 

and DBD-Plate, respectively. From the obtained results, no significant alteration of mechanical 

performances of the soft reline polymer was detectable even after 120 s of plasma treatment. 
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Figure 2 a-b. Stress-strain curves of DBD-Rod (a) and DBD-Plate (b) plasma treated samples for 

30 s, 1 min and 2 min and untreated samples [25]. 

 

5.3.2. Evaluation of plasma activity in reducing bacteria adhesion 

DBD-Rod and DBD-Plate sources, used to treat soft reline palatal obturators before bacterial 

contamination (as depicted in Figure 3a), turned out to be effective in preventing bacteria adhesion 

for both the selected biofilm formers.  

In particular, the CFUs counts highlighted that on plasma treated samples the CFU number was 

approximately 2 logs lower than the one registered on untreated control (CNT) (p<0.05, indicated by 

#), as reported in Figure 3b-e (left histograms). Moreover, as shown in Figure 3 b-e (right histograms), 

also the bacteria viability evaluated on the soft reline palatal obturators resulted to be affected by 
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plasma treatment, since a loss of bacteria viability of 40-60% for plasma treated samples with respects 

to the untreated ones (p<0.05, indicated by *) was found. 
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Figure 3a-e. Schematic representation of the experimental protocol (a); assessment of the capability 

of DBD-Rod and DBD-Plate plasma source in affecting A.actinomycetemcomitans (b and d) and 

S.mutans (c and e) adhesion, by means of CFUs counts (b-e left histograms) and evaluation of 

bacteria viability (b-e right histograms). Results were statistically significant in comparison with 

untreated controls (CNT) for both CFUs (p<0.05, indicated by the #) and viability assessed by XTT 

(p<0.05, indicated by the *). Bars represent mean values and standard deviations [25]. 
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5.3.3. Evaluation of plasma activity in decontaminating early and mature biofilm  

Plasma treatment of previously infected specimens (schematized in Figure 4a and Figure 5a) led to a 

significant decrease of CFU number and bacteria viability for both early and mature biofilm, even 

after a short treatment time (30-120 s). As it can be observed comparing Figure 4 and Figure 5, plasma 

treatment is more effective on early biofilm. 
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Figure 4a-e. Schematic representation of the experimental protocol (a); assessment of the 

effectiveness of DBD-Rod and DBD-Plate plasma source in decontaminating 

A.actinomycetemcomitans (b and d) and S.mutans (c and e) early biofilm, by means of CFUs counts 

(b-e left histograms) and evaluation of bacteria viability (b-e right histograms). Results were 

statistically significant in comparison with untreated controls (CNT) for both CFUs (p<0.05, 

indicated by the #) and viability (p<0.05, indicated by the *).  Bars represent means and standard 

deviations [25]. 
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Figure 5 a-e. Schematic representation of the experimental protocol (A); assessment of the 

effectiveness of DBD-Rod and DBD-Plate plasma source in decontaminating 

A.actinomycetemcomitans (b and d) and S.mutans (c and e) mature biofilm, by means of CFUs 

counts (b-e left histograms) and evaluation of bacteria viability (b-e right histograms). Results were 

statistically significant in comparison with untreated controls (CNT) for both CFUs (p<0.05, 

indicated by the #) and viability (p<0.05, indicated by the *).  Bars represent means and standard 

deviations [25]. 
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In fact, both DBD-Rod (Figure 4b and c) and DBD-Plate (Figure 4d and e) induced at least a 3 Logs 

reduction of the CFUs number (b-e, left histograms) and a 40-60% loss in terms of bacteria viability 

(b-e, right histograms), for both the selected early biofilm formers. All the results obtained for plasma 

treated specimens were statistically significant in comparison to untreated controls (p<0.05, indicated 

by the # for CFUs counts and by the * for viability assay).   

Significant results were also obtained when plasma treatment was performed onto specimens infected 

by mature biofilm (Figure 5), even though the inhibition values resulted to be lower than the one 

obtained in the case of early biofilm. In fact, for the two considered biofilm formers, plasma treatment 

was able to induce 2 Logs reduction of the CFUs number (Figure 5 b-e left histograms) and 20-40% 

loss in terms of bacteria viability (Figure 5 b-e right histograms ). Also in this case results were 

statistically significant in comparison to untreated controls (p<0.05, indicated by the # for CFUs 

counts and by the * for viability assay). No differences were observed between DBD-Rod and DBD-

plate sources.    

 

5.3.4. Evaluation of cytocompatibility of plasma treated soft reline specimens 

Cytocompatibility of untreated soft reline specimens (reported as polymer control in the Figure 6) 

was evaluated, considering eukaryotic cells cultivated onto polystyrene surface (reported as 

polystyrene control in Figure 6) as positive control and 100% viability. Results showed that both 

HEKs and HGFs were able to grow onto the specimens surface and no difference (p>0.05) with 

respect to the polystyrene control was observed, as reported in Figure 6a-b and d-e.  Also, reline 

specimens were subjected to plasma treatment performed under the same operating conditions 

implemented for bacterial decontamination, in order to assess the possible cytotoxic effects of plasma 

treated specimens. Results confirmed that plasma treatment of soft reline specimens did not affect 

their cytocompatibility; in fact, an almost insignificant, when compared to the controls (polystyrene 

and polymer, p>0.05), decrease of the eukaryotic cells viability ratio was registered only after 120 s 

plasma treatment. Furthermore, also the visual observation confirmed that, after 24 h of cultivation, 

morphology, spread and density of both HEKs (Figure 6c) and HGFs (Figure 6f) cultured onto treated 

specimens were comparable with those of eukaryotic cells cultured on both the controls. 
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Figure 6a-f. Assessment of cyotocompatibility of plasma treated soft reline specimens, by means of 

the evaluation of eukaryotic cell viability and visual observation. The viability and morphology of 

HEKs (a-c, upper panel) and HGFs (d-f, lower panel) grown onto plasma treated specimens were 

comparable towards controls cultivated onto untreated reline (polymer control) and polystyrene 

wells (polystyrene control). No statistically significant differences (p>0.05) were detected between 

treated and control groups [25]. 

 

5.4 Conclusions 

The possibility to effectively decontaminate soft reline palatal obturators, in order to prevent their 

failure and replacement, represents nowadays a challenge for clinicians. In the present work, the direct 
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application of cold atmospheric plasma has been demonstrated to represent an effective procedure 

able to significantly reduce bacterial contamination even in a single short time appliance. Indeed, 

plasma treatment can affect the chemical characteristics of the soft reline polymer surface, at least for 

the considered elapsing time between the plasma exposure and the contamination. As documented, 

bacterial adhesion onto surfaces is linked to the chemico-physical properties and functional groups 

exhibited by the material at its interface with the cells [29]. When polymeric surfaces are subjected 

to cold plasma treatment performed using oxygen containing gases, as in our case, the introduction 

of oxygenated functional groups occurs [30, 31], contributing to prevent the initial bacterial adhesion 

[32].  While effective in temporally modifying the surface chemical characteristics of the soft reline 

specimens plasma treatment did not induce any significant alteration of their bulk mechanical 

properties. This is of extreme importance since the choice of soft reline as constituting material is 

mainly based on its unique mechanical characteristics that are able to withstand compressive oral 

forces while granting comfort to the patients. Regarding the investigation of the capability of plasma 

in decontaminating biofilm infected surfaces, very promising results were observed towards early 

biofilm; in fact, both plasma sources were found to induce a strong decrease of bacteria number load 

and viability, suggesting that plasma was able to penetrate the biofilm matrix. However, since the 

obtained reduction in case of mature biofilm inactivation turned out to be less relevant than the one 

evaluated for the early biofilm, it can be supposed that the penetration of biologically active agents 

of plasma through the matrix of the mature biofilm is rather rather low and unable to eradicate all the 

mature biofilm layers with the adopted treatment times. 

Since, the appliance of plasma onto reline prosthesis surface did not affect human cells viability or 

morphology, the reactive species anchored to the surface are assumed to be effective towards bacteria 

but not toxic for eukaryotic cells. 
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CHAPTER 6 

NON-EQUILIBRIUM ATMOSPHERIC PRESSURE 
PLASMA FOR POLYMERIC COATINGS DEPOSITION 

AND NANOCOMPOSITE COATINGS  
CO-DEPOSITION 
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6.1 Introduction 

The deposition of coatings performed by means of CAP enables to coat the substrate in a single step 

process by exploiting the contextual activation of both the monomeric units introduced inside the 

plasma region and the substrate subjected to the plasma discharge. Besides the production of a 

polymeric coatings by means of the deposition process, non-equilibrium atmospheric pressure has 

been also employed for the co-deposition of nanocomposite coatings, presenting nanoparticles (NPs) 

embedded in a polymeric matrix. 

During the Ph.D activities, both the processes were setup and optimized in order to deposit plasma 

polymerized polyacrylic acid (pPAA) cotaings, characterized by an high amount of carboxyl groups 

(-COOH) and nanocomposite coatings composed by Ag NPs into a pPAA matrix. The coating 

deposition and co-deposition were carried out by means of a CAP jet. 

The characterization of the coatings was mainly performed by means of an attenuated total 

reflectance-Fourier transform infrared spectroscopy (ATR-FTIR) and with the X-ray photoelectron 

spectroscopy (XPS), in order to get information on the chemical structure of the coatings, while 

information about the thickness and morphology were garnered by means of optical microscopy for 

the pPAA coatings and by means of scanning electron microscopic (SEM) for the nanocomposite 

coatings. Finally, the antibacterial efficacy of the deposited nanocomposite coatings was preliminary 

assessed against a test microorganism by means of agar disk diffusion tests. 

The results, reported in this chapter and thoroughly presented in the scientific papers [1, 2], published 

on Plasma Processes and Polymers, were obtained by the IAP Group head by Prof. Colombo in 

collaboration with Prof. Maria Letizia Focarete from the Department of Chemistry ‘G. Ciamician’ 

and with Prof. Antonino Pollicino, from the Department of Industrial Engineering of University of 

Catania, Italy. 

 

6.2 Experimental part 

In the present paragraph, the materials, the CAP source employed for the processes and the 

experimental setups, jointly with the performed chemical and morphological characterizations, are 

reported. 

 

6.2.1 Materials  

In order to obtain pPAA coatings, 99% anhydrous AA, containing 180–200ppm MEHQ as inhibitor 

was used as monomer precursor for the plasma polymerization process. For the fabrication of 
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nanocomposite coatings, a dispersion 5% w/w of AgNPs (mean diameter<100 nm; Sigma–Aldrich) 

in anhydrous EtOH were used; the dispersion of AgNPs in EtOH was prepared by stirring the colloid 

at room temperature for 2 min. To support the discussion of the morphological analysis for the 

nanocomposite coatings, results will be also presented for films coated only with AgNPs, deposited 

using a dispersion of 5% w/w of AgNPs in EtOH. In the text, nanocomposite coatings and 

nanoparticle coatings are referred to as AgNPs/pPAA coating and AgNPs coating, respectively. 

Multi-layer films, composed of a polyethylene (PE, approximately 50 mm thick), 

polyvinylidenechloride (PVDC, approximately 25 mm thick), and polyvinylchloride (PVC, 

approximately 200 mm thick) layers, were used as substrate.  

The deposition of pPAA coatings was performed on PE and PVC layers, while the co-deposition of 

the nanocomposite coatings of AgNPs embedded in a pPAA matrix (AgNPs/pPAA) was performed 

onto the PE layer. The polymeric substrates were washed in ethanol before being subjected to the 

plasma polymerization process. 

 

6.2.2. Non-Equilibrium Atmospheric Pressure Dual Gas Plasma Jet 

The plasma source adopted for the deposition and co-deposition processes is a single electrode plasma 

jet, suitable for the treatment of different substrates such as metals, polymers, glasses, and biological 

materials (Figure 1), developed in our laboratory and previously reported in Refs [3-7]. 

The high-voltage single electrode is a 19.5 mm long stainless steel sharpened metallic needle with a 

diameter of 0.3mm. The electrode protrudes from a quartz capillary (outer diameter of 1mm) by 3 

mm and for the case of plasma-polymerization process, described in this work, the plasma plume was 

ejected from the source tip through an orifice with a diameter of 4mm. In this source, both a primary 

and a secondary gas can be introduced for specific applications. As can be observed in Figure 1c, the 

primary gas is injected through a diffuser with 12 channels (0.3 mm diameter) circularly disposed 

around the electrode and aimed at ensuring a uniform and laminar flow along the electrode tip. The 

secondary gas is instead introduced in the discharge region downstream the electrode tip through 

twelve 0.3 mm holes, tilted with respect to the plasma source axis [3, 4].  
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Figure 1. Non-equilibrium atmospheric pressure plasma jet: (a) picture while impinging on 

biological substrate; (b) assembly 3D rendering; (c) schematic of the head of the plasma jet with gas 

diffuser and gas pathways highlighted [1]. 

 

For the pPAA coating deposition, the plasma source was driven by a commercial pulsed DC generator 

(FID GmbH-FPG 20-1NMK) producing high-voltage pulses with a slew rate of 3–5 kV ns-1, a pulse 

duration around 30 ns, a peak voltage (PV) of 7–20 kV, and an energy per pulse of 50 mJ at maximum 

voltage amplitude into a 100–200V load impedance, with a maximum pulse repetition rate (RR) of 

1000 Hz. 

For the AgNPs/pPAA coating co-deposition, the plasma source was driven by a micropulsed 

generator producing high-voltage sinusoidal pulses having peak voltage (PV) of up to 40 kV, 

frequency (f) of 20–50 kHz, variable pulse duration, and fixed pulsed repetition frequency (PRF) of 

100 Hz. During the plasma co-deposition process, PV, f and duty cycle were kept constant at 23.4 

kV, 20 kHz, and 40%, respectively. 

 

6.2.3 Experimental setup and operating conditions for the pPAA coating 

deposition 

The effectiveness of the AA plasma polymerization process performed by means of the non-

equilibrium atmospheric pressure nanopulsed plasma jet was investigated for the deposition of pPAA 

coatings stable upon water contact with a high retention of functional groups on PE and PVC 

substrates. The process was performed on both pristine and plasma pretreated polymeric films, as 

described in the following. 

For the AA plasma polymerization process, only the primary gas was used, whereas no secondary 

gas was employed. In particular, Ar with a flow rate of 3 slpm was introduced at first inside a bubbler, 
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where the volume of the AA was kept constant at 35 ml, and then, carrying the monomer, to the 

plasma source. The mass flow rate of AA carried by the Ar flow was 0.05 ml min-1. Two distinct 

operating conditions were selected, defined as ‘‘mild’’ and ‘‘strong:’’ the former was characterized 

by PV and RR of 10 kV and 330 Hz, respectively; the latter was characterized by PV and RR of 19.2 

kV and 100 Hz, respectively. The treatment time varied from 3 to 20 min for the ‘‘mild’’ operating 

condition and from 5 to 20 min for the ‘‘strong’’ one. The AA plasma polymerization process was 

also performed on plasma pretreated PE and PVC substrates. The pretreatment of polymeric 

substrates (PE and PVC) was carried out by introducing 3 slpm Ar in the secondary channel of the 

plasma source, while the primary channel was kept closed. The 10 min long pretreatment was 

performed with a PVand RR of 12.7 kV and 500 Hz, respectively. 

After the plasma pretreatment of the polymer substrate, the AA polymerization was carried out using 

the ‘‘strong’’ operating condition and a treatment time of 20 min. For all the above reported operating 

conditions, the gap between the plasma source and the polymeric substrate was kept constant at 2mm. 

The schematic representation of the experimental setup with the gas connections required for both 

the plasma polymerization process and the plasma pretreatment of the polymeric substrates is 

reported in Figure 2. 

 

Figure 2. Experimental setup of the plasma polymerization processes with the gas connections 

required for both the plasma polymerization process and the plasma pretreatment of the polymeric 

substrates. 
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6.2.4 Experimental setup and operating conditions for the pPAA/AgNPs coating 

co-deposition 

The experimental setup is schematically represented in Figure 3. For the AgNPs/pPAA deposition 

onto PE substrates, the plasma jet was operated in Ar and separately fed with the nanocomposite 

coating precursors, exploiting the two distinct gas channels of the plasma source. In particular, a flow 

of 2.5 slpm of Ar was introduced at first inside a bubbler containing the monomer and then, carrying 

the AA, injected into the plasma source through the primary channel. Simultaneously, a second flow 

of 2.5 slpm of Ar was introduced in a nebulizer system containing the dispersion of AgNPs in EtOH 

and the so formed aerosol was injected into the plasma source through the secondary gas channel. 

The mass flow rate of AA injected through the primary channel and of the AgNPs nebulized 

dispersion injected through the secondary channel, determined by the monomer and colloid 

consumption inside the flasks as reported in previous works [8, 9], were of 0.05 ml/min and 2.3 

ml/min, respectively. For the deposition of AgNPs coatings, the primary gas channel was closed and 

only the aerosol of AgNPs in Ar was fed to the plasma region. During the deposition process, the 

distance between the plasma source and the PE substrate was kept constant at 2mm and a floating 

aluminum foil was placed under the PE film in order to facilitate the generation of the plasma 

discharge. For all the experiments, the treatment time was kept constant at 3 min. 

 

Figure 3. Experimental setup of the plasma co-deposition process [2]. 
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6.2.5 Water Contact Angle (WCA) Measurements 

WCA measurements were performed to evaluate the wettability of pPAA deposited coatings and to 

compare it with that of the pristine substrate. WCA measurements were carried out at RT by means 

of a commercial Kruss Drop Shape Analysis System DSA 30. Using the software provided with the 

instrument, measurements of the static WCA was automated. A distilled water drop of 2.0 ml was 

used as test liquid. Each measurement was run in triplicate and results are given as the average 

value±standard deviation. 

 

6.2.6 Attenuated Total Reflectance-Fourier Transform Infrared (ATR-FTIR) 

Spectroscopy 

ATR-FTIR was used to gather information on the chemical structure of the substrate before and after 

the deposition of the pPAA and pPAA/AgNPs films by the plasma polymerization process. The 

Agilent Cary 660 FTIR spectrometer was used to collect infrared absorption spectra of the pPAA 

films deposited on PE and PVC substrates and of pPAA/AgNPs coatings deposited on PE films. The 

spectrometer was equipped with an ATR sampling accessory, using a diamond crystal as internal 

reflection element. Spectra were acquired at RT in absorbance mode, from 3900 to 400 cm-1 with a 

resolution of 2 cm-1; a total of 32 scans were recorded for each spectrum.  

 

6.2.7 X-ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy measurements were carried out by Prof. Pollicino in order to 

evaluate the chemical composition of pPAA and AgNPs/pPAA coatings by means of a VG Instrument 

electron spectrometer using a Mg Ka1,2 X-ray source (1253.6 eV). The X-ray source in the standard 

conditions was operated at 300 W, 15 kV and 20 mA. The base pressure of the instrument was 5x10-

10 Torr and an operating pressure of 2x10-8 Torr was adopted. A pass energy of 100 eV and 20 eV 

was used for widescans and narrowscans, respectively. The semi-quantitative surface analyses were 

carried out by the determination of the photoelectron peak areas obtained by multiplying the 

experimental values with the appropriate sensitivity factor. For acquiring the spectra, a take-off angle 

(t.o.a.) of 80° was used. Considering that the relationship between the depth of the analysed layer (d) 

and the t.o.a. (u) is represented by the equation d=3l sinθ, where l is the inelastic mean free path 

(IMFP) of the photoelectrons [10], it is possible to quantify the thickness of the analysed layer in 

about 40A°. The calculation of the areas corresponding to the different photoelectron peaks was 

performed using VGX900x software; the curve fitting elaborations were done by means of PeakFit 
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software (version 4, from SPSS Inc.). The curve fitting of C1s envelope has been performed using 

the product of Gaussian and Lorentzian functions (80:20): the FWHM of the height of each curve 

was kept equal to 1.7±0.1 eV. Binding energies were referred to the C-H level at 285 eV. 

 

6.2.8 Optical Microscope Analysis 

In order to garner some preliminary information about the average thickness of the pPAA deposited 

coatings, a digital three dimensional microscope Hirox Model KH-7700 characterized by high 

resolution optics 100–800X was employed. The instrument was equipped with a piezoelectric 

actuator on focus axis (z-axis), which enables a spatial resolution in the order of 0.5 mm. The analysis 

was performed on PE and PVC substrates partially masked during the AA plasma-polymerization 

process, in order to allow the deposition of the pPAA only in a well-localized area, easily identifiable 

by the instrument. Measurements were obtained by performing a multi-focus digital reconstruction 

of the specimen in the area subjected to the plasma-polymerization process and by approximately 

evaluating the differences between each peak with respect to the level of the untreated area. The 

elaboration of the acquired data was performed using the proprietary instrument software. Each 

measurement was run in triplicate and results are given as the average value±standard deviation. 

 

6.2.9 Scanning Electron Microscopy 

Scanning electron microscopy was performed to investigate the morphology of the AgNPs/pPAA 

coatings deposited onto PE substrates; for comparison, SEM analysis was also performed on 

substrates where only AgNPs were deposited.  

Scanning Electron Microscope observations were carried out using a Philips 515 SEM by applying 

an accelerating voltage of 15 kV, on samples sputter coated with gold; the SEM was also equipped 

with energy dispersive X-ray spectroscopy (EDS), which was used for elemental analyses of the 

samples. 

 

6.2.10 Antimicrobial Assay 

To evaluate the antibacterial properties of AgNPs/pPAA coatings, Escherichia coli (DSM 3083) was 

cultured on Tryptic soy agar (TSA) plates at 37 °C and a bacterial suspension was prepared in sterile 

distilled water from an overnight culture; the suspension was adjusted to approximately 1.5x108 CFU 

(Colony Forming Units) ml-1 based on McFarland turbidity standards, serially diluted and plated on 

TSA to quantify the bacterial concentration. The suspension was spread over the entire surface of the 
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TSA plate by swabbing uniformly across agar. Each plate was kept for 15 min at room temperature 

and then each sample to be tested (either pristine PE, PE coated with pPAA or PE coated with 

AgNPs/pPAA), having a surface 1 cm2, was placed onto a contaminated agar plates. After incubation 

for 24 h at 37 °C, the presence/absence of a bacterial growth inhibition area was evaluated. Tests were 

performed in triplicate. 

 

6.3 Results and Discussion 

6.3.1 pPAA coating deposition 

Since this work was aimed at depositing onto a polymer substrate, a pPAA coating containing 

carboxyl groups, strongly required in the frame of biomedical applications to promote cell adhesion 

or biomolecules immobilization, different operating conditions of the plasma polymerization process 

were evaluated. 

As a first step, both PE and PVC substrates were subjected to the plasma polymerization process 

performed in ‘‘mild’’ operating condition, obtained by setting the PV and the RR at 10 kV and 330 

Hz, for treatment times of 3, 5, and 20 min. The area of the polymeric substrate interested by the 

coating deposition was around 1 cm2, significantly larger than the area of the plasma source orifice; 

this behavior is in agreement with the results presented by Onyshchenko et al. [11], who thoroughly 

investigated the dimension of the area functionalized by an atmospheric pressure plasma jet treatment. 

The ATR-FTIR spectra, shown in Figure 4, highlighted that after 3 min of the plasma polymerization 

process the characteristic peaks of the PE substrate could still be easily identified, whereas after 5 

min only the spectrum of the pPAA film turned out to be detectable. 

Similar results, even though less self-evident due to the characteristic peaks of the underlying 

substrate, were obtained when PVC was taken as the substrate for pPAA deposition (data not shown).  
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Figure 4. ATR-FTIR spectra of pristine PE and of PE substrates subjected to AA plasma 

polymerization process performed in “mild” operating conditions: 3, 5 and 20 min [1]. 

 

Taking into account the fact that with ATR-FTIR measurements the sampling depth is of the order of 

600-700 nm [12], since the spectrum of the underlying PE substrate could not be detected after 5 min 

of AA plasma polymerization, it is reasonable to hypothesize that the obtained pPAA film was 

characterized by a thickness exceeding that dimension.  The spectra collected for 5 and 20 min plasma 

polymerization processes exhibited a very strong absorption band at 1714 cm-1 which can be assigned 

to C=O stretching vibrations of the carboxylic functional groups. The ATR-FTIR spectra shown in 

Figure 3 also contain a very broad band in the region 3600-2400 cm-1, which can be attributed to OH 

stretching vibrations [13]. Superimposed on this broad peak, a band in the region 3000-2900 cm-1 due 

to CHx stretching vibrations is noticeable [13]. At lower wavenumber, an absorption peak due to 

coupled C-O stretching  and OH deformation between 1400 and 1330 cm-1, and a strong C-O 

stretching absorption peak between 1332 and 1135 cm-1 with the maximum around 1200 cm-1 can be 

found. Finally, the absorption band due to C(O)OH dimers appears between 999 and 875 cm-1 [13,14]. 

Besides FTIR, the XPS technique can also provide useful information on the chemical composition 

of the pPAA deposited films and it is, differently from FTIR, a highly surface-sensitive technique. 

As known, the effective XPS sampling depth (d), which is the depth from which 95% of the electron 

signal arises, is calculated as d = 3λsinθ, where θ is the electron take-off angle and λ is the electron 

mean free path. Thus, using λ of 1.4 nm, as determined by Clark et al., [10] for C1s photoelectrons, 

our results are representative of the composition of the approximately outermost 4 nm of the surface.  

XPS analysis was performed on the PVC substrate subjected to 3 min AA plasma polymerization in 

“mild” operating condition. This sample was selected in order to verify if chlorine atoms of the 

underlying PVC were or not detected after 3 min pPAA deposition since for this sample the 

characteristic peaks of the PVC substrate were still detected by the ATR-FTIR, similarly to the case 
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of PE substrate. Furthermore, in order to evaluate the role of the plasma polymerization time on the 

content of carboxylic acid (–COOH) and/or ester (–COOR) moieties, both characteristic of the pPAA 

chemical structure, the XPS investigation was also performed on 20 min plasma polymerized PVC 

samples. To obtain deeper insight into the chemical bonds on the surface of the samples, curve fitting 

of the high-resolution C1s peak was performed. Figure 5 shows the C1s peaks of the PVC samples 

subjected to 3 min (Figure 5a) and 20 min (Figure 5b) plasma polymerization processes performed 

in “mild” operating condition. 

 

Figure 5. XPS deconvoluted C1s peak of pPAA deposited on PVC substrate by means of AA 

plasma polymerization process performed in “mild” operating condition: 3 min (a) and 20 min (b) 

[1]. 
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The C1s envelope of the deposited films can be deconvoluted into four distinct peaks: a peak at 

285.0±0.1 eV corresponding to C–C and C–H bonds, a peak at 285.5±0.1 eV due to C–COOH 

functional groups, a peak at 286.8±0.1 eV due to C-O bonds and finally, a peak at 289.1±0.1 eV, 

attributed to carboxylic acid (–COOH) and/or ester (–COOR) groups.  Furthermore, in the peak fitting 

of the C1s envelope of the 20 min deposited pPAA film, while the peak due to C-O bonds almost 

disappears, a peak at 287.8±0.1 eV, attributed to C=O groups, is present. 

Interestingly, as shown in Figure 5a and Figure 5b, no chlorine was detected in the C1s envelopes of 

the deposited films. In light of this result, the thickness of the 3 min pPAA deposited film in “mild” 

operating condition can be supposed to be in the region between the XPS and ATR-FTIR sampling 

depth. Moreover, the results, presented in Figure 5 and Table 1, bring out that the increase of the 

plasma polymerization time from 3 to 20 min leads to (i) the increase of the C-COOH, -COOH and 

–COOR groups, (ii) the decrease of C-O and C-C functions, (iii) the appearance of C=O moieties in 

the chemical composition of the deposited film, (iv) the increase of O/C ratio from 0.44 to 0.59. In 

particular, as reported in Table 1, the increase of the amount of carboxylic groups from 22 to 26%, 

jointly to the appearance of the carbonyl ones, suggests that a greater retention of functional groups 

on the substrate can be accomplished by increasing the plasma polymerization time.  

 

Table 1. Surface chemical groups concentration and O/C ratio after pPAA deposition by AA plasma 

polymerization processes [1]. 

Substrate  Operating 

condition  

C-C 

C-H 

285.0 eV 

C-COOH 

 

285.5 eV 

C-O 

 

286.8 eV 

C=O 

O-C-O 

287.8 eV 

-COOH 

-COOR 

289.1 eV 

O/C 

PVC  3 min “mild” 

condition  

48% 22% 8% - 22% 0.44 

PVC 20 min “mild” 

condition 

43% 26% 1% 5% 26% 0.59 

PE 20 min “mild” 

condition 

44% 26% 0.5% 4.5% 26% 0.54 

PE 20 min 

“strong”condition 

32% 27% 9% 5% 27% 0.63 

 

With the aim of gathering some fundamental and preliminary knowledge about the average thickness 

of the deposited pPAA, optical microscopy was used to investigate the thickness of the film after a 

20 min plasma polymerization process in “mild” operating condition carried out on both PE and PVC 
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substrates. The preliminary obtained results showed that the pPAA coating deposited on the PE 

substrate had an average thickness of 42±15 µm, while the one on the PVC substrate resulted to be 

19±11 µm thick. Although the numerical values measured for the two analysed samples turn out to 

be rather different, they are both in the order of few tens of micrometers, in agreement with 

observations of the collected ATR-FTIR spectra.  In order to give a representation of the thickness 

and the morphological aspect of the deposited coating, an image, focused at the interface between the 

pristine PE (properly covered by the mask during the polymerization process, as reported in the 

Experimental section) and the deposited pPAA, is reported in Figure 6. 

 

 

 

Figure 6. 3-D Optical microscope image at the interface between the masked area of PE and the 

area where the pPAA was deposited on the PE substrate (20 min “mild” condition) [1]. 

 

As noticeable, the film turns out to have a quite relevant roughness and not a constant thickness on 

the whole deposition area, in agreement with the results of previous work [15]. 

By applying “mild” operating conditions, the deposited film turned out to be highly water soluble and 

all peaks characteristic of pPAA were not detected in the ATR-FTIR spectra of the pPAA coated PE 

and PVC substrates dipped in distilled water for 30 s and air dried. 

Therefore, “strong” operating condition (PV of 19.2 kV and a RR of 1000 Hz) was taken on to 

perform the AA plasma polymerization. The process in this conditions was carried out for both 5 and 

20 min and, as reported in Figure 7, a comparison between the collected FTIR spectra of these samples 
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and the one obtained after 20 min “mild” condition process was performed for both PE and PVC 

substrates. 

 
Figure 7. ATR-FTIR spectra of pristine PE and PE samples subjected to AA plasma polymerization 

process performed in “strong” operating condition: 5 and 20 min and in “mild” operating condition: 

20 min (a); pristine  PVC and PVC samples subjected to AA plasma polymerization process 

performed in “strong” operating condition: 5 and 20 min and in “mild” operating condition: 20 min 

(b) [1]. 

 

As observed for the “mild” condition, after 5 min plasma polymerization in “strong” operating 

condition the spectrum of the substrate cannot be detected anymore, while the pPAA spectrum results 

to be well defined. Interestingly, for the PE substrate, no relevant differences can be noted by 

comparing the spectra of the 20 min pPAA deposited in “mild” and “strong” conditions (Figure 7a). 

Conversely, in the case of PVC the pPAA spectra after 20 min “mild” condition process turned out 

to be very close to the one collected on the 5 min “strong” condition polymerized sample (Figure 7b).  

After the polymerization processes performed for 20 min in “strong” operating condition, the stability 

upon water contact of the pPAA films was tested by dipping the samples in distilled water for 30 s. 

a) 

b) 
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Although the drastic reduction of the absorbance of the pPAA characteristic peaks and the 

detectability of the spectrum of the underlying substrate, as shown in Figure 8, the pPAA film resulted 

not totally washed off after water dipping.  

 

 

Figure 8. ATR-FTIR spectra of pristine PE and PE samples subjected to AA plasma polymerization 

process performed for 20 min in “strong” operating condition before and after being dipped in 

distilled water for 30 s (a); pristine PVC and PVC samples subjected to AA plasma polymerization 

process performed for 20 min in “strong” operating condition before and after being dipped in 

distilled water for 30 s (b) [1]. 

 

Since the deposited pPAA resulted partially insoluble upon water contact, an indicative water contact 

angle (WCA) measurement was performed in the region of the substrate subjected to the AA 

polymerization process, immediately after the polymerization process itself. While the measured 

WCA values were 71°±1° and 73°±1° for the pristine PE and PVC, respectively, indicative WCA 

values of 8°±1° and 8°±3° were obtained on the pPAA coated substrates after a 20 min plasma 

polymerization process in “strong” operating condition. The increased water wettability of the 

a) 

b) 
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plasma-polymerized surface provided further evidence for the presence of hydrophilic -COOH 

groups. 

Since the pPAA deposited in “mild” condition was completely water soluble, the increase of the 

stability upon water contact after the “strong” condition process may be due to an increase of the 

degree crosslinking in the pPAA film, which is consistent with its higher water resistance properties. 

With the aim to get some confirmation to this hypothesis in terms of the chemical composition of the 

pPAA deposited film, the XPS analysis was performed on 20 min plasma polymerized PE samples 

both in “mild” and in “strong” operating conditions; a comparison between the C1s envelope obtained 

for the two kinds of sample is presented in Figure 9.  

 
Figure 9. XPS deconvoluted C1s peak of pPAA deposited on PE substrate by means of AA plasma 

polymerization process performed for 20 min in “mild” operating condition (a) and in “strong” 

operating condition (b) [1]. 

a) 

b) 
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By switching from “mild” to “strong” operating plasma polymerization conditions, while the amount 

of carbonyl and carboxylic functions slightly increases, a significant decrease of not oxidised carbon 

species in addition to a relevantly higher content of alcoholic, ether and peroxide functions, centred 

at 286.8±0.1 eV, and to an increase of O/C ratio, was detected in the PE samples (Table 1).  

Due to the assembly of various molecular fragments produced in the plasma region [16], the 

polyacrylic acid (pPAA) films obtained from the AA plasma polymerization process have been found 

to be generally more crosslinked than the ones produced from chemical processes. On this basis, the 

detected alcoholic, ether, peroxide and carbonyl functions, which are generally not or barely 

identified in the PAA chemical composition, can be associated to the occurred crosslinking during 

the AA plasma polymerization. In this regard, some works [17] have already demonstrated that 

plasma polymers obtained from the plasma polymerization of acrylate monomers are characterized 

by the same chemical composition of the conventional polymer, with additional peaks at the binding 

energies corresponding to the C=O and O-C-O moieties, possibly due to the loss of an ester carbon 

[17].  

In order to better compare the effect of the operating conditions on the amount of the functional 

moieties of the deposited pPAA, the results of the XPS analysis are reported in Table 1. As 

demonstrated and already discussed, a great retention of –COOH and –COOR groups occurred 

independently on the employed operating conditions and on the treatment time. As evident in Table 

1, by comparing the amount of functional groups evaluated on 20 min pPAA deposited in “mild” 

operating condition on both PE and PVC substrates, no significant difference can be noticed, 

suggesting that, in the limit of the XPS sampling depth, the pPAA chemical composition is 

independent of the underlying substrate on which it is deposited.  Furthermore, it is worth pointing 

out that with the increase of the plasma polymerization time, carbonyl moieties are detected and, 

operating at “strong” condition, a relevant overall amount of C=O, O-C-O and C-O functional groups, 

jointly to an increase of O/C ratio, that could be attributed to a crosslinked chemical structure, is 

observed, conferring stability upon water contact to the film. As a last consideration on this aspect, 

since our studies on the plasma-induced mechanisms which lead to the crosslinking of the polymer 

chains are still ongoing, a resolving correlation between the plasma polymerization parameters and 

the amounts of both C=O, O-C-O and C-O functions cannot be proposed yet.  

The 20 min plasma polymerization process in “strong” operating condition was also performed on 

PE and PVC substrates previously subjected to a 10 min long Ar plasma pretreatment, performed 

with a PV and RR of 12.7 kV and 500 Hz, respectively. As for the case in which the plasma 

polymerization process was performed without subjecting the substrate to the plasma pretreatment, 



123 

 

the area of the coating turned out to be 1 cm2 and the area of the substrate interested by the plasma 

pretreatment can be assumed to coincide with the one of deposited coating. As reported in Figure 10, 

for this process, the pPAA deposited film turned out to be highly stable after 30 s water dipping for 

both the considered plasma pretreated substrates and no significant difference could be found by 

comparing the spectra collected before and after the samples water immersion. 

 
Figure 10. ATR-FTIR spectra of pristine PE and PE samples subjected to 10 min Ar plasma 

pretreatment and AA plasma polymerization process performed for 20 min in “strong” operating 

condition, before and after being dipped in distilled water for 30 s (a); pristine PVC and PVC 

samples subjected to 10 min Ar plasma pretreatment and AA plasma polymerization process 

performed for 20 min in “strong” operating condition before and after being dipped in distilled 

water for 30 s (b) [1]. 

 

Differently from the case in which the plasma pretreatment of the substrate was not performed, no 

great difference can be noticed by comparing the ATR-FTIR spectra collected before and after the 

water dipping. This result emphasizes that for the deposition of polymer coatings stable upon water 

contact, the adhesion of the polymer film to the substrate needs to be taken into account.  

a) 

b) 
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Finally, it is worth noticing that a very interesting work, reporting about the deposition of coatings 

from mixtures containing AA and ethylene by means of an atmospheric pressure DBD plasma jet, 

was recently presented by Bosso et al [18].  

The paper highlighted that ethylene addition increased the deposition rate but also caused a slight 

reduction of the amount of the carboxylic groups retained in the deposited polymer with respect to 

the case in which only AA was plasma-polymerized. Interestingly, while thin films obtained without 

ethylene addition were unstable in water, coatings deposited from AA/ethylene mixtures were stable 

and did not show significant modifications even after 72 h of water immersion. In fact, the obtained 

results reported that the amounts of –COOH/R detected by XPS before and after 72 h water immersion 

were almost unchanged, while the thickness loss after water dipping was around 7%. [18] 

Interestingly, the highest amount of –COOH/R detected by XPS in the deposited coatings was around 

9%, [18] which is significantly lower than the amounts (22-27%) here reported, further highlighting 

the potential of nanosecond high voltage pulses for the deposition of coatings with a high retention 

of functional groups. 

 

6.3.2 pPAA/AgNPs coating co-deposition 

Thickness and morphology of the AgNPs/pPAA coatings were investigated by means of SEM 

analysis. In particular, the coating thickness was measured to be around 30 µm from SEM images of 

the cross-sectional view of the co-deposited samples; a representative cross-sectional view of a 

sample coated with AgNPs/pPAA is shown in Figure 11. 
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Figure 11. SEM images of the cross-sectional view of the AgNPs/pPAA coated PE; the coating 

thickness is indicated by the broken red line. Dotted black lines are drawn in Figure 2a in 

correspondence to the boundaries of the polymeric layers constituting the multi-layer film used as 

substrate. Magnification: 220 x (a), 810 x (b) [2]. 

 

This measured thickness is significantly higher than those achieved with other atmospheric pressure 

plasma sources. Indeed, Vogelsang et al. [15], in their work on the deposition of C:F coatings using 

a RF capillary microplasma jet, reported of a maximum coating thickness of 7.8 µm after 3 min of 

deposition; Chen et al.[19], reporting on the deposition of pPAA coatings with an atmospheric 

pressure glow discharge plasma jet, observed a thickness of around 300 nm after a 10 min deposition 

time. Bashir et al. [20], in their work on the polymerization of hexamethyldisiloxane using a DBD 

plasma jet, reported about an average thickness of the deposited coating of 662±33 nm after a 

treatment time of 3 min. Finally, Bosso et al. [18] observed a maximum thickness of 300 nm for a 

pPAA coating deposited by means of DBD plasma jet (10 min deposition time).  

SEM top views of the samples, reported in Figure 12, show that the co-deposited coating is 

characterized by an uneven surface, with bright regions in correspondence of polymer-coated AgNPs 

and aggregates (Figure 12b,d,f) similarly to what previously reported by Deng et al [21]; the 

dimension of these bright areas are almost coincident with the dimension of AgNPs particles and 

aggregates that can be observed on samples obtained by depositing only AgNPs (Figure 12a,c,e). The 
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highest resolution SEM top views (Figure 12e,f) underline the presence, in both the AgNPs/pPAA 

and AgNPs coatings, of AgNPs (having characteristic dimension around 100 nm) either isolated 

(marked as NP in Figure 12e,f) or organized in clusters (marked as NPc in Figure 12e,f) and sub-

micrometric particles (having characteristic dimension of few hundreds of nanometers and marked as 

SubµP in Figure 3e,f); micrometric aggregates (circled by a broken yellow line in Figure 12e,f) are 

visible as well in the coating. The aggregation of nanoparticles during the co-deposition process was 

reported also by Deng et al [21]. 
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Figure 12. SEM images of the top views of the PE films coated with AgNPs (a, c, e) and 

AgNPs/pPAA (b, d, f). Magnification: 6000 x (a, b); 10000x (c, d), 20000x (e, f). Dotted yellow 

circles indicate micrometric aggregates; dotted red circles indicate AgNPs with characteristic 

dimension around 100 nm, either isolated (NP) or organized in clusters (NPc), and Ag sub-

micrometric particles with characteristic dimension in the range of few hundreds nanometres 

(SubµP) [2]. 
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The presence of Ag in the AgNPs/pPAA coatings is further confirmed by the collected EDS spectra 

shown in Figure 13; noticeable, the Ag characteristic peak is slightly lower in the AgNPs/pPAA 

coating than in the AgNPs one, as a consequence of the AgNPs being embedded in the polymeric 

matrix. 

 

Figure 13. EDS spectra of PE films coated with AgNPs (a) and AgNPs/pPAA (b). Samples were 

sputter-coated with gold prior to examination [2]. 
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ATR-FTIR analysis confirmed the successful deposition on the PE substrate of the pPAA matrix of 

the AgNPs/pPAA coating, as the collected spectrum, shown in Figure 14, is remarkably similar to 

other pPAA spectra previously reported in literature. Despite some works have indicated that ATR-

FTIR might provide information about the molecular environment of the organic molecules on the 

surface of AgNPs [22,23] and thus lead to an indirect detection of the Ag in the coating through a 

slight shift of characteristic peaks of the spectrum [24], we could not observe any significant 

difference between AgNPs/pPAA and a typical pPPA coating, probably because the amount of Ag in 

our coating is below the sensitivity threshold of the technique.  

 

Figure 14. ATR-FTIR spectra of uncoated PE and of AgNPs/pPAA coated PE [2]. 

 

The XPS survey spectrum of the AgNPs/pPAA coating, reported in Figure 15, highlighed the 

presence of Ag, C, O and N through their corresponding XPS peaks (C1s, O1s, N1s, Ag3d and Ag (A)). 

The elemental concentrations in the nanocomposite coating, jointly with the atomic ratios, are 

reported in Table 2.  
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Figure 15. XPS survey spectrum collected for the AgNPs/pPAA coating [2]. 

 

 

Table 1. Elemental concentration and atomic ratios measured for the AgNPs/pPAA coating [2]. 

 

C O N Ag  O/C  N/C  Ag/C 

63.2% 34.2% 1.7% 0.9% 0.54 0.026 0.014 

The presence of nitrogen in the XPS survey spectrum can be probably appointed to the interaction of 

AA, or the products of its plasma-polymerization, with vibrationally excited N2 molecules, resulting 

from the mixing of the plasma plume with the surrounding air, as proposed by Bhatt et al. [25] for 

the case of plasma-polymerization of diethylene glycol dimethyl ether; indeed, they observed by 

means of optical emission spectroscopy the formation of OH, CH, N2 and CN excited species when 

the monomer was introduced into the Ar plasma jet.   

The curve fitting of the high-resolution C1s peak, shown in Figure 16, provides useful information on 

the retention of carboxyl groups in the chemical structure of the pPAA matrix of the nanocomposite 

coating.  Indeed, the C1s envelope of the deposited nanocomposite coating can be deconvoluted into 
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four distinct peaks: a peak at 285.0±0.1 eV corresponding to C–C and C–H bonds, a peak at 285.5±0.1 

eV due to C–COOH functional groups, a peak at 287.8±0.1 eV due to C=O bonds and, finally, a peak 

at 289.1±0.1 eV, attributed to carboxylic acid (–COOH) and/or ester (–COOR) groups. 

 

Figure 16. XPS deconvoluted C1s peak of the AgNPs/pPAA coating [2]. 

 

Interestingly, as reported in Table 3, the AA plasma-polymerization carried out by means of the 

micropulsed CAP jet leads to a high retention of –COOH/R groups (21%); this amount is fairly close 

to the one previously measured for pPAA deposited with the same plasma source, but driven by a 

nanosecond pulsed generator. This result can be probably attributed to the low value of duty cycle 

employed for the co-deposition process: in fact, as highlighted by Boscher et al. [26] in their work on 

the deposition of plasma-polymerized poly(glycidyl methacrylate) by means of DBD driven by ultra-

short square pulses, the increase of the duty cycle leads to functional groups destruction and to the 

formation of a larger distribution of chemical bonds; conversely, films deposited using lower duty 

cycle conditions were found to be identical in terms of chemical composition to the ones obtained for 

conventionally polymerized poly(glycidyl methacrylate) [26]. 
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Table 3. Surface carbon groups concentration of the AgNPs/pPAA coating [2]. 

 

C-C 

C-H 

285.0 eV 

C-COOH 

 

285.5 eV 

C=O 

 

287.8 eV 

-COOH 

-COOR 

289.1 eV 

52% 21% 7% 21% 

High-resolution XPS spectra of the Ag3d are reported in Figure 17 and indicate that the binding 

energies of the corresponding spin orbit splitting of Ag3d5/2 and Ag3d3/2 due to AgNPs are centered at 

368.2 eV and 374.2 eV, respectively.  Nonetheless, the binding energy positions of Ag3d were not 

enough to identify the oxidation state of the Ag species, because the characteristic states of oxidized 

and metallic silver are close together. Nonetheless, partially oxidized AgNPs are known to exhibit 

better antibacterial activities than the zero-valent Ag, thus the kinetic energy (KE) in the Ag MNN 

region of the Auger transitions was measured and the modified Auger parameter (α’) was used to 

characterize the chemical state of Ag. This parameter, originally proposed by Wagner [59, 60] and 

successively modified by Gaarenstrom et al. [27], is the sum of the kinetic energy of the Auger 

electron (in our case Ag M4N4,5N4,5) and the binding energy of the core-level (Ag3d5/2) peak [28]. This 

parameter was independent of the charging, but still sensitive to the chemical state of silver and it 

was calculated as follow: 

α’(eV) = KE(Ag M4N4,5N4,5) − KE(Ag3d5/2 ) + hν 

where KE (Ag M4N4,5N4,5) is the kinetic energy of the Auger transition, KE (Ag 3d5/2) is the kinetic 

energy of the Ag 3d5/2 core-level and hν is the photon energy equal to 1253.6 eV. 

The AgNPs/pPAA coated samples showed a photoelectron peak Ag3d5/2 centered at 368.2 eV, and the 

M4N4,5N4,5 Auger peak centered at a kinetic energy equal to 355.3 eV. The ' parameter is therefore 

equal 355.3 + 368.2 = 723.5. Based on the values reported by NIST Database and Wagner [29] this 

parameter value can be associated with the presence of AgO. 
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Figure 17. Ag3d core-level (a) and Ag MNN Auger transition spectra (b) of the AgNPs/pPAA 

coating [2]. 

 

b) 

a) 
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As a last consideration on XPS results, it is worth reminding that XPS analysis provides information 

on the atomic abundance only at the outermost 4 nm of the coating. Since the characteristic dimension 

of the single AgNP or cluster encapsulated in the polymeric coating is higher than 100 nm, the Ag 

concentration detected by the surface analysis performed with the XPS cannot be considered as 

indicative of the bulk chemical composition of the coating, but it is expected to underestimate the Ag 

content as mentioned in previous works [30]. 

Results of agar disk diffusion tests to evaluate the antibacterial efficiency of the coatings are shown 

in Figure 18: while no growth inhibition area can be observed around the uncoated PE and pPAA 

coated PE samples, a clear zone with no bacterial growth can be clearly detected around the 

AgNPs/pPAA coated PE samples, similarly to what previously reported also by Sadeghnejad et al. 

[31]; this behavior is indicative of the action Ag ions, probably released from the Ag present either at 

the surface of the AgNPs/pPAA coating or made available for oxidation by some cracks in the 

coating, similarly to what previously proposed in literature [32, 33]. 

 

Figure 18. E. coli growth inhibition zones on TSA plates with uncoated PE (a), pPAA coated PE 

(b) and 5% AgNPs/pPAA coated PE (c) [2]. 

 

6.4 Conclusions 

In this chapter, the results regarding the AA plasma-polymerization and the AgNPs/pPAA coatings 

deposition by means of a CAP jet have been presented.  
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Regarding the pPAA coating deposition, it has been observed that, in order to obtain the required 

characteristics, the operating conditions of the polymerization process need to be optimized. Results 

have shown that both the selected plasma-polymerization operating conditions (“mild” and “strong”), 

independently of the treatment time, enabled to obtain an amount of carboxylic acid moieties always 

higher than 22%, highlighting that the AA plasma-polymerization was successfully performed. 

However, despite the great amount of –COOH functional groups verified by both ATR-FTIR and 

XPS, coatings deposited in “mild” operating condition were found to be highly water soluble, 

probably due to the low crosslinking of pPAA chains. Switching from  “mild” to “strong” operating 

conditions, the overall amount of the detected C=O and C-O functional groups, that could be 

attributed to pPAA crosslinking, became noticeable, with a parallel enhancement of the pPAA 

stability upon water contact, even though the coating turned out to be still partially soluble. The 

plasma treatment of the polymer substrate before the plasma-polymerization process has been 

demonstrated to reduce pPAA coatings solubility upon water contact, since no great difference 

between the ATR-FTIR spectra collected before and after water dipping can be observed.  

The results obtained from the characterization of the chemical structure of the pPAA coatings allow 

pointing out that the plasma-polymerization process was successfully performed for all the 

investigated operating conditions and treatment times, since the high amount of typical pPAA 

functional groups detected on the substrates.  

Furthermore, a preliminary but significant investigation of the morphology of the deposited coating, 

in terms of evaluation of its average thickness, was also performed by means of optical microscope 

and an average thickness of the coatings in the order of a few tens of micrometers after a 20 min 

plasma polymerization process was highlighted.  

Regarding the single step AgNPs/pPAA coating co-deposition, the thickness of AgNPs/pPAA 

coatings co-deposited for 3 min was measured to be around 30 µm from SEM cross-sectional views 

of the samples. ATR-FTIR spectrum of the co-deposited AgNPs/pPAA coating was found to coincide 

with the spectrum of pPAA coating without AgNps embedded. XPS results highlighted a significant 
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(21%) retention of carboxylic groups in the pPAA chemical structure, underlining that limited 

monomer fragmentation occurred during the process, and the presence in the coating of superficially 

oxidized AgNPs. Furthermore, the antibacterial efficacy of the co-deposited AgNPs/pPAA coatings 

was preliminary assessed with agar disk diffusion tests (using E. coli) and a growth inhibition area 

surrounding the samples, due to the release of Ag ions from the pPAA matrix, was clearly visible 

after incubation for 24 h at 37°C. 
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CHAPTER 7 

NON-EQUILIBRIUM ATMOSPHERIC PRESSURE 
PLASMA FOR CROSSLINKING OF BIOPOLYMERS 
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7.1 Introduction 

Many crosslinking methods have been investigated to physically crosslink biopolymers, avoiding the 

use of chemical agents, and the fundamentals studies so far performed have greatly contributed to the 

understanding of the phenomenon. However, more effective technologies are demanded, since all the 

presented processes turn out to be very high time consuming and the final results are strongly 

dependent on the kind of biopolymers subjected to the process as well as to the characteristics of the 

environment in which the process is performed.  

In this chapter, the research, carried out during my Ph.D activities and aimed at demonstrating the 

effectiveness of CAP in inducing crosslinking directly in the solid state, are reported and the obtained 

results are discussed. Wider descriptions of the studies carried out can be found in the two scientific 

works written on this topic [1, 2]. 

Briefly, the effectiveness of a CAP, generated by a dielectric barrier discharge (DBD) and operated 

in air, in successfully crosslinking water soluble pullulan, gelatin and genipin containing gelatin 

electrospun fibres was investigated. After being exposed to plasma, the fibres showed a remarkable 

capability to preserve structural stability and fibre morphology upon water exposure. For the pullulan 

mats, the gel fraction and the water absorption were quantified to evaluate the crosslinking efficiency 

of different plasma operating conditions, and ATR-FTIR characterization provided some insights into 

plasma-induced modification of pullulan chemical structure. For the gelatin and genipin containing 

gelatin mats, the mechanical properties were also evaluated, observing that mats preserved their 

morphology and stability upon solution contact, and displayed improved mechanical properties. 

Further stabilization was obtained through immersion in Phosphate Buffer Solution, due to the 

promoting action of the buffer both on genipin crosslinking reaction, which involves ε-amino groups, 

and on plasma induced crosslinks, most likely related to reactive species generated by plasma. 

The results, reported in this chapter and thoroughly presented in the scientific papers [1, 2] were 

obtained by the IAP Group led by Prof. Colombo in collaboration with the groups led by Prof. Maria 

Letizia Focarete and Prof. Adrian Bigi, from the Department of Chemistry ‘G. Ciamician’, Alma 

Mater Studiorum - Università di Bologna. 

 

7.2 Experimental part  

In this session, the methods to fabricate electrospun mats, the non-equilibrium plasma source and the 

protocols adopted to induce crosslinking, jointly with adopted characterization techniques and 

methods are reported. 
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7.2.1 Fabrication of pullulan electrospun mats 

Pullulan (η= 15.0 ÷ 180.0 mPa s, 10% in H2O at 30°C) was purchased by TCI Europe. Pullulan 

solution for electrospinning was obtained by dissolving the polymer in MilliQ water at a 

concentration of 17% w/v. The solution was magnetically stirred at room temperature (RT) until 

complete polymer dissolution, in order to obtain a homogenous solution before electrospinning. The 

in-house built electrospinning apparatus was composed of a high voltage power supply, a glass 

syringe, a stainless-steel blunt-ended needle (inner diameter 0.84 mm) connected with the power 

supply and a grounded collecting plate. The polymeric solution was dispensed through a teflon tube 

to the needle, which was placed vertically on the collecting plate. The following electrospinning 

processing conditions were used: applied voltage = 19 kV, needle to collector distance = 20 cm, flow 

rate = 0.9 mL/h. The process was conducted at RT and relative humidity RH = 40 ± 5% and the 

meshes were kept under vacuum over P2O5 at RT overnight in order to remove residual solvent. 

 

7.2.2 Fabrication of gelatin and genipin containing gelatin electrospun mats 

The electrospinning apparatus, made in house, is composed of a high voltage power supply, a glass 

syringe, a stainless steel coaxial needle connected to the power supply electrode and a grounded 

aluminum collector (10 cm x10 cm). The coaxial needle used in the present work enables to introduce 

a given amount of genipin in the fibres avoiding gelatin gelling. In brief, it is constituted by an inner 

needle (O.D.= 0.9 mm, I.D.= 0.6 mm) positioned concentrically to the outer needle (O.D.= 1.5 mm, 

I.D.= 1.2 mm). The tip of the outer needle protruded 10 cm below that of the inner needle. In addition, 

the tip of the inner needle wall presents twenty little holes of 0.5 mm in diameter organized in four 

lines distributed along the needle circumference. Each line contains five little holes 2 mm apart from 

each other. The solutions were individually dispensed at a controlled flow rate by using the syringe 

pumps through a Teflon tube to the outer and inner needles. The flow rate of the shell solution was 

set at 0.18 ml/h while that of the core solution was 0,09 ml/h. The coaxial needle was placed vertically 

to the collecting plate at a distance of 15 cm and the applied voltage was set at 21 kV. The shell 

solution was prepared by dissolving gelatin in AcAc:H2O (60:40 V/V) at a concentration of 30% 

(w/V). To fabricate gelatin mats containing 18 % (w/w) of genipin (labeled GG), the core solution 

was prepared by dissolving genipin at a concentration of 12% (w/V) in AcAc. A reference mat not 

containing genipin (labeled G) was prepared by using a stainless steel blunt-ended needle (inner 

diameter 0.84 mm) connected to the power supply electrode. Electrospun mats were kept under 

vacuum over P2O5 at room temperature (RT) overnight in order to remove residual solvents.  
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7.2.3 Non-equilibrium atmospheric pressure DBD and crosslinking protocols 

Crosslinking of pullulan, gelatin and genipin containing gelatin electrospun non-woven meshes was 

carried out by means of a controlled atmosphere DBD plasma reactor working at atmospheric 

pressure in static air. The DBD plasma source consists of two parallel aluminium-plate electrodes; 

the upper electrode, having a surface of 15x10 cm2 and a thickness of 0.13 mm, is connected to the 

high voltage generator, while the lower electrode, with a surface of 15x9 cm2 and a thickness of 0.13 

mm, is grounded. As dielectric, a POM-C plate, having a surface of 19x15 cm2 and a thickness of 2.4 

mm, covers the upper electrode surface. A gap of 1 mm between the grounded electrode and the 

POM-C plate was used for all the performed plasma treatments. The plasma source is enclosed in a 

volume having size of 21x17x3 cm3 (LxWxH). Specific gases and gas mixtures can be introduced 

from the top of the plasma reactor through a tube connected to the gas flow meter; a bleed port is 

placed on a side wall of the plasma reactor for bleeding out the air during the initial flushing of the 

system and for keeping a constant pressure inside the close volume during the process. The 

crosslinking processes here described were performed using environmental air as the plasma gas, 

therefore no flushing phase was performed at the beginning of the process and no air flux was 

introduced during operation. 

 

To crosslink pullulan electrospun mats, the DBD plasma source was driven by a HV Amplifier 

connected to a function generator capable of producing square wave voltage signals with microsecond 

rise time. In order to evaluate the effect of electrical parameters and treatment time on the crosslinking 

degree of the electrospun pullulan meshes, several operating conditions were tested, varying 

treatment time from 5 to 15 min, peak voltage (PV) from 10.5 to 15 kV and pulse repetition frequency 

(RR) from 300 to 500 Hz. A square wave voltage signal with microsecond rise time was used during 

the experiments. A simplified representation of the square waveform, PV and RR is reported in Figure 

1.  
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Figure 1. Simplified representation of PV and RR [1] 

 

All the experimental operating conditions are reported in Table 1, together with the respective values 

of energy per pulse (Ep) and average dissipated power (P), calculated as follows:   

 
Δt

p dtIVE  

RREP p 
 

where V and I are the values of instant voltage and current, respectively, and Δt is the duration of a 

single pulse. 

 

Table 1. Plasma operating conditions tested. Experiments were carried out in static air, using a 

square waveform with a kv/μs rise rate and fixing the gap between the grounded electrode and the 

POM-C plate at 1 mm. 

Treatment 
RR 

(Hz) 

PV 

(kV) 

Treatment time 

(min) 

Ep 

(mJ/pulse) 

P 

(W) 

T1 500 15 15 30 15 

T2 500 15 10 30 15 

T3 500 15 5 30 15 

T4 500 10.5 15 16 8 

T5 300 15 15 40 12 

T6 300 10.5 15 14 4.2 

 

 

The plasma generation was performed in static air with no introduction of additional gases inside the 

plasma reactor. The DBD plasma source was driven by a micropulsed generator, producing high 

voltage bursts (duration 7 ms) with a burst repetition frequency (BRF) of 125 Hz, during the bursts a 

20 kHz sinusoidal waveform with 12 kV peak voltage is produced. In order to perform the plasma 

treatment on electrospun samples, mats were placed on the grounded electrode and directly subjected 
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to the plasma discharge. G samples were treated for different times (5, 10 and 20 minutes) and were 

labeled G_5, G_10 and G_20, accordingly, while GG samples were treated for 10 minutes (GG_10). 

After plasma discharge, parts of the treated samples were fixed to plastic rings  and rinsed either in 

Double Distilled Water (DDW) or in Phosphate Buffer Solution (PBS) (pH 7.4 and Ionic Strength = 

0.26M) for 20 seconds, in order to evaluate the effect of pH and Ionic Strength (I) on the 

morphological and structural stability of electrospun mats. 

Depending on the soaking media, the samples were labelled either W (in the case of Double Distilled 

Water) or B (in the case of PBS). After immersion, mats were dried at RT. Samples differently treated 

were labelled as reported in Table 2. 

 

Table 2. Labels of the samples before and after plasma treatment and immersion in DDW (W) or 

PBS (B). The numbers indicate the plasma treatment time (min). 

As-spun samples 
After plasma 

treatment 

After soaking 

in PBS 

After soaking 

in DDW 

G 

- 

G_5 

G_10 

G_20 

 

G_B 

G_5B 

G_10B 

G_20 B 

G_W 

G_5W 

G_10W 

G_20W 

GG 
- 

G_10 

GG_B 

GG_10B 

GG_W 

GG_10W 

 

 

7.2.4 Characterization of pullulan crosslinked mats 

The fibre morphology of the as-spun scaffolds and the one of scaffolds after the plasma exposure was 

analysed by using a Scanning Electron Microscope (SEM) at an accelerating voltage of 15 kV, on 

samples sputter-coated with gold. The distribution of fibre diameters was determined through the 

measurement of about 250 fibres by means of an acquisition and image analysis software and the 

results were given as the average diameter ± standard deviation.  

The infrared spectra of pullulan electrospun meshes were recorded by using a Agilent Cary 660 FT-

IR spectrometer equipped with an attenuated total reflectance (ATR) sampling accessory. Spectra 

were acquired at RT in absorbance mode, from 4,000 to 400 cm-1 with a resolution of 2 cm-1; a total 

of 32 scans were recorded for each spectrum. 

To evaluate the crosslinking degree, the gel fraction determination was carried out. Measurements 

were performed on square meshes (3x3 cm2) having a thickness in the range of 30 ÷ 40 µm. After 

plasma treatment, each electrospun sample was dried overnight at 80°C under vacuum to constant 
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weight and  immersed in deionized water for 24h at RT in a shaking bath; then, a washing step of 1h 

with fresh deionized water was performed. During water immersion, the sol fraction of pullulan is 

dissolved. The insoluble part (gel fraction) of each sample, retrieved from water, was dried overnight 

at 80°C under vacuum. The percentage gel fraction was calculated according to the following 

equation:  

100
W

W
(%)fractionGel

i

f 

 

where Wf is the final weight of the dried sample after the removal of the sol fraction and Wi is the 

initial weight of the dried sample after the plasma treatment. Three replicate specimens were run for 

each kind of plasma treatment and results were provided as average value ± standard deviation (SD). 

The measurements of the water absorption were performed on square meshes (3x3 cm2) having a 

thickness in the range of 30 ÷ 40 µm, previously immersed in deionized water for 24 h in order to 

remove the non-crosslinked sol fraction. The insoluble part (gel fraction) of each sample, retrieved 

from water, was dried overnight at 80°C under vacuum and weighted to constant weight. Each sample 

was then soaked in deionized water for 24h, by using a shaking bath at RT. The wet sample was 

gently blotted with a filter paper for few seconds to remove the excess of adsorbed water. Then, the 

wet sample was immediately weighted to avoid the effects of water evaporation. The percentage of 

water adsorption was calculated according to the following equation:  

100
W

WW
(%)AbsorptionWater

d

dw 


  

Where Wd is the final weight of the dried sample after removal of the sol fraction and Ww is the 

weight of the wet sample. Three replicate specimens were run for each plasma treatment and results 

were provided as average value ± standard deviation (SD). 

 

7.2.5 Characterization of gelatin and genipin containing gelatin crosslinked mats 

Morphological observations were carried out by SEM at an accelerating voltage of 15 kV, on samples 

sputter-coated with gold. The distribution of fibre diameters was determined through the 

measurement of about 200 fibres by means of an image acquisition and analysis and the results were 

given as the average diameter ± standard deviation. 

ATR-FTIR analysis of the electrospun mats was carried out using a spectrometer equipped with an 

ATR sampling device, using a diamond crystal as internal reflection element. Infrared spectra were 

acquired at room temperature in absorbance mode, from 3900 to 400 cm-1 with a resolution of 2 cm-

1; a total of 32 scans were recorded for each spectrum. 
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The extent of crosslinking of gelatin mats was determined by a UV assay of uncrosslinked ε-amino 

groups before and after crosslinking treatment [3]. 

Electrospun samples of about 5 mg were incubated with 1 ml of a 4% (m/V) NaHCO3 solution and 

1 ml of TNBS solution at 0.5% (m/V) for 4 hours at 40°C. 3 ml of HCl 6 M were then added and the 

solution was maintained at 110°C for 24 hours. The absorbance of the diluted solution was measured 

at 346 nm in a Kontron Uvikon 931 spectrophotometer against a blank. The equation relating to the 

solution absorbance and moles of ε-amino groups per gram of gelatin is here reported:  

 

moles Ɛ amino groups

g
= 2 ∙  

A ∙ 0.02

1.46 ∙ 104 ∙ bx
 

 

where A is the measured absorbance, 0.02 l is the volume of the analysed solution, 1.46x104 (lx mol 

-1 x cm-1) is the molar absorptivity of TNP-lys, b is the cell path length in cm, and x is the mat weight 

in g. The crosslinking degree is the ratio between the moles of free ε-amino groups in crosslinked 

gelatin and the moles of ε-amino groups in uncrosslinked gelatin. 

 

Stress–strain curves of as-spun mats and of mats 24 h after the plasma treatment (specimen 

dimension: 5x20 mm, thickness measured by microcaliper) were recorded using an Instron Testing 

Machine 4465, with a cross-head speed of 1 mm min-1, and the Series IX software package. 

Samples were tested in a dry state: the Young’s modulus (E), the strain at break (εb) and the stress at 

break (σb) of the strips were measured. 

 

7.3 Results and Discussion 

7.3.1 Crosslinking of pullulan electrospun mats 

In order to evaluate the effect of electrical parameters and treatment time on the crosslinking degree 

of pullulan fibres, plasma treatment was performed for a wide range of operating conditions, reported 

in Table 1. Initially, the peak voltage (PV) and the pulse repetition frequency (RR) were fixed at 15 

kV and 500 Hz, respectively, while the treatment time was varied. Then, for a given treatment time 

of 15 min, PV and RR parameters were changed independently (Table 1).  

No significant variation in fibre morphology and fibre diameter was observed after all the performed 

treatments (Figure 2), indicating that no relevant damage or change of structure was induced by 

plasma. 
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Figure 2. SEM micrographs of as-spun  pullulan mesh (centre of the figure) and of pullulan meshes 

after the different plasma treatments, as indicated by the arrows [1]. 

 

As a first indication of the efficiency of the plasma induced crosslinking, the plasma-treated mats 

were immersed in water for 24 h in order to evaluate their capability to preserve both the structural 

stability and the fibre morphology upon water exposure. Figure 3 shows the pictures of the plasma-

treated samples immersed in water, together with the SEM micrographs of the corresponding dried 

samples. As clearly depicted, mats showed a reduced structural and morphological stability with 

decreasing the treatment time from 15 to 5 min. In fact, while the treatments T1 and T2 allowed the 

mat to maintain a good and well-defined fibrous structure and a high porosity, after treatment T3 and 

water immersion the sample completely lost its original morphology and appeared as a continuous 

transparent film. Similar results were obtained with the treatment T6 when the lowest electrical 

parameters were used (PV=10.5 kV and RR=300 Hz). On the contrary, after the treatments T4 and 

T5, both the fibrous morphology and the sample integrity were retained. These results highlight that, 

in the right operating conditions, the plasma-mediated crosslinking approach enables to retain almost 

completely the fibrous structure of the constructs. 
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Figure 3. SEM micrographs of plasma treated pullulan electrospun mats after 24 h of water 

immersion. Insets: Images of plasma-treated samples soaked in water: (a) T1, (b) T2, (c) T3, (d) T4, 

(e) T5, and (f) T6. Scale bar: 2 mm [1]. 

 

In order to quantitatively assess the crosslinking efficiency of the different plasma treatments, the 

gel fraction and the water absorption were evaluated and the results are shown in Figure 4a and b, 

respectively. The gel fraction is related to the insoluble part of the sample, contrary to the sol 

fraction that is dissolved during water immersion, and it represents a measure of the crosslinking 

degree. As shown in Figure 4a, samples after the treatments T3 and T6 were highly water soluble, 

in agreement with the morphological observations reported in Figure 3c and f. Conversely, a greater 

water stability quantified by a higher value of the gel fraction (>60%) was obtained for the pullulan 

mats after the treatments T1, T2, T4, and T5, which allowed mats to completely retain their fibrous 

structure. 

These results were confirmed by the water absorption measurements (Figure 4b). Water absorption 

was very low when high crosslinking was achieved (i.e., for the optimized operating conditions T1, 

T2, T4, and T5) and it assumed higher values in the case of low crosslinking (i.e., for the treatments 

T3 and T6). 
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Figure 4. Gel fraction (%) (a) and water absorption (%) (b) of plasma-treated electrospun pullulan 

samples [1]. 

 

Attenuated total reflectance fourier transform infrared spectroscopy (ATR-FTIR) characterization, 

performed on selected samples (Figure 5), showed that in the chemical structure of the plasma treated 

samples, a new band appeared around 1700 cm-1 attributed to carbonyl and carboxylic moieties, that 

was absent in the pristine pullulan mat, whose intensity increased in line with the crosslinking 

efficiency of the plasma treatments (T5>T6>T3). Concomitantly, a parallel decrease of the broad 

band of hydroxyl groups (at 3200–3500 cm-1) was observed. 



150 

 

 

Figure 5. (a) ATR-FTIR spectra of pristine pullulan sample (A) and of sample after treatments T3 

(B), T6 (C), and T5 (D). (b) and (c) enlargements of the two spectral regions of interest [1]. 

 

It is well known that plasma reactive species, such as electrons, ions, uncharged particles 

(metastables, neutral species, radicals), excited species, as well as ultraviolet photons, possess 

sufficient energy to induce scission of chemical bonds involved in organic structures, as well as 

dehydrogenation and oxidation reactions [4]. Moreover, the recombination of the reactive free 

radicals and new functional groups formed in the polymeric chains are recognized to generate highly 

crosslinked polymer chains. On the basis of very recent literature results on chitosan solution gelation 

by plasma [5], plasma treatment of pullulan macromolecules performed in air can be hypothesized to 

result in a complex series of reactions such as cleavage of the glycosidic bonds, as well as oxygenation 

of the glucopyranose ring and the dehydrogenation of primary hydroxyl ring groups, followed by a 

number of rearrangement reactions. The oxidation process, that can occur concomitantly with the 

cleavage of the glycosidic linkage, and that could also be due to post-treatment oxidation, might be 
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invoked in the formation of carbonyl and carboxylic groups observed in the ATR-FTIR spectra, which 

might crosslink inter- or intramolecularly with hydroxyl groups.  

 

7.3.2 Crosslinking of gelatin and genipin containing gelatin electrospun mats 

SEM images of as-spun G mats, shown in Figure 1a, display defect free and regular fibres. Figure 6d, 

g, j reports SEM images of G mats exposed to plasma for 5, 10 and 20 minutes, respectively. The 

images highlight that plasma does not provoke any appreciable alteration to the fibre morphology and 

diameter (Mean value = 320 ± 40 micron), independently from the adopted treatment time. In order 

to evaluate the capability of plasma treated mats of preserving fibre morphology upon liquid contact, 

immediately after plasma treatment G samples were fixed to plastic rings and rinsed in aqueous 

solution (DDW or PBS) for 20s. As shown in Figure 6b and 6c, the as-spun G mats dissolved 

immediately after immersion in DDW or in PBS, while plasma treated G mats better resisted to 

dissolution when the proper treatment time was selected. 

In particular, it emerges that, by keeping constant the plasma operating parameters, the longer the 

treatment time the higher the water stability and fibre morphology preservation (compare Figure 6e, 

6h and 6k and Figure 6f, 1i and 6l). This finding is in agreement with previous results obtained on 

plasma treated electrospun polysaccharides and demonstrates that there is a correlation between 

plasma treatment time and the extent of crosslinking degree. 
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Figure 6. SEM images and pictures of gelatin as-spun mats, gelatin mats after plasma treatment and 

after immersion either in DDW (labelled W) or PBS (labelled B). a) as-spun G; b) G_W; c) G_B; d) 

G_5; e) G_5W; f) G_5B; g) G_10; h) G_10W; i) G_10B; j) G_20; k) G_20W; l) G_20B. Scale 

bars: a, d, g, j = 2 µm; h, i, k, l = 5 µm [2]. 

 

In detail, 5 minutes plasma treated G mats (G_5) do not exhibit any relevant increased stability, being 

immediately dissolved when in contact with water (Figure 6e and 6f). Conversely, a treatment time 

of 10 min improves G mats stability and avoids its dissolution (Figure 6h and 6i) even if the fibrous 

structure is lost and the porous mat turned into a continuous film when immersed in DDW, whereas 

after soaking in PBS the porous structure is partially maintained. The increase of treatment time up 

to 20 min provides an improvement in mat stability and retention of fibre morphology after immersion 

in both DDW and PBS (Figure 6k and 6l), with a better preservation of the nanofibrous structure in 

PBS than in DDW. 

In order to improve the stabilization of as electrospun mats, the natural crosslinker genipin was 

introduced in gelatin fibres during electrospinning. SEM images of electrospun GG mats before and 

after 10 min of plasma treatment are reported in Figure 7a and 7b, respectively. As for G samples, 

plasma treatment does not influence the morphology of the fibres, which exhibit a mean diameter of 

355 ± 55 micron, not significantly different from that of G samples. In absence of plasma treatment, 

the genipin does not prevent the GG mats solubilization after immersion either in DDW or PBS, as 

shown in Figure 7b and 7c, respectively. On the contrary, when GG sample is subjected to plasma 

treatment for 10 minutes and then immediately soaked in PBS, the fibrous morphology is highly 
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preserved (see Figure 7f). It is worth noting that the presence of genipin in the fibres has a relevant 

role in maintaining the fibrous morphology, as shown by the reduced time of plasma treatment 

necessary to stabilize genipin containing mats. From these results, it can be deduced that plasma 

treatment activates genipin crosslinking of gelatin. Indeed, by comparing the SEM images of G_10B 

and GG_10B samples (Figure 7i and 7f) it emerges that the latter is more stable against water 

dissolution and swelling, being the fibrous morphology better retained. 

 

Figure 7. SEM images and pictures of genipin containing gelatin as-spun mats, genipin containing 

gelatin mats after plasma treatment and after immersion either in DDW (labelled W) or PBS 

(labelled B). a) as-spun GG; b) GG_W; c) GG_B; d) GG_10; e) GG_10W; f) GG_10B. Scale bars: 

a, d, e = 2 µm; f = 5 µm [2]. 
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Considering the above described results, further characterizations were carried out only on those 

samples that were better stabilized against dissolution after plasma treatment, i.e. on electrospun G 

and GG mats submitted to plasma treatment for 20 and 10 minutes, respectively. 

 

The mechanical behaviour of as-spun G and GG samples was evaluated by tensile stress-strain 

measurements and compared with that of G_20 and GG_10 samples with the aim to investigate the 

effect of plasma treatment on sample mechanical properties (Figure 8). Table 3 reports the values of 

Young’s Modulus, stress at break and strain at break obtained for the considered samples: the 

comparison between the mechanical behaviors of as-spun G and GG mats suggests that the presence 

of genipin does not have any remarkable effect on the mechanical parameters of the sample. The data 

also indicate that plasma treatment induces a slight increase of the elastic modulus (E) and of the 

stress at break (σb), associated with a significant reduction of the deformation at break (Ɛb), for both 

the considered types of samples. In light of these results, the effects of plasma treatment on the 

mechanical properties of the mats turn out to be quite similar to the ones induced by the chemical 

crosslinking, which has been reported to increase mats rigidity [3]. 

 

Figure 8. Typical stress-strain curves recorded from as-spun G and GG mats and from G_20 and 

GG_10 samples [2]. 

 

Table 3. Young’s modulus, E, stress at break, σb, and strain at break, Ɛb, of sample G and GG 

before and after plasma treatment.  

Sample E (MPa) σb (MPa) Ɛb (%) 

G 120±30 2.5±0.4 20±3 

G_20 140±10 3.1±0.3 6±1 

GG 120±20 3.1±0.4 18±4 

GG_10 160±20 3.8±0.6 6±2 



155 

 

 

The extent of crosslinking of G and GG samples was determined for as-spun mats, for mats subjected 

to the plasma exposure and for the ones immersed in PBS after the plasma treatment, by using a 

method based on the evaluation of the moles of unreacted ε-amino groups per gram according to 

equation reported in the experimental part. The obtained values are reported in Table 4. 

 

Table 4: Extent of crosslinking, expressed as percent of free ε-amino groups lost after crosslinking.  

Sample 
Extent of crosslinking 

(%)  

G 0 

GG 0 

G_20 0 

G_20B 61±4 

GG_10 36±4 

GG_10B 100±6 

 

As expected considering the results of mat stability in water, as-spun G mat is not crosslinked and the 

simple addition of genipin within the fibres does not induce the formation of appreciable crosslinking 

bonds. This finding accounts for the similar mechanical behavior of G and GG mats and it is justified 

by the absence of chemical reaction between gelatin and genipin as a consequence of the relatively 

short time of contact during the electrospinning process. However, after plasma treatment, GG mats 

exhibited a 36% of crosslinking degree. This result is quite amazing, since it indicates that plasma is 

effective in initiating in the solid state crosslinking reactions that involve free ε-amino groups as those 

conventionally induced in the liquid phase by genipin. 

On the contrary, G_20 mats did not present any evaluable decrease of ε-amino groups with respect to 

as-electrospun G mats. However, their stability in solution and mechanical properties turned out to 

be quite similar to those of plasma treated GG samples likely due to the fact that plasma treatment 

induces the formation of reactive groups able to create physical and/or chemical crosslinks that 

contribute to gelatin stabilization without involving ε-amino groups. 

Moreover, immersion in PBS was demonstrated to have a great influence on the stabilization and on 

the enhancement of crosslinking degree. In fact, only 20 s of immersion in PBS were enough to 

increase the extent of crosslinking of GG_10 mats from 36% up to 100%. This result is in agreement 

with the reported positive contribution of PBS to the crosslinking reaction of genipin [6], which 

displays its maximum crosslinking activity at pH 7.4 [7]. However, also G_20 samples experienced 

a significant decrease of ε-amino groups after soaking in PBS, which yielded an increase of 
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crosslinking degree from 0% to 61%, suggesting that PBS promoted the formation of covalent bonds 

involving reactive groups originated by plasma treatment and ε-amino groups. 

To elucidate the mechanisms of the plasma-induced crosslinking of gelatin nanofibres is not a simple 

issue, especially considering that there are few papers reporting of the application of plasma to a 

gelatin based material [8, 9]. Moreover, these studies used low pressure plasma and did not succeed 

in obtaining highly stabilized gelatin samples. Concerning our case, it is supposed that many of the 

active components of the air plasma are involved in the crosslinking of gelatin in the solid state. For 

instance, it has been demonstrated that the UV radiation induces the formation of radicals at specific 

residues in collagen (gelatin), leading to the scission and cross-linking of molecules [10]. Another 

reaction might be due to the increased number of crosslinking junctions through hydrogen bonding 

induced by hydroxyl compounds generated in gelatin by plasma treatment, as previously found by 

Fijitsu et al. [11] in gelatin gels. A further possibility is that the reaction mechanisms involve reactive 

species affected by H+ concentration [12], which could account for the increased stabilization 

induced by PBS. 

In order to evaluate if plasma treatment induced some structural changes on gelatin-based mats, we 

collected infrared spectra on samples G, G_20, GG and GG_10. Infrared spectra of as-spun materials, 

shown in Figure 9, presented some absorption bands corresponding to Amide I, II and III, as described 

elsewhere [3]. After plasma treatment, an increase of intensity has been detected between 1200 and 

1500 cm-1. Since C-O stretching and N-H bending vibrations of Amide III fall in this range, the 

increase of intensity might support the hypothesis of formation of H bonds among the reactive species 

created by plasma treatment. 
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Figure 9. FTIR absorption spectra collected on samples G, G_20, GG and GG_10 [2]. 

 

Plasma treated polymeric materials and solutions are well-known to undergo a recovery of their 

chemical characteristics over storage time, probably due to a post-plasma oxidation processes caused 

by the radicals still present on the material surface or to the polymer chain rearrangements from the 

surface into the bulk of the materials [13, 14]. 

The effect of the ageing on plasma-treated electrospun mats was tested by dipping the samples in 

PBS after 15 days from their exposure to plasma. After few minutes of immersion, the samples were 

dried at RT and their morphology observed at SEM. The images recorded on the mats surfaces are 

shown in Figure 10a and 10b, respectively: it was evident that soaking GG_10 and G_20 in PBS 15 

days after plasma treatment caused partial solubilization and loss of the nanofibrous morphology. On 

the other hand, the nanofibrous structure of samples GG_10B and G_20B was absolutely maintained 

(Figure 10c and 10d). The better retention of fibrous morphology with time shown by GG_10B and 

G_20B with respect to GG_10 and G_20, confirms that the immersion in PBS stabilizing solution 

immediately after plasma treatment turns out to be mandatory to prevent the loss of stability over 
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time. The chemical/physical interactions between the polymeric chains of the plasma-treated samples 

and the solution, which contribute to the gelatin structural stability, are probably due to the radicals 

and active sites generated by plasma in the polymeric chains of the mats during the treatment. The 

plasma-generated radicals and active sites can recombine with aging, which justifies the poor 

retention of fibre morphology observed for GG_10 and G_20. Conversely, PBS immersion stabilizes 

these interactions and prevent the recombination of the plasma-generated radicals and active sites 

over time. 

 

Figure 10. a) GG_10 and b) G_20 both immersed in PBS 15 days after plasma exposure; c) 

GG_10B and d) G_20B re-immersed in PBS 15 days after their preparation. Scale bars: a-d = 5 μm 

[2]. 

 

7.4 Conclusions 

The achieved results show that CAP treatment can successfully induce the crosslinking of pullulan, 

gelatin and genipin containing gelatin electrospun mats, directly in the solid state. The proposed 

method to crosslink water soluble biopolymer in the solid state definitely simplifies the crosslinking 

procedure, limits the use of solvents and chemicals, decreases the operational time and eases the 

scale-up of the method.  

Interestingly, the studies carried out to crosslink gelatin mats highlight that 20 s soaking in PBS, 

performed immediately after plasma exposure, further stabilizes the mats and provides highly 

crosslinked materials that retain their stability over time. 
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CHAPTER 8 

CONVENTIONAL METHODS FOR THE SYNTHESIS OF 
NANOPARTICLES 
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8.1 Introduction 

In order to get some insights on the suitability and the possible application fields of CAP technology 

for the production of nanoparticles in liquid environment, with respect to the already optimized 

methods, in the present chapter, a quick overview of the conventional methods for nanoparticles 

synthesis is reported.  

 

The term nanoparticles refers to a broad family of nanomaterials characterized by a diameter less than 

100 nm. These powders are particularly interesting since in the size range from the atomic level to 

around 100 nm materials may have different properties compared to bulk materials, mainly due to the 

increased volume specific surface area and the role played by quantum effects. Indeed, as the size 

decreases, the proportion of atoms at the surface of the material increases, leading to a greater surface 

area per unit mass. As the size decreases, quantum effects increasingly affect the properties of matter, 

determining optical, electrical and magnetic behaviour of materials. Depending on their size and 

material, nanoparticles have a wide range of potential applications, from catalysts to sunscreen 

creams, from batteries to nanomedicine; moreover, their size confers them ideal characteristics for 

applications in electronics and as composite additives. 

Many processes have been developed for the production of nanoparticles, allowing accurate control 

of particle size, shape, crystallinity and surface composition. The usual classification divides these 

processes in top-down techniques, where nanoparticles are produced by progressively reducing the 

size of the raw material, and bottom-up techniques, where particles are assembled from smaller 

building blocks (atoms or molecules). A second classification may be done, based on the phase in 

which the process is carried out; while top-down processes are inherently solid-phase (milling, 

ablation, etc), bottom-up techniques may be either liquid-phase (co-precipitation, sonochemical 

reaction) or gas phase (flame and plasma synthesis). Typically, solid-phase and gas-phase processes 

are of great industrial interest for their higher productivity or higher purity, or both, with respect to 

liquid-phase processes; indeed, the latters have limited purity and require post-processing, but, in 

some cases, they are the only route available for the production of highly specific and tailored 

nanoparticles [1]. 

 

8.2 Top-down processes 

The most important top-down processes, in terms of industrial impact, are ball milling, spark erosion 

and laser ablation [1]. 
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During ball-milling the starting material is fractured by mechanical collision and friction in a ball mill 

[2, 3]. This process, especially attractive for the manufacture of thermoelectric materials [4,5], is 

characterized by high production rates, but, due to the equilibrium between the particles destruction 

and the aggregation forces, the minimum particles dimension is rather high, lying in the range 10-300 

nm, in relation to the starting material. [6,7].  Furthermore, nanoparticle purity is limited due to 

oxygen inclusions, as well as of the material eroded from the milling device [8]. 

The process of spark erosion consists in the ignition of a spark between two electrodes, composed of 

the material to be vaporized due to the high temperatures reached in the discharge (around 20000 K 

[9]); the small amount of evaporated material nucleates and forms nanoparticles [10,11]. This method 

can be used to produce nanoparticles made of any conductive material, but is characterized by low 

productivity. 

In the laser ablation, the base material is rapidly heated by a pulsed laser, thus micrometric and 

nanometric fragments are ablated from the substrate, as well as ions and molecules [12-14]. Due to 

the adopted operating parameters, the material is not directly vaporized, enabling the production of 

nanoparticles from materials that would otherwise decompose (mainly semiconductors and oxides); 

moreover, controlling the atmosphere under which the process undergoes, nanoparticles with specific 

composition may be produced [15]. The main disadvantage of this technique is its low productivity, 

limiting its application to the manufacture of high-added value materials. 

 

8.3 Bottom-up processes 

In bottom-up approach particles are created assembling together smaller building blocks, atoms or 

molecules; the main advantage with respect to top-down approaches is the reproducibility of the high 

quality of the resulting materials. These processes can be performed by means of wet methods and 

gas-phase methods. Chemical liquid-phase methods enable a fine control over particle size, 

morphology and composition [16-19], but they are generally difficult to upscale, mainly due to their 

low productivity output and to thehigh cost of the precursors, besides the relavant waste formation. 

In gas-phase approaches a supersaturated vapour is produced, starting from solid, liquid or gaseous 

precursors [20-22]. A steep rise in productivity is associated to gas-phase processes, which are 

progressively excluding liquid-phase approaches from the market. Among gas-phase processes, gas 

condensation, chemical vapour condensation, flame combustion synthesis and thermal plasma 

synthesis are worth mentioning for their large industrial employment. 

In the gas condensation process, a solid-phase precursor, typically a metal, is evaporated inside a low 

pressure reaction chamber and is mixed with a flowing inert gas (usually He or Ar) [23-25]. When 
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this gas stream is cooled, either by being mixed with a cold quenching gas or by being exposed to a 

cooling surface [26], supersaturation occurs and the vapour starts to nucleate. This process is 

especially suitable for the production of composite nanoparticles; in a common configuration, two 

reaction chamber in series are used: a first precursor is evaporated and nucleates in the first reaction 

chamber, then flows into the second reaction chamber, where the second precursor is evaporated and 

condenses on the already formed nanoparticles [27, 28]. 

The process of chemical vapour condensation is carried out by introducing a gas-phase precursor in 

a heated reaction chamber (1300 – 1700 °C), where nucleation and condensation take place; the 

produced nanoparticles are then collected in a second chamber [29-31]. This process is strongly linked 

to the chemical vapour deposition (CVD), but nanoparticles are produced instead of a thin film by 

controlling gas flow rates, temperature, pressure and residence time in the reaction chamber. By 

introducing multiple precursors in the reaction chamber, this process enables the production of 

composite, ceramic and doped nanoparticles [32-35]. 

In the flame synthesis, a flame is used as a thermal source to induce pyrolysis reactions in a precursor 

injected in its core; thus, a supersaturated vapour is obtained, which then nucleates forming 

nanoparticles [36-40]. Typically, low pressures (30 mbar) are adopted to limit particle agglomeration; 

flame temperature, residence time, quenching, precursor feed rate and the use of additives are other 

key parameters. 

Thermal plasma synthesis is a very suitable means for nanoparticle production, combining high 

temperatures (around 104 K) that enable the use of various precursors (Mo, W, Al2O3, Si, SiO2, …), 

high cooling rates offering precise control over nanoparticle size distribution, the possibility to work 

under inert or reactive atmosphere,high efficiency in nanoparticles production and scalability [41-

43]. In this approach, plasma provides the heat for the vaporization of precursors (solid-, liquid-, 

vapour-phase, suspension and solution precursors) and its dissociation in atoms, radicals and ions 

[44]; once the vapour reaches supersaturation condition, typically as a consequence of the mixing 

with a cooling gas (quenching), nanoparticles are formed through nucleation. 

Many thermal plasma technologies may be employed to produce nanoparticles, DC plasma arc and 

RF plasmas are the main ones [45]. 

DC plasma arc technology for nanoparticle synthesis relies on broad family of plasma sources, each 

with typical advantages and disadvantages. In some of these torches the discharge, with temperatures 

around 15000-25000 K, is ignited between a cathode located inside a tube shaped anode; when a cold 

gas flow is injected in the discharge region it is heated and exits from the plasma torch forming a gas 

jet, with temperatures up to 10000K. The precursor, introduced in the hot gas jet, first, is evaporated 

and then transformed into nanoparticles [46, 47]. In some cases, a subsonic expansion phase is 
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adopted to obtain uniform cooling rates and finer nanoparticles [46, 48].  Some other configurations 

are characterized by a reaction chamber, in which the jet, generated by the DC torch, can propagate: 

the synthesis of nanoparticles is performed by injecting the powders, at the outlet of the torch, in the 

jet expanding inside the chamber [49]. Furthermore, in the twin-torch DC system proposed by 

Tetronics, the torches are placed into a water-cooled chamber allowing atmosphere control [50].    The 

possibility of producing highly energetic plasmas makes this technology very suitable for industrial 

scaling-up, with the potential of production rates in the range of kg/h; several oxide nanoparticles 

have already reached commercial production with DC plasma technology [51, 52]. 

Although this technology has many advantages, a few issues still have to be overcome, mainly reated 

to the erosion of the electrodes that can cause the contamination of the nanopowders as well as 

instabilities of the plasma jet, inducing inhomogeneity in the products. 

RF inductively coupled plasmas (ICPs) technology is a versatile and flexible route for nanoparticle 

synthesis The operating principle consists in injecting a solid, liquid or gaseous precursor inside the 

plasma region, where it undergoes evaporation because of the high temperatures (up to 12000 K in 

an RF ICP system). The produced vapour then becomes supersaturated and nucleation occurs, after 

which the nuclei then grow because of condensation and coagulation.  

An ICP system for nanoparticle synthesis is composed of a plasma torch, a reaction chamber, mounted 

at the outlet of the plasma torch itself, determining the volume where nanopowders nucleate and grow 

and a filter to collect the procuced materials. The precursor material is introduced axially in the ICP 

torch, directly in the high temperature plasma volume, by means of an injection probe; this 

characteristic is a strong advantage with respect to DC non-transferred arc thermal plasma 

technology, where the precursor is injected radially in the tail of the plasma due to the presence of 

the electrode. As a consequence, ICP technology offers higher evaporation rates, also due to the lower 

velocities and larger plasma volume; a second fundamental advantage over DC plasmas is the high 

purity of the products, enabled by the absence of the electrode [41]. 
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 CHAPTER 9 

COLD PLASMA ASSISTED PROCESSES FOR THE 
SYNTHESIS OF NANOPARTICLES 
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9.1 Introduction 

 During my Ph.D activities, I had the opportunity to be involved in the COST Action TD1208, a 

consortium of European experts in the field of electrical discharge plasmas in contact with liquids. 

The aim of this Action is to improve the knowledge of basic processes responsible for initiating and 

sustaining discharges in/on liquids, by facilitating coordination and interdisciplinary exchange of 

knowledge and know-how between researchers from different scientific fields and countries. In order 

to achieve this aim, the COST Action also provided grants for short term scientific missions (STSMs) 

in institution or laboratory in foreign COST Country.  

The STSM I performed during my Ph.D course can be placed in this frame. It was carried out in Prof. 

Mariotti’s research group, which is part of the Nanotechnology & Bio-Engineering Research Centre 

– NIBEC at the Ulster University, Northern Ireland, UK, and it was aimed at broadening my 

knowledge on the interactions between CAPs and liquids for production of advanced nanomaterials, 

exploitable in several fields of applications, spanning from engineering to medicine.  

In the present chapter, after an overwiev of the plasma sources and performed processes, reported in 

the state of the art and regarding the use of CAPs for the synthesis of nanostructures, the research 

activites carried out during my STSM and mainly concerning the synthesis of CuO quantum dots 

(QDs) in liquid environment are proposed.  

 

9.2 Non-equilibrium atmospheric pressure plasma for nanomaterials fabrication 

Besides the use of conventional technologies for nanomaterials fabrication, several approaches based 

on non-equilibrium plasma processes have been set up until now. However, most of the existent 

methods for nanomaterial synthesis are performed by means of low-pressure plasma processes. Since 

the spatial scale of the reaction volume involved in the low-pressure plasma systemsis always large, 

leading to a difficult control of the temperature and residence time of particle, the products are 

commonly characterized by partial agglomeration and wide size distribution [1]. In addition, the 

surmised mechanism for non-equilibrium plasma assisted nanomaterial synthesis includes the 

collisions between radical moieties in the gas phase, which can be enhanced substantially at higher 

pressures [2]. Therefore, a plasma technology for high quality nanomaterial synthesis operated and 

controlled under atmospheric pressure is needed. 

Recently, microplasmas, a special category of plasma confined within sub-millimeter (although the 

name refers to a micrometric geometry) length scale in at least one dimension [3, 4], have been widely 

employed for the synthesis of nanomaterials. In virtue of the increased surface-volume ratio and the 

decreased electrode spacing, microplasmas boast several key advantages compared with conventional 
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plasma: high-pressure operation, continuous-flow, sub-millimetergeometry and self-organization 

phenomenon [2].  

Furthermore, microplasmas have been demonstrated to offer the possibility to preserve a strong non-

equilibrium state in a wide range of gas mixtures [3, 5], allowing for high reaction rates [1, 3], 

although no resolutive information have been so far reported concerning the throughput of the 

process.   

Besides the synthesis of nanostructures, microplasmas have been employed for several kinds of 

applications spanning from the decomposition of volatile organic compounds (VOCs) [6] to 

biomedical applications, by testing their potentialities in biocidal tests [7, 8]. Microplasmas have been 

also used for surface functionalization of polymers and glasses [9, 10], thanks to the abundance of 

reactive species and radicals and for the deposition of hydrophobic coatings [11]. 

 

In the following paragraphs, the most employed microplasma systems for the synthesis of 

nanostructures, in the gas, solid and liquid phases, are briefly reported.  

 

9.2.1 Microplasma systems  

A relatively simple microplasma system used for nanomaterial fabrication is the hollow-electrode 

microcharges, which consists of two hollow metal capillary tubes separated by 1–2 mm, both 

connected to a DC power supply and acting as the cathode and the anode, respectively [3]. 

Meanwhile, they also function as precursor transporters, in which precursor vapours are introduced 

by a flow of inert gas such as Ar or He and are dissociated in the plasma area between two electrodes. 

The formed aerosol particles can be collected by an electrostatic precipitator or by a filter installed 

after the reactor (Figure 1).  

 

Figure 1. Schematic representation of a hollow-electrodes microcharges. (The schematic refers to 

the setup reported in [12]) 

In an emblematical hollow-electrodemicrocharge, the typical voltage and current used to prepare 

nanomaterials are at the level of hundred V and several mA, respectively and, therefore, the electrodes 

do not take part in the reactions [3, 12]. The method enables to produce ultrafine nanoparticles at 

atmospheric pressure and room temperature. 
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Besides the microplasma discharges, currently, various configurations of microplasma jets have been 

proposed and used as nanomaterial fabrication tools, with different types of power supplies (DC, RF 

or microwave) to ignite and sustain the plasma [3].  

Concerning the microplasma jets, there are two main categories of systems, named microplasma jets 

with consumable wires as electrode and microplasma jets with tubes/external electrode [3].  

Microplasma jets with consumable wires are generally composed by a metal wire, which acts as solid 

precursor for the synthesis of the desired nanostructures and it is inserted inside a capillary tube, as 

reported in Figure 2.  

 

Figure 2. Schematic representation of a microplasma jet with consumable electrode. (The 

schematic refers to the setup reported in [13]) 

 According to the different ways of coupling the power supply, metal/metal-oxide nanostructures 

could be obtained on the wire surface or on the substrate below the plasma jet [3, 14].  

Regarding the microplasma jets with tubes/external electrode, a schematic representation is reported 

in Figure 3.  



172 

 

 

Figure 3. Schematic representation of a microplasma jet with tube used as cathode. (The schematic 

refers to the figure reported in [15]) 

For this kind of microplasma jets, some precursors such as CH4 [16, 17], SiCl4 [18], Ti[OC3H7]4 [19, 

20], Pd(hfac)2 [21] and Cu(hfac)2 [22] can be introduced at the outlet of the tube/electrode and used 

to synthesize the desired products [3].  

Compared with the microplamas using consumable wires as electrodes, this type of microplasma jet 

has a higher degree of flexibility in configuration. Indeed, there are more available ways to couple 

the power supply to the system and several kinds of process parameters could be tuned, such as the 

precursors ratio and the residence time.  

 

9.2.2 Microplasmas for the synthesis of nanostructures in gas and solid phase 

Gas-phase nucleation of nanomaterials in a microplasma from vapour precursors is a natural 

extension of previous studies with low-pressure plasmas [23, 24] and larger scale atmospheric 

plasmas and jets [23, 25, 26]. There are many different precursors, which  can be non-thermally 

dissociated in a microplasma leading to the growth different types of materials (i.e. metals, 

semiconductors and oxides). The general mechanism for nucleation is to introduce the precursor in 

the microplasma and form reactive radical species. At the appropriate process conditions, these 

radicals can collide, react and nucleate small clusters. The clusters will then grow, by additional 

radical or vapour deposition on the particle surface, or agglomerate, through collisions with other 

particles. Finally, the particles will exit the plasma volume as an aerosol flow [23].  
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Compared with low-pressure plasma experiments [27], the particles synthesized by these routes are 

much smaller because of the shorter residence time experienced by the growing particles inside the 

reaction zone [23, 28]. Direct evaporation, sputtering or etching of solid materials is an alternative 

approach that has been explored via atmospheric-pressure microplasma synthesis [1, 13, 23, 29-39]. 

A critical challenge for this method is how to control the mechanism for particle nucleation and 

growth, which depends on many factors including the evaporation rate of the solid metal source. The 

mechanisms responsible for the surface reactions at the solid precursors are still not fully clear and 

further experimental studies are required. Nonetheless, there are significant advantages in using solid 

metals in terms of minimizing the amount of precursor and handling of dangerous gases or other 

chemicals [23, 40]. 

 

9.2.3 Microplasmas for synthesis of nanostructures in a liquid environment 

Recently, the study of the interactions between plasma and liquids has raised a great interest and the 

generation of plasmas at the interface or inside liquids is under investigation for a wide range of 

applications [41-44]. In this frame, microplasmas have been widely demonstrated to be a suitable 

method to induce synthesis of nanostructures directly in liquid phase [44].  

Mariotti et al designeda simple-to-use, one-step approach based on an atmospheric pressure 

microplasma which directly interacts with liquids to synthesize colloidal and electrostatically 

stabilized AuNPs [45, 46]. This synthesis technique does not need any added reducing and/or capping 

agents and only requires a water-based solution of the metal precursor. The synthesis was achieved 

by processing aqueous solutions with HAuCl4 precursor at different molar concentrations by 

microplasma with different discharge currents. 

The plasma was generated across a 0.7 mm gap between the liquid surface and a stainless steel 

capillary (1 mm external diameter and 0.25 mm internal diameter). Inside the capillary, He is flown 

at 25 standard cubic centimetres (sccm) so that the microplasma is largely formed in helium gas. The 

microplasma is sustained by a high DC voltage  applied at the carbon rod, while the stainless steel 

capillary is grounded through a ballast resistor of 100 kΩ. The processing current is maintained 

constant (1–5 mA), while the applied voltage varies (due to changes in the solution conductivity) 

from about 2 kV at the start of the treatment down to about 800 V after 10 min processing.  

The obtained results highlighted that the concentration of the gold precursor determines the size of 

the Au-NPs: increasing the concentration leads to an increase in average diameter. A possible 

explanation is that electrons injected in the solution induce the reduction of the Au-salt, forming Au0 

atoms; these come in contact with each other, leading to NPs nucleation and growth. At higher 
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precursor concentrations, the right average distance between the reduced Au0 atoms would therefore 

lead to larger particles.  

Further experiments performed by the Authors, varying the processing current from 1 to 5 mA at 

different constant HAuCl4 concentrations highlighted that at lower concentrations (0.05 and 0.1 mM),  

HAuCl4 is quickly and completely reduced within a 10 min processing at any current value. 

The colloidal Au-NPs produced with this technique are stable shortly after processing but they tend 

to aggregate over time.  

In order to explain the mechanisms, which lead to the synthesis of AuNPs, the Authors interestingly 

processed water with the same microplasma set-up under the same operating conditions but without 

the gold precursor. After 10 min of plasma treatment of water, a drastic increase of the conductivity 

was observed, the pH decreased from 10 to 3 and H2O2 was formed. When the gold precursor is added 

to the aqueous solution, the overall chemistry of the solution is affected. However, as proposed in the 

work, the interactions of electrons with water molecules remain the same and Au-salt reduction 

becomes a competing reaction path for electrons, determined only by the concentration of HAuCl4.  

According to the mechanism suggested by the Authors, the synthesis of Au-NPs may be initiated by 

the reduction of the Au-salt, due to the presence of electrons in the liquid system. However, salt 

reduction may also result from ‘‘cascaded chemistry’’ by H. radicals [47], H- anions or H2O2. 

Following, gold atoms nucleate by collision and consequently grow into larger and larger NPs. The 

growing AuNPs are expected to leave the reaction zone just below the microplasma [47]. As they 

leave the reaction zone, Au-NPs will find a progressively lower concentration of Au0 atoms until the 

NPs growth is halted due to the absence of reduced HAuCl4 [46, 47]. 

Du et al reported [48] a simple method based on the use of a microplasma to synthesize cuprous oxide 

(Cu2O) NPs in NaCl-NaOH-NaNO3 electrolytic system. Differently from the work previously 

reported, no copper containing salts were used. Microplasma acted as the cathode and a copper plate 

as the anode.  

To carry out the synthesis, a stainless steel tube (0.7 mm inside diameter, 8 cm length) was positioned 

3 cm away from the copper electrode with a gap of 2 mm between the tube end and the liquid surface. 

The stainless steel tube acted as the cathode and the copper sheet as the anode. The copper anode was 

polished and washed with distilled water, and then immerged into electrolytic solutioncontaining 150 

g/L NaCl, 1 g/L NaOH and 1.3 g/L NaNO3 with the distilled water or H2O–ethylene glycol as the 

solvent. At the end of the synthesis, the sediments were centrifuged and washed with deionized water 

and ethanol for several times. Subsequently, the obtained products were dried in a vacuum oven at 

60 °C for 6 h. 
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The effects of electrolytic solution on the results of Cu2O nanoparticles prepared by microplasma 

electrochemical method were firstly investigated. The XRD analysis underlined that when H2O–

ethylene glycol electrolytic system was used, the production of Cu2O nanoparticles was observed, 

while for the distilled water electrolytic system also CuO and CuCl characteristic peaks were found. 

Furthermore, SEM images showed that lots of irregular shape structures were produced when pure 

water was used as solvent, while for H2O-ethylen glycol mix solvent the Cu2O exhibited a spherical 

shape with a diameter size ranging from 0.2 to 2 µm. 

Regarding the mechanism for the Cu2O particles formation, the Authors pointed out that the 

microplasma, being the cathode, produces electrons, which enable to initiate redox reaction in 

solution and the total reaction equation is here reported: 2Cu + H2O = H2 + Cu2O. 

 

9.2.4 Microplasma for surface engineering of nanostructures in liquid phase 

Even though not experimentally carried out during my Ph.D activities, some words have to be spent 

for the functionalization of nanoparticles in liquid phase by means of microplasmas, as it is another 

interesting application of this kind of plasma. 

Mariotti et al have deeply investigated the surface engineering of SiNCs colloids by means of 

microplasma. The SiNCs were presynthesized by electrochemical etching of a silicon wafer and then 

subjected to mechanical pulverization [49-51]. SiNCs produced by this method are mostly hydrogen-

terminated, however their properties in solution tend to degrade easily in contact with water or water 

vapour due to low temperature oxidation [50]. Therefore, the corresponding optical properties are 

also significantly affected. In order to avoid degradation, stable surface passivation is required. 

The microplasma set-up was used in this case with a colloid of Si-NCs in ethanol. A nickel capillary 

with inner diameter of 0.7 mm and outer diameter of 1 mm was positioned 1mm above the surface of 

the Si-NCs colloid to provide Ar flow and a 5mm diameter carbon rod acted as counter electrode. 

The initial voltage was set at 2 kV until the current reached 1.5 mA and it was subsequently adjusted 

to keep the current constant at 1.5 mA. The treated colloids were made of 15 mg SiNCs in 20 mL of 

ethanol and only the supernatant part (10 mL) was extracted for processing immediately after the 

colloid was prepared. 

The analysis of the Si-NCs, including Fourier transform infra-red analysis [49, 51] revealed that Si-

NCs under microplasma processing have undergone a surface modification whereby Si–H bonds and 

other surface terminations have been removed and mostly replaced by Si–O–R terminations. 

Replacement of H-terminations was also seen in the PL measurements [50]. The improved 

passivation by Si–O–R contributes to the increase in PL intensity and the shift can be attributed to a 
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smaller band-gap that has been theoretically predicted when the surface of H-terminated Si–NCs is 

modified. 

 Mariotti et al also demonstrated the possibility to functionalize silicon nanocrystals (SiNCs) by direct 

current microplasma processing in water with poly(3,4-ethylenedioxythiophene) doped by 

poly(styrenesulfonate) (PEDOT:PSS), producing nanocomposites with enhanced optoelectronic 

performances [53]. The achieved results confirmed that SiNCs became stable in water with potential 

application impact for biorelated applications and that the microplasma processing in the presence of 

the polymer helps prevent the fast oxidation process over a longer period of time in comparison to 

the unprocessed sample. Interestingly, the proposed microplasma-based treatment turns out to enable 

the production of SiNCs/polymer nanocomposites that would be difficult to achieve otherwise due to 

the hydrophobic nature of H-terminated SiNCs in water [53]. 

 

To conclude, the proposed studies highlighted that plasma-induced liquid chemistry at atmospheric 

pressure represents a new and growing field that will challenge traditional wet chemical methods for 

nanomaterials synthesis. Furtheremore,the impact of plasma–liquid interactions can be considered as 

a fundamental new approach to activating chemical reactions in liquids. However, further studies are 

still required to get insights on the throughput of the presented method, with aim to evaluate its 

suitability in industrial applications.  

 

9.3 Atmospheric pressure DC microplasma for the synthesis of CuO QDs  

The research activities carried out during my STSM in Prof. Mariotti’s research group were mainly 

focused on the optimization of the experimental setup and investigation of the operating conditions 

for the plasma-assisted synthesis of cupric oxide (CuO) nanoparticles directly in liquid phase. 

 CuO is a versatile p-type material for energy applications capable of imparting diverse functionalities 

when the band-energy structure is manupulated, through quantum confinement, from 1.2 eV (bulk) 

to >2 eV [54-60]. This is an exciting opportunity, as it would make CuO a highly versatile and 

attractive material for a range of applications; for instance, it would be possible to use CuO 

nanoparticles with tuneable properties as absorber or transport/blocking layers in photovoltaic 

devices.  

Various physical, chemical and physicochemical techniques have been employed for synthesizing 

CuO nanostructures [54, 56, 58, 61, 62]. However, these techniques suffer from numerous 

disadvantages including complex and time consuming steps, high temperatures, inert atmosphere, 

expensive source materials, toxic organic solvents and surfactants [63, 64]. The presence of surfactant 

or ligand chemistries is essential for minimising particle coalescence and agglomeration during 



177 

 

standard colloid synthesis; however, such chemistries impact significantly on the resultant 

nanoparticle optoelectronic properties and restrict the opportunity for bandgap tuning. Synthesis of 

non-agglomerated and pure CuO nanostructures is imperative for their successful integration in 

application devices [65, 66], and therefore developing an alternative, cheap and environmentally 

friendly synthesis method is highly desirable. 

The plasma process for synthesis of CuO nanostructure, set up during the STSM in Prof. Mariotti’s 

group, is a stable one-step approach for producing CuO quantum dots (QDs) from a bulk copper 

electrode in liquid. It is worth pointing out that no surfactant and/or capping agents or Cu containing 

salts were used in liquid phase. 

The experimental setup and the characterization of the produced colloids and nanoparticles are here 

reported. A more thorough description of the results here reported and of those concerning the 

applications of the so-produced CuO QDs into third generation devices will be available after 

publication of our scientific paper “One-Step Rapid Synthesis of CuO Quantum Dots with Tailored 

Energy-Band Structure for All-Inorganic Solar Cells”, recently submitted to Nature Communications 

[67].  

 

9.3.1 Experimental part 

For the synthesis of CuO QDs, an atmospheric pressure direct current (DC) microplasma (Figure 4) 

generated between a the tip of a Ni tube (0.7 mm internal diameter, 1 mm outer diameter) and 5 mL 

of ethanol was employed. A Cu foil, immersed by 5 mm in ethanol, was used as the anode and was 

placed at about 3 cm from the Ni tube which acted as the cathode. The distance between the Ni tube 

and the liquid surface was initially adjusted at 1 mm. Pure He was flown through the Ni tube and its 

mass flow rate was kept constant at 50 sccm. The voltage, applied to the Cu foil with the Ni tube 

grounded through a 100 kΩ ballast resistor, was initially set at 3 kV until the current reaches 0.5 mA. 

The current value was maintained constant throughout the whole process by progressively lowering 

the voltage from 3 kV to around 2 kV, in order to compensate the increase of the conductivity of the 

ethanol.  
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Figure 4. Experimental setup for synthesis of CuO QDs [67]. 

 

The synthesis initiated as soon as the microplasma was generated and after a few minutes the solution 

started turning yellow, due to the formation of QDsThe results reported here will relate to CuO QDs 

produced for a total of 30 min in 10 min consecutive processing steps. Figure 5 reports photos of the 

solution after 10, 20 and 30 min of plasma treatment  and it clearly highlights the change of the colour 

of the solution turning into a colloid during the synthesis process. 

 

Figure 5. Photographs of the processed samples after (I) 10 min (II) 20 min and (III) 30 min 

processing [67]. 

Following the synthesis, the CuO QDs were characterized without any post-synthesis treatment. The 

morphology of the synthesis of QDs was investigated by means of the transmission electron 

microscopy (TEM; JEOL JEM-2100F) performed on samples drop-casted on carbon coated Au grids. 

The crystal structure was determined by transmission electron microscope (TEM) and X-ray 

diffraction (XRD, Bruker D8 Discover); XRD analysis was carried out on as-prepared colloids, which 

were spray-coated and dried on a silicon wafer. The chemical composition was assessed by X-ray 

photoelectron spectroscopy (XPS) with an Axis Ultra DLD spectrometer (Kratos Analytical, Japan) 

with monochromated Al Kα X-rays source and by Fourier transform infrared spectroscopy (FTIR, 

I II III 
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Thermo Scientific, Nicolet iS5, 4 cm-1, resolution, totally scanned it for 50 times in N2 atmosphere). 

Sample preparation for XPS was carried out by drop-casting the colloids on molybdenum foil and 

dried. FTIR analysis was carried out from as-prepared colloids, which were spray-coated and dried 

on a silicon wafer. 

 

9.3.2 Results and Discussion 

The TEM analysis of the produced QDs highlighted the presence of non-agglomerated QDs, as 

reported in Figure 6a. The analysis of hundreds of QDs indicated the presence of spherical particles 

with a diameter distribution that is closely fitted with a log-normal distribution (1.9 nm arithmetic 

mean and ±0.49 nm variance) (Figure 6b). 

 

Figure 6. (a) Low magnification transmission electron microscopy image of CuO quantum 

dots and (b) corresponding diameter distribution with resulting arithmetic mean and variance [67]. 

 

The high resolution TEM (HRTEM) images, shown in Figure 7, clearly highlights the existence of 

atomic fringes indicating a crystalline structure.  

 

 

a) b) 
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Figure 7. High resolution transmission electron microscope image of the CuO quantum dots and 

corresponding fast Fourier transform (FFT) image (insert) [67]. 

 

The XRD analysis, Figure 8, reported the presence of peaks corresponding to monoclinic CuO phase 

and the absence of other peaks suggesting a very high purity of the synthesis product; the high 

intensity peak around 70° originates from the Si substrate. 

 

Figure 8. X-ray diffraction spectrum of the spray coated CuO quantum dots film on a silicon wafer 

[67]. 

 

Figure 9a reports the FTIR spectrum of the spray-coated CuO QDs onto Si wafer and details the 

assignment of the corresponding peaks. The absorption peaks from 420 cm-1 to 700 cm-1 belong to 

the CuO [54-56, 68]. In particular, the peaks at 428 cm-1, 503 cm-1 and 536 cm-1 are characteristic 

stretching vibrations of Cu-O on monoclinic CuO, the absorption at 447 cm-1 represents the stretching 

mode of Cu-O [59, 68] and the absorption at 485 cm-1 is due to the Cu-O stretching along [101] 

direction [60]. Furthermore, the absence of the infrared-active modes at 610 cm-1 from the Cu2O 
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phase confirms the purity of the CuO phase [59]. The XPS spectrum of the QDs is displayed in Figure 

9b. The Cu 2p core level binding energies at 934.8 eV and 954.5 eV are attributed to the Cu 2p3/2 

and Cu 2p1/2, respectively [69]. 

 

Figure 9. (a) Fourier transform infrared spectrum of spray-coated CuO quantum dots (QDs). (b) X-

ray photoelectron spectra of Cu 2p core level for CuO quantum dots [67].  

 

Despite much recent progress, many aspects that can lead to a description of this non-equilibrium and 

complex interface are still under debate. Nonetheless, hybrid plasma-liquid systems are producing 

important contributions to nanomaterial synthesis and surface treatment [48, 70, 71, 45, 46, 72-74]. 

With the current knowledge of plasma liquid-interactions, some mechanisms leading to the formation 

of the CuO QDs are hypothesized: 

Cu(0) → Cu1+ + e- 

Cu1+ + e- (solvated) → Cu(0)  

Cu(0) + H2O2 → CuO + H2O 

The first reaction is the result of passive anodic dissolution as expected due to the applied current 

[26], where the resulting electron closes the current loop into the copper electrode. Reduction of Cu-

ions, from an oxidation state of 1 or 2 to Cu(0), however, does not take place as in standard 

electrochemical cells due to the absence of a solid counter-electrode. On the contrary, at the plasma-

liquid interface, solvated electrons [76] act as reducing agent producing atomic Cu(0). 

The plasma-ethanol interface is also known to produce radicals leading to the formation of H2O2 [46, 

73, 77] and we have confirmed that also in our case hydrogen peroxide is produced and consumed 

[78]. The interaction of locally-produced (i.e. at the plasma-ethanol interface) hydrogen peroxide with 

reduced copper atoms then leads to the formation of CuO [79], where the very high reaction rates of 

solvated electrons and the non-acidic prevents the decomposition of hydrogen peroxide through 
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Fenton-like reactions with the Cu-ions [80, 81]. The size of the QDs is then determined by the local 

concentration of coalescing CuO. 

 

9.3.3 Conclusions 

In summary, although additional investigations are to be performed to evaluate on the throuput of the   

proposed method, it has been demonstrated that high quality and high purity CuO QDs can be 

synthesized with a simple and environmentally friendly one-step synthesis method, without requiring 

surfactant/capping agents or Cu-containing salts in liquid phase. Further investigations performed by 

Prof. Mariotti’s groups demonstrated that the synthesized CuO QDs show quantum confined 

properties, which suggest the possibility of using Cu-based oxide for different applications and 

importantly with size-dependent functions in solar cell devices through appropriate energy-band 

structure engineering.  
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[80] P. Rumbach , D. M. Bartels, R. M. Sankaran, D. B. Go, Nat. Commun. 2015, 6, 7248. 

[81] M. C. Kang, H. S. Nam, H. Y. Won, S. Jeon, H. Jeon, J. J. Kim, Electrochem. Solid-State Lett. 

2008, 2, H32. 

 

 

 

 

 
 

 

 



186 

 

Acknowledgments 

 
My dissertation will never be complete without thanking people who guided and accompanied me, 

making my Ph.D one of the most beautiful period of my life, always full of enthusiasm and 

motivations. 

 

Maybe I would not have undertaken the Ph.D studies, if I had not met Prof. Vittorio Colombo, who, 

with his valuable teachings and advice, has had a fundamental importance in my growth as person 

and young researcher. I will never manage to thank him enough for all the opportunities he gave to 

me and I will always be grateful for the real privilege I have in learning from him and working in his 

group. 

 

I absolutely must and want to especially thank Matteo for his friendship, for all the hours spent 

together in our conversations about science, for guiding me during the research activities, for his 

always worthy suggestions and helpful support. I consider myself very lucky to have the opportunity 

to work with him. 

 

A great acknowledgment to Marco, Romolo, Augusto, Lele, Enrico and Anna, definitely the best 

friends of ever, for the countless hours spent together in lab, for the scientific and non-scientific 

discussions, for being always present when help is needed. Thank you for your sympathy, for your 

way of being, for your love for work and life. 

 

Great thanks also go to Prof. Maria Letizia Focarete from the Chemistry Department at Alma Mater 

Studiorum-Università di Bologna, for her availability in sharing knowledge, for all the valuable 

teachings and the interesting research activities carried out together.  

 

Many thanks to Prof. Davide Mariotti from Ulster University for welcoming me in his group during 

my short term mission, for the scientific conversations and the constructive collaboration we managed 

to set up. 

 

A special acknowledgement goes to Prof. Lia Rimondini, Dr. Andrea Cochis and Prof. Barbara 

Azzimonti, from the University of Piemonte Orientale, for all the research activities performed 

together.  

 

Thanks to Prof. Antonino Pollicino from University of Catania, for his great availability in 

collaborating with our group, for the valuable teachings and worthy suggestions.  

 

An acknowledgment goes to Prof. Piero Favia from the University of Bari, for the instructive 

scientific conversations, and to the whole Scientific Community to which I proudly belong, for all 

the valuable scientific works, useful debates and talks, which contributed in widening my knowledge 

and in increasing my love for the scientific research activities.   

 

Finally, a sincere acknowledgment goes to the Department of Industrial Engineering (DIN) and to 

the Advanced Mechanics and Materials, Interdepartmental Center for Industrial Research, Alma 



187 

 

Mater Studiorum—Università di Bologna. Many thanks go to AlmaPlasma srl, our spin-off, to which 

I wish all the best and a more than bright future, for all the fantastic, exciting and stimulating 

opportunities to put in practice the acquired knowledge. 

 

 

 

 

 


