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| like the scientific spiréd the holding off, the being sure but not too sure, the willingness to
surrender ideas when the evidence is against them: this is ultinfiat#yit always keeps the way
beyond oped always gives life, thought, affection, the whole man, a chance to try over again

after a mistaké 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 mogagige and promising technologiesour time.

Concerning the branch of thermal plasmas, the efforts caitad 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 termal plasmas in the industrial sector.

Conversely, the potentialities offered by pequilibrium plasmas, especially if working at
atmospheric pressure, are still far away to be totally understood, since the surprising and, sometimes,
unpredictable restd 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 resultsn several fieldsi.e. materials modification, coatinggpbsition, decontamination

of solid and liquid substratestimulate the vision of thesuccessfuluse of nonequilibrium
atmospheric plasmalso called cold atmospheric plasma (CABhnology known to be highly
environmentally friendly, flexible, eagilscaling up or down, in substitution of conventional
techniques.

Furthermore, besides the application&P in the industrial sector, the results of the experimental
studies performed in the field placed at the front edge of plasma research aethdtieserred as
Plasma medicinkighlighted 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 bgifspenechanisms occurring during the
interactions between plasma artdeated substrate (solid, liquid, polymeric or biologic).
Unfortunately, the knowledge gained faris not enough to provide an exhaustive interpretation to
these mechanisms, which are generally quite different frmse ofconventional processes, and an
interdisciplinary approach is strongly requitedimprove the understanding of the plasma induced
effects

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

with all the different substrates would enable to better control each plasma process and to further
widen the fields of possible applications. Furtbrdies 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 achievementhi aim.



Outline

During my Ph.D studies at Almadfer Studiorum Universita di Bologna, | have been thoroughly
involved in the activities of the Research Group for Industrial Application of Plas&kRg{oup)
heaadby Prof. Colombo.

| focused my studies mainly on the setup and optimizatid@Ad?-assisted processes for materials
modification, coating deposition, crosslinking of polymers and synthesis of nanostructures in liquid
phase. | also had the opportunity to take part to other research activities dealing with the investigation
of the physichcharacteristics of the plasma discharge by means of the employment of diagnostic
techniqus and with interesting applications GAP in the field ofPlasma medicine

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

from the research activitiesrried ouin the wide and interesting field of plasma and materials.

The first part of the work is mainly aimed at @stigating the potentialities aCAP for the
modification of materials, coating deposition and crosslinking of polymers. In the first two chapters,

| will briefly summarize the conventional techniques and3A® approaches most employed to carry

out the pocesses | dealt with during my studies. In the other chapters, organized by topic, the results
achievedduring my research activities in the fields sdirface material modification, coating
deposition and crosslinking of polymevgl be presented and aigssed. 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 insteuctiNaborations between the I1&foup

and ResearcBroups 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 Universita diBologna), Prof. Adriana BigiAlma Mater Studiorum
Universita diBologna), Prof. Laura CalzaAlma Mater Studiorum Universita diBologna), Prof.

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

Catania) are gratefiyl acknowledged.

The second part of the dissertation is linked to the research activities | performed during my short
term scientific mission (STSM), granted by the CMST COST Action TD1Zbictrical Discharge
with Liquids for Future Applicationundertakenin Prof Marid t i 6 s research gr
University, Northern Ireland, UK. As reported in the related chapters, the STSM and the collaboration
with Prof. Mariotti enabled to garner useful knowledye the potentialities of plasraduced
chemistry in a liquid envirament for the synthesis of nanostructures. Similarly to thedirgtthe
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second part of the dissertation wiitst present an overview othe conventional methods for
nanastructures synthesis, while the |lastapter will be devoted at illustratinbe gasma assisted
processes for nanoparticles production gnedexperimental activitidsperformed during the STSM,

aimed at synthesising nanostructune liquid phase by means GAP.

The presented activities were developed in the framework of the éamopetworking projects
MPNS COST Action MP1101- Biomedical Applications of Atmospheric Pressure Plasma
Technology and CMST COST Action TD12G8Electrical Discharge with Liquids for Future
Application andthe FARB @Alma Mater Studiorum Univerista di Bdogna grant for fundamental
researchprojectP L AS MAT -@issisted s preparation and modification of molecular
and macromol ecul ar materials for bi qgwthidthec al ,

activities of IAP Groumt Alma Mater Studiorum Universita diBologna)

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. Colonubo
Gherardi, Cedeposition of plasmpolymerized polyacrylic acid and silver nanopatrticles for
the production of nanocomposite coatings using aetpnlibrium atmospheric pressure
plasma jet, Plasma Processes and Polymers 2015, DOI: 10.1002/ppap.2315001

2. A. Liguori, A. Pollicino, A. Stancampiano, F. Tarterini, M. L. Focarete, V. Colombo, M.
Gherardi, Deposition of plassmolymerized polyacrylic acid coatings by a nonequilibrium
atmospheric pressure nanopulsed plasma jet, Plasma Processes and POLGNEBs 275.

3. A. Liguori, L. Paltrinieri, A. Stancampiano, C. Gualandi, M. Gherardi, V. Colombo, M. L.
Focarete, Solibtate Crosslinking of Polysaccharide Electrospun Fibers by Atmospheric
Pressure Noiequilibrium Plasma: A Novel Straightforward ApproaBltasma Processes and
Polymers 201512, 1195.

4. L. S. Dolci, S. D. Quiroga, M. Gherardi, R. Laurita, A. Liguori, P. Sanibondi, A. Fiorani, L.
Calza, V. Colombo, M. L. Focarete, Carboxyl Surface Functionalization of Rtagic acid)
Electrospun Nanofiberdghrough Atmospheric Neithermal Plasma Affects Fibroblast
Morphology, Phsma Processes and Polymers 2012203.

5. A. Liguori, A. Bigi, V. Colombo, M. L. Focarete, M. Gherardi, C. Gualandi, M. Oleari, S.
Panzavolta, Crosslinking of gelatine by means ofiaspheric pressure naguilibrium
plasma: a green and easy methodyesubmitted.
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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 plasmataftsarly
bacteria adhesion and decontamination of soft reline palatal obturators, submitiedtd
of Biomedical Materials Research Part B

7. T. Velusamy, A. Liguori, M. Maciadontero, M. Gherardi, V. Colombo, P. Maguire, D.
Mariotti, OneStep Rapid Sythesis of CuO Quantum Dotsth tailored energypanddiagram
for all-inorganic solar cellssubmitted to Nature Communications.

8. L. S. Dolci, A. Liguori, A. Merlettini, L. Calza, M. Gherardi, V. Colombo, M. L. Focarete,
Antibody immobilization on poly(tactic acid) nanofibers advantageously carried out by
means of a neequilibrium 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. RanuPaly-L-lactic acid
nanofiber polyamidoamine hydrogel compositgsrepardion, properties and preliminary
evaluation as affolds for human pluripotent stem cell uturing, submitted to

Macromolecular Bioscience

Furthermore, | took part into other research in the fiellama medicinand diagnostic of plasma
dischargs, which led to the following scientific works:

1. E. Simoncelli, D. Barbieri, R. Laurita, A. Liguori, Atancampiano, 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. Lata, 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. Gizedi, 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. Gheradi, E. Turrini, R. Laurita, E. De Gianni, L. Ferruzzi, A. Liguori, A. Stancampiano,

V. Colombo, C. Fimognari, Atmospheric N&guilibrium 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 Multiimaging of Repetitive Unipolar NanoseceRdlsed DBDs, IEEE
Transactions on Plasma Science, Images in Plasma Science 20101, 42,

6. S. Bianconi, F. Cauvrini, 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 Ttamsaon 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, Higipeed and Schlieren imaging of a low power inductively
coupled plasmaaairce 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 higbeed imagingfoa nanosecond pulsed atmospheric pressure

nonrequilibrium plasma jet, Plasma Chemistry and Plasma Processes 2014, 34, 4.

The results have been also presented at international conferences:

1. Nonrequilibrium nanopulsed plasma jet for the synthesis of celpased nanostructures in
liquid environmentsoral presentation at International Conference on Electrical Discharges
with Liquids (ICEDL 16) Kocaeli University, Turkey, 237 March 2016.

2. Plasma treatment of materials and for materials synthesigresantatiorat (Micro)Plasma
& Microstructures, Ghent University, Belgium,-26 November 2015.

3. Atmospheric norequilibrium plasma sources and processes with a focus on plasma medicine
and antibacterial applications, oral presentation at-G8CGCRR9/SPR33, Honolulu, USA,

12-16 October 2015.

4. Effective decontamination of soft relised oral cancer shutters by means ofthermal
atmospheric plasma, poster presentation at Joint meeting of COST Actions CMST TD1208
and MPNS MP1101, Bertinoro, Italy, I 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, Bent Italy, 1316 September
2015
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6. Atmospheric pressure ndghermal plasma for imparting water resistance properties to
pullulan electrospun newoven mats, poster presentation at Joint meeting of COST Actions
CMST TD1208 and MPNS MP1101, Bertinoro, Ital; 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, 1316 September 2015.

8. Single step process fateposition 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,183September 2015.

9. Non-equilibrium atmosphecipressure plasma jet driven by a nanosecond pulse generator for
acrylic acidi plasmgolymerization, poster presentation at Joint meeting of COST Actions
CMST TD1208 and MPNS MP1101, Bertinoro, Italy; 18 September 2015.

10. PlasmMiPlasma Mobile Inactivatocold plasma smartphone sanitizer to reduce hospital and
communityacquired bacterial diseases, poster presentation at Joint meeting of COST Actions
CMST TD1208 and MPNS MP1101, Bertinoro, ltaly; 13 September 2015.

11. Atmospheric pressure DC microplasfoathe surfactantree synthesis of CuO nanoparticles
in a liquid environment, oral presentation at Joint meeting of COST Actions CMST TD1208
and MPNS MP1101, Bertinoro, Italy, 1% September 2015.

12.In vivo investigation on the effects of plasma actidateater against plant pathogenic
bacteria, poster presentation at Joint meeting of COST Actions CMST TD1208 and MPNS
MP1101, Bertinoro, Italy, 1:36 September 2015.

13. Characterization of a cold nanopulsed plasma jet inffose configuration and imping on
different substrates, poster presentation at Joint meeting of COST Actions CMST TD1208
and MPNS MP1101, Bertinoro, Italy, % September 2015.

14. Advanced investigation of electrical and fledggnamic parameters on a nanopulsed plasma
jet impinging on a ligud substrate, poster presentation at Joint meeting of COST Actions
CMST TD1208 and MPNS MP1101, Bertinoro, ltaly; 183 September 2015.

15.Investigation of the antimicrobial activity at safe levels for eukaryotic cells of a low power
atmospheric pressure indively coupled plasma source, poster presentation at Sixth Central
European Symposium on Plasma Chemistry (CEB6RBressanone (ltaly), September 2015

16. Multi-diagnostic investigation of a naquilibrium atmospheric pressure plasma jet driven
by nanosecondioltage pulses in freBbow configuration and while imping on different
substrate, oral presentation at Sixth Central European Symposium on Plasma Chemistry
(CESPC6),Bressanone (Italy), September 2015.
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17. Surface characterization of plasimalymerized polyarylic acid thin film deposited by means
of a nanosecond pulsed plasma jet, oral presentation at Sixth Central European Symposium
on Plasma Chemistry (CESHS),Bressanone (Italy), September 2015.

18.Investigation of the efficacy of plasma gun decontaminatioralistic root canal models for
endodontic applications, oral presentation at Sixth Central European Symposium on Plasma
Chemistry (CESP®),Bressanone (Italy), September 2015.

19.1n vivo investigation on the effects of plasma activated water againspplduaigenic bacteria
poster presentation at 22th ISPC, Antwerp, Belgium, July 2015.

20. Characterization of a cold nanopulsed plasma jet inrffose configuration and imping on
different substrates poster presentation at 22th ISPC, Antwerp, Belgium, 1&ly 20

21.Advanced investigation of electrical and fledgnamic 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 éokaryotic 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 reliimsed oral cancer shutters by means ofthemmal
atmospheac 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 ndghermal plasma for imparting water resistance properties to
pullulan electrospun newoven mats, poster presentation at 22th ISPC, Antwerp, Belgium,
July 2015.

26. Effective deposition of plasmaolymerized 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 reli#fased oral cancer shutters by means ofthemmal
at mospheric pl as ma o] post er le Biomatkrah SIBt i on
Portonovo, Ancona (Italy), June 2015

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 P&mna Science (ICOPS) Belek, Antalya (Turkey), May 2015.
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29. Investigation of antibacterial efficacy of a plasma gun source for endodontic applications,
oral presentation at the 42nd IEEE International Conference on Plasma Science (ICOPS)
Belek, Antalya (Turkey May 2015.

30. Characterization of a cold atmospheric pressure plasma jet driven by nanosecend high
voltage pulses, oral presentation at the 42nd IEEE International Conference on Plasma
Science (ICOPS) Belek, Antalya (Turkey), May 2015.

31. Atmospheric pressarnonthermal plasma for the production of composite materials, oral
presentation at the 42nd IEEE International Conference on Plasma Science (ICOPS) Belek,
Antalya (Turkey), May 2015.

32.Crosslinking of watesoluble pullulan nanofibrous mats through atmesigh plasma
treatment, oral presentation at the 42nd IEEE International Conference on Plasma Science
(ICOPS) Belek, Antalya (Turkey), May 2015.

33. Advanced investigation of the interaction between a plasma jet and a liquid surface: influence
of electrical andluid dynamic parameters, oral presentation at the 11th biennial Frontiers in
Low Temperature Plasma Diagnostic (FLTPD) workshop, Porquerolles Island (France), May
2015

34.Advanced investigation of the interaction between a plasma jet and a liquid surface: influence
of atmosphere and substrate composition, poster presentation at the 11th biennial Frontiers in
Low Temperature Plasma Diagnostic (FLTPD) workshop, Porquerslisdl (France),May
2015.

35.Direct and indirect treatment of prokaryotic and eukaryotic cells in liquid medium by means
of a low power inductively coupled plasma (icp) torch: evaluation of antibacterial effects and
cytocompatibility, oral presentation atet2nd Annual meeting of COST Action TD1208,
Barcelona, Spain, 2015.

36.Plasma gun decontamination of bacteria in liquid suspensions, poster presentation at the 2nd
Annual meeting of COST Action TD1208, Barcelona, Spain, 2015.

37.Characterization of a neaquilibrium atmospheric pressure plasma jet driven by nanosecond
voltage pulses, oral presentation at 20th Symposium on Application of Plasma Precesses
SAPP XX, Tatranska Lomnica, Vysoké Tatry, Slovakia227September 2014

38.Plasma gun decontamination lodcteria in liquid suspensions, poster presentation at 20th
Symposium on Application of Plasma Process8APP XX, Tatranska Lomnica, Vysoké
Tatry, Slovakia, 1722 September 2014
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39. Investigation of the effectiveness of a gatling machineldggnplasma sowe for biomedical
applications and materials treatment, poster presentation at 14th International Conference on
Plasma Surface Engineering, Garmigdrtenkirchen, Germany, 1% September 2014

40.Non-equilibrium plasma sources and processes with a focustidraeterial applications and
sterilization, keynote lecture at 14th International Conference on Plasma Surface Engineering,
GarmischPartenkirchen, Germany, 11D September 2014

41. Atmospheric plasma surface modification of electrospun ptdgfic acid): &ect on mat
properties and cell culturing, poster presentation at 26th Annual Conference of the European
Society for Biomaterials (ESB), Liverpool, UK, 31 Augiis? September 2014

42. Atmospheric plasma surface modification of electrospun pedtic acid) effect on mat
properties and cell culturing, poster presentation at 3rd International Conference on
Electrospinning, San Francisco, USA, 4 August 2014

43.Processes and sources for biomedical and material applications in UNIBO, poster presentation
at Godon Research Conference on Plasma Processing Scieklzmy Scales, Many
Applications, One Discipline, Bryant University, Smithfield, USA;22 July 2014

44.Processes and sources for biomedical and material applications in UNIBO, oral presentation
at GordonResearch Seminar on Plasma Processing ScienceEdlahbrium Plasma
Diagnostics, Modeling, and Applications, Bryant University, Smithfield, USA22&uly
2014

45.Nonthermal plasma promotes apoptosis andaglle arrest in a lymphoma cell line, oral
presentation at 5th International Conference on Plasma Medicine (ICPM5), Nara, Japan, 18
23 May 2014

46. Investigation of the effectiveness of a low power inductively coupled plasma source for
biomedical applications, oral presentation at 5th Internationalfe@amce on Plasma
Medicine (ICPM5), Nara, Japan, 123 May 2014

47.Plasma source for fast and continuous purification of water flows, poster presentation at 5th
International Conference on Plasma Medicine (ICPM5), Nara, Japai23ligay 2014

48. A novel plasma based teeth whitening technology, poster presentation at 5th International
Conference on Plasma Medicine (ICPM5), Nara, Japan238ay 2014

49.Diagnostics of a low power inductively coupled plasma source for potential biomedical
applications, poster psentation at 5th International Conference on Plasma Medicine
(ICPM5), Nara, Japan, 183 May 2014
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50. Antimicrobial activity of a low power inductively coupled plasma source at safe levels for
eukaryotic cells, poster presentation at 5th International Gamderon Plasma Medicine
(ICPM5), Nara, Japan, 183 May 2014

51. Atmospheric pressure naquilibrium plasma for the production of composite materials,
poster presentation at 5th International Conference on Plasma Medicine (ICPM5), Nara,
Japan, 18 23 May D14

52.Investigation of the effectiveness of a Gatling machineldggnplasma source for biomedical
applications and materials treatment, poster presentation at 5th International Conference on
Plasma Medicine (ICPM5), Nara, Japan, 23 May 2014

53.Comparisonof the growth inhibition potential of different dielectric barrier discharge
operating regimes, poster presentation at 5th International Conference on Plasma Medicine
(ICPM5), Nara, Japan, 1823 May 2014

54.Plasma as a new odontoiatric tool to improve anfd adhesion, poster presentation at 5th
International Conference on Plasma Medicine (ICPM5), Nara, Japaz3lglay 2014

55.Investigation of the effectiveness of a low power inductively coupled plasma source for
biomedical applications, invited presentatiat COST TD1208 Annual meeting, Lisboa,
Portugal, 10 13 March 2014

56. Investigation of the effectiveness of a gatling machineldgenplasma source for biomedical
applications and materials treatment, poster presentation at COST TD1208 Annual meeting,
Lisboa, Portugal, 1013 March 2014

57.Plasmaassisted electrospinning: the many facets of a process, oral presentation at Workshop
on Atmospheric Plasma Processes and Sources, EU COST MP1101, Bohinjska Bistrica,
Slovenia, 22 23 January 2014

58.Processes and wa@es for biomedical and surface treatment applications in UNIBO, invited
presentation at Workshop on Atmospheric Plasma Processes and Sources, EU COST
MP1101, Bohinjska Bistrica, Slovenia, P23 January 2014

59. Atmospheric plasma surface modification oéatospun poly(tactic acid): effect on mat
properties and cell culturing, oral presentation at MiMigterials in Medicine 2013, Faenza,

Italy, 8-11 October 2013

60. Surface modification of poly(dlactic acid) electrospun scaffold by atmospheric plasma:
scafbld properties and fibroblast morphological response, oral presentation atl\§SIB
Roma, Italy, 2428 September 2013

61.Increasing cell viability of 3D scaffolds for tissue engineering by means of an atmospheric
pressure plasma jet, poster presentatidBR€21, Cairns, Australia; @ August 2013
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62.Effect of atmospheric pressure requilibrium plasma treatment on pélylactic acid
electrospinnability, poster presentation at ISPC21, Cairns, Austréli&ugust 2013

63. Study of the effect of atmospheric prass plasma treatment on electrospinnability of poly
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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 sbanasdical applications, fabrication

of protective coatings, composite materials and microelectronic devicefi|rthiachnology, and so

on [1]. Generally, specific surface properties such as chemical composition, hydrophilicity,
roughness, conductivitylubricity, 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 @il theet
requirements needed for these applications. In order to ovetb@iienitation, the modification of
surface properties of polymers avéien required to transform inexpensive materials into highly
valuable finished products [2].

Recently, thedrefront sector of the tissue engineerinas attracted a great interesttivities inthis

field, merging the principles of biology, medicine and engineering, aim at replacing damaged or
missing biological tissues with functional artificial substitutegl[2named scaffolds, consisting in

most cases in polymeric materials, selected for their stremgtimechanical 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
undesiredissues 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 propemis and preventing the occurrence of unwanted inflammatory response, the
interactions between material and cells must be understood [2, 6].
Generally, cells bind to the extcallular matrix (ECM) through the cell membrane receptors. There
are several claes of these receptors, also called protrusions, which are micresizeisheelike
structures composed of an actin filament mesh vathither end, smaller hailike protrusions,
Afil opodi ao, consisting of | osseapsorottheienviroarenti n f
of the cell. When the filopodia find a suitable binding site, @aled receptor binding site, the
filopodia bind to this site, and a feedback signalling pathway within the cell allows more receptors to
be localized in thategion of the cell. One class of receptors include the integrins, which bind
selectively to specific binding sites such as @ty-Asp (RGD) tripeptide found in cell adhesive
proteins such as vitronectin, laminin, and fibronectin [2, 6].
Considering biomatriakcell interactions, these receptors sensestireoundingenvronment of the
cell, which is thebiomaterial surface. If this surface contains binding sites, similar to the natural
ECM, it can be referred as a biomimetic material. As a consequentsewdeinteract 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 &t of cytoskeletal organization formation [2, 6].

The presence of the functional groupan be stated to directly influentiee cell adhesion and
differentiation [6]. Indeed, several papers demonstrated the sulépemdent 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, undeglihe 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
themorphology 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 fibronectihdp, 9

The surface functionalization of polymers is not only required to p@ngetl adhesion and
proliferation, but also to enable the immobilization of drugs, enzymes, antibodies or other biologically
active species, leading to the fabrication ofdative scaffolds, demanded for a variety of biomedical
applications. While the ehuse of the biactive 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 tduicérdhe type and
guantity of reactive functional groups, the covalbimding 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 far 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
communitiescalled 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 dastamt 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 oveew 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 ér 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 antested 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 confespiit characteristics to the

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

As reviewed and deeply documented by Desmet a°
as a Versatile Strategy for Polymeri Bi omat eri als Surface Modific
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 thet-ehemical methods and concerns the reactions between

a chemical compound in solution and the surface of a solid material. Examples of this technique
include aminolysisachemical 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, wligls onthe cleavage of
chemical bonds by the addition of water. When a polyester is hydrolyzed via autocatalytic cleavage
of mainchain estebonds, hydroxyl and carboxyl emgploupsare generated, with an increase of
roughness and hydrophilicity of the surface [6, 18, 19]. In some cases, both enhanced cell attachment
and spreading arebtained In general, subsequent immobilization of natural proteins tends to
increase cell adhesi@and viability.

Wet chemical methods are very effective, but they present relevant drawbacks linkefheo thest

they are not green technology and they can lead tespedificreactionsjrregular surface etching

and surfacelegradation witlareducton 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 irragigatificantly
increased thdinetics of the process [6, 21]. This observation could be attributdueifferent
pathways for both methods. As for watemical treatment, this is a nepecific technique and
dependnton theUV/ozone procedure adopted for the functionalization@edning 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 functionaliés are introduceihto the surface. UV can be applied while the sample

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

monomer solutior6].

The most common radi at i o nradiatiop @anddeam radeiation [6,138]. n d u ¢
lon beams are used in order to achieve ion implantation in the outer surface layer or to deposit
coatings. Many different ions have been employed fodiatang polymers such as hydrogen and
helium atoms, as well as ions of gold or uranium. lon implantation does not directly introduce
functional groups onto the surface but the surface chemistry, and thus the surface properties, are
changed. For the treatmieof polymersthe high energy irradiation can cause additional chemical
effects: free radicals can recombine, leading to eliokgg, and chains can be cleaved, leading to

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

Selfassembly is class oprocessswhere a disordered system of components forms and organizes

a structure or pattern as a consequence of specific, local interactions among the components
themselves, withouhputs from the outside of the systelm.the case of surfaces, this implies that
certain molecules are able to interact with a surface and form-asselnbled monolayer (SAM) on

the surface. Depending on the chemical structure of the molecules making up théayRAM

different functionalities can be introduced otie surfacég].

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 adhesionlsfdigdctly ontothe polymeror to

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

order to achieve the desired biocompatibility or-&abivation of the material.

The major method® immobilize a bioactivecompound to a polymeric surface are adsorption via
electrostatic interactions, ligaigkceptor pairing, and covalent attachment. fdowalent adsorption

is sometimes desirable, as in certain drug delivery applications [13, 27]. It is also approphate in t
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 lsarused to extend the hiife of a
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biomolecule or allow for continued bioactivity ofdwelling 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 Imactive 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 numerousadnjoigation methods

based on the covalent immobilization, one of the most common techisighe 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{ulfo)

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

1.3 Conventional methods for the crosslinking of polymers

Among the wide range of polymers, an interesting class is represented byctlieddiopolymers,
which being produced by living organisms (plants, microorganisms;egiesents a sustainable and
renewable resource, in contrast with the quickly depletable feedstocks of polymers deriving from

petrochemicals or chemical processes.

Like polymers, biopolymers are chdike 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 arengxa-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 moreicandom
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 findvide 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 interestingroperties, 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 stepnsuremanufacture stality 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 anatemand
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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 bardsligomeric 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 reportedby Henninket ali n t heir wor k HANovel crosslinki
published on Advanced Drug Delivery Reviews in 2012, different chemical and physical approaches
have been developed for polymer crosslinking [30]. The most relevant methotélanidjues 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 agePoly(2hydroxyethyl methacrylate) (pBHEMA) 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
varietyof other hydrogel systems has been synthesized [30, 31]. The hydrogel characteristics, among
which the swelling, can be modulated by the amount of crosslinker. Moreover, sensiiive
materials can be obtained by the addition of e.g. methacrylic peigdnsitive gels [32]) or N
isopropylacrylamide (temperatusensitive gels [33]). Besides the radical polymerization of mixtures

of vinyl-monomers, chemically crosslinked hydrogels can also be obtained by radical polymerization
of watersoluble polymerslerivatized with polymerizable groups. Different watetuble (synthetic,

semisynthetic 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 ggence of functional groups (mainly OH, COOH, NH2) in the chemical
structure of watesoluble polymers to create covalent linkages between the polymeric chains through
inducing reactions between functional groups with complementary reactivity, such asren a

carboxylic acid or an isocyana@H/NH2 reaction.

Watersoluble 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 gegndh contrastaminecontaining

polymers can be crosslinked with the same reagent under mild conditions whegsted&schiff
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basesare formed. This has especially been investigated for the preparation of crosslinked proteins and
amine containing poBaccharides [30, 36]. Because glutaraldehyde is a toxic compound that even at
low concentration shows cedrowth inhibition, alternatives have been developed. Crosslinking of
gelatin using polyaldehydes obtained by partial oxidation of dextran has peetedd 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, dueto the ongoing processes of bothemical crosslinking and physical structuring of the

hydrogel matrix.

Watersoluble polymers can be converted into hydrogels using bis (or higher) functional crosslinking
agents, which react with functional groups of waeluble polymers via addition re#ons.
Polysaccharides can be crosslinked with-He@amethylenediisocyanate, 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 amo@irdrasslinking agent. The crosslinking
reactions are preferably carried out in organic solvents, because water can also react with the
crosslinking agent. Furtherore since the crosslinking agents are generally very toxic, the gels have

to be extractedio remove traces of unreacted ageltftshese 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 amiitiesarboxylic 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 crosslinkwatersoluble polymers with amide bonds is N(BdimethylaminopropybhN-ethyl
carbodiimide (EDC) [30, 40]. During the reactionhidroxysuccinimide is added to suppress
possible sideeactions and to have a better control over the crosslink densitg geth. 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 @ays. To improve the loading capacidynegatively charged
polysaccharide, (chrondroitin sulfate) was incorporated in the hydrogels network [3dEdd

the loading capacitywas substantially increased and the releasss 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 higkenergy radiation

High energy radiation, in particular gamma and electron beaan be used to polymee
unsaturated compounds. This means that weatkble 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 bestbon the polymer chain by e.g. the
scission of CH 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 dhe 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 engineefing.main reason lies in the fact that

these methods are based in the use of crosslinking chemical agents to prepare such hydrogels. Thest
agentgdo notonly affect the integrity of the substances to be entrapped (e.g. proteins, cells), but they
are often oxic compounds to be removed/extracted from the gels before thegadigoi{30]. In

order to overcome the drawback of the chemical approaltérnative methods for obtaining

physically crosslinked polymers are demanded.

1.3.2 Physical methods

Crosslinking by ionic interactions

Alginate is a welknown 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]. Crodmking 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 destalbljzextraction of the Gaons

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 partickewith cationic polymers, e.g. chitosan and polylysine [30, 46, 47].
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Crosslinking by crystallization

Poly(vinyl alcohol) (PVA) is a watesoluble polymer. When aqueous solutions of PVA are stored at
room temperature they gradually form a gel witbwever, a low mechanical strength. Interestingly,
once aqueous solutions of this polymer undergo a friéleae&ing processa strong and highly elastic

gel is formed [30, 48]. The properties of the gel depend on the PVA molecular weight, the PVA
concentrabn in water, the temperature and time of freezing and the number of freezing cycles. Gel
formation is ascribed to the formation of PVA crystallitgkich act as physical crosslinking sites in

the network [30, 48].

Crosslinking from amphiphilic block argtaft copolymers

Amphiphilic block and graft copolymers are able to ssl§emble in water to form organized
structures like polymeric micelles and hydrogels, in which the hydrophobic segments of the polymers
are aggregated. Amphiphilic diblock copolyméypically 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 wakible polymer backbone, for example a
polysaccharide,ot 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 researchgneftare 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 iretmiddle have been prepared by coupling of two FFHGG)A

diblock copolymers [30, 562]. Micelles are formed at low concentrations in water, and at higher
concentrations thermoreversible gels are formed. The critical gel concentration anesalel
transtion 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 npedy 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 wateil emulsion containing the protein in the
aqueous phaswas prepared. These emulsions were either cast to form a film, or microspheres were

prepared using a watar-oil-in-water emulsion method. The equilibrium swelling ratio, the
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estimated mesh z@ 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(etiey 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]ydrogen bonding does not only occur between poly((meth)
acrylic acid) and poly(ethylene glycol), but has also been observed in poly(methacryg acid
ethylene glycol) [30, 56, 57]. The hydrogen bonds are only formed when the carboxylic acid groups

are potonated. This implies that the swelling of these gels is strongly dependent on the pH.
Crosslinking by proteins interactions

Protein engineering isr@centbranch ofmaterials chemistry, a field which was pioneered by Tirrell
and Cappello [30, 58, 59T he major advantage is that the sequence of pepadesthereby its
physical and chemical propertjesin be precisely controlled by the proper design of the genetic code
in synthetic DNA sequences. Even synthetic amino aaidieh normally do not occun nature can

be synthesisedi30, 60]. By genetic engineering, Cappello and colleagues prepared sequential block
copolymers containing a repetition of slike and elastindike blocks, in which the insoluble sHk

like segments are associated in therfaf aligned hydrogen bonded beta strands or sheets [30, 59,
62].

These biocompatible smalled ProLastins are fluid solutions in water which can be mixed with drugs,
and undergo an irreversible golgel transition with time under physiologicabnditions due to
crystallization of the sildike 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 ahd molecular weights of the incorporated compounds and
follow first-order like kinetics [30].

As reported, many crosslinking mettsdthve been investigated to physically crosslink biopolymer

and the fundamentals studies so far performed have greathjbcoed to the understanding of the
phenomenon [30]. However, more effective technologies are demanded, since all the presented
processes turn out to be very highe-consuming and the final results is strongly dependent on the
kind of biopolymers subjeetl 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 performedurdistate. 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 forthe fabrication of antibacterial surfaces

As mentioned above, the contamination of scaffolds by bacterial biofilm definitely has to be
prevented in order tguarante¢he success of its application onto biological tissues. As documented

by Campoccieet al [62], the earliest step in the pathogenesis of forbimyrelated 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 surféakaswn to occur through
multiple mechanisms, spanning from passive adsorption due to the -phgsiical 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 adespgaility 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 ptsiological 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, elecindstactions, Van
derWaals forces, hydrophobic interactions, hydrogen bonding. Bacterial behaviour varies especially
as a function of material hydrophobicity and electrostatic charge. Chgxnysical properties and
functional groups exhibited by thaiomaterial surface interact with those of the bacterial cells
determining the kinetics of microbial adhesi®he adsorption of proteins on a surface can be reduced
either by altering the interaction potential (so that preseiriace interactions are qupssed) 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 foecg62, 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 withS. epidermidisadhesion [62, 68, 69]. tneased hydrophilicity of contact lenses lead
to adecreased bacterial adhesion [62, 70].

A critical point when developing new coatings concerns the way afgpesiting and stabilizing the
coating on the biomaterial. Current approaches to aclitevational antifouling coatings rely on
different strategies including, among others, production ofassiémbled monroor multilayers,
polymer brushes, surface grafting, zwitterionic polymers, hydrogels, and so on. The great difficulties
in demonstratinghe efficacy of antadhesive inert surfaces under real clinical conditions poses
serious limitations to the assessment of the besadhesive surfaces as well as to the correlation of

in vitro, in vivo preclinical, and clinical data. Furthermore sitworth 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 adhesmgumaranédng at the same time the desirable interactions
with the hostissue. 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 sidhgroperties has therefore become a

relevant target of study [71].

References

[1] C. M. Chan, T. M. Ko, H. Hiraoka, Surf. Sci. Rep. 1996, 24, 1.

[2] T. Jacobs, R. Morent, N. De Geyter, P. Dubruel, C. Leys, Plasma Chem. Plasma Process. 2012,
32, 1039.

[3] Y. Tabata, Drug Discov. Today 2001, 6, 483.

[4] R. Vasita, K. Shanmugam, D. Katti, Curr. Top. Med. Chem. 2008, 8, 341.

[5] Y. P. Jiao, F. Z. Cui, BiomedJater. 2007, 2, R24.

[6] T. Desmet, R. Morent, N. De Geyter, C. Leys, E. Schacht, P. DubruelaBiomolecules 2009,
10, 9.

[7] B. G. Keselowsky, D. M. Collard, A. J. Garcia, Proc. Natl. Acad. Sci. U.S.A. 2005, 102, 5953.
[8] B. G. Keselowsky, D. M. Collard, A. J. Garcia, Biomaterials 2004, 25, 5947.

[9] L. Moroni, J. R. De Wijn, C. A. Van Blittersyk, J. Biomater. Sci., Polym. Ed. 2008, 19, 543.
[10] L. Moroni, R. Licht, J. de Boer, J. R. de Wijn, C. A. Van Blitterswijk, Biomaterials 2006, 27,
4911.

[11] J. Y. Lim, H. J. Donahue, Tissue Eng. 2007, 13, 1879.

33



[12] M. W. Moon, S. H. Lee, J. Y. Sun, K. Oh, A. Vaziri, J. W. Hutchinson, Scr. Mater. 2007, 57,
747.

[13] J. M. Goddard, J. H. Hotchkiss, Prégplym. Sci. 2007, 32, 698.

[14] M. Cloutier, D. Mantovani, F.Rosei, TIBTEC 2015, 33, 11.

[15] J. W. Costerton, P. S. Stewart, E. P. Greenberg, Sci€&9& 284, 1318.

[16] A. Kramer, I. Schwebke, G. Kampf, BMC Infect. Dis. 2006, 6, 130.

[17] K. Glinel, P. Thebault, V. Humblot, C. M. Pradier, T. Jouenne, Acta Biomater. 2012, 8, 1670.
[18] Y. P. Jiao, F. Z. Cui, Biomed. Mater. 2007, 2, R24.

[19] Y. Cao,W. Liu, G. Zhou, L. Cui, Handchirurgie Mikrochirurgie Plastische Chirurgie 2007, 39,
156.

[20] M. S. K. Chong, C. N, Lee, S. H. Teoh, Mater. Sci. Eng. C: Biomimetic Supramol. Syst. 2007,
27, 309.

[21] M. J. Walzak, S. Flynn, R. Foerch, J. M. Hill, E. Kabawski, A. Lin, M. Strobel, J. Adhes.
Sci. Technol. 1995, 9, 1229.

[22] B. Singh, N. Sharma, Polyrbegrad. Stab. 2008, 93, 561.

[23] K. Kato, E. Uchida, E. T. Kang, Y. Uyama, Y. lkada, Pieglym. Sci. 2003, 28, 209.

[24] J. Deng, L. Wang, L. Liu, W. Yay, Prog. Polym. Sci. 2009, 34, 156.

[25] U. Edlund, M. Kallrot, A. C. Albertsson, J. Am. Chem. Soc. 2005,127, 8865.

[26] A. Sodergard, J. Bioact. Compat. Polym. 2004, 19, 511.

[27] T. Richey, H. lwata, H. Oowaki, E. Uchida, S. Matsuda, Y. IkBitamaterials 2000, 21,

1057.

[28] I. S. Alferiev, J. M. Connolly, S. J. Stachelek, A. Ottey, L. Rauova, R. J. Levy,
Biomacromolecules 2006, 7, 317.

[29] J. M. Harris, New York: Plenum Press, 1992.

[30] W. E. Hennink, C. F. van Nostrum, Adv. Drug Deliveevk2012, 64, 223.

[31] R. S. Langer, N. A. Peppas, Biomaterials 1981, 2, 201.

[32] R. Bettini, P. Colombo, N. A. Peppas, J. Controlled Release 1995, 37, 105.

[33] H. Cicek, A. Tuncel, J. Polym. Sci., Part A Poly@ihem. 1998, 36, 543.

[34] W. S. Dai, T. A. Barbari, J. MembBci. 1999, 156, 67.

[35] N. Willmott, H. M. H. Kamel, J. Cummings, J. F.B. Stuart, A. T. Florence, Microspheres and
Drug Therapy. Pharmaceutical, Immunological and Medical Aspects, Elsevier, Amsterdam, 1984,
pp. 189 205.

[36] S. R. Jameela, A. Jayakrishnan, Biomaterials 1995, 16, 769.

34



[37] J. P. Draye, B. Delaey, A. van de Voorde, A. van den Bulcke, B. Bogdanov, E. Schacht,
Biomaterials 1998, 19, 99.

[38] S. H. Gehrke, L. H. Uhden, J. F. McBride, J. Controlled Rel&8988, 55, 21.

[39] T. Coviello, M. Grassi, G. Rambone, E. Santucci, M. Carafa, E. Murtas, F.M. Riccieri, F.
Alhaique, J. Controlled Release 1999, 60, 367.

[40] A. J. Kuijpers, P. B. van Wachum, M. J.A. van Luyn, G. H. M. Engbers, J. Krijsveld, S. A. J.
Zaat, J. Dankert, J. Feijen, J. Controlled Release 2000, 67, 323.

[41] A. J. Kuijpers, G. H. M. Engers, T. K. L. Meyvis, S. C. de Smedt, J. Demeester, J. Krijgsveld,
S.A.J. Zaat, J. Dankert, J. Feijen, Macromolecules 2000, 33, 3705.

[42] N. A. Peppas, A. GMikos, Preparation methods and structure of hydrogels, in: N.A. Peppas
(Ed.), Hydrogels in Medicine and Pharmacy, Vol. |, CRC Press, Boca Raton, FL, 1986, Chapter 1.
[43] P. Gacesa, Carbohydr. Polym. 1988, 8, 161.

[ 4 4] M. F. A. Go o s. &lmarapetan, S.NChou,QOMNE Bum,aBjotecHnol. Bibeng.
1985, 27, 146.

[45] W. R. Gombotz, S. F. Wee, Adv. Drug Deliv. Rev. 1998, 31, 267.

[46] A. Polk, B. Amsden, K. de Yao, T. Peng, M. F. A. Goosen, J. Pharm. Sci. 1994, 83, 178.

[47] L. S. Liu, S. Q. LiuS. Y. Ng, M. Froix, T. Ohno, J. Heller, J. Controlled Release 1997, 43, 65.
[48] F. Yokoyama, |I. Masada, K. Shimamura, T. Ikawa, K. Monobe, Colloid Polym. Sci. 1986, 264
595.

[49] S. Forster, M. Antonietti, AdWlater. 1998, 10, 195.

[50] D. S. Lee, B. Jeng, Y. H. Bae, S.W. Kim, Proc. Int. Symp. Controlled Release Bioact. Mater.
1996, 23, 228.

[51] B. Jeong, Y. H. Bae, S. W. Kim, Macromolecules 1999, 32, 7064.

[52] B. Jeong, D. S. Lee, J. I. Shon, Y. H. Bae, S. W. Kim, J. Polym. Sci. Part A Polym. T3%m.

37, 751.

[53] J. M. Bezemer, D. W. Grijpma, P. J. Dijkstra, C. A. van Blitterswijk, J. Feijen, J. Controlled
Release 1999, 62, 393.

[54] J. M. Bezemer, R. Radersma, D. W. Grijpma, P. J. Dijkstra, J. Feijen, C. A. van Blitterswijk, J.
Controlled Relese 2000, 64, 179.

[55] D. Eagland, N. J. Crowther, C. J. Butler, Eur. Polym. J. 1994, 30, 767.

[56] C. L. Bell, N. A. Peppas, J. Controlled Release 1996, 39, 201.

[57] A. M. Mathur, K.F. Hammonds, J. Klier, A. B. Scanton, J. Controlled Release 1998,754, 17
[58] K. P. McGrath, M.J. Fournier, T. L. Mason, D. A. Tirrell, J. Am. Chem. Soc. 1992, 114, 727.

35



[59] J. Cappello, J. Crissman, M. Dorman, M. Mikolajczak, G. Textor, M. Marquet, F. Ferrari,
Biotechnol. Prog. 1990, 6, 198.

[60] E. Yoshikawa, M. J. Fourer, T. Mason, D. A. Tirrell, Macromolecules, 1994, 27, 5471.

[61] J. Cappello, J. W. Crissman, M. Crissman, F. A. Ferrari, G. Textor, O. Wallis, J. R. Whitledge,
X. Zhou, D. Burman, L. Aukerman, E. R. Stedronsky, J. Controlled Release, 1998, 53, 105.

[62] D. Campoccia. L. Montanaro, C. R. ArcioBipmaterials 2013, 34, 8533.

[63] P. Speziale, G. Pietrocola, S. Rindi, M. Provenzano, G. Provenza, A. Di PetalA

Future Microbiol 2009, 4, 1337.

[64] D. Campoccia, P. Speziale, S. Ravaioli, I. Cangini, S. Rindi, V. Patiail, Biomaterials 2009,

30, 6621.

[65] F. PoncirEpaillard, T. Vrlinic, D. Debarnot, M. Mozetic, A. Coudreuse, G. Legeagl, J
Funct Biomater 2012, 3, 528.

[66] M. R. Ruggeri, P. M. Hanno, R. M. Levin, J Urol 1987, 138, 423.

[67] S. Nagaoka, H. Kawakami, ASAIO J 1995, 41, M365.

[68] C. R. Arciola, Y. Bustanji, M. Conti, D. Campoccia, L. Baldassarri, B. Samori B, Biomaterials
2003, 24, 3013.

[69] Y. Bustaniji, C. R. ArciolalM. Conti, E. Mandello, L. Montanaro, B. Samori, Proc Natl Acad Sci
U S A 2003, 100, 13292.

[70] C. R. Arciola, L. Montanaro, R. Caramazza, V. Sassoli, D. Cavedagna, J Biomed Mater Res
1998, 42, 1.

[71] L. G. Harris, S. Tosatti, M. Wieland, M. Textor, R. Richards, Biomaterials 2004, 25, 4135.

36



CHAPTER 2

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

of polymers

In the previous chapter, polymers surfacedification 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 effetive techniques, based on environmentally friendly and less-cimguming
approacks able to guarantee better, or at least the same, réisaitshat achieved by means of
conventional processes in the figldf biomaterials functionalization, polymecsosslinking 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 plasnes@oables

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 plasneneration; to uniformly modify the whole surface and,
importantly,without the use othemical solvents.

Plasma is sometimes referred to as the fourth state of matter and is a partly ionized gas, defined as a
guastneutral particle system in the form caggous or fluidike 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 aedubbrium plasmas.
Equilibrium plasmas cannot be used for the surface treatment of polymers because of their high gas
temperature, while neaquilibrium plasmas have a much lavwgas temperature but relatively high
electron temperatur&on-equlibrium plasmasgo notinduceany thermal damagef the surface of

heat sensitive materials, although the reactive species can lead to cliengtahalizationand in

some caseghysical 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 relton 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
gagesare oxygen or nitrogen containing gases or inert gasesincorporated groups change the
surface properties, mainly the surface wettability and thus the surface energy, but also the surface
roughness [3]. The plasntegeated surfaces can be used to directly promote the cell adhesion and

differentiation or to irmobilize (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 effett [4, 5

Besides the plasma functionalizati@?fPs 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 fragmeni8][avhich, reactingvith 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 tiséghtly differentthan conventionally fabricated
polymer coatingsAs a matter of fagtplasma polymer coatings generally are pinHiode, highly
crosslinked and are therefore insoluble, thermally stable, chemically inert and mechanically tough.
Furthermore, these films often are highly coherent and adheranvariety of substrates including
conventional polymer, glass and metal surfaces [10].

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

materials is reported in Figure 1.
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In this chapter, after a brief overview on the most UGA® sources, some studies from scientific
literature reporting the use GIAP for the surface modification of biomaterials, by means of plasma
functionalization or polymerization, and the crosslinking of polymers are reported and discussed.

2.2 Nonequilibrium 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 byethetricfield, due to their massvhile

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

cold andguaranéang a temperatursuitablefor the treatment of thermgensitive 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 rangé -of1D¥ barare 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-spapgocesses has encouraged and
accelerated the evolution ofig plasma technology, leading to the design and optimization of
processes based on the use of-equilibrium plasma sources working at atmospheric pressure,
which, for the absence of the vacuum pump, can alsm&effectivelyintegrated in industriaht

line processefor the production of both higtand low valueadded 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 grapettolled 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 tenrpture [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 (DBDsy@néthe 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 rost significant properties of the naquilibrium atmospheric pressure plasma

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

A corona is a wedl luminous dischargewhich appears at atmospheric pressure near sharp points,
edges, or thin wires, where the electric field is sufficiently la@geona discharges are always non
uniform: a strong electric field, ionization, and luminosity are located in the vicinityeoél@ctrode

[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 trea¢mt of materials and exhaust streams. Increasing the corona power
without transition to sparks becomes possible by using {pésedic 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 thsesn examplenanosecond

pulse power supplies generate pulses with duratiofi 30ID nsec, sufficiently short to avoid the
coronato-spark transition [14].

Despite the small activeolume, corona discharges are often applied for treatment of polymers [15
18], even though it was suggested that comisaharge treatment could possibly influence the

biodegradability of certain polymers [19].
Dielectric Barrier Discharge (DBD)

The trarsition 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 stapecurrentflow and preventspark formation. Such a discharge is called
DBD. The presence of a dielectric barrier precludes DC operation of DBD, which usually operates at
frequencies of 0.0%00 kHz. DBD has numerous applications becausanitoeoperaté in strongly
nontequilibrium conditions at atmospheric pressaral usingdifferent 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 sorces can be charadteed by several configuratiommdin one of the most common
configurationleast one of the electrodes is covered by a dielectric (&igure 3. The dielectric, as
reported, is the essential part of the discharge. Indeed, afteation 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]. Whan AC voltage (typical frequencies100 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 singla
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 bigical and medical application, in plastassisted

combustion and so on [14].

Q>

| Electrode ‘ Electrode

Dielectric layer
Dielectric layer

‘ Electrode Electrode
‘ Electrode

Dielectric layer
Electrode

Figure 2. Schematic representatioms dieledric-barrier discharges (DBDS)The schematiaefers

to theDBD representationeported in [14])
Plasma Jet for remote plasma treatment

In recent years, neaquilibrium 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 gfiaces [20, 21], surface modification of polymers-R24, thin film deposition

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

the reasons of the diffuse interest toward APPJs is their versatilityedrap 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 extensivagpplication are the plasma needle [36], the plasma gun [37], the plasma
pencil [38], the kINPen [39], the plasma jet array or Gatling machindikgiplasma jet [40, 41],

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

In the field of the treatment of therrs@nsitive 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 elestia 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 theadvantage of a higher concentration of active species near the surface of the subteate,
remote plasma treatmentetboncentratiorof species reachintpe substrate decreases as a function

of distance from the plasma generation region and depenth difetime 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 polymes by means of norequilibrium 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 oxygenontaining plasmas are commonly employed to produce a variety of oxygen
functional groups, including-©, C=0, GC=0, GO-O and CQat the polymer surface, through the
reactions between the active species from the plasma and the surface atoms [44]. Hitdogen
nitrogentcontaining 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 ammoniplasma treatment was reportéal 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 generationygen 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
oxygenwhen 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, whichntaract with the oxygen from the
atmosphere, will be created [48].

In light of these considerations, it can be stated that unfortunately plasat@nalizationdoes not

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

In order to overcome this limitation, the deposition of coatings, containing the desired functional
groups, onto the substrates by means of plgsohanerization processes is performed, as described

in the following.

The functionéization 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 mefackemical 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 confantibacterial characteristics to the surface, leading to the
fabrication of materials highly suitabler biomedical applications and regenerative medicine.

2.3.1 Plasma functionalization to improve cell adhesion

Several efforts in the field of plasnmaodification of materials have been devoted to document the
effectiveness of neequilibrium plasma in increasing the surface biocompatibility of polymers by
means of processes based on the use ofpotymerizable gas, with the aim to promote cells
adhesbn, proliferation and differentiation. Furthermore, interesting reviews, such as the works of
Leys and ceworkers [11, 49], have deeply abridged the state of the art, providing a complete
overview on the plasma processes up to now implemented and ornigneedaesults. In the frame

of atmospheric pressure processes, some interesting works are here reported and discussed.
Nakagaweet al [50] and Teraokat al [51] modified PLA surfaces with an atmospheric air plasma

jet. The Xray photoelectron spectrmspy (XPS) underlined the introduction of oxygemmtaining

groups such asi©®, C=0 and ©C=0 on the top layer of the substrate surface were incorporated.
Cell culture tests performed with mouse osteodlket MC3T3-E1 cells highlighted the
improvement oboth cells adhesion and proliferation onto the plasma treatedRitthermore, the
authors demonstratete surface modification method of PLLA using the {@mperature plasma
treatment apparatus at atmospheric pressure is a clinically useful metleod,tidn bonding of the

cell can be easily controlled arying thegasto employduring theprocess [5Q]Yildirim et al [52]
employed an atmospheric pressure DBD plasma operated in oxygesatd®CL samples and
observedhat the oxygen plasma treatm@ot 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 substrage et al. also used an atmospheric pressure DBD
operatng in air to modify PCL films [53]. Fourier Transform Infrared {fR) spectroscopy and XPS
detected a higher amount of oxygen containing hydrophilic groups,(COOH, C=0 and OH) on

the plasmdreated films and the cell attachment and proliferation ofidnuprostate epithelial cells
(HPECSs) was found to be ten tim@agheron plasméareated PCL films compared to untreated film.

The same authors used different gas mixtures [54] for plasma treatment and observed that when
Ar+H> was used as gas discharge, the contact angle increased after treatment. Opposite results were
found for Ar+Np, Ar and Ar+Q. The increase in the hydrophobicity of the Ar  plasmatreated

PCL film resulted in a lower cell loading in the initial stepcell 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 + pl Ar and Ar + Q plasmatreated PCL film improved the adhesion properties.
Therefore, te Ar + Np, Ar and Ar + Q plasmatreated PCL films showed a better cell distribution
and growth than that of the pristine PCL film.

Recently, Kuzminovat al [55] reported about the use of an atmospheric pressure DBD operated in
air for the modificatiorof 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 arnG@®6f
groups. This was in turn responsible for the fast increaskegfolar part ofsurface 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 Pfeils treated 1 and 32 s. The biological tests,
performed by using two cell types (Saéluman osteobladike 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 foundagmidly attach and grow on treated PET foils,
only slight enhancement in cells count was observed for ostedikasells. This finding underlines

that it is not possible to generalize the results obthiior a particular cell type on other cell types
and, thus, each cell type has to be considered separately. €tiza [56] dealt with the
functionalization of a 3D porous PCL scaffold by means of an atmospheric pressure plasma jet fed
with a mixture 6 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 Saasells could adhere to and colpaibetter 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 groupptomote 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 h&been implemented for the immobilization of imiolecules like insulin, chitosan,
gelatin, ArgGly-Asp (RGD) or ArgGly-Asp-Cys (RGDC), enabling to obtain the enhancing ofcell
material interaction [57/60]. The immobilization of insulin on PHBV led to an increased cell

proliferation of human fibroblastells and full cell spreading on the surface [57]. By using the spacer
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arm b NH2 P BbG(2-dmidop@pyl)polyethylene glycol 500), the RGDC peptide were
immobilized on the surface of acrylic acid grafted poly(tetrafluoroethylene) (PTFE) [58]. The
attacimentamountof 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 soluticaadirig to norcovalent 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 surfacd 39 It can be inferred that plasma
functionalized surfacewith 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 emplayingspheric
pressure plasma processes, have been widely documented, as above reported. Moreover, in this
context, with the aim to further discuss the potentialitie€APs in introducing functional groups

for biomolecules immobilization, two other studer® reported. Kostoet 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 lhe 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, ld&ma jet can enable the
introduction of a higher amount afCOOH groups than the DBD treatment, suggesting the
occurrence of a more intense surface oxidation [63]. Sotanet at al [64] proposed the filamentary
dielectric barrier discharge (FDBD) antiet atmospheric pressure glow discharge (APGD) as
interesting alternatives to the low pressure plasma sourges.Hd and N + NHz plasmas were
applied on poly(tetrafluoroethylene) to determine the relative influence of both the discharge regime
and the ganature on the surface transformations. From XPS analysis, it was shown that the discharge
regime had a significant effect on the surface transformation; FDBDs operatip@\iridd to a high
concentration of aminrgroups with high specificity but alsaportant damaging on the surface.
Glow discharges in both#N.> and NH/N> led to lower concentrations of amugooups with lower
specificity but lower surface damaging. Therefore, this simple surface treatment turned out to be an
effective, low cost methbfor the production of uniform surface modification with amgroups 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 surfacdéunctionalities 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 applicatibadunctionalization of the polymers
surface can be properly contiead 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 celisdmolonisation 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 numbéess epidermidi®n an alloy surface. During the

early stages ofutture, osteoblast adhesion, spreading, and proliferation were not adversely affected.
Towards the end of the culture, however, the osteoblasts became damaged ®eepidarmidis

actively proliferated in the ceoulture channels and formed small clustersthe 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 pnove 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 ofP. aeruginosg70]. However, this reduction was unlikely to be sufficient teventP.
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 reduceS. epidermididacterial adhesion compared witie untreated material [72].
Furthermore, exposure to plasmasshown to irreversibly damage bacterial cells, allowing in situ
sterilisation of the biomaterial during the surface modification process.

Besides the preparation of antibacterial surfacasth@r 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
adsored proteins is formed. Subsequently, many ¢
reactiondd6, such as cytokine production or ma
a thin collageneous capsule which isolates the implant frenbdly [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 ssmetific response. The only
possibility to drive a spefic celli surface interaction (e.g. a specific function) is therefore to avoid a
nonspecific protein adsorptipwhich may occur immediately after the implantation [74]. As an
example, to prevent protein adsorption poly(ethylene glycol) (PEG), also knopwiydésthylene

oxide) (PEO), a synthetic, watsoluble 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 largerest 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 concentratioof 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 oxygeantaining plasma, the sade changes to a highenergy 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 ¢
low energy nedium, 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 aneolin a fluorinecontaining

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 ofatettesurface and in light of the previous
considerations, it is a very complex phenomenon affected by the storage conditions of the substrate.
In this respect, Nakamatet al. [77] observed that poly(tetrafluoroethylene) treated with air plasma
and keptm 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 ofNa 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 affeicly the aging characteristics afplasma treated polymeric surface is

the storage temperature. Indeed, it has been demonstrated that a lower storage temperature reduce
the rate of ageing [78]. The rapid change of the contact angle at high temperatures supports the idea
that the changes 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 subates, 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 futiesional
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 contektactivation 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 orhé 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 waywith the plasma [79, 80].

In the frame of biomedical gfications, great efforts have been devoted to the plasma polymerization

of acrylic acid (AA), since it enables to produce coatings containing carboxylic @cDOH)

groups [81], which are known to favor cell adhesion and can also be exploited for lziokole
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 toviestigate the characteristics of plasptdymerized 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 pressur8gBés an example, thpossibility

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-f8] showed that in these systethe effect of
monomer fragmentation on the retentiori GOOH groups turns out to be relevant: the higher the
monomer fragmentation, the lower the amourit@®OH groups on the coated substrate [91, 93], as
also experimentally evidenced by Palundtoal [94] through a correlation of Optical Emission
Spectroscopy and-Xay 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 moeoroontaining phosphorus [95] and the
deposition of glycidyl methacrylate layer [96] with a nanosecond squdsed ARPDBD, in order to
maximize the structural retention of monomers and preserve their functional groups. In fact, thanks
to its very high s#w rate, the ultrghort 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 polyatierizreactions,
responsible of the high retention of the monomer functional groups [96].

Differently from the APDBD systems, nomquilibrium atmospheric pressure plasma jet (APPJ) are
well suited for localized treatment and coating of complex 3D gemsagesince 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 thikind of sources demonstrated the effectiveness eéquitibrium APPJs

in depositing polymeric films by means of monomer polymerization.

With regard to AA plasmgolymerization, Donegaet al [97] investigated the water stability, the
chemical/morphalgical characteristics and the level of protein adhesion of pPAA coatings deposited
onto silicon substrates by using two different plasma jet deposition systems.eCla¢ifi98]
highlighted the possibility to deposit pPAA coatings onto the surfaces dilslls (SF) using an
atmospheric pressure glow discharge in order to immobilize antimicrobial peptide onto the SF
surface. Cartost al. [99] employed a pulsedrc atmospheric pressure plasma jet for the AA plasma
polymerization and the deposition of argc coatings suitable for biomedical applications. The same
plasma source was also used to perform the polymerization of AA and methigermeylamide

[100]. The latter compound was added as crosslinking agent to the precursor in order to improve the
water stability of the deposited coatings. Watdl [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 effi€#lyin depositing
nanocomposite coatings, characterized by nanoparticles (NPs) embedded in a polymeric matrix,
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widely required for a great range of industrial applicatibas been successfully demonstrgfi€ip-

112]. The first work on his topic was published in 2009 by Baetal [113] and reported on the
deposition of a nanocomposite coating where AICeO3NPs were embedded in an organosilicon
matrix; the process was performed injecting in a DBD reactor a NPs dispersion in a liquid
organosilicon precursor. Later, Dembeteal [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 m the synthesis of organicinorganic nanocomposite coatings by means of
atmospheric pressure cold plasma. In particular, Uyl [115] deposited different coatings by
introducing a dispersion of polymer precursor (either pyrrole, thyophene, or funaomars),
TiO2NPs, and LiCIO4 in acetonitrile in an atmospheric pressure RF uniform glow discharge. Michel
et al [116] investigated the deposition of plasp@ymerized polyaniline (PANI) coatings including
mercaptoaniline functionalized PtNPs, by intradgca dispersion of functionalized NPs in ethanol

and aniline in the plasmeegion of a DBD. Fanellet al [117] reported on the deposition of
ZnONPs/hydrocarbon polymer nanocomposite coatings using an atmospheric pressure DBD, fed
with He and with an aesol of oleatecapped 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 |hii8ed Beier

et al [119] reported on a process where hexamethyldisiloxane, used as silicon containing precursor
for the matrix, and a dispersion containing either AGNOAgNPs were simultaneously injected in

the plasma region of a DC pulsed arc dischargamagst. A different process, relying on the use of

DC plasma jet, was proposed by Deical [25]; N> was used to sustain the plasma discharge and

an admixture of @ tetramethyldisiloxane, as organosilicon precursor for the matsiantl AQNPs

was fed ¢ the plasma region. To date, only one work, published by H&ald[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 ingptio conductivity of

a polyaniline matrix by means of the introduction of AQNPs. As precursor, a dispersion of AGQNPs 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-1P3&]l. However, the most common

crosslinking agents often give rise to cytotoxicity problems, andthaefore 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 compountiagjL24
Non-equilibrium plasma, being aenvironmentally 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 singlep plasma process to induce the crosslinkingadémw
soluble polymers in liquid phase, since raquilibrium plasma treatment is able to induce the
formation of radicals, which may recombine producing unsaturation and polymer crosslinking [129
131].

Prasertsungt al [132], pointed out that the geneaoatt 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 untretited gela
solutions. Recently, Molinaat al [133] reported about the possibility to useaamospheric dielectric

barrier discharge (DBD) plasma to inducesitu liquid phase gelation of an aqueous solution of
chitosan in order to obtain a crosslinked hydfoge

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 outunjexting 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
crosslnking degree.

Therefore, further studies are required to optimize theegpilibrium plasma processes in order to

induce crosslinking directly in the solid state
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CHAPTER 3

NON -EQUILIBRIUM ATMOSPHERIC PRESSURE
PLASMA FUNCTIONALIZATION OF ELECTROSPUN
SCAFFOLDS FOR FIBROBLAST ADHESION
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3.1 Introduction

As overviewed in the previoushapters, among the various techniques available for surface
modification and functionalization of biomaterials, peguilibrium plasma treatment has been
proven to enhance biomaterial cellular acceptance and to increase cell viability and proliferation [1
3]. This solverdfree 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 severatireds of angstrom to several hundreds of
nanometers [4]. Potentialities GAP are greatly expressed in surface modification of polymers and
biomaterials. However, only feworksreport about the use of atmospheric plasma to functionalize
porous nanofibrosl scaffolds fabricated through electrospinning technolog9][9ndeed, most of

the available data in this field are related to-4on@ssure plasma processesi Ad].

Electrospun assemblies are ideal candidates for the production of scaffolds to lber usstie
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 studiesl arctivities carried out to assess the capability of
atmospheric pressure neguilibrium plasma to improve the hydrophilicity of electrospun pely(L
lactic acid) scaffolds by means of the introduction of carboxyl groups on scaffold surface are reported.
Results concerning the evaluation of the themmechanical properties, morphology, hydrophilicity,

and water uptake of the plasttraated scaffolds, as well as the amount of carboxyl functional groups
on the scaffold surface are reported. Finally, the efdégilasma treatment on mouse embryonic
fibroblast morphology is presented and discussed.

Studies and results, here reported and deeper descritiezl snientific worl{22], were carried out

and obtained thanks to the collaboration among three sciamisgarch groups at tihdma Mater
Studiorum- Universita diBologna): the AP Group headelly Prof. Colombo, the group headey

Prof. Laura Calza from the Health Sciences and Technolo@iester for Industrial Resezh (HST

ICIR) and the group headédy Pr o f . Maria Letizia Focarete f|

Ciamiciano.

3.2 Experimental part

In this session, the processes for the fabrication of electrospun scaffolds and for their modification by
means of nofequilibrium atmospheric pressupgasma treatment are briefly described. Some
information regarding the characterization techniques performed to evaluate the effects of the plasma

treatment in terms of morphological, themme&chanical 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 fthenddientific
work published on Plasma Processes and Poly[@g2ts

3.2.1 Scaffolds fabrication

The scaffolds were fabricated in polylactic acid) (PLLA), typically used in the fabrication of
bioresorbable scaffolds for wound dressings [23], neural tissue engineering [24], cardiac repair [25],
and other tissuengineered implants [26].

The electrospuns PLLA (EBLLA) scaffolds fabrication was carried out Byof. Focaret& group

by usingahomemade electrospinning apparatus schematically depicted in Figure 1, where the main
components are shown. The system is composadchvoltage power supply, a syringe pump, a
glass syringe, a stainlesgeel bluntended needle connected with the power supply electrode and a

rotating cylindrical collector.

wo

N 356/ @ **

Figure 1. Schematic 3D view of the electrospinning apparatus: (1) highgeipower supply, (2)
syringe pump, (3) syringe (4) stainlestsel needle, (5) rotating cylindrical collecfag].

3.2.2 Plasma treatment for the surface modification

The plasma functionalization of the E8affolds was performed by thAR Group. Theplasma
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).

62



Figure 2. Schematic (left) and picture (right) of the LC plasmattnemt of PLLA scaffold$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 theltagh electrode. The
housing is provided of a gaslet, 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

SS

electrode N
Insulator

In order to generate a uniform glow discharge and to delivemifarm treatment of E®LLA
scaffolds and PLLAiIm, the LC plasma source was driven by a nanosecond pulsed generator having
peak voltage (PV)120 kV into a 100200 Ohm load, pulse repetition frequency (PRFR)13850

Hz, pulse width 12 ns and rise timeS.

Plasma treatments were carried out at PV 20 kV, PRF 1 kkiwabl 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 constantrattBe 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 microscop€éSEM), 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 meassirement

SEM observations were carried out using a Philips 515 SEM at an accelerating voltage of 15 kV, on
samples sputtezoated with gold. TGA analysis measurements were performed with a TA
Instruments TGA2950 from RT to 600 °C. DSC measurements were camtedisong a
TAlnstruments Q100 DSC equipped with the liquid nitrogen cooling system (LNCS) accessory.
Stres$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
KSvVvés CAM 100 ( KSV, -Qmvater was used-for méasummis) The wdterlddop

profile images were collected in a time rangeid®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 wateewawved 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:
WWOo BIQI €1 NB Qa—e(b—qa nnbk
whereWeis the wet weight andivd 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 treat&lEA scaffolds, performed by
Prof Calz& s g was capied out with the aim to evaluate the amount of carboxyl groups onto the
scaffoldssurface by using the chemical surface conjugation with fluorescein isothiocyanate (FITC)

and a fluorescence characterization technique.
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The ESPLLA scaffolds plasma treated (H8.LA-LC) and untreated (EBLLA-untreated) were
washed with EtOH 30% and subseqtly the carboxyl groups were activated by incubation with
EDC and sNHS, in buffer MES 0.1 M pH 5fbh at RT by shaking. The figs 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 reagbntstder to evaluate stability of plasma
treatment and ageing, H3_LA-untreated and EBLLA-LC scaffolds were agugated 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 ESPLLA-LC scaffold fluorescence was also compared with that obtainethema ESPLLA
untreated nanofiles.

FITC conjugate E®PLLA-untreated, E®?LLA-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 fonTi@&denjugation is reported

in Figure 4.

Plasma (@)
treated C// =S %
' \ OH —  ——— H PR A

-~ = EDC/sNHS
=PLLA nanofiber scaffold = fluorescein-isothiocyanate
- = diaminobutane

—m

Protocol: covalent binding of FITC

—

Control: non-specific binding of FITC

Figure 4. A) Scheme of chemical conjugation reaction; B) Fluorescence microscope images for ES
PLLA-LC and ESPLLA-untreated22].
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3.2.4 Cell culture on scaffolds and immucytochemistry

Cell culture on scaffold&as performed by Prof. Calzé&s g Mause pmbryonic 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 minimizespecific
absorption of antibody. Subsequently, the cells were incubated ntitacin 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 &@7ollowed 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 mmted with glycerol 0.1% 1;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 andDiscussion

Morphology of pristine E’LLA (ES-PLLA-untreated) and plassteeatedPLLA fibres (ESPLLA-
LC) is shown in the SEM micrographs of Figure 5. No morphologncaifications, in terms of fite
shape, uniformity, and diameter were observed in thpkaexposed to the LC plasma source.

Figure 5. SEM micrographs of: A) E®LLA-untreated and B) ESPLL-RAC (scale bar: 10mm).
Insets: higher magnification (scale bar: 1nj&8)].

The thermemechanical characterizetion pointed out theFERA-untreated sdéold 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 tloeld crystallization process during the heating scan, thus
demonstrating that completegmorphous 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 elastidus@dsociated 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 touhteeated scaffold (Figure 6A). Indeed, in

the plasmdreated 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 reveatl by the evolution of water drop profile reported in Figure 6B.

A 140 «
'20_‘p.................................
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2 .
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Figure 6. A) Water contact angle behavior of EIS_A-untreated (black circles) and & LA-LC
soon after plasma treatment (white circles); B) evolution of water drop profile obtained on
ESPLLA-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 T@ldl show that, as expected, untreatedPESA 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 comskicbtywas 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 PLLAiIIM-LC, the decrease of WCA wanot so pronounced as in the case of the
fibrous meshes; however data confirm an increase of hydrophilicity also for-RIohA.C, which

iSs maintained for at least 48 h.

Table 2 Effect of ageing time at RT on WCA values of PLLA electrospun scaffoldélarsd[22].

Sample Time after plasma treatmen WCA [°]
[h]
ESPLLA-untreated - 121.5+1.7
ESPLLA-LC 3 Instantaneous water absorpti
24 Instantaneous water absorpti
48 Instantaneous water absorpti
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
plasmareatment dramatically increased the ability of retaining water into the constructRiflZS

LC: the average percentage of water uptake was around 10% and around 400%PtdrAES
untreated and EBLLA-LC, respectively. In addition, this ability was presst for different ageing

times, up to at least 120 h.

The presence of carboxy (COOH) functional groups, intreted on the surface of PLLA figs by
LC plasma treatment, was studied by means of chemical conjugation reactions via the FITC
fluorophore. Thearboxyl groups were activated with wasaiuble carbodiimide to covalently attach

FITC molecules. Figure 7 displays the mean fluorescence intensity after background subtraction
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(signali background normalized to HS_LA-untreated) of both EBLLA-untreded and ESPLLA-
LC subjected to conjugation reaction. The signal offEEA-LC increased more than five times if
compared with that of EBLLA-untreated.

L]

fluorescence intensity (a.u.)
normalized to ES-PLLA-untreated
(=]

ES-PLLA-untreated ES-PLLA-LC

Figure 7. Mean fluorescence intensity normalized toBIS_A-untreated, error bars expressed as

meant SD of four independent measurements (statistical analtsist **p<0.0001)[22]

It is worth noting that fluorescence signal of-EBELA-untreated is not completely lacking, possibly

due to the presence of terminal carboxyl groups in the macromalebtalias of PLLA.

Finally, fluorescence intensity of HSLLA-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 arafold wettability and water uptake.

In order to explore the LC plasma treatment effect on melterial interactions, MEF morphology

was investigated as a function of surface chemical composition, by seeding the cells on glass, BME
coated glass (as caal), ESPLLA-untreated, and EBLLA-LC, for 24, 48, and 72 h, in order to
analyse cell morpholog26].

Results obtained from cells seeded on glass and on-&Mted glass were overlapping, therefore

the BME-coated glass was chosen as the control substagall investigated times the cell body of
fibroblasts seededonBM&Eo at ed gl ass showed the c¢cl assical
and no significant timelependent variation of shape was observed. Conversely, fibroblast shape
factors were msily different wha cultured on ESPLLA-untreated and EBLLA-LC. Notably,
fibroblasts seeded on HE_LA-untreated (Figure 8B) were small, rounded, andl#&amwith short

cell processes, while those grown onEIS_A-LC (Figure 8C) were elongatedandwittdo d e nd r i t i
morphology.
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Figure 8. Mouse embryonic fibroblast cells (MEF) cultured on A) Bid&ated glass, B) ES
PLLA-untreated and JES-PLLA-LC [22].

The applied atmospheric pressure plasma treatment remarkably changed the chemical surface
propertes of the scaffold. While EBLLA-untreated was highly hydrophobic (with a measured WCA

of about 120°), the EBLLA-LC showed a dramatic decrease of WCA (from 120° to below than 20°
within 60 s after drop depositian)

Water uptake experiments confirmed WQCésults: LC plasma treatment increased the average
percentage of water uptake by the scaffold, from about 10% up to about 400%HbLESintreated

and ESPLLA-LC, respectively. The obtained results demonstrate that the applied treatment is an
effectivemethod to increase the surface hydrophilicity and wettability ePEISA. The increase of
hydrophilicity of the plasm#reated PLLA scaffolds can be interpreted considering that oxygen
containing functionalities are introduced on the scaffold surfaceneimugits 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 polynechains and the atomic oxygen in the plasma, or inert gases plasmas
followed by a posplasma exposure to air [29]. In all cases, the introduction of oxggetaining
functionalities leads to various functionalities such as hydroxyl, hydroperoxiddsongts,
carboxylic acids, and peracids [29]. In fact, a higher content of oxygen containing groups @amely
COOH groups) was detected on-BELA-LC, through the chemical conjugation reactions [30]
followed by functionalization with fluorescent FITC moleeuThe 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 plasmarfctionalization on the biocompatibility of PLL#caffold surface

was carried out by evaluating the survival and morphology of fibroblasts grown on untreated and LC
treatedESPLLA. A main result of this study is that plastttaatment significantly improwkthe

biocompatibility of ESPLLA, as underlined by the elongated shape of fibroblasts seeded onto plasma
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treated matsThis results is durther proof of the factthat a surface chemical modification could
deeply affect cell biology. In fact, fibroblastape 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 medidoices [32]. The
increase in carboxyl groups derived from plasma treatment emtidelyparicipatein thereshaping

of fibroblast, as suggestatsofor silk fibroin surface treated with low energy plasma [33].

3.4 Conclusions

Non-thermal atmospheric pressure plasma staessfully 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
thermomechanical 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 catlwofgynctional groups. Chemical
derivatization and conjugation with FITC were used to evaluate the amount of carboxyl functional
groups and a relevant increasedo€OO0OH concentration was registered. In vitro experiments were
performed using MEF cells to sess the effect of plasma treatment on cells. Cells cultured-on ES
PLLA.ALC showed a more elongated and o606dendritic
ESPLLA. Moreover, cells cultured on EBLLA-LC showed a higher vitality than cells grown on
ESPLLA-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, omtgrperic 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 packagingd][1Polymeric biomaterials used in tissue
enghneering 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 functiothewa 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 rangefanethods for the introduction of functional groups onto the surface of
polymeric substrates, wehemical methods have been deeply investigated and employed [1,8,
14,15]. Weltknown examples of weathemical methods include alkaline or acidic hydrolysid an
aminolysis, both based on the autocatalytic cleavage of the-ahain estebonds to generate
carboxyl and amine engroups respectively, onto the surface of the polymer. As a consequence of
the autocatalytic cleavage, the roughness and the wettaddiline 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 wathemical 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 roigtfig®]. Moreover,

the use of hazardous chemicals requires also extended treatment in concentrated corrosive solutions
[1]. In light of these considerations, watemical methods are not suitable for industrial applications
and more flexible, environmeaity friendly solutions are sought.

In this chapter the comparison between a conventionatmerhical method and@AP process for

the functionalization of poly(lactic acid) (PLLA) electrospun fibers with carboxylic groups,
required for the subsequeritamical conjugation of an antibody onto flies surface, is reported.

The wetchemical 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 atmospharie pness
controlled atmosphere of a He/air mixture. After functionalization, the phygsiemical and
morphological properties of the electrospun PLfibkes were evaluated through water contact angle,

gel permeation chromatography (GPC) and scanninge@heaticroscopy (SEM), and compared to

those of the untreatdibres. The amount ad COOH functional groups, created at fii@e surface
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by both the wet chemical method and the atmospheric pressure plasma treatment, was assessed b
means of fluorescencealysis after chemical derivatization with fluorescein isothiocyanate (FITC).
In order to compare the efficiency of biomolecules immobilization for chemicalig plasma
treatedfibres, the functionalization step was followed by the conjugation of an artificial antibody
(antrCD10) to PLLA fibres surface by exploiting the carbodiimide chemistry, iathyl3-[3-
dimethylaminopropyl] carbodiimide (EDC) and hydroxysulfosuccinimide (sNH@ally, the
presence of the ar@D10 antibody on thiébres surface was evaluated through a secondary antibody
FITC labeled by means of fluorescence intensity measurement.

Theresearch activitywhich led to a scientifievork [16], submitted to Journaif Physics D: Applied
Phisics,was carried ouin collaboration withProf. Focaret@ s g from uhe Department of
Chem stry 066G. Ci a ncare oftlee rmats fabwdatiorthéir funalianddization with the

chemical method and their characteriaati

4.2 Experimental part

In this session, the processes for the fabrication of electrospun scaffolds and for their functionalization
by means of chemical method a@AP treatment are briefly described. Some information regarding
the characterization teolyues performed to evaluate the effects of the chemical method and plasma
treatment in terms of morphological, thermm@chanical and chemical modification induced onto the
mats, along with the procedure adopted to investigate the immobilization of baoheslen the

functionalized mats, are reported.

4.2.1 PLLA mats fabrication

The fabrication of mats was carried out by Prof. Focérste gbiy asungpan electrospinning
apparatusgomposed of a high voltage power supply (Spellmars@R 10/CE/230), a syringe

pump (KD Scientific 200 series), a glass syringe, a staiskesst bluntended needle (inner

diameter: 0.84 mm) connected with the power supply electrode, and a rotatialyicalicollector

(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 elespmning process was performed by applying a

potential of 20 kV, at RT with a relative humidity of 50%, collecting the electrolpres over a
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rotating cylindrical collector (40 rpm) placed at a distance of 20 cm from the needle. The obtained
PLLA electospun fibrous mats were kept under vacuum oy8g Bt 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 reatias performed biyrof. Focareté group PLLA

mats were fixed by means of CellCrown supports (Scaffdex, Tampere, Finland), wedl 2sd
immersed in H20:EtOH=90:10 (v:v) for 10 minutes. Subsequently, electrospun mats were washed
twice with distilled HO and then incubated with sodiumdngxide (NaOH) solution at different
concentrations and for different times, as described in the Results section. Finally, the electrospun
mats were abundantly washed with distillegDH

Plasma treatment of PLLA mats

The plasma functionalization dfi¢ mats was carried out by th®P group.The Dielectric Barrier

Di scharge (DBD) plasma source employed for th
of PLLA electrospun mats consisted of two aluminium paraligle electrodes; the upper electrode
having a surface of 13x8 &mand a thickness of 0.13 mm, was covered by a dielectric-BQite,

having a surface of 15x11 émand a thickness of 2.4 mm and was connected to the high voltage (HV)
generator; while the lower electrode, with a surface3®lcnt and a thickness of 0.13 mm, was
grounded.

The plasma source was enclosed in a volume having a size of (21x1Ax@xwWixH) to perform

the treatment in a controlled atmosphere by introducing specific gases or gas mixtures. The gas
mixtures used fovolume 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 reactormfoving 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 (FIB-B@GbH
20-1NMK) producing highvoltage pulses with slew rate of B5 kV ns?, a pulse duration around 30

ns, a peak voltage (PV) of Z0 kV, and an energy per pulse of 50 mJ at maximum voltage amplitude
into a 100200V load impedance, with a maximum pulse repetition rate (RR) of 1000 Hz. During the
plasma teatment, 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
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grounded electrode and the P@b/plate at 0.5 mm and setting the PAMda&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 conditiorthe gas mixture wamitially 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.

Generator

HV
|:] Gas inlet 1

Gas outlet

==

PLLA electrospun mat

Figure 1. Experimental setup employed for the plasma functionalization of the PLLA[h&jts

Carboxylic groups evaluation

The evalwuation of the obtained " COOH groups
characterizationl[7]. Briefly, functionalizedPLLA mats were fixed by means of CellCrown supports

and activated by incubation with 10 mM EDC and 10mM sNKS 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 carbona 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*M FITC in carbonate buffer for 2 hours at RT and
rinsed three times in PBS for 5 minutes. Negative control was obtaynechitting the presence of
reactive reagents (EDC and sNHS) in the above described procedure in order to evalspgéeifion
binding of FITC to thdibre 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 surf
(pH 5.0) buffer and incubated with ABHTC at different concentrations and at different conditions of
time, pH andemperature, as indicated in the resaltd discussion section. As a negative control,

the reaction was performed on PLLA hydrolyzed or PLLA plasmated without EDC/SNHS
activation to evaluate nespecific binding of ABFITC to thefibre surface. The ata are shown after

the subtraction of the negative control.

Anti-CD10 antibody conjugation

PLLA fiores functionalized with "~ COOH groups at t he
treatment, were conjugated with a@iD10 antibody using the followg optimized protocol. Briefly,

the antiCD10 antibody was conjugated, onto the activated PLLA substrate, at three different
concentrations (1, 5, 10ug/mL) in 0.1M PBS overnight at 4°C. In order to verify th€Rab

antibody immobilization, AHFITC at 2200 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 spodtiexd wih gold. The
distribution offibre diameters was determined through the measurement of abdilir@s®y 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 KSvés CAM 10
profiles of Milli-Q water drops for image analysis. The water drofilprionages were collected in a

time range of @0 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 chronptpdi@PC) 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 ZDO000 g/mol, 250 mm/4.6 mm
length/i.d.) and a PLgel minimix E (PM range up to 3000@al/ 250 mm/4.6 mm length/i.d.).
Polystyrene standards in the range of molecular weighti2@@0000 g/mol were used and a
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refractive index detector was employed. Chloroform was used as eluent with a 0.3 hflomiand

sample concentration of about 1@ mL* 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 NIKOMaf Fluor). The images were analyzed using
Imaging NIS Elements software. In order to obtain the mean fluorescence intemsifgs of at least

five different fields for each sample were takéurthermore for each of these fields the average

intensity of eight different areagerecalculated. Data were expressed as mean + SD.

4.3 Results and Discussion

The electrospinning process parameters were optimized in order to obtain PLLAfcefébtres,
randomly oriented, and characterized by a nfdaa diameter of 574+190 nm.

The chemical functionalization of the PLL{#res was carried out using different alkaline hydrolysis
conditions, by varying the hydrolysis time and the NaOH concentratioarder to achieve the
highest density of carboxylic groups at fitae surface while minimizing possible damage of the
fibres caused by PLLA hydrolysis. PLL#bres were treated with NaOH at concentrations of 0.01M,
0.02M and 0.05M for treatment times Bfand 10 minutes. In these experimental conditions, no
modification of thefibre 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 ndrwes started collapsing and breaking.

The plasma functionalization of the PLIfildres was performed according to the operating conditions
reported in the experimental part by testing three different treatment times (Bd7.6 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 thedils 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

functioralization 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 (G16].
The presence of carboxyl groups onto PLfidres was asssgd, for both the chemically and the
plasma functionalized mats, by means of conjugation reactions via the FITC fluorophore and
measur i ng 4Ifi@meandi@@stence intensity [17]. Results of the alkaline hydrolysis
protocol are displayed in FiguréA3where 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. of liigat
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 c-blnMpflaorescencaintebsieswigaenad fdr h e
chemically and plasma mgtionalized mats, together with the results collected for the pristine PLLA
mat. The fluorescence intensity of the mat after chemical hydreWgsimore than five timekigher
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
nonspecific interactions, a contrakaction was peofmed 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 reagentthe nonspecific 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 concentrat
Comparison between COGHTC mean fluorescence intensity of pristine, chemically hydrolyzed
(0.05M NaOH, 10 min) and plasma (5 min) functionalized PLLA nja6j.

Electrospun mats functionalized by means of the two selected protaal€.05M, 10min NaOH
hydrolysis and 5min plasma treatmentere analyzed by the GPC to evaluate possible clsange
PLLA molecular weight that was expected due to hydrolysis and scission of the ester linkages of the
PLLA backbone chain to generate carboxylic and hydroxytggodps on polymer chains. GPC
measurements demonstrated that molecular weight did not cleeitige chemically treated mat (M

= 129 x 18 g mol') whereas only a slight decrease was observed after the plasma treatment (M
121 x 16 g mot?).

Surface hydrophilicity of the functionalized PLLA mat was evaluated through water contact angle
measurments. 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 insemia 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 anfbbGyabeled (Ab

FITC) was used as a model compound:FABC was conjugated via EDC/SNHS to the surface of
PLLA mat treated with NaOH 0.05M for 10 minutes. Different cgajion conditions were tested in

order to optimize the covalent binding efficiency and to minimize thespesific interactions
between the antibody and the PLIiAres. In particular, temperature, pH, time of reaction and Ab

FITC concentration were vadeThe antibody was tested at concentrations of 1ug/mL, 5ug/mL and
10pg/mL in three different conditions: (1) carbonate buffer at pH 9.5 for 1 hour at RT; (llI) carbonate
buffer at pH 9.5 for 4 hours at 4°C; (lll) PBS buffer at pH 7.5 for 20 hours at 4@ regative

control the reaction was performed on NaOH hydrolyzed PLLA without EDC/sNHS to evaluate the
non-specific binding of the Al-ITC to thefibre surface.

As expected, the results showed an increase of fluorescence intensity as a functieRIDEC Ab
concentration. Moreover, among the tested conditions, the redittiwas revealed to be the most
favorable for the antibody conjugation.

As last step, the ar€D10 antibody was covalently linked to thiere surface of PLLA mats, both
chemically anglasma 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 aspecifactidas with the molecules of the Ab

FITC used to recognize the atD10, the mats were incubated with BSA 2% in PBS 0.1M pH7.5.
Figure 4A shows the fluorescence intensity of the@mtiL0O / ABFITC system, as a function of anti

CD10 concentration. ltisnt er est i ng to observe that, despit
introduced by the two functionalization methods, the chemically and the plasma treated PLLA mats
displayed similar values of the mean fluorescence intensity due t€Rfh0 conjugaon (Figure

4 A) . This result suggests that the | arger am
functionalized mats with respect to the plasma treated ones (as shown in Figure 3B), does not lead to

a higher concentration of antibody conjugateddhefibres.
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Figure 4. (A) Mean fluorescence intensity, after negative control subtraction, of th€ Rt
conjugated at different concentrations onto the surface of PLLA mat (white bars = chemical
functionalization; black bars = plasma treatment) and recognized by secantbogdy ABFITC
labeled as schematized in (B). (C) Fluorescence microscope image of thdiPildsAafter anti
CD10 conjugationl6].

The two methods for PLLAibres functionalization investigated in this work were optimized, by
varying the experimentalonditions, in order to minimize thidore damage while generating the

hi ghest density of fibiesOsOrfdce.gindeed, gos both metloods,t optenal
functionalization conditions, which did not cause any morphological change nor the reddiction o
polymer molecular weight, were found, demonstrating that in such conditions no appreciable polymer
degradation occurred.

As expected, the formation of carboxylic groups at fliee surface remarkably increased
hydrophilicity of both chemically and plas 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 sw&fat 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 introd
greatly enhance hydrophalty 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-lBé&l€l antibody

as a model biomolecule, @iii) by immobilizing an antiCD10 antibody that was then revealed by a
secondary antibodFITC labeled. Interestingly, similarly to what underlined by the WCA analysis,
despite the different amount of " COOlhetlypdsp u p s
the fluorescence analysis revealed that the chemically and plasma treated PLLA mats displayed
similar values of the fluorescence intensity related to-@BtLO conjugation (Figure 4A). The
achieved result clearly highlights that no great diffeesnin terms of antibody conjugation efficiency

can be detected by comparing the \sle¢mical method and the proposed plasma functionalization
process. This effect can be explained by ass
excess with respeto the number of anCD molecules that can be conjugated ontditire 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 GAP process for the conjugation of biomolecules onto the
surface of PLLA electrospuibres has been demonstrated. The comparison between a conventional
wet-chemical method and the proposed plasma assisted approach for covalently linking biomolecules
was caried 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 priBtine\ fibres and, more
interestingly, no great differences in terms of antibody conjugation efficiency was detected by
comparing the chemically and plasma functionalized mats. THerped study brought out the
possibility to replacea toxic chemical metbd with a highly flexible and ecacompatible 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 stude in the frame of biomedical applications, clinical practices and surface
decontamination have widely documented the capabiliti€&Aéfas a suitable and effective tool for

the reduction ofbacterial load [8], thanks to its characteristic blend of several and synergic
biologically active agents {&1], which are effective in disrupting individual mieboganisms [37]

and apparentlyare not influenced by mechanisms of microbial resistanamntibiotics (innate or
acquired) [8].

Since among the biologically active components of plasma, charged particles and electric field are
also included, it is proposed thaese componetsan affect the cell membrane causing electrostatic
disruption @ at least permeabilization for a very short time-{#. As a consequence, plasma
derived ROS/RNS molecules can penetrate the cell membrasis]lifducing further chemical
reactions inside the cytoplasm and leading to the oxidization of cellularrzated 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 Joadatial [22], about the investigations of the effects
induced by atmgpheric plasma on living biofilfiorming bacterial cells, suggests these cgtls
through sequential physiological and morphological changes before becoming inactivated by plasma
and that longer treatment time, even more than for the case of planktogehare necessary to
ensure a complete inactivation.

During my Ph.D activities, some efforts have bedgdicatedn evaluating the effects @AP 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 remow®rbi 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 cwstommade 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 easyl moldable and possesses, thanks to its splkegereturn, 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 eustdenproductin
process, soft reline oral palatal obturators are quite expensive; therefore, an eventual implant failure

might be severely resourcecause of the implants cost) and tirfieecause of the long production
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process) consuming. Severe bacteria biofilmaamation 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 ineffectivgainst 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 mearSAiPtwo
sources, with the aim of evaluating their effectiveness in preventing biofilm adhesion and enabling
biofilm decontamination, are presented. A wider dpsion 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 plasmatrment, 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 cas8#eptococcus mutarend Aggregatibacter
actinomycetemcomitamgere 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 cuidh plasma treated
specimens has been evaluated.

The work was carried ourh collaboration withthe groupheadedby Prof. Lia Rimondini, from the
Laboratory of Biomedical Materials, Department of Health Sciences, Universita del Piemonte

Orientale, Novargaltaly.

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 techniggs 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 manu
Leuven, Belgium); afterwards, polymers were cut in order to realize square specimens (5 mm per
side) with a thickness of 2 mm. Pritwr 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 thepecimens was performed by th&P 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 Figlre

High Voltage

Brass electrode

Dielectric

\

Specimen _
Grounded plate l

] r—
DBD - Rod
High Voltage
Dielectric Alumi_num
foil
SPECIMEN ___
Grounded plate! -
DBD - Plate

Figure 1. DBD-Rod (upper panel) and DBPBIate (lower panel), pictures of the discharge during

operation (left figures) and schematics representations of the sources (right {@bires)

The first plasma source, named DEod, consists of a cylimital 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 per
mm. When operat, the plasma source is positioned near, or even in contact with, a grounded
electrode realised with an aluminium plate [26]. The DB& plasma source was driven by a
micropulsed generator, producing hgbltage nearly sinusoidal pulses having a pedtage (PV)

of 15.4 kV, frequency (f) of 40 kHz, pulse duration of 250 ps and fixed pulsed repetition frequency
(PRF) of 1000 Hz.

The second plasma source used in this work, named-BIB®, is composed by a POG®™ plate

(lmm thickness, relative permittiyit Or =3 . 4) | used as dielectric
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 anohgvaskthe
grounded electrode. The DBPlate 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 freqcy (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, stresgtrain tests were carried out both on untreated and treated specimens.
Stres$strain measuraents 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 crebgad speed was 50 mm/min. At least five samples were testedcfor ea

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 t6AP treatments was carried out by the Prof
Ri mondini ds group.

BacteriaStrains and Growth conditions

Two exponentially growing oral biofilm former strains were used for the evaluation of plasma
induced antibacterial activity: iptreptococcus mutan®SMZ 20523, Leibniz Institute DSMZ
German Collection of Microorganisms andellC Cultures, Braunschweig, Germany) and ii)

Aggregatibacter actinomycetemcomitafi®SMZ 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 diained. 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 pventing 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,
ltaly) and submerged with 1 ml &B medium containing 1xTMacterial 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 cahefully w
PBS. The number of biofilm viable colonies was evaluated by the Colonies Forming Unit (CFU)
count, while bacteria viability was determined by the colorimetric metabokhbi®,@methoxy4-
nitro-5-sulphophenybs-[(phenyl amino) carbonyPH-tetrazolum 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 obtéatd6 ten
dilutions; then, 20 ml oéach 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 téold dilution)]
Bacteria viability was evaluated by adding 50 ah XTT solution (3mg/ml in acetone containing
1uM 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 maibjected 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 treate

specimens. Experiments were performed in triplicate.

Evaluation of plasmactivity 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 IxXiécteria cells. Plate was
incubated for 90 min at73C 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 thacsudf 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 adergd 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 éfesh 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
sby 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 performgicate.

5.2.5. In vitro cytocompatibility

The investigation of theytocompatibility of the CAP treatments was carried out by the Prof

Ri mondini 6s group.

Human Primary Cells

Cytocompatibility of plasma treated soft reline specimens was evaluatedtguaatesd primary

human gingival fibroblasts (HGFs) and skin keratinocytes (HEKs). HGFs were isolated from
di scarded nor mal human gi ngi W&M (Signha) sapplereedtedc e | |
with 10% heainactivated foetal bovine serum FBS (Sigldrich, Italy)) and 1% antibiotics
antimycotics (AntiAnti, 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, botbukaryotic cell types were trypsinized;gaespended, 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 Biélces for 30 and 120 s. Then, a defined
number (5x16cells/specimen) of eukaryotic cells were seeded onto plasma treated reline surfaces;
samples were incubated for 24 h at 37°C, 5%.CA&iter 24 h, eukaryotic cell viability was
determined by the colonetric metabolic assay@,5-dimethylthiazol2-yl)-2,5diphenyltetrazolium
bromide (MTT, Sigma). Briefly, 20 uL of MTT solution (3 mg riLin PBS) were spotted into each

well; plates were incubated for 4 h in the dark in incubator at 37°C. Afterwardgjmme/as removed
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and formazan crystals on the wells bottom were solved with 100 pL of DMSO. Finally, 50 pL aliquots
were collected from each well and the optical density measured by the spectrophotometer at 570 nm.
Eukaryotic cells were also cultivated ontintreated 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 sof
reline polymers, with the aim to garner some knowledge about the possible variation induced in the
material by plasma treatment in terms of elastic modstusss 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 el asgtiandnodeaifl aursmakd)istedt r aets sb rac
Tablel.Elagt i ¢ modul us (B),asdre&esforampfd DRBORbadIb r e a
DBD-Plate plasma treated specimens. Data are expressed as means + standard {&yjations

Specimen E [MPa] G [MPa] G [%]
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 DBDRod 2.40+0.52 2.14+0.84 111.58+32.54
2 min DBD-Plate 1.39+0.29 1.34+0.69 117.14454.07
1 min DBD-Plate 1.70+0.12 2.13+0.41 158.2+27.14
30 s DBDPIlate 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 sgtam curve of specimens treated by DBDd
and DBDPlate, respectively. From the obtained results, no significant alteration of mechanical

performances of the soft reline polymer was detecedda afer 120 s of plasma treatment.
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Figure 2 ab. Stressstrain curves of DBERod (a) and DBEPIlate (b) plasma treated samples for

30 s, 1 min and 2 min and untreated samjBk

5.3.2. Evaluation of plasma activity in reducing bacteria adhesion

DBD-Rod and DBDPlate sources, used to treat soft reline palatal obturators before bacterial

contamination (aglepictedin Figure 3a), turned out to be effective in preventing bacteria adhesion

for both the selected biofilm formers.

In particular, the CFB 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(left histograms). Moreover, as shown in Figureegiight 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 é3@% for plasma treated samples with respects

to the untreated ones (p<0,@dicated 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 DBDBPIlate plasma source in affectiAgactinomycetemcomitaiis and d) and
S.mutangc and e) adhesm by means of CFUs counts€left histograms) and evaluation of
bacteria viability (ke right histograms). Results were statistically significant in comparison with
untreated controls (CNT) for both CFUs (p<0.05, indicated by the #) and viability eb$gsXTT
(p<0.05, indicated by the *). Bars represent mean values and standard def2&{jions
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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 Figuré Bmyure 5a) led to a
significant decrease of CFU number and bacteria viability for both early and mature biofilm, even
after a short treatment time (3@0 s). As it can be observed comparing Figure 4 and Figure 5, plasma

treatment is more effective @arly biofilm.
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Figure 4a-e. Schematic representation of the experimental protocol (a); assessment of the
effectiveness of DBERod and DBDPlate plasma source in decontaminating
A.actinomycetemcomitaifis and d) and.mutangc and e) early biofilm, byneans of CFUs counts
(b-e left histograms) and evaluation of bacteria viabilitg (tight 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, indted by the *). Bars represent means and standard
deviationg25].
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Figure 5 a-e. Schematic representation of the experimental protocol (A); assessment of the
effectiveness of DBERod and DBDBPlate plasma source in decontaminating
A.actinomycetemcomitaifis and d) and.mutangc and e) mature biofilm, by means of CFUs

counts (ke left histograms) and evaluation of bacteria viabilite (fight histograms). Results were

statistically significant in comparison with untreated contfGNT) for both CFUs (p<0.05,

indicated by the #) and viability (p<0.05, indicated by the *). Bars represent means and standard
deviationg25].
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In fact, both DBDBRod (Figure 4b and c) and DBBlate (Figure 4d and e) induced at least a 3 Logs
reduction é the CFUs number ¢b, left histograms) and a 4€0% 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 compartis 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 intiim 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 (Figwe [Bfbhistograms) and 240%

loss interms of bacteria viability (Figure 5d 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 wéseo/ed between DBRod 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, consideringukaryotic 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 Figorangade. Also, reline
specimens were subjected to plasma treatment performed under the same operating conditions
implemented for bacterial decontamination, in order to asseseshible 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>0.05decrease 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 6¢) and HGFsé€Rfcultured onto treated
specimens were comparable with those of eukaryotic cells cultured on both the controls.
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Figure 6af. Assessment of cyotocompatibility of plasma treated soft reline specimens, by means of

the evaluation of eukaryotic cell \agity and visual observation. The viability and morphology of
HEKSs (ac, upper panel) and HGFs-{dower 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 groujps].

5.4 Conclusions

The possibility to effectively decontaminate soft reline palatal obturators, in order to prevent their

failureand replacement, represents nowadays a challenge for clinicians. In the presahevadomct
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application of cold atmospheric plastas been demonstrdte represent an effective procedure

able to significantly reduce bacterial contamination evea gingle 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 adhesn onto surfaces is linked to the chempdoysical 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 containirgsgesn 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 #@#nent 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 withstamekssive 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 sourcesre 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 relevathictiosue
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 layersvith the adopted &atment 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 bacterie
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

106



6.1 Introduction

The deposition of coatings performed by meanSAP 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 plasciaadje. Besides the production of a
polymeric coatings by means of the deposition processgqoitibrium atmospheric pressure has
been also employed for the-deposition of nanocomposite coatings, presenting nanoparticles (NPs)
embedded in a polymericatrix.

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 iNtBsa pPAA matrix. The coating
deposition and cdeposition were carried out by means &AP jet.

The characterization of the coatings was mainly performed by means of an attenuated total
reflectance~ourier transform infrared spectroscopy (AFRIR) and with the Xray 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 meaosscanning 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, remrted in this chapter and thoroughly presented in the scientific papersgabk$hed

on Plasma Processes and Polymessie obtained by the IAP Groupeadby Prof. Colombo in
collaboration with Prof. Maria Letizia Focarete from the Department of Ghémi y 06 G. Ci an
and with Prof. Antonino Pollicino, from the Department of Industrial Engineering of University of

Catania, Italy.

6.2 Experimental part

In the presentparagraph the materials, th&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 280ppm MEHQ as inhitor

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 nni;AdyioR)

in anhydrous EtOH were used; the dispersion of AgNPs in EtOH waarpreby 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 AQNPs, deposited
using a dispersion of 5% w/w 0AgNPs in EtOH. In the text, nanocomposite coatings and
nanoparticle coatings are referred to as AgQNPs/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-depasition of

the nanocomposite coatings of AgNétabedded 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. NonrEquilibrium Atmospheric Pressure Dual Gas Plasma Jet

The plasmaource adopted for the deposition andleposition 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 andipusly reported in Refs 3].

The highvoltage 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 plasfpolymerization 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 dbdeiyee 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 introducedhae tlischarge 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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C HV connection

Primary gas Secondary gas
r

HV
electrode

Figure 1. Nonrequilibrium atmospheric pressure plasma jet: (a) picture while impinging on
biological substrate; (b) assbiy 3D rendering; (c) schematic of the head of the plasma jet with gas

diffuser and gas pathways highlighfédl.

For the pPAA coating deposition, the plasma source was driven by a commercial pulsed DC generator
(FID GmbHFPG 201NMK) producing highvoltage pulses with a slew rate af8kV ns?, a pulse
duration around 30 ns, a peak voltage (PV)i@&0rkV, and an energy per pulse of 50 mJ at maximum
voltage amplitude into a 10200V load impedance, with a maximum pulse repetition rate (RR) of
1000 Hz.

For the AgNPs/pPAA coating edeposition, the plasma source was driven by a micropulsed
generator producing higboltage sinusoidal pulses having peak voltage (PV) of up to 40 kV,
frequency (f) of 2050 kHz, variable pulse duration, and fixed pulsed repetitiequency (PRF) of

100 Hz. During the plasma @teposition 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 effectivenes®f 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 FE/&nd
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 particuldr, 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 il o diginct
operating conditions were selected, defined a
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 treatmenttimeévard f rom 3 to 20 min for
condition and from 5 to 20 min for the 0606strec
also performed on plasma pretreated PE and PVC substrates. The pretreatment of polymeric
substrates (PE and PV@ps 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 pretreatmtenf the polymer substrate, the AA polymerization was carried out using
the 66strongdédé operating condition and a treat
conditions, the gap between the plasma source and the polymeric substratetwasdtant 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.

HV cable Acrylic Acid
= i L/
Q Ar + Nebulized dispersion flow l 1
° o

Nanosecond pulsed
generator Plasma

source
Ar I flow
e
J 2mm__| O

Bubbler
with AA pPAA
Ar tanks ‘,
gas PE = — —PE

Figure 2. Experimentisetup 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 coatj

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 distigas 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 chhame 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 depositiohAgNPs 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.

HV cable (,QL AcrylicAcid @ AgNPs
A AL on —
] R
el S o
Ar + Nebulized dispersion flow \ o A L 1
° o / [~
o '\
Microsecond pulsed
generator Plasma \ v e 1
source \\{ \ —’
°
Ve 10
Ar I flow Ar II flow o D \
A e L)
J =2 mlnﬁ::t'.:::: =
‘e -
AR !
Nebulizer with V\\/N ¢ ’\J—}\
Bubbler EtOH + Ag NPs O% @O
with AA ~ o
A N D |\‘_/ A
Ar gas tanks (& M/ i .>./\6§./
SR Ne o

Nanocomposite coating AgNPs/pPAA éi ' on PE
o

Figure 3. Experimental setup of the plasmaaeposition procedg].
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6.2.5 WaterContact 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 Shap\nalysis 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

valuezstandard deviation.

6.2.6 Attenuated Total Reflectancd-ourier 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/AgNP#Ts 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 egmped with an ATR sampling accessory, using a diamond crystal as internal
reflection element. Spectra were acquired at RT in absorbance mode, from 3900 to*4GiEhcan

resolution of 2 cn; a total of 32 scans were recorded for each spectrum.

6.2.7X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy measurements were carridoly detof. Pollicino in ordeto
evaluate the chemical composition of pPAA and AgNPs/pPAA coatings by means of a VG Instrument
electron spectrometer usindvly Kal,2 Xray source (1253.6 eV). Therdy source in the standard
conditionswas operatedt 300 W, 15 kV and 20 mA. The base pressure of the instrument was 5x10
10 Torr and an operating pressure of 281brr was adopted. A pass energy of 100 eV ahe\2

was used for widescans and narrowscans, respectively. Thegantitative surface analyses were
carried out by the determination of the photoelectron peak areas obtained by multiplying the
experimental values with the appropriate sensitivity faétor.acquiring the spectra, a taét angle
(t.o.a.)of 80°was used. Considering that the relationship between the depth of the analysed layer (d)
and the t.0.a. (u) is represented by the equatidh sind where | 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 elaboratisese 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. Bind energies were referred to theHlevel 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 Model7BO characterized by high
resolution optics 10B00X was employed. The instrument was equipped with a piezoelectric
actuator on focus axisaxis), which enables a spatial resolution in the order of 0.5 mm. The analysis
was performed on PE and PVC substrggagially masked during the AA plasapalymerization
process, in order to allow the deposition of the pPAA only in aleedllized area, easily identifiable

by the instrument. Measurements were obtained by performing afouus digital reconstruction

of the specimen in the area subjected to the plgshenerization 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 thei@tapyr instrument software. Each

measurement was run in triplicate and results are given as the average valuexstandard 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 voltagd @5 kV, on samples sputter coated with gold; the SEM was also equipped
with energy dispersive Xay spectroscopy (EDS), which was used for elemental analyses of the

samples.

6.2.10 Antimicrobial Assay

To evaluate the antibacterial properties of AgNPs/fleAatings Escherichia col(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 approximatel§ CH¥10
(Colony Forming Units) mt 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. Eplelte 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 ¢nwas placed onto a contaminated agar plates. After incubation
for 24 h at 37 °Cthe 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 coatingigntain
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 striates were subjected to the plasma polymerization process
performed in 66mil déé operating condition, ob
Hz, for treatment times of 3, 5, and 20 min. The area of the polymeric substrate interested by the
coating deposition was around 1%msignificantly larger than the area of the plasma source orifice;

this behavior is in agreement with the results presented by Onyshattemkid 1], who thoroughly
investigated the dimension of the area functionalimean atmospheric pressure plasma jet treatment.
The ATRFTIR 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 salident due to the characteristic peaks of the underlying

substrate, were obtained when PVC was taken as the substrate for pPAA deposition (datanjot show
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Figure 4. ATR-FTIR spectra of pristine PE and of PE substrates subjected to AA plasma
pol ymerization process performed i[lh Amil do

Taking into account the fact that with ATRRIIR measurements the sampliatgpth 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 excegdimt dimension. The spectra collected for 5 and 20 min plasma
polymerization processes exhibited a very strong absorption band at 1#Wwhah can be assigned

to C=0 stretching vibrations of the carboxylic functional groups. The-RTHR spectra showin

Figure 3 also contain a very broad band in the region-2800 cm', which can be attributed to OH
stretching vibrations [13]. Superimposed on this broad peak, a band in the regie29800fn' due

to CHXx stretching vibrations is noticeable [13}t lawer wavenumber, an absorption peak due to
coupled GO stretching and OH deformation between 1400 and 133§ amd a strong ©
stretching absorption peak between 1332 and 1135with the maximum around 1200 ¢nean be

found. Finally, the absorjoin band due to C(O)OH dimers appears between 999 and 878 8/h4].

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 sursemsitivetechnique.

As known, the effective XPS sampling depth (d), which is the depth from which 95% of the electron
signal ari ses, is calcul ated-odat dngl 8aanddpg Wi
mean free path. Tds deserminedsby Clagyt aby [1@ for Ck phdtoelactngns,

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 polymenization i
Aimi |l do operating condition. This sampl e was
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 BYTtR-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 estei COOR) moieties, both characteristic of the pPAA
chemical structure, th¥PS 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 highresolution Gs peak was performed. Figure 5 shows thegeaks of the®?VC samples
subjected to 3 min (Figure 5a) and 20 min (Figure 5b) plasma polymerization processes performed

in Aimi |l do operating condition.

Counts

280 282 284 286 288 290 292 294
Binding energy (eV)

Counts

280 282 284 286 288 290 292 294
Binding energy (eV)

Figure 5. XPS deconvoluted C1s peak of pPAA deposited on PVC substrate by means of AA

plasma polymerization proces per f or med i n fAmil do operating

[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 toi C and GH bonds, a peak at 285.5+0.1 eV due icCOOH
functional groups, a peak at 286.8+0.1 eV due 40 Gonds and finally, a peak at 289.1+0.1 eV,
attributed to carboxylic acid COOH) and/or estei COOR) groups. Furthermore, in the peak fitting

of the C1s envelope of the 20 min deposited pPAA film, evtlile peak due to-O bonds almost
disappears, a peak at 287.8+0.1 eV, attributed to C=0 groups, is present.

Interestingly, as shown in Figure 5a and Figure 5b, no chlorine was detected igghedlbpes of

the deposited films. In light of thisresultth e t hi ckness of the 3 min p
operating condition can be suppogedein the region between the XPS and AFRIR 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@@@H,-COOH and

T COOR graups, (ii) the decrease ofQ and GC functions, (iii) the appearance of C=0 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 amowarlodxylic 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 groupsmcentration and O/C ratio after pPAA deposition by AA plasma

polymerization process¢s].

Substrate  Operating CC  C-COOH CoO C=0  -COOH OIC

condition C-H O-C-O -COOR

285.0 eV

85.0e 285.5eV 286.8eV 287.8eV 289.1eV

PVC 3 min i 48% 22% 8% - 22% 0.44
condition

PVC 20 mi n 43% 26% 1% 5% 26% 0.59
condition

PE 20 min 44% 26% 0.5% 4 5% 26% 0.54
condition

PE 20 min 32% 27% 9% 5% 27% 0.63

Astrongo

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 pol ymer i z a tnditooncaniedouta bath PE and PViGi | d .
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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 um, while the one on the PVC substrate resulted to be
19+11 pm thick. Althougtihe 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 ATIRTIR spectra. In order to give a representation of hiekness

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 pPAAgmrted 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 [WQn the PI

As noticeable, the film turns out to have a quékevant roughness and not a constant thickness on

the whole deposition area, in agreement with the results of previous work [15].

By applying fimildo operating conditions, the
all peaks characteristof pPAA were not detected in the ATRRIR spectra of the pPAA coated PE

and PVC substrates dipped in distilled water for 30 s and air dried.

Therefore, Astrongo operating condition (PV
perform the AA plasmpolymerization. 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 mirrbothiPBRiadnddP¥C c o n

substrates.
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= lymerized PE
z 03 poly
< 02 — - = Strong condition 5 min plasma
polymerized PE
0.1
------------- Untreated PE
0
3900 3400 2900 2400 1900 1400 900 400
Wavenumber [cm]
b) 0.8
0.7
0.6 . .
. —— Strong condition 20 min plasma
g 05 polymerized PVC
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2 03 polymerized PVC
< 0.2 — - =Mild condition 20 min plasma
polymerized PVC
0.1
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Figure 7. ATR-FTIR spectra of pristine PE and PE samples subjected to AA plasma polymerization
process performed in fAistrongo operating condi
20 min (a); pristine PVC and PVC samples subjected to AA plasma patgtien process

performed in Astrongo operating condition: 5

(b) [1].

As observed for the fAmildo condition, after

condition the spectrum of the substraannot 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. depo
Conversely, in the case of PVC the pPAA spect
to be very close to the one collected on the !
After the polymerization processes performedfor20mii n Astrongo operating

upon water contact of the pPAA films was tested by dipping the samples in distilled water for 30 s.
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Although the drastic reduction of the absorbance of the pPAA characteristic peaks and the
detectability othe spectrum of the underlying substrate, as shown in Figure 8, the pPAA film resulted

not totally washed off after water dipping.

a) o

0.7

0.6
@ 0.5 : B
2 20 min plasma polymerized PE
E 04
s . . .
z 03 — — 20 plasma polymerized PE dipped in
= distilled water

0.2

-------------- Untreated PE
0.1
0
3900 3400 2900 2400 1900 1400 900 400
Wavenumber [cm!]

b) os

20 min plasma polymerized PVC

— — 20 min plasma polymerized PVC
dipped in distilled water

-------------- Untreated PVC

Absorbance

3900 3400 2900 2400 1900 1400 900 400
Wavenumber [cm]

Figure 8. ATR-FTIR spectra of pristine PE and PE samples subjected to AA plasma polymerization
process performed for 20 min in Astrongo ope
distilled water for 30 s (a); pristine PVC and PVC samples subjected tda&/a polymerization
process performed for 20 min in Astrongo ope
distilled water for 30 s (H1].

Since the deposited pPAA resulted partially insoluble upon water contact, an indicative water contact

angke (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°x1° for the pristine PE and PVC, respecingigative WCA

values of 8°+1° and 8°+3° were obtained on the pPAA coated substrates after a 20 min plasma

pol ymerization process in fAstrongo operating
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plasmapolymerized surface provided further eviderfoe the presence of hydrophili€COOH

groups.
Since the pPAA deposited in Amildo condition
stability upon water contact after the fAstror

degree crosslking 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 plgstymerized PE samples

bot h i na Ami |l do and in Astrongo operating condi

for the two kinds of sample is presented in Figure 9.

Counts

280 282 284 286 288 290 292 294
Binding energy (eV)

Counts

Binding energy (eV)

Figure 9. XPS deconvoluted C1s peak of pPAA deposited on PE substrate by means of AA plasma
pol ymeri zation process performed for 20 min

operating condition (1].
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By switching fr om A miadmd golyrheazatiorsconditionsgwhilethp @amouwnt i n
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 [fEgjiothe
polyacrylic acid pPAA) films obtained from the AA plasma polymerizatjgmocess 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 compdsin, 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=0 an€© moieties, possibly due to the loss of an ester carbon

[17].

In order to better compare the effect of the operating tondion 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 retentib@ @OH andi COOR groups occurred
independently on the employed opargtconditions and on the treatment time. As evident in Table

1, by comparing the amount of functional gr ot
operating condition on both PE and PVC substrates, no significant difference can be noticed,
suggestig 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, carbongtis®are detected and,
operating at Astrongo condi t-G-@amd COdunatiandl grougsh t 0\
jointly to an increase of O/C ratio, that could be attributed to a crosslinked chemical structure, is
observed, conferring stabilitypon water contact to the film. As a last consideration on this aspect,
since our studies on the plasinduced mechanisms which lead to the crosslinking of the polymer
chains are still ongoing, a resolving correlation between the plasma polymerizatarefg@as and

the amounts of both C=0,-0-O and GO functions cannot be proposed yet.

The 20 min plasma polymerization process in T
PE and PVC substrates previously subjected to a 10 min long Ar plasmeaneint, 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,
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the area of the coating turned out to be 1 cm2the 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.

a) 0.
0.7
0.6
05 .
2 —— Plasma pretreated and polymerized
£ 04 PE
|5
z 0.3 — — Plasma pretreated and polymerized
-« 0.2 PE dipped in distilled water
-------------- Untreated PE
0.1
0
3900 3400 2900 2400 1900 1400 900 400
Wavenumber [cm]
b) os Voo
0.7 ‘
0.6
05 .
2 — Plasma pretreated and polymerized
E 04 PVC
=
z 0.3 — — Plasma pretreated and polymerized
-« 0.2 PVC dipped in distilled water
------------- Untreated PVC
0.1
0
3900 3400 2900 2400 1900 1400 900 400
Wavenumber [cm]

Figure 10.ATR-FTIR spectra of pristine PE and PE samples subjected to 10 min Ar plasma
pretreatment and AA plasma polymerization pr
condition, before and after being dipped in distilled water for 30 s (a); pristiGealfdl PVC
samples subjected to 10 min Ar plasma pretreatment and AA plasma polymerization process
performed for 20 min in Astrongo0 operating ¢c
water for 30 s (b])1].

Differently from the case in which ¢hplasma pretreatment of the substrate was not performed, no
great difference can be noticed by comparing the ATRR spectra collected before and after the
water dipping. This result emphasizes that for the deposition of polymer coatings stable upon wate

contact, the adhesion of the polymer film to the substrate needs to be taken into account.
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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 arogpineric pressure DBD plasma jet,

was recently presented by Bostal[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 depgpsitgder with respect to

the case in which only AA was plasfpalymerized. 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 modi&tions even after 72 h of water immersion. In fact, the obtained
results reported that the amount$ 6GOOH/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 amounti@d@OOH/R detected by XPS in the deposited coatings was around
9%, [18] which is significantly lower than the amounts-226) here reported, further highlighting

the potential of nanosecond high voltage pulses for thesttepoof coatings with a high retention

of functional groups.

6.3.2 pPAA/AgNPs coating caleposition

Thickness and morphology of the AgNPs/pPAA coatings were investigated by means of SEM
analysis. In particular, the coating thickness was measured tol&le80 um from SEM images of
the crosssectional view of the cdeposited samples; a representative esessional view of a

sample coated with AQNPs/pPAA is shown in Figure 11.
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Figure 11.SEM images of the crosectional view of the AQNPs/pPAA ated 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 thdayentiilm used as

substrate. Magnification: 220 x (a), 810 [2].

This measured thickness is significantly higher than those achieved with other atmospheric pressure
plasma sources. Indeed, Vogelsah@l [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 um after 3 min of
deposition; Cheret al[19], reporting on the deposition of pPAA coatings with an atmospheric
pressire glow discharge plasma jet, observed a thickness of around 300 nm after a 10 min deposition
time. Bashiret al.[20], in their work on the polymerization of hexamethyldisiloxane using a DBD
plasma jet, reported about an average thickness of the deposdéng of 662+33 nm after a
treatment time of 3 min. Finally, Bosst 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 diow that the cdeposited coating is
characterized by an uneven surface, with bright regions in correspondence of pmgteer AQNPS

and aggregates (Figure 12b,d,f) similarly to what previously reported by 8eng[21]; the
dimension of these briglareas 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 botgNiRs/APAA

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 dimensiofeaf hundreds of nanometers and marked as
SubpP 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 nanopatrticles during-theposition process was

reported als by Denget 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 (eDbtted yellow
circles indicate micrometric aggregates; dotexdi circles indicate AgQNPs 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
(SubpP)[2].
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The presencefd\g in the AgNPs/pPAA coatings is further confirmed by the collected EDS spectra
shown in Figure 13noticeable, the Ag characteristic peak is slightly lower in the AQNPs/pPAA

coating than in the AgNPs one, as a consequence of the AgNPs being embetdegabigmeric

matrix.

Counts [a.u]

Ag

1.90 200 2.10 220 230 240 250 260 2.70 280 290 3.00 310 320 330 3.40
Energy [keV]

b)

Counts [a.u]

Ag

190 2.00 2.10 220 230 2.40 2.5C 2.60 2.70 2.80 2.90 3.00 3.10 320 330 3.40
Energy [keV]

Figure 13.EDS spectra of PE films coated with AgNPs (a) and AgNPs/pPAA (b). Samples were

sputtercoated with gold prior to examinati¢a).
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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. Despiteesoorks 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 characteristi 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.

AgNPs/pPAA
coating

Pristine PE

Absorbance

3900 3400 2900 2400 1900 1400 900 400

Wavenumber [em™]

Figure 14.ATR-FTIR spectra of uncoated PE and of AQNPs/pPAA coate[PPE

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 peak©{§Nis, Agsd 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 AQNPs/pPAA codfihg

Table 1 Elemental concentration and atomic ratios measuretthéoAgNPs/pPAA coatin{p].

C o) N Ag o/C N/IC  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 plasm@olymerization, withvibrationally excited Nmolecules, resulting

from the mixing of the plasma plume with the surrounding air, as proposed byeBh&(ft25] for

the case of plasmaolymerization of diethylene glycol dimethyl ether; indeed, they observed by
means of optideemission spectroscopy the formation of OH, CHaNd CN excited species when

the monomer was introduced into the Ar plasma jet.

The curve fitting of the highesolution Gspeak, 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;€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 correspondi@g@oandCi H bonds, a peak at 285.5+0.1
eV due taCi COOH functional groups, a peak at 287.8+0.1 eV due to C=0 bonds and, finally, a peak

at 289.1+0.1 eV, attributed to carboxylic aci€COOH) andobr ester { COOR) groups.

Counts

280 282 284 286 288 290 202 204
Binding energy (eV)

Figure 16.XPS deconvoluted fcpeak of the AQNPs/pPAA coatirig].

Interestingly, as reported in Table 3, the AA plagméymerization carried out by means of the
micropulsedCAP jet leads to a high retention &€ OOH/R group$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 calepositon process: in fact, as highlighted by Bosatteall. [26] in their work on

the deposition of plasmaolymerized poly(glycidyl methacrylate) by means of DBD driven by-ultra
short square pulses, the increase of the duty cycle leads to functional grampstidasand 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(gtydyl methacrylate)26].
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Table 3.Surface carbon groups concentration of the AQNPs/pPAA co@jng

C-C C-COOH C=0 -COOH

C-H -COOR
28508V s 5ev 28786V 289.1eV
5206 21% 7% 21%

High-resolution XPS spectra of the &Agare reported in Figure 1@nd indicate that the binding
energies of the corresponding spin orbit splitting ofs&gand Agaszdue to AQNPs are centered at
368.2 eV and 374.2 eV, respectiveldonethelessthe binding energy positions of Agwere not
enough to identify the adtation state of the Ag species, because the characteristic states of oxidized
and metallic silver are close together. Nonethelgagially oxidized AgNPs are known to exhibit
better antibacterial activities than the zgadent Ag, thus the kinetic energy (KE) in the Ag MNN
region of the Auger transitions was measured
characterizelte chemical state of Ag. This parameter, originally proposed by Wagner [59, 60] and
successively modified by Gaarenstramnal. [27], is the sum of the kinetic energy of the Auger
electron (in our case Ag M4 N4 5) and the binding energy of the cdexd (Agads?) peak{28]. This
parameter was independent of the charging, but still sensitive to the chemical state of silver and it
was calculated as follow:

Ub (eV) =iNaNgs( XB(ADk2) + h3
where KE (Ag M4N4,5N4,5) is the kinetic energy of fgger transition, KE (Ag 3¢b) is the kinetic
energy of the Ag 3gbcorel e v e | and hs3 is the photon energy
The AgNPs/pPAA coated samples showed a photoelectron pealeéentered at 368.2 eV, and the
MaNa4sNa s Auger peak centerest a kinetic energy equal to 355.3 eV. Higarameter is therefore
equal 355.3 + 368.2 = 723.5. Based on the values reported by NIST Database and28htiner

parameter value can be associated with the presence of AgO.
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Figure 17.Ag3d corelevel (a) and Ag MNN Auger transition spectra (b) of the AgNPs/pPAA

coating[2].
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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 thago&ince 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 lsemical composition of the coating, but it is expected to underestimate the Ag
contentas mentioned in previous worfk30].

Results of agar disk diffusion tests to evaluate the antibacterial efficiency of the coatings are shown
in Figure 18: while ngrowth 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 Sadegitradjad

[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 literat[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 [2).

6.4 Conclusions

In this chapter, the results regarding the AA plagmolymerization and the AQNPs/pPAA coatings

deposition by means of@AP jet have been presented.
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Regarding the pPAA coating deposition, it has been observed that, in order to obtain the required
characeristics, the operating conditions of the polymerization process need to be optimized. Results
have shown that both the selected plagn@al y mer i zati on operating conc
independently of the treatment time, enabled to obtain am@ned carboxylic acid moieties always
higher than 22%, highlighting that the AA plaspalymerization was successfully performed.
However, despite the great amounti GFOOH functional groups verified by both ATIRTIR and

XPS, coati ngs dopgratirg icanditibn weme fodindhto Ibe bighly water soluble,
probably due to the | ow crosslinking of pPAA
conditions, the overall amount of the detected C=0 afd fOnctional groups, that could be
attribued 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 plpsiymerizaton process has been
demonstrated to reduce pPAA coatings solubility upon water contact, since no great difference
between the ATHETIR spectra collected before and after water dipping can be observed.

The results obtained from the characterization ottiemmical structure of the pPAA coatings allow
pointing out that the plasm@olymerization process was successfully performed for all the
investigated operating conditions and treatment times, since the high amount of typical pPAA
functional groups detedaeon 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 thatogs in the order of a few tens of micrometers after a 20 min
plasma polymerization process was highlighted.

Regarding the single step AgNPs/pPAA coatingdeposition, the thickness of AgNPs/pPAA
coatings cedeposited for 3 min was measured to be add@Mum from SEM crossectional views

of the samples. ATHRTIR spectrum of the edeposited AgNPs/pPAA coating was found to coincide

with the spectrum of pPAA coating without AgNps embedded. XPS results highlighted a significant
135



(21%) retention of carboXg 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 thdepmsited AgNPs/pPAAcatings

was preliminary assessed with agar disk diffusion tests (&siegl) 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 effeetbmologies 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 Wich the process is performed.

In this chapter, the researatarried out during myh.D activities and aimed at demonstrating the
effectiveness o€AP in inducing crosslinking directly in the solid state, are reported and the obtained
results are discued. Wider descriptions of tretudiescarried out can be found in the two scientific
workswritten on this topic [1, 2].

Briefly, the effectiveness of @AP, generated by a dielectric barrier discharge (DBD) and operated

in air, in successfully crosslinignwater soluble pullulan, gelatin and genipin teaming gelatin
electrospun fibes was investigated. After being exposed to plasma, the fibres showed a remarkable
capability to preserve structural stability and fibre morphology upon water exposures palitian

mats, the gel fraction and the water absorption were quantified to evaluate the crosslinking efficiency
of different plasma operating conditions, and AFRIR characterization provided some insights into
plasmainduced modification of pullulanhemical 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 bot hamoogrogps,ni pi
and on plasma induced crosslinks, most likely related to reactagespgenerated by plasma.

The results, reported in this chapter and thoroughly presented in the scientifis daggwere

obtained by theAP Group led by Prof. Colombo in collaboration with the groups led by Prof. Maria
Letizia Focarete and Prof. Adran Bi gi , from the Depart Allmant of

Mater Stuliorum- Universita di Bologna.

7.2 Experimental part

In this session, the methods to fabricate electrospun mats, tregodibrium plasma source and the
protocols adopted tanduce crosslinking, jointly with adopted characterization techniques and
methods are reported.
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7.2.1 Fabrication of pullulan electrospun mats

Pullulan (d= 15.0 6 180.0 mPa s, 10% in H2O
solution for electrggsinning 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 electrosfihaing
in-house built electrospinning apparatus was composed of a high voltage power supply, a glass
syringe, a stainlessteel bluntended needle (inner diameter 0.84 mm) connected with the power
supply and a grounded collecting plate. The polymeric solwtias 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. Me process was conducted at RT and relative humidity RH = 40 = 5% and the

meshes were kept under vacuum ov€skat RT overnight in order to remove residual solvent.

7.2.2 Fabrication of gelatin and genipin containing gelatin electrospun mats

The electrepinning 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 presdrenables to introduce

a given amount of genipin in the filsavoiding 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 athe 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 containgtievdles 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 thaf 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:H20 (60:40 V/V) at a ctiatien 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 prepareduing a stainless steel blugnded needle (inner
diameter 0.84 mm) connected to the power supply electrode. Electrospun mats were kept under

vacuum over FOs at room temperature (RT) overnight in order to remove residual solvents.
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7.2.3 Nonrequilibrium atmospheric pressure DBD and crosslinking protocols

Crosslinking of pullulan, gelatin and genipin containing gelatin electrospumwvogen meshes was

carried out by means of a controlled atmosphere DBD plasma reactor working at atmospheric
pressure in stat air. The DBD plasma source consists of two parallel alumirplate electrodes;

the upper electrode, having a surface of 15x10asrd a thickness of 0.13 mm, is connected to the

high voltage generator, while the lower electrode, with a surface ofctb@nd a thickness of 0.13

mm, is grounded. As dielectric, a P@Mplate, having a surface of 19x15%amd 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 érflLxWxH). 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 thesprand 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. h 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 td/1&nkl 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 RE

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:

E, =,V Odt
P=E,GRR

where V and |l arethevalse of i nstant voltage and current

single pulse.

Table 1.Plasma operating conditions tested. Experiments were carried out in static air, using a
sguare waveform with a kv/es rise rate and fi
POM-C plate at 1 mm.

Treatment R PV Treatment time Ep P
(Hz) (kV) (min) (mJ/pulse) (W)

T1 500 15 15 30 15

T2 500 15 10 0 o

T3 500 15 5 0 "

T5 300 15 15 20 o

T6 300 105 15 14 o

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 frequé@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 subjectec
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to the plasma dischge. 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 plastiandgmsed either in
Double Distilled Water (DDW) or in Phosphate Buffer Solution (PBS) (pH 7.4 and lonic Strength =
0.26M) for 20 seconds, in order to evaluate the effect of pH and lonic Strength (I) on the
morphological and structural stability of elextpun 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  A\fter plasma After soaking After soaking
P pes treatment in PBS in DDW
) G B G W
G C(;3 _150 G_5B G_5W
G 20 G_10B G_10wW
- G 20B G _20W
GG - GG_B GG_W
G_10 GG_10B GG_10W

7.2.4 Characterization of pullulan crosslinked mats

The fibre morphology of the aspun scaffolds and the one of scaffolds after the plasma exposure was
analysed by using &canning Electron Microscope (SEM) at an accelerating voltage of 15 kV, on
samples sputteroated with gold. The distribution of fibre diameters was determined through the
measurement of abb@50 fitres by means of an acquisition and image analysis sadtesad 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) samplingoagc&pectra

were acquired at RT in absorbance mode, from 4,000 to 480wt a resolution of 2 crk 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)draving a thickness in the range of 30 + 40 um. 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 shdkath 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 vacuuniThe percentage gel fraction was calculated according to the following
equation:
Gelfraction(%) = We oo
W
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. Thpdieate 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’3x¥iom a
thickness in the range of 3040 um, previously immersed in deionized water for 24 h in order to
remove the nowrosslinked 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 wellisaiiale
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 tliect$ of water evaporation. The percentage of
water adsorption was calculated according to the following equation:
WaterAbsorption(%) = WWTde Qoaq
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 replicafeecimens 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
sputtercoated with gold. The distribution of fibre diameters was determined through the
measurement about 200 filbes by means of an image acquisition andlysis 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 eleimiated spectra were
acquired at room temperature in absorbance mode, from 3900 to ZQ@ittna 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 ofuhcios-&rménd U
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 HCI 6 M were then addedeand th
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 abs or baminoogmupa pedgram gelatnss herd repbrted:

71 AQ ECOIT C)DQ I Ot ¢
C o8 @ R o

where A is the measured absorbance, 0.02 | is the volume of the analysed solution, 1.46x104 (Ix mol
1x cm?) is the molar absorptivity of TNBs, b is the cell path length in ciand x is the mat weight

in g. The crosslinking degr eeaminosgrouphie crassiinkddo b e
gel ati n an damindigeoupmim Linerssslinked gélatin.

Stresgstrain curves of aspun mats and of mats 24 h after tHasma treatment (specimen
dimension: 5x20 mm, thickness measured by microcaliper) were recorded using an Instron Testing
Machine 4465, with a crodtsead speed of 1 mm mih and the Series IX software package.

Sampl es were testeds immodauldusy (sH)a,t et:h & hset rYaoium ge

break (0b) 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 timeovosienking 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, W 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 fibore morphology and fibre diameter was observed after all the performed
treatments (Fige 2), indicating that no relevant damage or change of structure was induced by

plasma.
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Figure 2. SEM micrographs of aspun pullulan mesh (centre of the figure) and of pullulan meshes

after the different plasma treatments, as indicated by the aftdws

As a first indication of the efficiency of the plasma induced crosslinking, the plasatad 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 watepesure. Figure 3 shows the pictures of the plasma
treated samples immersed in water, together with the SEM micrographs of the corresponding dried
samples. As clearlgepicted mats showed a reduced structural and morphological stability with
decreasing th treatment time from 15 to 5 min. In fact, while the treatments T1 and T2 allowed the
mat to maintain a good and welkfined fibrous structure and a high porosity, after treatmeand3

water immersiorthe sample completely lost its original morpholand 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 atfie sample integrity were retained. These results highlight that,

in the right operating conditions, the plasmadiated 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 plastnaated samples soaked in water: (a) T1, (b) T2, (c) T3, (d) T4,
(e) T5, and (f) T6. Scale bar: 2 njdj.

In order to quantitatively assethe 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, contiiaeysol

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 observatigorted 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 ircise 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 plasreated electrospun pullulan

sampled1].

Attenuated total reflectance fourier transform infrared spectroscopy-fAITR) characterization,
performed on selected samples (Figure 5), showed that in the chemical structure of the plasma treated
samples, a new band appeared around 1700attmbuted to carbonyl and carboxylic moieties, that

was absent in the pristine pullulanat, 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 3208500 cm') was observed.
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Figure 5. (a) ATR-FTIR spectra of pritne 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 ifitgrest

It is well known that plasma reactive species, such as electrons, ions, uncharged particles
(metastales, 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 recotidrinaf 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 plasmg5], plasma tratment of pullulan macromolecules performed ircaim be hypothesized

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 hydroxygroups, followed by a
number of rearrangement reactions. The oxidation process, that@anconcomitantly with the
cleavage of the glycosidic linkage, and that could also be due téreashent oxidation, might be
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invoked in the formation of carbonghd carboxylic groups observed in the AFRIR spectra, which

might crosslink interor intramolecularly with hydroxyl groups.

7.3.2 Crosslinking of gelatin and genipin containing gelatin electrospun mats

SEM images of aspun G mats, shown in Figure tigsplay defect free and reguldrres. 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 anyeapgble alteration to the fibreorphology and

diamete (Mean value = 320 £ 40 micron), independently from the adopted treatment time. In order
to evaluate the capability of plasrimaated mats of preserving fdamorphology upon liquid contact,
immediately after plasma treatment G samples were fixed taoplass and rinsed in aqueous
solution (DDW or PBS) for 20s. As shown in Figure 6b and 6c, thgpas G mats dissolved
immediately after immersion in DDW or in PBS, while plasma treated G mats better resisted to
dissolution when the proper treatment tiwas selected.

In particular, it emerges that, by keeping constant the plasma operating parameters, the longer the
treatment time the higer the water stability and fiemorphology preservation (compare Figure 6e,

6h and 6k and Figure 6f, 1i and 6l). THisding 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 gelatinsgmin mats, gelatin mats after plasma treatment and
after immersion either in DDW (labelled W) or PBS (labelled B). egpam 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:; ) G_20; k) G_2D\@_20B. Scale
bars:a,d, g,j=2um; h, i, k, | =5 pf#].

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). Converseadgtradnt 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 structurpastially maintained. The increase of treatment time up

to 20 min providesrmimprovement in magtability and retention of fibnmorphology 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 toimprove the stabilization of as electrospun mats, the natural crosslinkerngesmipi
introduced in gelatin fikes during electrospinning. SEM images of electrospun GG mats before and
after 10 min of plasma treatment aeported 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 plasmeetgat

the genipin does not prevent the GG mats solubilization after immersion either in DDW or PBS, as
shown in Figure 7b and 7c, respectivédn the contrary, when GG sample is subjected to plasma

treatment for 10 minutes and then immediately soakedBi®, Bhe 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 stabilizgenipin 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 stbE agter

dissolution and swelling, being the fibrous morphology better retained.

—~

Figure 7. SEM images and pictures of genipin containing gelatispas mats, genipin containing
gelatin mats after plasma treatment and after immersion either in DD®@l€ld W) or PBS
(labelled B). a) aspun GG; b) GG_W; c) GG_B; d) GG_10; e) GG_10W; f) GG_10B. Scale bars:
a,d,e=2pum; f=5pure].
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Considering the above described results, further characterizations were carried out only on those
samples that wereelter 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-agun G and GG samples was evaluated by tensile -strags
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
Youngds Modul us, stress at fobtheewrsidead shmpes: tha i n
comparison between the mechanical behaviors-epaa 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 plasmaetitment induces a slight increase of the elastic modulus (E) and of the
stress @At klhssaki@ied with a signifi coafortbotr educ
the considered types of samples. In light of these results, the effects mapi@atment 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].
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Figure 8. Typical stressstrain curves recorded from-apun G and GG mats and from G_20 and
GG_10 sampleR].

Table3.Youngds modul us,p abdstram aitibreagysof samplelGCrared &6, U

before and after plasma treatment.

Sample E (MPa) b ()MF zp (%)

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+0.6 612
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The extent of crosslinking of G and GG samples was determined$puasmats, for mats subjected
to the plasma exposure and for the ones immars&BS after the plasma treatment, by using a
met hod based on the eval uvaninod groups @dr gramhaecordiry ftoe s

equation reported in the experimental part. The obtained values are reported in Table 4.

Table 4:Extentofcrossl n ki ng, expr es s-adnog@rsupplastratteecnosslinkirfig. f r e
Sample Extent of crosslinking

(%0)
G 0
GG 0
G_20 0

G_20B 61+4

GG_10 36+4

GG_10B 1006

As expected considering the results of mat stability in watespas G mat is natrosslinked and the

simple addion of genipin within the fibes 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 réan 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 inthedtpasma is
effective in initiating in the samindgloupsasdhbse c r ¢
conventionally induced in the liquid phase by genipin.

On the contrary, G_20 mat s di-aminogoupswith respecttda an
aselectrospun 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 reactiggroups able to create physical and/or chemical crosslinks that
contribute to gel ati n -ain@agoups.i zati on without I
Moreover, immersion in PBS was demonstrated to have a great influence on the stabilization and on
the enhancement of cros#ling 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 gedlimliich

displays its maximum crosslinking activity at pH 7.4 [7]. However, also G_20 samples experienced

a signifi ca maminodgeouops afersseakiny fin PB&hich yielded an increase of
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crosslinking degree from 0% to 61%, suggesting that RBRqed the formation of covalent bonds
involving reactive groups -ammoggoups.at ed by pl asm
To elucidate the mechanisms of the plasntaucedcrosslinking of gelatin nanofibs is not a simple

issue, especially considering thatrdare 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 sampl€oncerning our case, it is supposed that nadrithe

active componentsf the air plasma an@avolved 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), leadingthe scission am crosslinking of molecules [1D 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
Fijitsuet al [11] in gelatin gels. A further possibility is that the reaction mechanisms involve reactive
species affected by H+ concerniba [12], which could account for the increased stabilization
induced by PBS.

In order to evaluate if plasma treatmemducel some structural changes on geldiased mats, we
collected infrared spectra on samples G, G_20, GG and GG_10. Infrared spectpLof amterials,

shown in Figure 9, presented some absorption bands corresponding to Amide I, Il and Ill, as described
elsewhere [3]. After plasma treatment, an increase of intensity has been detected between 1200 and
1500 cm'. Since GO stretching and N bending vibrations of Amide Il fall in this range, the
increase of intensity might support the hypothesis of formafiehbonds 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 ¢&. 10

Plasma treated polymeric materials and solutions arekmweWn to undergo a recovery of their
chemicalcharacteristics over storage time, probably due to aglasina oxidation processes caused

by the radicals still present on the material surface or to the polymer chain rearrangements from the
surface imo the bulk of the materials [13, 14

The effect ofthe ageing on plasraeated 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 orats 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 sturetof 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
immediatdy 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 {ptaaied samples

and the solution, which contribute to the gelatin structurallgtat@re probably due to the radicals

and active sites generated by plasma in the polymeric chains of the mats during the treatment. The
plasmagenerated radicals and active sites can recombine with aging, whidregugie poor
retention of fime morptology observed for GG_10 and G_ZbnverselyPBS immersion stabilize
theseinteractiors and prevent the recombination of the plagyeaerated radicals and active sites

over time.

-~

Figure 10.a) GG_10 and b) G_20 both immersed in PBS 15 days after pkagnosure; c)

GG_10B and d) G_20B #iemmersed in PBS 15 days after their preparation. Scale bdrs: & 5 & m
[2].

7.4 Conclusions

The achieved results show tl@aAP 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 simplifiesabsicking
procedure, limits the use of solvents and chemicals, decreases the operational time and eases the
scaleup of the method.

Interestingly, the studies carried out to crosslink gelatin mats highlight that 20 s soaking in PBS,
performed immediatelyafter 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 eespo the already optimized
methods, in the present chapter, a quick overview of the conventional methods for nanopatrticles
synthesis is reported.

The term nanoparticles refers to a broad family of nanomaterials characterized by a diameter less than
100nm. Thesepowders are particularly interestisgce 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
increasedsolume specificsurface area and the role play®dquantum 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,
detemining optical, electrical and magnetic behavioumudterials. Dependingn their size and
material, nanoparticles have a wide range of potential applications, from catalysts to sunscreen
creams from batteries to nhanomedicine; moreover, their s@ders them idealcharacteristics for
applicationgn 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.uShel classification divides these
processes in tedown techniques, where nanoparticles are produced by progressively reducing the
size of the raw material, and bottamp techniques, where particles are assembled from smaller
building blocks (atoms or metules). A second classification may be done, based on the phase in
which the process is carried out; while 4@wn processes are inherently seiitase (milling,

ablation etg, bottomup techniques may be either ligyptiase (ceprecipitation, sonocherral

reaction) or gas phase (flame and plasma synthesis). Typicallypbalgd and ggshase processes

are of great industrial interest for their hegiproductivity or higler purity, or both with respect to
liquid-phase processesideed, the latterBave limited purity and require pestocessing, butn

some casegshey are the only route available for the production of highly specific and tailored

nanoparticles [1].

8.2 Top-down processes

The most important tedown processes, in terms of industimpact, are ball milling, spark erosion

and laser ablation [1].
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During baltmilling the starting material is fractured by mechanical collision and friction in a ball mill

[2, 3]. This process, especially attractive for the manufacture of thermoel®etigcials [4,5], is
characterized by high production ratest, due to the equilibrium between the particles destruction
and the aggregation forces, the minimum particles dimension is rather high, lying in the r80@e 10

nm, in relation to the startingnaterial.[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
thematerial 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 nanopatrticles [10,11]. This method
can be used to produce nanoparticles made of any condowibegial, but is characterized by low
productivity.

In the laser ablatigrthe base material is rapidly heated by a pulsed laser, thus micrometric and
nanometric fragments are ablated from the substrate, as well as ions and moleeidgsi2 to

the adpted operating parameters, thaterial 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 proceseyaedenanoparticles with specific
composition may be produced [15]. The main disadvantage of this technique is its low productivity,

limiting its application to the manufacturelwfjh-added value materials

8.3 Bottom-up processes

In bottomup approaclparticles are created assembling together smaller building blocks, atoms or
molecules; the main advantage with respect tedtmpn approaches is the reproducibility of the high
quality of theresultingmaterials. These processes can be performed by meamt methods and
gasphase methods. Chemical ligypthase methods enable a fine control over particle size,
morphology and compositidi6-19], but they are generally difficult to upscateainly due to thie

low productivity output and to thehigh costtbk precursas, besides the relavamtasteformation

In gasphase approaches a supersaturated vapour is produced, starting from solid, liquid or gaseous
precursors [222]. A steep rise in productivity is associated to-plaase processes, wh are
progessively excluding liquigphase approaches from the market. Amongpiese 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 splidse precursor, typically a metal, is evaporated inside a low

pressure reaction chamber and is mixed with a flowing inert gas (usually He or A2%][28hen
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this gas stream is cooled, eitherli®ingmixedwith a coll 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 iresies 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 anc
condensson the already formed nanoparticles [27, 28].

The process of @mical vapour condensation is carried out by introducing #lgase precursor in

a heated reaction chamber (130@700 °C), where nucleation and condensation take place; the
produced nanopatrticles are then collected in a second chamtsd][2%is proess is strongly linked

to the chemical vapour deposition (CV/[but nanoparticles are produced instead of a thin film by
controlling gas flow rates, temperature, pressure ggsidence time in the reaction chamly
introducing multiple precursors in threaction chamber, this process enables the production of
composite, ceramic and doped nanoparticles3&2

In the flame synthesis, a flame is used as a thermal source to induce pyrolysis reactions in a precursor
injected in its core; thus, aupersaturated vapour is obtained, which then nucleates forming
nanoparticles [3@10]. Typically, low pressures (30 mbar) are adopted to limit particle agglomeration;
flame temperature, residence time, quenching, precursor feed rate and the use o$ aadititieer

key parameters.

Thermal plasma synthesis is a very suitable means for nanoparticle production, combining high
temperatures (around 4R) that enable the use of various precursors (Mo, WOAISi, Si0;, € )
high cooling rates offering precisentrol over nanopatrticle size distribution, the possibility to work
under inert or reactive atmosphgigh efficiencyin nanoparticles productioand scalability [41

43]. In this approaghplasma provides the heat for the vaporization of precursornsl-(siduid-,
vapourphase, 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)anoparticleare 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 soalhces, ea
with typical advantages and disadvantages. In sufrtieese torches the discharge, with temperatures
around 150025000 K, is ignited between a cathode located inside a tube shaped anode; when a cold
gas flow is injected in the discharge region it iatkd and exits from the plasma torch forming a gas

jet, with temperatures up to 10000K. The precursor, introduced in the hot gas je$, évsiporated

and then transformed into nanoparticles [46, 47]. In some ,casgsbsonic expansion phase is
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adoptel to obtain uniform cooling rates and finer nanoparticles [46, 88me 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 injectingpdhelers, at the outlet of the torch, in the

jet expanding inside the chamber [49]. Furthermore, in the-ttwoh DC system proposed by
Tetronics, the torches gpéaced into a watecooled chamber allowing atmosphere corf6]. The
possibility of poducing highly energetic plasmas makes this technology very suitable for industrial
scalingup, with the potential of production rates in the range of kg/h; several oxide nanoparticles
have already reached commercial production with DC plasma techriélbgy2]

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 inhomogiyin the products.

RF inductively coupled plasmas (ICPs) technology is a versatile and flexible route for nanopatrticle
synthesis The operating principle consists in injecting a solid, liquid or gaseous precursor inside the
plasma region, where it undexgs evaporation because of the high temperatures (up to 12000 K in
an RF ICP system). The produced vapour then becomes supersaturated and nucleatjafteccurs
which thenuclei then grow because of condensation and coagulation.

An ICP system for nanopticle 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 iduoéw 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 DGCtraosferred arc thermal plasma
technology, where the precursor is injectedabylin the tail of the plasmdue tothe 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

purty 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, | 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 basaresses responsible for initiating and
sustaining discharges in/on liquids, by facilitating coordination and interdisciplinary exchange of
knowledge and knowow between researchers from different scientific fields and countries. In order

to achieve thisie, the COST Action also provided grants for short term scientific missions (STSMs)

in institution or laboratory in foreign COST Country.

The STSM | performed during my Ph.D course can be placed in this frame. It was carried out in Prof.
Mar i ot tadhdreup, wikich s part of the Nanotechnology & Hngineering Research Centre

T NIBEC at the Ulster University, Northern Ireland, UK, and it was aimed at broadening my
knowledge on the interactions betw&aAPsand liquids for production of advanced naraierials,
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 conoeg 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 nanomattaiaication several approachéssed

on nonrequilibrium plasma processes have been set up until now. However, most of thet existe
methods for nanomaterial synthesis are performed by means-pféssurglasma processeSince

the spatial scale of the reaction volume involved indepressure plasma systesalways 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 distributiom [afldition, the
surmised mechams for nonequilibrium plasma assistedanomaterial synthesis includes the
collisions between radical moietiestime gas phase, which can be enhanced substantially agrhigh
pressures [2]. Therefore, a plasma technology for high quality nanomaterialssyaperated and
controlled under atmospheric pressure is needed.

Recently, nicroplasma, a special category of plasma confirnveithin submillimeter (although the
name refers to a micrometric geometgy)gth scale in at least one dimensid], have leen widely
employed for the synthesis of nanomateriadsvirtue of the increased surfagelume ratio and the

decreased electrode spacing, micropladmast several key advantages compared with conventional

169



plasma: higkpressure operation, continuefllew, submillimetergeometry and selfrganization
phenomenoif2].

Furthermore, necroplasma have been demonstrated to offer the possibilifgrésere astrong non
equilibrium state in a wide range of gas mixturgsy], allowing for high reaction ratdd, 3],

although no resolutive information have been so far reported concehentiproughput of the
process

Besides the synthesis of nanostructuregroplasmas have been employed for several kinds of
applications spanning from the decompositionvofatile 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

reactivespecies and radicals and for the deposition of hydrophobic coatings [11].

In the following paragraphs, the most employed microplasma systems fosythkesis of

nanostructures, in the gas, solid and liquid pyasebriefly reported

9.2.1 Microplasma systems

A relatively simple microplasma system used for nanomaterial fabrication is ltbev/tabectrode
microcharges which consists oftwo hollow metal capillary tubes separated Ky Imm, both
connected to a DC power supply andiregtas the cathodend the anoderespectively[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 arddissociated in the plasma area between two electrodes
The formed aerosgiarticles can be collected by an electrostatic precipitator or by mifittalled

after the reactor (Figure.1)

Microplasma
Gas
+ |::> |::> Nanostructures
Precursor/s

Cathode Anode

Figure 1. Schematic representation ohallow-electrodes microcharggd.he schematic refers to

thesetupreported in [2])

In an emblematical holloslectrodemicrocharge, the typical voltage and current used to prepare
nanomaterials are at the level of hundred V and severatespectively and, therefore, tekectrodes
do not take part in the reactions [3, 12]. The methables to produce ultrafine nanoparticles at

atmospheric pressure and room temperature.
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Besides the microplasma dischargesrently, various configurations of microplasma jets have been
proposed and used as nanomaterial fabrication tools, with diftgyerg of power supplie®C, RF

or microwave) to ignite and sustain the plagBja

Concerning the microplasma jeteere are two main categories of systems, named microplasma jets
with consumablevires aselectrodeand 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 thfe desired nanostructurasd it is inserted insala caillary tube, as

reported in Figure 2.

@ Gas

HV
DC Metal tube

+— Consumable wire
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Figure 2. Schematic representatiofa microplasma jet with consumable electrqdée

schematic refers to the setup reported in [13])

According to the different ways of coupling the power suppigtal/metaloxide nanostretures
could be obtained on the wire surface or on the satiesbelow the plasma jet [3,]14

Regarding thenicroplasma jets with tubes/external electraalechematic representation is reported
in Figure 3.
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Figure 3. Schematic representation of a microplasma jet with tisleel as cathodélhe schematic

refers to the figure reported in [15])

For this kind of microplasma jets, somecursors such as GH6, 17, SiCls[18], Ti[OC3H7]4[19,

20], Pd(hfac) [21] and Cubfac) [22] can be introduced at the outlet of the tube/electrode and used
to synthesizehe desired products [3].

Compared with the microplamas using consumabtesaas electrodes, this typeroicroplasma jet

has a higher degree of flexibility configuration Indeedthere are moravailable ways to couple

the power supply to the system as®leral kindof procesparameters could khened such as the

precursors ratio and the residence time.

9.2.2Microplasmas for the synthesis of nanostructues in gas and solid phase

Gasphase nucleation of nanomaterials in a microplasma from vapour precursors is a natural
extension of previous stugl with lowpressure plasmas [23, [2d4nd larger scale atmospheric
plasmas and jets [23, 25,]2@here aremany different precursaorsvhich can be nosthermally
dissociated in a microplasmaading 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 micrglasma and form reactive radical speci@s.the appropriate process conditiptisese
radicals can collide, react and nucleate small clusters. The clusters will then grow, by additional
radical or vapour deposition on the particle surface, or agglom#nadbegh collisions with other

particles. Finally, the particles will exit the ptaa volume as an aerosol flow |23
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Compared with lowpressure plasma experiments][afie particles synthesized by these routes are
much smaller because of the shorterd@sce time experienced by the growing partiatssde the
reaction zong23, 2§. Direct evaporation, sputtering or etching of solid materials is an alternative
approach that has been explored via atmospipegeissurenicroplasma synthesis [1, 13,,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 reactibtiseasolid precursors are still niodly clearand

further experimental studies are requirdldnetheless, there are significant advantagesing solid

metals in terms of minimizing the amount of precursor and handling of danggases or other
chemcals [23, 40.

9.2.3Microplasmas 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 liquidsdemuinvestigation foa wide range of
applications [4344)]. In this frame, microplasmas have been widely demonstrated to be a suitable
method to induce synthesis of nanostructdieectly in liquid phase [44

Mariotti et al designedasimpleto-use, onestep approach based on an atmospheric pressure
microplasma which directly interacts with liquids to synthesize colloidal and adéatically
stabilized AuNPs [45, 46This synthesis technigque does not need any added reducing and/or capping
agents andmy requires a watelbased solutiomf the metal precursor. The synthesis was achieved

by processing aqueous solutions with HAu@lecursor at different molar concentrations by
microplasma with different discharge currents.

The plasma was generated acras8.7 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 aslitihneg
microplasma is sustained by a hiQ& voltage applied at the carbon radhile the stainless steel
capillary is grounded through a ball ast resi
constant (15 mA), while the applied voltage vari€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 AuNPs: inceasing the concentration leads to an increase in average diameter. A possible
explanation is that electrons injected in the solution induce the reduction of atAiorming A%

atoms; these come in contact with each qtlexding to NPs nucleation and growth. At higher
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precursor concentrations, tight average distance between the reducetiadems would therefore

lead to larger particles.

Further experiments performed by the Authors, varying the processing current fi@® mA at
different constant HAuGlconcentrations highlighted that at lower concentrations (0.05 and 0.1 mM),
HAuUCIl; is quickly and completely reduced witharlO min processing at any current value.

The colloidal AUNPs produced with this technigaee stable shortly after processing theytend

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 microplasmaigeinderthe same operatingpnditions 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 afdas formed. When the gold precursor is added

to the aqueous solution, the overall wigry of the solution is affected. However, as proposed in the
work, the interactions of electrons with water molecules remain the same asaltAaduction
becomes a competing reaction path for electrons, determined only by the concentration af HAuCl
According to the mechanism suggested by the Authors, the synthesisNP#may be initiated by

the reduction of the Asalt, due to the presence of electrons in the liquid system. However, salt
reduction may al so r esul traditals IhH anionsaskHOa ded c he
Following, gold atoms nucleate by collision and consequently grow into larger and larger NPs. The
growing AuNPs are expected to leave the reaction pstebelow the microplasma [#7As they

leave the reaction zone, APs will find a progressively lower concentration of®Atoms until the

NPs growth is halted due to the absence of reduced HAUE147.

Du et alreported [48a simple method based on the use of a microplasma to synthesize cuprous oxide
(CwO) NPs inNaCFNaOHNaNGs electrolytic system. Differently from the work previously
reported, no copper containing salts were used. Microplasma adtextathode and a copper plate
astheanode.

To carry out the synthesis, a stainless steel tube (0.7 mm insidetdr, 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 w
polished and wagd with distilled water, and then immerged into electrolgplutiorcontaining 150

g/L NaCl, 1 g/L NaOH and 1.3 g/L NaNvith the distilled water or FOi ethylene glycol as the
solvent. At the end of the synthesis, the sediments were centrifuged and wébkhdeionized 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 electrolid solutionon the results of GO nanoparticles prepared by microplasma
electrochemical methodere firstly investigated. The XRD analysis underlined that whenTH20
ethylene glycol electrolytic system was used, the production gD @anoparticles was observed,
while for the distilled water electrolytic system also CuO and CuCl characteristicywesk$ound.
Furthermore, SEM images showed that itgrregular shape structures were produced when pure
water was used as solvent, while faQ-ethylen glycol mix solvent the GO exhibited a spherical
shape with a diameter size ranging from 0.2 tor2 p

Regarding the mechanism for the 2Ouparticles 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 equatioméereported 2Cu + HO = H + CwO.

9.2.4Microplasma 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 phaser®ans 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 etchisdjajrawafer and then
subjectedo mechanical pulverization [491]. SINCs produced by this method are mostly hydregen
terminated, however their properties in solution tend to degrade easily in contact with water or water
vapour dueto low temperature adation [5J. Therefore, the corresponding optical properties are
also significantly affected. In order to avoid degradation, stable surface passivation is required.

The microplasma setp was used in this case with a colloid oiN&'s in ethanol. A nickatapillary

with inner diameter of 0.7 mm and outer diameter of 1 mm was positioned 1mm above the surface of
the SiNCs 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 cutregached 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 wasprepared.

The analysis of the SNCs, including Fourietransform infrared analysis [49, JTrevealed that Si

NCs under microplasma processing harndergone a surface modification wherebiSbonds and

other surface terminations have been removed aaodtiynreplaced by $0iR terminations.
Replacement of Herminations was als@een in the PL measurements ][5The improved

passivation by $iOi R contributes to the increase in PL intensity and the shift can be attributed to a
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smaller banejap that has fem theoretically predicted when the surface eehninated SINCs is
modified.

Mariotti et alalso demonstrated the possibility to functionalize silicon nanocrystals (SiINCs) by direct
current microplasma processing in water with poly@ylenedioxytrophene) doped by
poly(styrenesulfonate) (PEDOT:PSS), producing nanocomposites with enhanced optoelectronic
performancs [53. The achieved results confirmed that SINCs became stable in water with potential
application impact for biorelated applications éngt 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 microplesad treatment turns out to enable
the poduction of SINCs/polymer nanocomposites that would be difficult to achieve otherwise due to
the hydrophobic nature ¢f-terminated SiNCs in water [53

To conclude, the proposed studies highlighted that plasdueced liquid chemistry at atmospheric
pressure represents a new and growing field that will challenge traditional wet chemical methods for
nanomaterials synthesisurtheremoréhe impact of plasmdiquid interactions can beonsidereds

a fundamental new approach to activating chemicaliceecin 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 8%SMi n  Pr o f . Mariotti s r ese

focused on the optimization of the experimental setup and investigation of the operating conditions

for the plasmaassisted synthesis of cupric oxide (Cu@paparticles directly in liquid phase.

CuO is a versatile-pype material for energy applications capable of imparting diverse functionalities

when thebandenergy structures manupulatedthrough quantum confinemeritom 1.2 eV (bulk)

to >2 eV [5460]. 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 layghstavoltaic

devices.

Various physical, chemical and physicochemical techniques have been employeatHesiging

CuO nanostructures [54, 5&8, 61, 63. However, these techniques suffer from numerous

disadvantages including complex and time consursiegs, high temperatures, inert atmosphere,

expensive source materials, toxic organic solvents anfacsants [6364]. The presence of surfactant

or ligand chemistries is essential for minimising particle coalescence and agglomeration during
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standard cdbid synthesis; however, such chemistries impact significantly on the resultant
nanoparticle optoelectronic properties and restrict the opportunity for bandgap tuning. Synthesis of
nonagglomerated and pure CuO nanostructures is imperative for their Sutaetegation in
application devices [65, §6and therefore developing an alternative, cheap and environmentally
friendly synthesis method is highly desirable.

The plasma process for synthesis of CuO nanostructure, set up durigShan Prof. Marid t i 0 s
group, is a stable orstep 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 sap 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 sproduced CuO QDs into third generation deviead be avalable after
publicationofo ur s ci e nt i-Step Rapigh Syptresis oiGD@ @uantum Dots with Tailored
EnergyBand Structurefor A nor gani c,r&entlysubmit€igol NatgredCommunications

[67].

9.3.1Experimental part

For the synthesisf CuO QDs, an atmospheric pressure direatecut (DC) microplasma (Figure 4
generated betweentlae tip of aNi tube (0.7 mm internal diameter, 1 mm outer diameted 5 mL

of ethanol was employed. A Cu foil, immersed by 5 mm in ethanol, was usieelaade and was

placed at about 3 cm from the Ni tube which acteth@sathode. 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 atss@m. The voltage, applied to the Cu foil with the Ni tube
grounded through a 100 kqgq ballast resistor, w
The current value was maintained constant throughout the whole process by progressivily lower
the voltage from 3 kV to around 2 kin order to compensate the increase of the conductivity of the

ethanol
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Figure 4. Experimental setup for synthesis of CuO QB4.

The synthesis initiated as soon as the microplasma was generated anceafteirautes the solution
startedturning yellow, due to the formation of QDise results reported here will relate to CuO QDs
produced for a total of 30 min in 10 min conse processing steps. Figuregports photos of the
solutionafter 10, 20 and 30 imof plasma treatmerdnd 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) 20 min (1) 20 min and (lll) 30 min
processing67].
Following the synthesis, the CuO QDs were characterized without angyakesis treatment. The
morphology of the synthesis of QDs was investigated bynsieof the transmission electron
microscopy (TEM; JEOL JEN2100F) performed on samples ciogsted on carbon coated Au grids.
The crystal structure was determined by transmission electron microscope (TEM)-rayd X
diffraction (XRD, Bruker D8 Discover); XB analysis was carried out onepared colloids, which
were spraycoated and dried on a silicon wafer. The chemical composition was assessadyby X
photoelectron spectroscopy (XPS) with an Axis Ultra DLD spectrometer (Kratos Analytical, Japan)
withmon o c hr o mat eralys shudrce &nd byXourier transform infrared spectroscopy (FTIR,
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Thermo Scientific, Nicolet iS5, 4 cih, resolution, totally scanned it for 50 times in N2 atmosphere).
Sample preparation for XPS was carried out by dragting the cotlids on molybdenum foil and
dried. FTIR analysis was carried out frompaepared colloids, which were spregated and dried

on a silicon wafer.

9.3.2 Results and Discussion

The TEM analysis of the produced QDs highlighted the presence ehgglomerted QDs, as
reported in Figure& The analysis of hundreds of QDs indicated the presence of spherical particles
with a diameter distribution that is closely fitted with a-tfogymal distribution (1.9 nm arithmetic

mean and £0.49 nm variand@jigure ®).
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Figure 6. (a) Low magnification transmission electron microscopy image of CuO quantum

dots and (b) corresponding diameter distribution with resulting arithmetic mean and vigidnce

The high resolution TEM (HRTEM) images, shownFigure 7 clearly highlights the existence of
atomic fringes indicating a crystalline structure.
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Figure 7. High resolution transmission electron microscope image of the CuO quantum dots and
corresponding fast Fourier transform (FFT) image (in$&7()

TheXRD analysis, Figure ,&eported 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.
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Figure 8. X-ray diffraction spectrum of the spray coated CuO quantum dots film on a silicon wafer

[67].

Figure & reports the FTIR spectrum of the spcayated CuO QDs onto Si wafer and details the

assignment of the corresponding peaks. The absorption peakgt20 cit to 700 cm' belong to

the CuO [5456, 6§. In particular, the peaks at 428 ¢nb03 cm® and 536 crit are characteristic

stretching vibrationsf Cu-O on monoclinic CuQthe absorption at 447 chnepresergthe stretching

mode of CuO [59, @8] and the absorption at 485 is due to the G stetching along [101]

direction [6Q. Furthermore, the absence of the infrasetive modes at 610 chfrom the CuO
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phase confirrathe purity of the CuO phase [p9he XPS spectrum of the QDsdisplayed in Figure
9b. The Cu 2p core level binding energies at 934.8 eV and 954.5 eV are attributed to thé2Cu 2p3
and Cu 2p1/2, respectivelgq].

Figure 9. (a) Fourier transform infrared spectrum of spcagted CuO quantum dots (QDs). (b) X

ray phdoelectron spectra of Cu 2p core level for CuO quantum[@@}s

Despite much recent progress, many aspects that can lead to a description ofeqisiitorum and
complex interface are still under debate. Nonetheless, hybrid plagnthsystems ar producing
important contributions to nanomaterial synthesis and surface tread8emo], 7145, 46, 7274).
With the current knowledge of plasma ligaideractions, some mechanisms leading to the formation
of the CuO QDs are hypothesized:
Cu?y Ciure
Cu** + € (sovaea)Y  C%U
CU9+H,0,Y Cu 00+ H
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 electrodeicRexfuUCu
ions, from an oxidation state of 1 or 2 to @uhowever, does not take place as in standard
electrochemical cells due to the absence of a solid cealeetrode. On the contrary, at the plasma
liquid interface, solvated electrongs] act asreducing agent producing atomic @u
The plasmaethanol interface is also known to produce radicals leading to the formatie@of48,
73, 71 and we have confirmed that also in our case hydrogen iderexproduced and consumed
[78]. The interactiorof locally-produced (i.e. at the plaspethanol interface) hydrogen peroxide with
reduced copper atoms thexadls to the formation of CuO [[f®here the very high reaction rates of

solvated electrons and the racidic prevents the decomposition of hydrogen peroxide through
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