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ABSTRACT

Antibiotic resistance is one of the greatest threats to global health, as bacteria are becoming
increasingly resistant to antibiotics leading to failure of treatments. This PhD project
investigated the physical, chemical and physiochemical properties of a total of eleven
potential antimicrobial nanomaterials. Some of which were engineered with antiviral function
using Tesima™ thermal plasma technology, others were commercially available. The aims of
this project are to select 2-3 nanomaterial candidates with the best physiochemical and
antimicrobial performances and to exploit them into a single antimicrobial formulation, which
would generically deactivate a wide spectrum of pathogens and suitable to be applied as a

coating/impregnating agent for the applications in biomedical instrument.

In order to understand how nanoparticles such as Tungsten (W), Copper (Cu), Silver (Ag),
Zinc (Zn) and their derivatives lead to the inactivation of Gram-negative bacteria (P.
aeruginosa) and Gram-positive bacteria (S. aureus), different instrumentation analyses were
used to examine these nanoparticles in powder and aqueous suspension forms. These
analyses were then used to reflect on the associated antimicrobial testing results. SEM was
used to reveal the shapes and approximate sizes of the nanoparticle powder. Powder X-ray
diffraction identified the exact crystal phases in the raw nanopowders. FTIR and Raman
spectroscopy were used to trace the presence of organic impurities. ICP-OES was used to
quantify the elemental compositions in nanoparticles and the amount of metallic ions
saturated in the aqueous media. Nanoparticle tracking analysis (NTA) was used to not
measure the concentration and size distribution of nanoparticles in the aqueous media, but
also reveal the difference between nanoparticle suspensions and their powder forms.
Zetasizer was used to measure their surface charge, which affects their stability. The
physiochemical study provided details of the hydrodynamic particle sizes, distributions and
stabilities of the selected materials, which had direct reflection on their exposure and static
interactions to different microbial cells. Different dispersing methods were investigated, in
order to optimize the processing parameters to obtain uniform and stable nanoparticle
suspensions, of which are the basic requirements for enhancing fabrication compatibility and

antimicrobial efficacy with hybridizable substrates for biomedical devices.

In general, different shapes of nanoparticles were found in both commercial and engineered
samples, nevertheless, they all met the physical criteria as nanoparticles. Engineered
nanoparticles, especially the Ag nanoparticles, appeared to be less pure when comparing to
the commercial ones, however it was found to be the most effective materials against P.

aeruginosa. The ion release as the main antimicrobial mechanism performed differently
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depending on types of nanoparticle forms, pH levels and salt effect in the aqueous media. In
this study, the pH values of all samples in water were basically neutral, and the zeta potential
values were mostly negative. Overall, the best way to obtain stable nanoparticle suspension
is to disperse raw nanoparticle in agueous medium using high frequency liquid processor
(sonicator) for 2 minutes in the present of surface treatment. NTA detected that most of the
tested metallic nanoparticles and formulations prepared with using this method showed to
exhibit good dispersion, while excessive sonication can cause overheating, particle collisions
and contamination. Besides, a processing method based on microwave reactor was
developed for poorly dispersed Cu nanoparticle, which enhanced dispersion with increasing
the heating temperature. The level of antimicrobial efficacy appeared to be highly dependent
on their hydrodynamic sizes and stability. A 30-minute dispersant measurement using NTA
showed good antimicrobial nanoparticle agents (Ag, CuAg and AMNP2 suspensions)
remained relatively high concentrations and small sizes in the end. The combination of multi-
elements played a stronger role in killing bacteria. Therefore, alloy nanoparticles, such as
CuAg and CuZn showed the most promising physiochemical and antimicrobial
characteristics. Their formulas were calculated (CuAgas2 and Cuz3Zn+) based on the atomic

ratio of elements from elemental analysis.



ACKNOWLEDGEMENTS

First and foremost, | would like to express my sincere gratitude to my wonderful supervisors
Dr. Guogang Ren, Dr. Yuen-Ki Cheong and Dr. Jacqueline Stair, for their continuous

instruction and generous support throughout the course of my PhD programme.

| am also grateful with many other members of the University, this include the technical
members Jesus Calvo-Castro, James Stanley, Malcolm Meeson from the School of life and
medical sciences; Arthur Collyer and Sufyan Akram from the School of Physics, Engineering

and Computer Sciences. Without their help, this work would not be achieved.

I would also like to thank Dr. Claire Bankier, Dr. Lena Ciric (Department of Civil,
Environmental and Geomatics Engineering, University College London), Prof. Mohan
Edirisinghe (Department of Mechanical Engineering, University College London) and Elaine
Cloutman-Green (Department of Microbiology, Virology, and Infection Prevention Control,
Great Ormond Street Hospital), for their expert advice and extending my knowledge in clinical

and microbiological sciences.

Finally, | will express the most heartfelt gratitude to my beloved parents for their love and

supporting me financially.



CONTENT PAGE

ADSEIaCE ... ..o 2
Acknowledgements .................uuuiiiiiiiiiiiiiii 4
List Of FIQUIeS ... 12
Listof Tables ... 18
List of abbreviations ... 20
CHAPTER 1 INTRODUCTION ... 22
1.1 BackgroUund ... 22
1.2 Objectives of the thesis..............cooooiiiii i, 22
1.3 Thesis StruCtUre ... 24
CHAPTER 2 LITERATURE REVIEW .........coooiiieeeee e 26
2.0 NaNOMALErialS .............uuuiiiiiiiiiiiiiii e 26
2.1 Applications and intrinsic properties of nanomaterials ............................. 26
2.2 Nanoparticle synthesis and processing methods .......................cccccciinis 28
2.2.1 SOl MELNOMA ..o 28
2.2.2 Chemical vapour deposition (CVD) ........cocuiiiiiiiiieiiiiee e 29
2.2.3 SPray PYFOIYSIS ...eeeeeiiiitie ittt ettt ettt 30
2.2.4 SoNiIcation tECHNIQUE .......o.ueiiiiiiiiii e 31
2.2.5 Mechanical mill Method...........ocviiiii e 33
2.2.6 BIOSYNINESIS ... e e 34
2.2.7 Microwave irradia@lion ............ooooueeiiiiiiiii et 34

2.3 Nanoparticle characterizations techniques ....................cccoooii . 35
2.3.1 Scanning electron microscopy (SEM) .........oviiiiiiiiiiiii e 35
2.3.2 Transmission electron microscopy (TEM) ......coccuiiiiiiiiiiiiiii e 38



2.3.3 Fourier transform Infrared (FTIR) and Raman SpectroSCopy .........ccoouvueiiieiereennnnnns 38
2.3.4 X-ray diffraction (XRD) .....c.eoiiiiiiiiieiiiiii ettt 41
2.3.5 Inductively coupled plasma - optical emission spectrometry (ICP-OES).................. 42

2.3.6 Nanoparticles tracking analysis (NTA) and dynamic light scattering (DLS) analysis. 44

2.4 Nanomaterials with antimicrobial activity ..................................l. 46
2.4.1 Assessment of nanoparticles with antimicrobial activities ...........c..ccccocecviveeereeiiinnns 47
2.4.2 SIIVEr NANOPANTICIES ...eeiiiiiiiiiiiiii ettt e e e e et ee e e e e e e annnes 48
2.4.3 Copper and copper oxide NanopartiCles ............ccccuueeiiieeiiiiiiiiiieee e 49
2.4.4 ZinC OXide NANOPAITICIES.......ciiiiiiiieiiiiie ettt 51
2.4.5 Intermetallic compounds and COMPOSILES ........c..eeieiiiiiieiiiiiie e 51
2.4.6 Carbon-based NanomMaterials ............ccoovueeriieiiiie it 52
2.4.7 Antimicrobial mechanisms of @CtiONS ..........cccoiiiiiiiiiiic e 55

2.4.8 Utilizations of metallic nanoparticles and their pathways to antimicrobial actions .... 57

2.4.9 ToxicCity Of NANOPAItICIES .........uviiiieiei i e e a e e e e eanes 59

CHAPTER 3 CHARACTERISATION OF ENGINEERED AND COMMERCIAL

NANOPARTICLES.........cooiiiiiiiiie et 61
3 INtrOdUCHION ... 61
3.2 NanomaterialS .........cooooviiiiii e 62

3.2.0 GBNEIAL ... e e e e 62
3.2.1 TUNGSIEN CarbIA@ ...cciiiiiiie e 62
32,2 SHIVET ...ttt 63
CIZRCN O7o] o] o =T g= T o [ eTo] o] o<1l o) d o [ TP PR TP 63
3.2.4 CUAQG aNd CUZN AlIOYS .....eeeeiiiiiieiiiiiee ettt sttt e e st e e sbneeeeanes 64
3.2.5 Antimicrobial nanoparticle formulations (AMNPS) ..o 64
3.3 Instrumentation and methodology..............cccccvviiiiiiiiiiiiiiii 65
3.2.1 Scanning electron microscope (SEM).......cooiiiiiiiiiiiee e 65
3.2.2 X-ray diffraction (XRD) ........uieiiiiiiiiiiiiii e 65



3.2.3 Fourier transform Infrared and Raman SpectroSCopY ........cccccceeeiiiiiiiiiieieeeieniiiieeen. 65

3.3.4 Inductively coupled plasma optical emission spectrometry (ICP-OES) ................... 66
3.3.5 ICP-OES sample preparations: Elemental analysis..........cccccccccoiiiiiiieeiee v, 66
3.4 Results and diSCUSSION .............coooiiiiiiiiiiiii e 67
3.4.1 Morphological and physical properties of the nanomaterials ............c.ccccccccovvnnnnneen. 67
3.4.2 XRD ANAIYSES .. uuutiiiiiieiiiiiitiee it e e ettt e e e s e e e e et a e e e e e raaa e e e e aanrrraees 70
3.4.3 FTIR and Raman spectra of nanomaterials ..........ccccccoooiiiiiiiiiiiiiniiie e, 74
3.4.4 Elemental analysis using ICP-OES. ..........cooo e 78
3.4.4.1 Elemental @nalySis .........couiiuiiiiiiiiii s 78
3.4.4.2 Determining chemical formula of alloy nanoparticles. .............ccooocieiininennnnn. 80

SO SUMMANY ... e 82

CHAPTER 4 PHYSIOCHEMICAL INVESTIGATION OF NANOPARTICLE

SUSPENSIONS ... et e e e e e e e e ar e e e e e e eeeenees 83
4.1 INtrodUCHION ... ...iiiiii e 83
2\ =g LoY 1 T (=Y g T 1 £ 84

A O € T= o 1Y - | PSSR 84
4.2.1 TUNGSIEN CarbIdE ... e 85
S Y1 - PSSR 85
4.2.3 Copper and COPPEr OXIAE .......covviiiiiie e 85
4.2.4 CUAG and CUZN AlIOYS ....cooiieiiiiieeee ettt e e e e e e 85
4.2.5 Antimicrobial nanoparticle formulations (AMNPS) ... 86
4.3 Instrumentation and methodology ... 86
4.3.1 Preparations of nanoparticle diSPersions ..........cccccvrueiieiiiiiee i 86
4.3.2 Nanoparticles tracking analysis (NTA) ........ooiiiiiiiiiiiie e 86
4.3.3 The D-value and SPan ValUE ............oooiuiiiiiiiieiiiiieeee e 87

4.3.4 Interpretative method for size and types of distribution of nanoparticle suspension. 87



4.3.5 ICP-OES sample preparations: Leaching study..........cccccooiiiiiiiiiiiiiii s 89

4.3.6 Inductively coupled plasma optical emission spectrometry (ICP-OES) ................... 89
4.3.7 pH and zeta potential measurement ...............ccc 89
4.4 Results and diSCUSSION .............coooiiiiiiiiiiiiiii e 90
4.4.1 NTA analysis of NANOPAITICIES ...........ccccuuiiiiiii e e e s 90
4.4.1.1 Particle concentration and real-time analysis ...........cccccccii 90
4.4.1.2 Size diStrDULION ..ot e 96
4.4.2 Leaching study using ICP-OES............ooi it 98
4.4.4.1 10N release STUAY ......ccoiiiiiiiiiiie s 98
4.4.4.2 The effect of pH level onion release ..........coccceeiiiiiiiiiiiiii e 101
4.4.4.3 The difference between oxide and alloy on ion release.............cccoceccvvvveeneennn. 102
4.4.3 pH and zeta potential measurement ................cc 104
4.5 SUMMAIY ...t e e e e e et e e e e e e e e e e ettt e e e aeeeeeearaaans 108

CHAPTER 5 ANTIMICROBIAL ACTIVITIES OF NANOPARTICLES AND

LOADED FIBRE AGAINST GRAM BACTERIA ..........ooovviiiiiiiiiiiiiiiieeeeeeeeeeeee 109
B INtrodUCHION ... e 109
5.2 NanomaterialS ...........cooooiiiiiiiiiii e 109

5.2.0 GENETAL......ciiiiiiiiei e 109
5.2.1 TUNGSIEN CarbIdE ...ccoi i 109
52,2 SHIVET ..t 109
5.2.3 Copper and COPPEI OXIAE .....coeiei e 110
5.2.4 CUAG and CUZN @llIOYS ......uuiiiiiiiiiii e 110
5.2.5 AMNP2 fOrmMUIBtION........cueiiiiiiiiie e 110
5.3 Instrumentation and methodology .............cccccvviiiiiiiiiiiii 110
5.3.1 Preparations of nanoparticle diSpersions ...........cccocueeiiiiieiiiiiiiee e 110
5.3.2 AMNP2 embedded PMMA fibre mats using pressurized gyration. ............ccccccceeene 111



5.3.3 Growth of bacterial Strains.............oiiiiii e 111

5.3.4 Antimicrobial testing using the plate count. ............ccccco i 111
5.3.5 Result conversion (from log reduction to percentage reduction) ...........ccccccoeeunvneen. 112
5.4 Results and diSCUSSION ...t 112
5.4.1 Antimicrobial effects of all engineered QNA nanoparticles.............cccccevviiieeiiiinennns 113
5.4.2 Antimicrobial activities 0Of AQ NPS ........uuiiiiiii e 114
5.4.3 Antimicrobial activities of Cu and CUO NPS ... 116
5.4.4 Antimicrobial activities of CUAg and CuZn NPS .........cccociiiiiiiiiii e 119
5.4.5 Antimicrobial activities of AMNP2 formulation ............cccooviiiiii e, 120
5.4.6 Antimicrobial activities of AMNP2-loaded fibre mats..........cccoocveveiiiiie, 121
B.O SUMMANY ... e e e e e e aaaae 122

CHAPTER 6 INVESTIGATION OF NANOPARTICLE SUPERNATANTS AND

DIS PE RS ANT S ... e 124
6.1 INtroduction..............oooiiiiiiiiii 124
6.2 NaNOMaAterialS ..........ccoooiiiiiiiiiie e 124

B.2.0 GENETAL......ciiiiiiiiiii e 124
G020 S 1Y PSSO 124
L o] o] o 1= T PP OU PRSPPI 125
6.2.3 CUAG AII0Y ...t e e 125
6.2.4 AMNP2 fOrmMUIBLION.......covieiiiiieii e 125
6.3 Instrumentation and methodology ... 125
6.3.1 The ratio of gravitational force to Brownian force...........cccoccceiiiiiiici, 125
6.3.2 The theoretical density of the mixture by the weight percent..........c..cccooiiiiienn. 126
6.3.3 Preparations of nanoparticle diSpersions ............ccouueiiiiiiiieiiiiiee e 126
6.3.4 Analysis of nanoparticle supernatants and dispersants ..............cccccvvvvvveeeieiiciinnnnn. 126
6.3.5 The D-value and Span ValUe ..........c.uuviiiiiiiiiieec e 127



6.3.6 Interpretative method for particle concentrations and distributions........................ 127

6.3.7 Unit conversion (from particles/ml t0 ppm).........ooovvieiiiiiiiiiiiie e, 128
6.4 Results and diSCUSSION ...............ccciiiiiiiiiiii e 128
6.4.1 Theoretical calculation of the nanoparticle stability...........cccccceeiiiiiii . 128
6.4.2 Supernatant study of engineered Ag and QNA Cu nanoparticles...........ccccccevuvnennn. 131
6.4.3 Dispersant study of commercial and engineered nanoparticles .............ccccecvvvneen. 133
6.4.3.1 The dispersant measurements of engineered QNAAQG ........cccovviieiiiiiieennnn, 133
6.4.3.2 The dispersant measurements of commercial NF Cu10 ................................. 137
6.4.3.3 The dispersant measurements of commercial CUAG ..........ccccevviiiiiniiceeennne, 140
6.4.3.4 The dispersant measurements of engineered AMNP2 ..............ccoceeiiiiinnn. 144

6.5 SUMMANY ... et e e e e e et a e e e e e eaanees 147

CHAPTER 7 OPTIMISATION OF NANOPARTICLE DISPERSION
PARAMETERS AND EXPLOITATION OF ALTERNATIVE PROCESSING

L I o [0 T 149
TAINtrOdUCHION ... e et e e e e eaane 149
7.2 NanomMaterialS ..........coooooiiiiiiiiiie e 149

A O I =Y o= - Y OSSR 149
4 B O7o] o] o 1= P PP OU PRI 150
7.2.2 CUAQG aNnd CUZN @lIOYS ......eeiiiiieeiitie ettt 150
7.3 Instrumentation and methodology ... 150
7.3.1 Preparations of nanoparticle dispersions ...........cccccco 150
7.3.2 Calculation of delivered power of sonication (energy density)...........ccccccvviiininnen. 150
7.3.3 Analysis of the effects of sonication duration on alloy nanoparticles. ..................... 151
A 2 I L= Y 1= S SPRR 151
7.3.5 Interpretative method for particle concentrations and distributions......................... 151
7.3.6 DLS measurement of alloy NanopartiCles ..........cccooueeiiiiiiiieiniiiie e 151

10



7.3.7 Analysis of the impurity concentration generated by sonication. ............cc.cccoeuvee. 152

7.3.8 Analysis of microwave processing Samples .........coccovveiiiiiiiiiiiee e 152

7.4 Results and diSCUSSION ..............cccovviiiiiiiiiiiiiiiiiiieeeeeee 153
7.4.1 The calculation of delivered power of sonication (energy density). .............ccvuvee.. 153
7.4.2 The effects of delivered power on alloy nanoparticles. ............cccocccvviveeeeeiiiicninnenn. 155
7.4.2.1 NTA analysis of CUAg and CuZn alloys ........cccceeveeeiiiiiiiiee e 155
7.4.2.2 DLS analysis of CUAg and CuZn alloysS .........cccovuiiiiiiiiieeinieee e 159
7.4.2.3 Consideration of contaminations from sonication tip .........ccccccooviiiiiiinns 160
T.4.2.4 SUMIMAIY ...ttt ettt ettt e e e s hb et e e e s bt e e e aabr e e e e anbreeeeannees 161

7.4.3 Cu nanoparticle dispersion using microwave processing. ........ccccoevveeernvveeesnnneeens 162
7.4.3.1 NTA analysis of microwaved Cu SUSPENSIONS ...........ccccvrveeeeeeeiiiiiiinieeee e e e e 162
7.4.3.2 Summary and future perspectives ..........coccviveiiie i 166
CHARPTER 8 CONCLUSION AND FUTURE WORK...........ccccccciiiiiiiiiee, 168
8.1 Summary of findings ............cccooiii i 168
8.2 FULUIE WOTIK ... e e e e e e e e e e e eannes 170
REfEIreNCE.... ..o 172

Appendix A — RESULTS OF LATEX STANDARDS FOR NANOPARTICLE
TRACKING ANALYSIS ... 187

Appendix B — RESULTS OF PH AND ZETA POTENTIAL FOR ALL
SAMPLES ... e 189

Appendix C - STEPS FOR THE DETERMINATION OF DIRECT SONICATION
CALORMIETRIC CURVES .........oottiiiiiiiiiiiiiiiiiiiiii i 191

11



LIST OF FIGURES

Figure 1.1 The flow chart of the overall strategy of the thesis from Chapter 3 to
Chapter 8. ... e 24
Figure 2.1 A schematic diagram of (a) sol-gel method [30]. The precursors form
a solution by hydrolysis and polycondensation, which will then be
transformed into a gel, and finally, a dry gel is obtained. (b) A schematic
diagram of preparing CNTs using CVD method, where hydrocarbon vapour
are injected into a high-temperature furnace containing catalysts and
deposited on the surface of catalyst to obtain CNTs [31]. .........ccevviinnnnnnn. 29
Figure 2.2 Tesima™ plasma process to generate CuO NPs [37]. This process
allows continuous gas phase production of nano-sized nanopatrticles..... 31
Figure 2.3 (a) Direct sonication is believed to generate the most homogenously
sized particle dispersions, and (b) indirect sonication is to re-suspend or
avoid damage Of SUSPENSIONS........ccoovviiieieie e 32

Figure 2.4 A study on the synthesis of Ag NPs prepared using L-lysine at a
temperature of 150 °C for (a) 1 hour conventional heating; (b) 2 hours

conventional heating, and (c) 10 seconds microwave heating which
produced smaller particle size of Ag NPs with shorter reaction time [52]. 35
Figure 2.5 A SEM study on CuO nanostructures changing from (a) needle-like
to (b) fiber-like with increasing the reaction time from 0 to 90 hours [56];
Another study using SEM observed that (c) highly oriented CNTs were
aligned perpendicularly on a flat substrate and (d) poorly oriented CNTs
were disordered and had more defects [58]........ccccvvvvviiiiiiiiiiiiiiiiiiieee, 36
Figure 2.6 Golding et. al. observed Vaccinia virus using (a) sputter coat under
SEM, (b) ionic liquid under SEM and (c) TEM [60]............cuvurmmmmmmmmnnnnnnnns 37
Figure 2.7 Size distributions from NTA and DLS measurements of monodisperse
polystyrene beads by Filipe et. al. [91].....ccoovririiiiiii e, 45

12



Figure 2.8 TEM images of P. aeruginosa bacteria at different magnifications. (a)
Control sample without Ag NPs; (b) and (c) samples that were previously
treated With AQ NPS [104]. ..eeeniii e 48

Figure 2.9 SEM images of E. coli cells exposed to CNTs...........ccoeeveeieieennnn. 53

Figure 2.10 Various antimicrobial activities of metal nanoparticles including: (1)
reactive oxygen species (ROS) triggers oxidative stress; (2) dissolved metal
ions interacts with the functional groups of proteins and nucleic acids; (3)
physical interaction destroys cell walls; (4) internalization into cell via
=T g o [oTe3 Y4 (o 1< 1SN I 0 1S ] PSPPI 57

Figure 2.11 SEM images of (a) PMMA fibre alone and (b) antimicrobial NPs
embedded PMMA fibre mats [149]........ooovmiiiiii e 58

Figure 3.1 SEM images of (a) commercial SAWC and (b) engineered QNAWC.

Figure 3.2 SEM image of engineered QNAAQ. .......ccooviiiiiiiiiiiieeeee 68
Figure 3.3 SEM images of (a) commercial NF Cu10 and (b) engineered QNA

5 69
Figure 3.4 SEM images of (a) commercial NF CuO rods and (b) engineered

QINA CUOD. ..ttt e e et e e e e nnnaee s 69
Figure 3.5 SEM images of commercial (a) CuAg and (b) CuZn alloy NPs. .... 70
Figure 3.6 XRD graph of engineered QNAAg NPs. ..., 71

Figure 3.7 XRD graph of engineered QNA CuO NPs with monoclinic structure.

Figure 3.8 XRD graph of commercial CuAg NPs containing cubic structure of

elemental Ag and Cu:O as well as orthorhombic structure of Cu(OH)z2.... 72

Figure 3.9 XRD graph of commercial CuZn NPs............cccccoeeiiiii, 73
Figure 3.10 FTIR and Raman spectra of (a) SAWC and (b) QNAWC. ......... 75
Figure 3.11 FTIR and Raman spectra of QNAAQ. .......ccccciiiiiiiiiiiii 75
Figure 3.12 FTIR and Raman spectra of (a) NF Cu10 and (b) QNACu. ........ 76

13



Figure 3.13 FTIR and Raman spectra of (a) NF CuO rods and (b) QNA CuO.

Figure 3.14 FTIR and Raman spectra of (a) CuAg and (b) CuZn................... 77
Figure 3.15 Relative Ag, Cu and Zn ion concentrations (ppm) measured in
different digested SAmMPIES. .........uuiiiiiiiiiii 79
Figure 4.1 A schematic graph of analysing size distribution. ......................... 88
Figure 4.2 A schematic diagram shows positively skewed distribution, normal
distribution and negatively skew distribution depending on the relationship
among mode, D50 (median) and mean Size. .........ccccvvveiiiiie e, 89
Figure 4.3 (a) Particle size and distribution of engineered QNA Ag and (b)
visualized image at real-time using NTA. ..........cccciiie 91
Figure 4.4 Particle size and distribution of (a) commercial NF Cu10 and (b)
engineered QNA CU. ... 92
Figure 4.5 Visualized images at real-time of (a) commercial NF Cu10 and (b)
engineered QNA CU. ..o 92
Figure 4.6 Particle size and distribution of (a) commercial NF CuO rods and (b)
engineered QNA CUO. ..o 93
Figure 4.7 Visualized images at real-time of (a) NF CuO and (b) QNA CuO.. 93
Figure 4.8 Particle size and distribution of commercial CuAg and (b) CuZn. . 94

Figure 4.9 Visualized images at real-time of (a) commercial CuAg and (b) CuZn.

Figure 4.10 Particle size and distribution of AMNP2 and (b) AMNPS. ............ 95
Figure 4.11 Visualized images at real-time of (a) AMNP2 and (b) AMNP3..... 95

Figure 4.12 A size distribution graph of all nanoparticles converted from Table

USRS 97
Figure 4.13 The span value of nanoparticle suspensions. ...............ccceeeee. 98
Figure 4.14 Ag, Cu and Zn ion release of nanoparticles in water. .................. 99
Figure 4.15 Ag, Cu and Zn ion release of nanoparticles in saline. ............... 100

14



Figure 4.16 The concentrations of ICP standards of Cu, Ag and Zn ions in saline,
pure water and 2 v/v% HNOs, respectively. ..........cccuuvevvviiiiiiiiiiiininiinnnn. 102
Figure 4.17 pH and zeta potential measurements of all nanoparticles at 10, 50
F= ] o I 010 o] o] o o RSP 107
Figure 5.1 SEM images of (a) S. aureus and (b) P. aeruginosa as representative
of Gram-positive and Gram-negative bacteria, respectively [190, 191]...113
Figure 5.2 Antimicrobial results of SA WC and QNA nanomaterials standards
against P. aeruginosa and S. aureus using the plate count method........ 114
Figure 5.3 Structure difference of Gram-negative and Gram-positive bacteria
S PRSPPI 115
Figure 5.4 Antimicrobial results of Cu and CuO nanomaterials standards against
P. aeruginosa and S. aureus? using the plate count method................... 116
Figure 5.5 lon release of Cu and CuO NPs in water at concentration of 0.1 wt/v%.
QNA CuO released much more ions than others but did not show the highest
antimicrobial efficiency, especially for S. aureus. .............c.ccoooovviviinnnnnnnn. 117
Figure 5.6 Comparison of particle concentrations of (a) NF Cu10 and QNA Cu;
and (b) NF CuO and QNA CuO using NTA. ..., 119
Figure 5.7 Antimicrobial results of CuAg and CuZn nanomaterials standards
against P. aeruginosa and S. aureus? using the plate count method. .... 120
Figure 5.8 Antimicrobial results of AMNP2 nanomaterials standards against P,
aeruginosa and S. aureus? using the plate count method. AMNP2 killed both
bacteria even the lowest concentration. ..............ccccuvviiiiiiiiiiiiiiiiiiii, 121
Figure 5.9 Antimicrobial results of pure PMMA fibres and 0.5 w/w% of AMNP2-
loaded PMMA fibres against P. aeruginosa™. ...........ccccccoceeevueeceeeennnne. 122

Figure 6.1 A schematic graph of analysing particle concentration and size

AISTDULION. ... 128
Figure 6.2 The NTA results of QNA Ag supernatants. ............cccccceeeveeeinnnne 131
Figure 6.3 The NTA results of QNA Cu supernatants. .............ccccccvevvieinnnne 132

15



Figure 6.4 Continuous NTA result of QNAAg at 10 ppm. ..., 134
Figure 6.5 Continuous NTA result of QNA Ag at 50 ppm. The size distribution

Figure 6.6 Continuous NTA result of QNAAg at 100 ppm. .......ccooviiiiiinnenn. 135
Figure 6.7 The QNA Ag span value obtained by dividing (D90-D10) by D50

varied from 1.1510 0.85. ... 136
Figure 6.8 The change of mass concentration of QNAAG...........cccceeeeeeennn. 136
Figure 6.9 Continuous NTA result of NF Cu10 at 10 ppm. .......ooovvrircieennnnn. 137
Figure 6.10 Continuous NTA result of NF Cu10 at 50 ppm. ... 138
Figure 6.11 Continuous NTA result of NF Cu10 at 100 ppm.......ccccccceeeeeneen. 138
Figure 6.12 The change of span value of NF Cu10..............occcoiiins 139
Figure 6.13 The change of mass concentration of NF Cu10....................... 140
Figure 6.14 Continuous NTA result of CuAg at 10 ppm........ccooeeiiiiiiiinnnn. 141
Figure 6.15 Continuous NTA result of CuAg at 50 ppm.........ccooeeeieiiiiinnnnn. 141
Figure 6.16 Continuous NTA result of CuAg at 100 ppm.........cccevvvviieeeeennn. 142
Figure 6.17 The change of span value of CUAQ. .........ccceeiiiiiiiiiiiiiiiceeeeee, 143
Figure 6.18 The change of mass concentration of CUAQ. .........c.cevvvieeeeenen. 143
Figure 6.19 Continuous NTA result of AMNP2 at 10 ppm.........ccoovviiieeennnen. 144
Figure 6.20 Continuous NTA result of AMNP2 at 50 ppm........ccoevviieieeneenn. 145
Figure 6.21 Continuous NTA result of AMNP2 at 100 ppm.......ccccvveieeeennn. 145
Figure 6.22 The change of span value of AMNP2. ................cccc 146
Figure 6.23 The change of mass concentration of AMNP2. ........................ 147
Figure 7.1 Three programs of microwave heating of nanoparticles.............. 152

Figure 7.2 Setup for the measurement of probe sonication calorimetric curves.

Figure 7.3 Temperature increases as function of sonication time from 20% to 60%

AMPIIUAE. .. 154

16



Figure 7.4 Sonication power as function of probe amplitude. A linear fit was
achieved from 30 to 53% amplitude............ccoeeeeeii, 155
Figure 7.5 The NTA results of CuAg sonicated for (a) 2-minute and (b) 10-minute
duration at 10, 50 and 100 PPM. ...eeeeiiiieei e 156
Figure 7.6 The NTA results of CuZn sonicated for (a) 2-minute and (b) 10-minute
duration at 10, 50 and 100 PPML. ...eeeeeiiiieiii e 158
Figure 7.7 The concentrations of accumulative impurity sonicated for 2 minutes
and 10 minutes (equals to different energy density). .........ccccevvvvveinnnnnnn. 161
Figure 7.8 The NTA results of NF Cu10 at 50 ppm when microwave reactor with
(a) Teflon or (b) glass magnetic stirrer was heated up to 50, 100 and 150 °C.

Figure 7.9 The NTA results of NF Cu10 at 100 ppm when microwave reactor
with (a) Teflon or (b) glass magnetic stirrer was heated up to 50, 100 and
15T OSSO 165

Figure 7.10 A sample of NF Cu10 record at 100 ppm concentration using
microwave reactor heated up t0 150°C. ..., 166

Figure 7.11 Sustainable microwave heating and NTA detecting system. ..... 167

Figure 8.1 A schematic figure of proposal to use NTA to detect whether the

nanoparticles are attached to the bacteria cells. ............c...oooooiiiiiinnnin. 171

17



LIST OF TABLES

Table 2.1 The tabulated summary of above-mentioned FTIR stretching [69-71].

Table 2.2 The tabulated summary of above-mentioned Raman stretching [76-
4 R 41
Table 2.3 Summary of nanoparticles that have been tested for antimicrobial
ACHIVITY. 1o e 55
Table 2.4 Summary of Ag, Cu, CuO, ZnO and carbon-based nanomaterials as
antimicrobial @gents. .........oii i 59

Table 3.1 Investigation of physical and chemical properties of nanoparticles by

different teChNIQUES.........cooiiii s 61
Table 3.2 Specifications of NF Cuand NF CUO NPs........c.ccoooeiiiiiiiiiiiiinnene, 64
Table 3.3 Program of microwave digestion for elemental analysis. ................ 66

Table 3.4 Emission intensities of minor elements detected in different
nanomaterials using ICP-OES. ........cccoooi i, 80
Table 4.1 Investigation of physiochemical properties of nanoparticles by different
LECNNIQUES. oeiiiie e 83

Table 4.2 Capture settings of NTA for different nanoparticle suspension samples.

Table 4.3 Summary of mean, mode size and D-values of all samples. .......... 97

Table 4.4 Comparison of released Cu ions of nanomaterials in water and saline.

Table 4.5 100 times of relative digested Cu* or Cu?* ion concentrations of
different types of forms were compared with their ion release in water and
saline, which were all at 2000 PPM. ....cooeviiiiiiiiie e 103

Table 4.6 lon concentrations of NF CuO rods and CuZn in comparison of

AMN P . e 104

18



Table 6.1 The ratio of gravitational force to Brownian forces and Zeta-potential
of samples calculated by Equation (6-1)............c.ccciiiiiii i, 130
Table 7.1 The results of 2-minute and 10-minute sonication duration of CuAg
suspensions measured by Zetasizer............cccceeeee 159
Table 7.2 The results of 2-minute and 10-minute sonication of CuZn suspensions

Measured DY ZetaSiZEer...........uuuuiuuiiiiiiiiiiiiiiiiiiii 160

19



LIST OF ABBREVIATIONS

Symbol Description

A. niger Aspergillus niger

AFM Atomic force microscope

Ag Silver

AgNO> Silver nitrite

AgNO3 Silver nitrate

AMNP Antimicrobial nanoparticles

ATR Attenuated Total Reflectance

Au Gold

B. megaterium Bacillus megaterium

C. albicans Candida albicans

CCD Charge-coupled device

CFU Counting colony forming units

CMOS Complementary metal-oxide—semiconductor

CNTs Carbon nanotubes

Cu Copper

Cu(OH): Copper(ll) hydroxide

CuNOs; Copper nitrate

CvD Chemical vapour deposition

DLS Dynamic light scattering

DNA Deoxyribonucleic acid

DTI Department of Trade and Industry

DWCNTs Double-walled carbon nanotubes

E. coli Escherichia coli

EMRSA Epidemic methicillin-resistant Staphylococcus aureus
FTIR Fourier-transform infrared spectroscopy

GO Graphene oxide

HNOs Nitric acid

ICP-AES Inductively coupled plasma-atomic emission spectroscopy
ICP-OES Inductively coupled plasma-optical emission spectrometry

K. pneumoniae
KBr

LOD

LOQ

Klebsiella pneumoniae
Potassium bromide
Limit of detection

Limit of quantification

20



MBC

MIC

MRSA
MWCNTs
NTA

ORR

P. aeruginosa
ppm

gPCR

ROS

S. aureus

S. choleraesuis
S. epidermidis
S. paratyphi
S. typhi
SARS
SEEDA
SEM
SWCNTs
TEM

V. cholerae
w

Zn

Minimum bactericidal concentration
Minimum inhibitory concentration
Methicillin-resistant Staphylococcus aureus
Multi-walled carbon nanotubes
Nanoparticles tracking analysis
Oxygen reduction reaction
Pseudomonas aeruginosa

Parts per million

Quantitative polymerase chain reaction
Reactive oxygen species
Staphylococcus aureus

Salmonella choleraesuis
Staphylococcus epidermidis
Salmonella paratyphi

Salmonella typhi

Severe acute respiratory syndrome
Southeast England Development Agency
Scanning electron microscope
Single-walled carbon nanotubes
Transmission electron microscope
Vibrio cholerae

Tungsten

Zinc

21



CHAPTER 1 INTRODUCTION

1.1 Background

Antibacterial refers to the general term for inhibition of microbial growth and sterilization of
instruments. Since many known bacteria are undesired to human beings and are the cause
of many severe diseases, Nanomaterials that function similarly to those of antibiotics have
been developed with proven antimicrobial efficacy. Although antibiotics are efficient in
destroying bacteria at the first instance, a subset of them often survives after exposure to
antibiotics and is able to rapidly develop resistance to antibiotics [1]. Thus, it is predictable
that more superbugs will arise in a very short time. As an example, methicillin-resistant
Staphylococcus aureus (MRSA) is currently known as serious pathogens to resist to many
of the antibiotics used to treat ordinary staph infections, such as penicillin, vancomycin, and
oxacillin [2]. The patients have to bear a higher and wider expense to be cured. In addition,
the US Centre for Disease Control and Prevention reports that antibiotic-resistant infections
are still a major problem in the United States, with more than 2.8 million infections and more
than 35,000 deaths in 2019 [3]. Although decline in the prevalence of hospital-onset MRSA
infections has slowed since 2012 due to the implementation of preventative measures, the
outbreak of MRSA is still a potential concern primarily due to the overuse and improper use

of antibiotics [1].
1.2 Objectives of the thesis

The current priority is to reduce antibiotic usage and to explore alternative approaches to
prevent infectious diseases transmission. With the recent developments in materials science,
nanomaterials were found to have enhanced antimicrobial activities as compared with
traditional bulk materials. Good examples are the antimicrobial properties of Ag and Cu
nanoparticle in comparison to their bulk materials. Recently, novel antimicrobial
nanoparticles (AMNP) derivatives mainly containing Cu, Ag, and WC have been found to
counteract a range of bacteria with high inhibitory rates [4]. Although these AMNP derivatives
are efficient in inhibiting a wide spectrum of pathogens, their chemistry and physical
properties are not fully understood. To understand how these AMNPs and other metallic
nanomaterial derivatives attribute the observed antimicrobial effects, their physical and
chemical properties were studied using various analytical instruments (e.g., SEM, XRD,
FTIR/Raman, ICP-OES, NTA.) [5]. The subsequent analytical investigation was then used to
identify the relationships between the nanoparticles and the antimicrobial results obtained

from literature (or provided by UCL collaborative partners). The ultimate aim of this research
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is to process and develop metallic nanoparticles with novel antimicrobial function which

target a wide spectrum of pathogenic microorganisms. The objectives in this project are:

(1) Characterisation and validation of the physical and chemical properties of engineered
and commercial nanoparticles using a range of analytical techniques, e.g., SEM, XRD,
FTIR/Raman and ICP-OES.

(2) Preparation and investigation of the physiochemical properties of nanoparticle in
aqueous suspensions. The physiochemical investigations of different nanoparticle
candidates included particle concentration, size distribution, ion leaching, pH and
surface potential.

(3) Providing evidence and structural-activity relationships between the nanoparticles
and two affected pathogens (P. aeruginosa and S. aureus) which may lead to
interactions of the microbes. This can give a better understanding of mechanisms
involved in the antimicrobial process.

(4) Developing method(s) that can describe the behaviour of a nanoparticle suspension.

This provides a more detailed understanding of suspension stability.
(5) Developing optimal process parameters for nanoparticle suspension preparation or
exploring other processing methods of improving nanoparticle dispersibility to figure

out if it can improve the antimicrobial effects.

The research project plan is illustrated in Figure 1.1 as a flow chart for the overall strategy.
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Figure 1.1 The flow chart of the overall strategy of the thesis from Chapter 3 to Chapter 8.
1.3 Thesis structure

This thesis is divided into 8 chapters. In addition to Chapter 1 introduction and Chapter 2
literature review, each chapter individually describes used nanomaterials,
instrumentation/methodology and experimental work. The content of each chapter is briefly

introduced as follows:

Chapter 1: The introduction describes the motivation and objectives of the research, as well
as the overview of the thesis. Chapter 2 covers the literature reviews of nanomaterial
synthesis and characterization techniques. Common antimicrobial nanomaterials and the

background knowledge of nanofluids also have been considered for the literature review.
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Chapter 3 contains the results and discussion of characterization analysis regarding physical
and chemical properties of engineered and commercial nanomaterials using various
techniques. Chapter 4 investigates physiochemical properties of these nanoparticle
suspensions including NTA study, pH and zeta potential measurements. Chapter 5 presents
antimicrobial activities of nanoparticles results and links the antimicrobial effects to the
properties of nanoparticles we investigated throughout this research. The antimicrobial
properties of these nanoparticles were assessed by our University College London
collaborators towards Gram-positive and Gram-negative pathogens. Chapter 6 analyses the
supernatant and dispersant measurement of nanoparticle trying to explain the chance of
nanoparticles exposure to the microbes during their treatment of which has direct effect on
their antimicrobial abilities. Chapter 7 contains two different studies: (1) the effect of
sonication duration on nanoparticle dispersions at different concentrations as well as pH and
zeta potential changes and (2) an alternative method that uses microwave on nanoparticle
dispersions and its feasible application. Chapter 8 summaries the overall outcomes and

benefits in this thesis. Future works and recommendations have also been discussed as well.
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CHAPTER 2 LITERATURE REVIEW

2.0 Nanomaterials

Nanoparticles can be defined as particulate dispersions with size in the range of 1 - 100 nm
[6]. The existence of natural nanomaterials began after the big bang, which includes
seashells, skeletons, efc. [7] Unconsciously, human has been producing and employing
nanomaterials since ancient times. For instance, studies from Jaina Island found that the
Maya blue paint was made of needle-shaped crystals [7]. The pigment appeared as the blue

colour because of the presence of a superlattice structure in nanoscales.

However, the scientific application of nanomaterials began much later — the concept of
nanotechnology was first introduced in 1959 stated by Richard Feynman [8]. One of the
earliest nanotechnology applications was reported by Michael Faraday in 1857, where he
was fascinated by the ruby colour of colloidal gold [9]. By the early 1940’s, commercial SiO»
nanoparticles were already used for rubber reinforcement in USA and Germany [8]. After two
decades, metallic nanoparticles were developed for recording tapes and later nanocrystals
were produced by gas evaporation techniques for the first time [10]. Today, the development
of nanotechnology is rapidly growing and nanomaterials have immense applications in

almost all the fields from the fields of engineering to health sciences [7].
2.1 Applications and intrinsic properties of nanomaterials

Nanomaterials has been intensively used in several applications because of their ability to
produce various unique properties in comparison to traditional bulk materials [8]. Ag NPs can
be used for solar cells, such as Shen et. al. (2013) enhanced 15.11% of power conversion
efficiency of polymer solar cells when they added Ag-SiO2 core—shell nanoparticles in the
active layer [11]. In another study, Ghiaci et. al. (2016) synthesized Ag NP compounds as
new electrochemical sensors for glucose detection [12]. The author claimed that Ag NPs
improved the performance of the electrodes that used to determine glucose concentration in
biological samples. Therefore, the detection limit of this Ag-based electrochemical sensors
had almost two orders of magnitude lower than other electrochemical sensors. Cu NPs used
as the fuel additive for diesel engine was reported [13]. The Cu NPs in the range of 40 - 50
nm were prepared and added in order to reduce nitrogen oxide emissions and improve
engine performance. ZnO NPs have been found to possess catalytic activity for prepare

organic chemical such as Benzenes and coumarins [14, 15]. All three nanomaterials
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described above also exhibited highly effective in antimicrobial properties, together with other

antimicrobial agents will be discussed later in Section 2.4.

In addition, many studies demonstrated intermetallic nanoparticles synthesized from two or
more metals showed more enhanced properties than monometallic nanoparticles [16]. For
instance, Ag—Au nanoclusters combined with biomolecules were prepared to be used as
label probe because this alloy do not only displayed better fluorescence property than each
of them individually but also exhibited good dispersibility and stability in aqueous solution as
well as favourable biocompatibility [17]. In another field, An et. al. (2011) synthesized Ag—Pd
NPs as catalysis of chlorinated organic solvents and chlorinated aromatic compounds [18].
The result showed that Ag—Pd nanoparticles exhibited better electrocatalytic activity for
benzyl chloride and better long-term performance than Ag NPs. In this study, CuAg and CuZn

NPs will be investigated for their characteristics (Please see Chapter 3 and 4).

Two primary factors including surface effect and quantum confinement effect can explain that
why nanomaterials have such unique properties [19]. Nanomaterials have a much greater
surface area to volume ratio than their conventional forms. Compared to bulk materials, a
large portion of the atoms reside on the surface than those in the core of the particle and
they are also found to be less stable (hence more reactive), due to lower coordination and
the presence of unsatisfied bonds in their atomic structures [15]. In particular, where edge
and corner atoms are often associated to the minimum energy interactions and binding with
foreign atoms [14]. With regards to quantum confinement effect, of which is associated by
the discrete energy levels presence in the atomic structure. In other words, when the particle
sizes is reduced to nanometres, the confining dimension is decreased, thus resulting in the
discrete energy levels and widening the energy band gaps [19, 20]. These factors affect the
chemical reactivity of materials as well as leading to novel optical, electrical and magnetic
behaviours. For example, 3.5 nm average-sized Ag NPs have a melting temperature
approximately 112 °C, which is much lower than that of bulk Ag (960 °C) to be employed [21].
Similarly, a wide melting point range of Cu was determined as a function of its particle size
varied from 47 to 2319 nm [22]. The melting temperature of the smallest size of Cu NP (47
nm) was 670 °C which was lower than that of bulk Cu. The thermal conductivity of Cu NP
showed the same growth trend as its melting temperature, which was still lower than that of
bulk Cu.
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2.2 Nanoparticle synthesis and processing methods

Depending upon the method of synthesis, nanoparticles can traditionally be either assembled
atoms together or dis-assembled (break or dissociate) bulk solids into extremely tiny size

that constituted of only a few atoms, which refers the ‘bottom up’ or the ‘top down’ approaches

[7].
2.2.1 Sol-gel method

Sol-gel process is a widely used approach for synthesizing nanoparticles (also known as
chemical solution deposition) which is also the most primary bottom-up method due to its
simplicity and universality. As shown in Figure 2.1, metal oxides and chlorides are the
typically common precursors in sol-gel process which undergoes a series of hydrolysis and
polycondensation reaction to form a colloidal suspension or a solution. The transition of a
system from a liquid “sol” into a solid “gel” phase occurs by dehydration reactions. The
method of drying the gel will then determine whether to form an aerogel or a xerogel. An
aerogel is obtained when the liquid phase of a gel is replaced by a gas, while a Xerogel is
obtained when the liquid phase of a gel is removed by evaporation. The final product is
produced when the gel is calcinated. In addition, powder or film coating can also be obtained
when the sol is calcinated. The advantages of the sol-gel process are economical, low
processing temperature and well-controlled even for small production [23]. Many research
groups reported the synthesis of AlO3 nanomaterials using the sol-gel method [24-26]. One
of the methods involved completely dissolving the precursor powder AICIz in an ethanol
solution. A 28% NHjs solution was then added to form the gel and allowed to maturate at room
temperature and finally dried for 24 hours. The resulting gel was finally calcined at 1000°C
for 2 hours. In another experiment, Alwan et. al. (2015) also synthesized ZnO NPs via sol-
gel method [27]. Zinc acetate was used as a precursor, which was blended into double
distilled water and heated to 50 °C. Then an absolute ethanol and 47% H202 were added to
the solution, incubated for 24 hours and dried at 80 °C to obtain ZnO NPs. Complex
nanoparticles can also be synthesized by sol-gel technique as well. Ramesh (2013) fully
blend the reagent and citric acid solution and then dried them to obtain nanoparticles that
composed of Ag, Al, Ti and O elements [28]. The characterization results showed that the
average size was between 17 and 48 nm, depending on the ratio of Ti** and AP** ions with
different ion radii. Lastly, the formation of Ag-TiO2, NPs was determined to be used for

degradation of methylene blue under UV light irradiation [29].
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Figure 2.1 A schematic diagram of (a) sol-gel method [30]. The precursors form a solution

by hydrolysis and polycondensation, which will then be transformed into a gel, and finally, a

dry gel is obtained. (b) A schematic diagram of preparing CNTs using CVD method, where

hydrocarbon vapour are injected into a high-temperature furnace containing catalysts and
deposited on the surface of catalyst to obtain CNTs [31].

2.2.2 Chemical vapour deposition (CVD)

Chemical vapour deposition (CVD) is a bottom-up method for synthesizing nanoparticles that
involves depositing a thin film of volatile precursors onto a substrate. A thin film of product is
generated on the material surface when the chamber is heated to a temperature that
combines with the precursor gas [32]. The benefits of CVD are that it can produce high quality
homogeneous hard nanoparticles. However, the challenges of CVD are the requirement of
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high temperature conditions and specialized equipment [33]. Taking carbon nanotubes
(CNTs) as an example, the process involves injecting a hydrocarbon vapour through a
furnace at high temperature (600 — 1200 °C) where there are catalyst materials such as Fe,
Co and Ni. CNTs are deposited on the surface of catalyst in the reactor, and they are finally
collected after cooling the system to room temperature [31]. The schematic diagram is shown
above at Figure 2.1. Other dimensional carbon nanomaterials such as fullerenes (0D) and
graphene (2D) can also be synthesized. For instance, the production of fullerenes via hot-
filament CVD method was completed with a vertical W filament and a stainless-steel film
under a pressure less than 1 bar, where the wire provided a high current that heats

temperature to 2200 °C and the film was used for deposition [34].
2.2.3 Spray pyrolysis

The use of spray pyrolysis is the most common situation of top-down synthesis of
nanoparticles in the industry [35]. It begins from burning a precursor, fed into the furnace
through a hole or opening, becoming liquid and/or vapour under high pressure. Some of the
furnaces use laser and plasma instead of flame to deliver the necessary energy to cause the
evaporation of small micrometre size particles [36]. After this, the aerosol is fully sprayed and
then deposited onto the heated surface obtaining the particles. The difference between the
spray pyrolysis method and the CVD method is that the aerosol of the spray pyrolysis method
may contain a solvent and undergo a chemical change, while the CVD precursor is
completely vaporized during the deposition process without any change. The advantages of
spray pyrolysis are simple, effective, cost-effective, continuous process and high yield. Ren
and his co-workers reported the nanoparticles (e.g., CuO, Cu and Ag) for antimicrobial
applications prepared using thermal plasma (Tesima™) technology by Intrinsiq Materials Ltd.,
as displayed in Figure 2.2. This method used a sufficiently high temperature to evaporate
metals and then generate ultrafine nanoparticle rapidly. The CuO NPs were determined in
the size range of 20 - 95 nm and the calculated atomic compositions of Cu and O were,
respectively, 54.18% and 45.26%. Thus the compound formula was determined as Cu+ 0 or
CuOoss [37]. Moreover, the time—kill experiments suggested that a number of bacterial
pathogens were inhibited by CuO NPs. In another study, the precursors zinc acetate solution
was employed to prepared ZnO NPs via spray pyrolysis at different conditions [38]. By
changing pressure of atomizer that generates droplets, the crystallite size of ZnO NPs was
in the range between 10 to 25 nm. As a result, these ZnO NPs can absorb H.S from mud six

times faster than bulk ZnO.
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Figure 2.2 Tesima™ plasma process to generate CuO NPs [37]. This process allows

continuous gas phase production of nano-sized nanoparticles.

2.2.4 Sonication technique

Sonication technique is one of effective processing top-down technology to break apart
compounds or cells in liquid for further dispersion examination [39]. A signal generated from
ultrasonic electric generator powers piezoelectric transducer, which converts an electrical
signal into physical vibration. After amplification of mechanical movement, the probe then
sonicates the solution by creating many microscopic bubbles that constantly form and
collapse generating localized shockwaves, to deagglomerate and disperse the particles

eventually.

As shown in Figure 2.3, sonication disperses suspensions either directly (probe sonication)
or indirectly (ultrasonic bath). The probe in direct sonication contacts directly the suspension
medium, thereby generating high effective energy output into the suspension; while the
ultrasonic probe in indirect sonication is separated from the suspension to re-suspend or
avoid damage the sonication [40]. In general, many previous studies have proved direct
sonication can obtained the most uniform sized particle dispersion [41, 42]. One of them was
Pradhan who dispersed Cu NPs in ultrapure water by manual shaking, vortexing, bath
sonication and probe sonication, followed by evaluated their size distributions using DLS
(dynamic light scattering) [42]. There were very few Cu particles observed using manual
shaking and vortexing method. The particle size of Cu suspension using bath sonication was
1688 £ 64 nm, while the Cu NPs in the solution treated with probe sonication had the smallest
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particle size (down to 230 £ 28 nm), and longer remaining time. In this study, the calorimetric
method was applied for calculation of energy density. The method and details are described
in Section 7.3.2.

(@ | (b) -

\ "
1 - :

T

Figure 2.3 (a) Direct sonication is believed to generate the most homogenously sized

particle dispersions, and (b) indirect sonication is to re-suspend or avoid damage of

suspensions.

In addition, changes in the surface properties of nanoparticles and complex physicochemical
interactions vary with parameters on particle characteristics and selected sonication
parameters. For instance, excessive sonication may accelerate aggregation, dissolve and/or
form complexes with surrounding medium components [43], but insufficient sonication
cannot disperse the nanoparticles well. Therefore, an optimal condition for nanoparticle
dispersion must be determined to meet certain requirements such as nanotoxicology. The
following parameters had been taken into considerations during the nanoparticle preparation

process in this study.

(1) Temperature: a large amount of overheating can take place in container during the
ultrasonic treatment process as time passes, leading to changes of volume or
components. Immersing the container in a cooling bath and/or selecting a high thermal
conductivity container are recommended to address this issue.

(2) Sample and concentration: the amount of energy transferred to a suspension per unit
volume is expressed as energy density, an overtime probe sonication may result in

evaporate of the liquid and increased the concentration of suspension, both of which
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can further bring particle collision frequency and disruptive effect. Besides, a local
over-collision can also cause the formation of agglomerate or aggregate. Thus, the
physiochemical properties of the suspension and the delivered energy into the

suspension both affect the effect of suspension concentration [40].

(3) Medium: the property of medium including viscosity, density, acoustic wave speed and
chemical composition can influence the effect of delivered acoustic energy. For
example, the difference among saline solutions can attribute to salt concentration -
saline with a higher viscosity will greater attenuate acoustic energy relative to pure

water.

Along with those mentioned above, there are other considerations including the operations
of the instrument [40]. For example, the immersion depth of the probe in the suspension
should be 2 to 5 cm and at least 1 cm away from the bottom of the container. In addition, the
geometry of the container heavily influences the effect of dispersion as well. A cylindrical
vessel with the smallest diameter and flat bottom without touching probe is recommended,
because using such vessel increase the suspension height and maximizes the volume of
liquid exposed to the acoustic waves. Note that the container should be incompatible with
the suspension components so aluminium, stainless steel, glass and plastic container

materials are more recommended.
2.2.5 Mechanical mill method

Mechanical milling for preparing nanomaterials has been found to have great acceptability,
especially in industrial environments due to its simplicity, versatility, scalability of the process
and the economic cost. During the grinding process, the metal ball is used as grinding
medium to fall from near the top of the rotating hollow cylindrical shell to generate shear force
nanoparticles in the cylindrical shell are then decomposed from micrometre to nanometre
under strong mechanical shearing force, and are post-annealed in an inert atmosphere [44].
The two main problems of this top-down method are the contamination of the nanomaterials
by milling media and/or atmosphere as well as powder consolidation, especially for the highly
energetic mills. For instance, continuous grinding for high-energy shaker mills can cause
more than 10 at.% Fe contamination from steel balls and containers [44]. In addition to the
milling media, if milling is carried out in air, N2 and O will be easily reacted with reactive
metals such as Al, Ti and Zr [44, 45]. These are main reasons why this method is slowly

getting dismissed.

33



2.2.6 Biosynthesis

Recent years, it has been found an eco-friendly and non-toxic approach for the synthesis of
nanoparticles — biosynthesis. This bottom-up method uses microorganisms or plant extracts
to react with the precursors to produce nanopatrticle, and the nanoparticles do not need to
use conventional toxic chemicals for bio-reduction and capping [46]. In 2006, Chandran et.
al. synthesised triangular Au NPs and spherical Ag NPs using aloe vera leaf extract as the
reducing agent [47]. According to the amount of aloe extract used, the size of Au NPs was in
range of 50 - 350 nm, and the formation of spherical Ag NPs was approximately 15.2 nm.
Moreover, Lin et. al. (2010) reported a simple production of Ag nanowires by reduction of
silver nitrate (AgNO3) with sundried leaf extract at room temperature [48]. It was found that
these reducing components did not only play a reducing role, but also played a role of

capping and stabilizing agent.
2.2.7 Microwave irradiation

Currently, microwaves are intensively applied in chemical industry to accelerate chemical
reactions, because microwave reactor generate effective internal heating to exactly deliver
electromagnetic energy to the place where it is needed [49, 50]. Other advantages of using

controlled microwave include eco-friendly, energy saving and reduction in reaction times.

Microwave heating as a bottom-up method is based on the electromagnetic energy
conversion where the electric field, magnetic field and wave propagation are mutually
perpendicular to each other [50, 51]. Moreover, the energy of the wave stored in the electric
and magnetic fields is considered to be small enough (negligible to X-rays) so that it cannot

produce ionization, radiation damage or any breakdown phenomena.

Comparing with conventional heating techniques, microwave reactor can both accelerate the
synthesis time and obtain a smaller size of the nanoparticles. For instance, Professor Yu S-
H. and co-workers (2008) synthesized Ag NPs environment-friendly using microwave reactor
[52]. AgNOs; was heated in water at 150 °C, followed by adding reducing and protecting
agents. After 10 seconds, uniform and monodispersed Ag NPs were produced. TEM detected
that their average sizes using with L-lysine and L-arginine were 26.3 and 26.7 nm in diameter,
respectively. In Figure 2.4, the authors also compared this method with conventional heating

which required longer heating times and produced larger sizes.
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Figure 2.4 A study on the synthesis of Ag NPs prepared using L-lysine at a temperature of
150 °C for (a) 1 hour conventional heating; (b) 2 hours conventional heating, and (c) 10
seconds microwave heating which produced smaller particle size of Ag NPs with shorter

reaction time [52].

In another study, Cu NPs were produced using microwave heating and they were improved
by adding ascorbic acid (reducing agent) and chelating polymer [53]. In the temperature
range of 60 to 170 °C, the synthetic sample showed the smallest particle size (about 90 nm)
at 100 °C, because there was a dynamic equilibrium between nucleation and growth at this
temperature. Fast heating ramps also contributed on generating smaller nanoparticles - Cu
NPs with very high purity were produced even at the lowest synthesis temperature (60 °C),

while larger and heterogeneous Cu particles were generated at slow heating ramps.

2.3 Nanoparticle characterizations techniques

2.3.1 Scanning electron microscopy (SEM)

Scanning electron microscope (SEM) enables to detect the sample information and
crystalline structure using a high-energy electron beam. In contrast to optical microscopes
with 10 to 1,000 times magnification, SEM has the ability to magnify up to 1 - 2 million times
more detailed information on surface morphology and electrical behavior of materials [54].
Moreover, further advantages of using SEM involve fast preparation procedures of specimen
and deeper field imaging ability (3D image of surface) over optical microscopes. In 2007,
Puchalski et. al. presented the study of Ag NPs using SEM and other instruments [55]. The
authors dissolved Ag NPs in an organic solvent, dried the supernatant colloid solution and
deposited on Au surface to be examined with SEM. The SEM images showed a smaller size
of sample with a narrow particle size distribution was achieved. Suleiman et. al. (2013) have
prepared CuO NPs and studied the effect of reaction time on morphology by SEM [56]. The
needle-like shape of CuO NPs can be seen from the beginning, and a more platelet-like

structure was obtained in up to 90 hours, displayed in Figure 2.5a and 2.5b. Suresh et. al.
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(2014) described the production of Cu NPs from different copper salts and plant extract
stabilizer [57]. The SEM images of Cu NPs showed they had a spherical shape with an
average particle size around 20 nm and the distribution was almost uniform. Medjo (2013)
described SEM observations of carbon nanotubes (CNTs) with different orientations [58].
Highly oriented film CNTs were aligned perpendicularly on a flat substrate that is very suitable
for electronic devices, while poorly oriented CNTs were disordered and had more defects,

given in Figure 2.5¢ and 2.5d.

Figure 2.5 A SEM study on CuO nanostructures changing from (a) needle-like to (b) fiber-
like with increasing the reaction time from 0 to 90 hours [56]; Another study using SEM
observed that (c) highly oriented CNTs were aligned perpendicularly on a flat substrate and

(d) poorly oriented CNTs were disordered and had more defects [58].

In other cases, the specimen is required to further process varies depending on the specimen.
A common powder sample preparation used for SEM imaging is to sputter coat a layer of Au,
which provides an electrically conductive thin film to enhance imaging resolution. Alwan and
co-workers (2015) synthesized ZnO NPs via sol-gel method and characterized them using
SEM, FTIR, etc. [27]. Before sampling, ZnO NPs were dispersed in absolute ethanol under
ultrasonic stirring and droplets of the solution were evaporated onto a glass slide to be coated
with a thin Au layer in vacuum. Finally, the SEM images was taken at 25,000 times
magnification showing that the diameter of the spherical ZnO particles ranged from 100 to
200 nm. In addition, they compared ZnO NPs with fresh samples by the same method to

prove that the ZnO NPs can grow even at room temperature after synthesis.
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Not only nanometals but also living microorganisms can be visualized under SEM. Similarly,
bacteria are supposed to be dried or frozen to avoid releasing any volatile substances before
imaging. However, as living microorganisms, bacteria contain proteins and a high proportion
of water in their cells, thus a fixation method was initially applied to maintain their structure.
In 1984, Allan-Wojtas and Kalab described a SEM method for some bacteria in soft foods
(such as yogurt and cheese) [59]. The encapsulated specimens were washed with buffer and
then dehydrated in ethanol. The new flat surface of fractures was produced by freeze-
fracturing under liquid N2. After melting and drying, the fragments were eventually ready to

be examined by SEM. This method can also be used to study some other similar food.

Alternatively, the filter can capture live or fixed form of bacteria. In other words, if a filter is
used, there is no need to fix bacteria. Recently, Golding et. al. (2016) employed a conducting
filter substrate and ionic liquid to perform SEM imaging of fully hydrated and unfixed microbes
[60]. Specifically, a metal-coated filters with appropriate pore size can collect bacteria and
viruses in ionic liquid samples which were conductive and had a negligible vapour pressure.
The samples were observed by SEM, and then compared with the image of Au-coated
samples (observed by SEM) and negative-stained samples (observed by TEM). They
concluded that the size of bacteria and viruses infiltrated by the ionic liquid were the most
accurate in comparison of the dehydrated sputter-coated SEM preparations and the TEM

negative-stained images, as shown in Figure 2.6.

Figure 2.6 Golding et. al. observed Vaccinia virus using (a) sputter coat under SEM, (b)
ionic liquid under SEM and (c) TEM [60].

The ionic liquid method was the most accurate in comparison of the other two method.



2.3.2 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) projects 2D images of inner structure when a beam
of electrons hits the specimen, and the interaction to the specimen is occurred. As a result,
TEM has an advantage over SEM in that the inner structures of the specimen (such as crystal
structure, morphology and stress state information) can be viewed at even higher
magnifications which is typically more than 50 million times [61]. Besides, TEM is capable of
obtaining an optimal spatial resolution less than 50 picometers (1000 pm = 1 nm) in

comparison of 0.5 nm of that of SEM.

Subha and co-workers (2016) biosynthesized Ag NPs from a plant extract [62]. SEM only
found that the size and shape of Ag NPs were, respectively, spherical and nanoscale, while
TEM further observed a more detailed average particle size of 25 nm. In a study of
comparison of experimental methods among atomic force microscopy (AFM) and DLS, SEM
and TEM were used to measure the size of nanoparticles in both powder and/or suspension
forms. The authors concluded that SEM was the least appropriate method to measure
nanoparticles sizes, as an error of up to 14 nm was introduced by metal coating during
samples preparation [63]. This point was in agreement with previous experience that SEM
was far from characterizing particle diameters frequently below 6 nm [64]. Additionally, TEM
has the highest speed for collecting images containing an adequate number of nanoparticles
with high quality, because their deposition and imaging conditions are simple and common,

while SEM requires several tests before optimal conditions were found [63].

2.3.3 Fourier transform Infrared (FTIR) and Raman spectroscopy

Fourier transform infrared spectroscopy (FTIR) and Raman spectroscopy are both non-
destructive tools based on the vibrational spectroscopies for identification and

characterization of major functional groups that are presence in materials [65].

FTIR is a technology based on the absorbance, transmittance or reflectance of infrared light
to measure a wide variety of solid and liquid samples without requiring complex preparations
[65]. The core of FTIR spectrometers is the Michelson Interferometer including a beam
splitter, a fixed mirror and a moving mirror. The beam splitter transmits half of the beam light
striking it to the fixed mirror and reflects the other half to the moving mirror. With the change
of the moving mirror, the reflected beams vary the optical path and differentiate the fixed
mirror. After that, the two beams are recombined at the beam splitter (causing interference)

and pass to the detector [66].
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An attenuated total reflection (ATR) technique is developed in order to enhance the surface
sensitivity. It requires the sample to be tightly held in place against the ATR crystal where the
fraction of beam extends only a few microns beyond the surface of the crystal into the sample
and returns to the crystal [67].The main benefit of this mode is strongly avoiding the
attenuation of the infrared signal in some unfavourable situations due to the short path length
[68]. In addition, ATR-FTIR can analyse solid samples either in powder form or dispersing
them in a matrix. One of matrix dispersion methods is to make the ground sample and
potassium bromide (KBr) into thin disc pellets. Salam et. al. (2012) prepared multi-walled
carbon nanotubes (MWCNTs) with side wall functionalization with organic compounds [69].
FTIR analysis was performed to provide the evidence of the functional organic groups on
MWCNTSs surface. It turned out that the band at around 3,500 cm™' corresponded to the O-H
stretching, and the C-H stretching vibrations were observed between 2,850 and 3,000 cm™".
A peak at 1,730 cm™ corresponding to C=0 and a peak at 1,100 cm™" corresponding to the
C-0 stretching vibration were also observed. In another study, Betancourt-Galindo (2014)
synthesized Cu NPs in KBr pellets with the aid of phenyl ether and oleic acid controlling the
growth of Cu NPs [70]. FTIR spectra of Cu NPs confirmed that there were functional organic
groups on the surface of Cu NPs. These bands included that two broad bands at 2,901 and
2,838 cm™' correspond to -CHz- and —CHs groups, asymmetric stretching COO- bands at
1,623 and 1,450 cm™, and symmetric stretching of COO- bands at 1,123 and 847 cm™.
However, the fundamental vibrational frequencies of metal-metal bonds is generally out of
the measuring range of conventional FTIR spectrometers, thus metals usually cannot be
detected by infrared light [71]. The summary of FTIR spectra is listed in Table 2.1.

Table 2.1 The tabulated summary of above-mentioned FTIR stretching [69-71].

Functional group O-H C-H Cc=0 c-O
representation stretching stretching stretching stretching

Wavenumber (cm™) 3500 2850 - 3000 1730 1100
Functional group -CH- -CH3s As%ng)rge_trlc Sy(r:ngce)zfnc
representation stretching stretching stretching stretching
Wavenumber (cm) 2901 2838 14f82%”d 8171;‘;‘1

Raman spectroscopy is based on the Raman effect. When an incident light hits a sample,
the photon of the incident light is absorbed and then reemitted by the sample. Normally, the
reemitted photon is at the same frequency as the incident photon, this does not offer helpful

information and is known as Rayleigh or elastic scattering. However, a small fraction of the
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re-emitted photon gain or lose energy and the frequency of these reemitted photon is higher
or lower than the incident photon. This is called anti-Stokes (higher frequency) or Stokes
scattering (lower frequency). Since Anti-Stokes-Raman scattering is mostly weaker than
Stokes-Raman scattering, Stokes-scattering is mainly measured in Raman spectroscopy
[72].

It is common to combine FTIR technique with complementary Raman spectroscopy, because
the nature of the molecular transitions between the two techniques are different — Raman
spectra resulting from an inelastic Raman scattering process that occurs when light interacts
with molecules whereas IR spectra result from light absorption by vibrating molecules
[73].Moreover, Raman spectroscopy requires the changes in the polarizability of functional
groups, whereas the change of the intrinsic dipole moment can be detected by FTIR
spectroscopy. Therefore, bands that are strong either in FTIR or Raman measurement tend
to be weak in the other measurement. As an example, oxygen as a symmetrical molecule
cannot be observed in FTIR spectroscopy, but it can be observed a strong dipole moment in
Raman spectroscopy. As far as the excitation wavelength concerned, Raman spectroscopy
measures relative frequencies of scattered radiation, whereas FTIR spectroscopy measures
absolute frequencies of absorbed radiation [74]. Thus, the combination of FTIR and Raman

techniques is able to further characterize components of the sample [75].

Costa et. al. (2008) characterized single-walled, double-walled and multi-walled carbon
nanotubes (SWCNTs, DWCNTs, MWCNTSs, respectively) using Raman spectroscopy [76].
The three types of CNTs showed D and G bands around 1,350 and 1,600 cm™. The ratio of
D to G bonds indicates a measure of the quality with nanotubes, in which SWCNTs and
DWCNTs both showed a higher ratio of intensities of D and G bands, while MWCNTs had
the lowest values due to multiple graphite layers resulting in greater number of structural
defects. This agreed with Richter who published an article in 1981 indicating that the increase
in the agglomeration state of nanoparticles can vary on red-shifts and a broadening of the
Raman modes [77]. Rashad et. al. (2013) prepared CuO NPs from Cu(NOs). and distilled
water using microwave irradiation showing three Raman peaks of CuO were observed at
282, 330, and 616 cm™ [78]. In another study using surface-enhanced Raman spectroscopy;,
Cu NPs were immersed in crystal violet solution and rinsed with deionized water after the
synthesis of Cu NPs and the results showed the signal of crystal violet on the Cu NPs, of
which the aromatic C-C stretching modes are corresponding to 1,619, 1,585, 1,535 and
1,444 cm™'. Aromatic C—H bending modes were observed at 1,171, 915 and 809 cm™' as well.

Similarly, the summary of Raman stretching is listed in Table 2.2.
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Table 2.2 The tabulated summary of above-mentioned Raman stretching [76-78].

Functional gro Aromatic Aromatic
unctional group | ppang | Gband | Cu-O c-C C-H
representation : _

stretching bending
1619, 1585,
Wavenumber (cm™) 1350 1600 282, 330, 1535and | 171,915
and 616 1444 and 809

2.3.4 X-ray diffraction (XRD)

X-ray diffraction (XRD) is another powerful and non-destructive technique for both organic
and inorganic phase identification. In the XRD experiment, the monochromatic X-rays beam
interacts with the sample to produce constructive interference and the diffracted X-rays

(peaks) are detected when conditions satisfy Bragg's Law [79]:

nA = 2d - sin

Where d is the spacing between diffracting planes, 6 is the incident angle, n is an integer,
and A is the beam wavelength. As the equation indicated, this law reflects the relationship of
the wavelength of electromagnetic radiation with the diffraction angle and the lattice spacing
in a crystalline sample. By scanning the sample within the selected 26 angles range, all
possible peaks in the X-ray signal should be recorded and then these peaks are used to
calculate lattice parameters and identify the sample. For instance, Rivero and Ruud (2008)
used XRD technology to analyse steel bearing balls [79]. The amount of retained austenite
and martensite phases - that are directly related to the phase transitions - were accurately
measured by the residual stresses of metals. In fact, XRD has been used for a long time. In
addition to the use of computerization, modern XRD instruments are close to early models
in the late 1940s [80]. In this study, unknown substances will be identified from our
nanoparticles as well.

It is worth mentioning that XRD technique has been utilized widely for the identification of
unknown crystalline materials since it can rapidly determine minerals with minimal sample
preparation in most cases, a database is required for identification of unknown substances
[80, 81]. In addition, XRD technique can not only reveal the particle size and components of
the materials, but also detect quantitative phase identification, crystal structure determination,

and residual stresses, efc [81, 82]. The Scherrer equation describes the broadening of a
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peak at a particular diffraction angle (8), as it relates the crystalline domain size to the width
of the peak at half of its height (8) [82]:

K2
~ B cosh

14

Where y is the crystallite size in the direction perpendicular to the lattice planes, K is a shape
factor constant, A is the wavelength of the X-rays, § is the line broadening at half the
maximum intensity and 0 is the Bragg angle. Theivasanthi and Alagar (2010) prepared Cu
NPs via electrolytic cathode deposition method at room temperature [83]. They observed the
three peaks at 26 values of 43.64°, 50.80°, and 74.42° corresponding to (111), (200), and
(220) planes. In addition to this, they confirmed the resultant particles were face-centered

cubic and smaller than 30 nm.

When characterizing composite materials, XRD technology also has been found to play an
important role in determining their various properties and composite materials. Zawrah et. al.
(2013) milled metal-matrix composites composed of Cu and 20 wt.% Al.Os to investigate the
relationship between the milling time and the properties of obtained powders [84]. The X-ray
diffraction results of the composite material implied that the main diffraction peaks of Cu were
observed at around 26 = 50°, 74°, 90°, while that of Al,O3; were observed at around 26 = 35°
and 43°. When increasing milling time, the XRD intensities of Cu and Al,O3 was decreased,
and their diffraction peaks were broader. Consequently, it was concluded that as the grinding

time increased, the average crystal size decreased.

In the same year, Abbas et. al. (2013) synthesized the CNTs-CuO composite by a simple
chemical method [85]. They identified the monoclinic CuO NPs by characterizing the
diffraction peaks around 26 = 35° and 38°, while the broad peak at 26 = 25° corresponded
to the hexagonal graphite structure (CNTs), which confirmed CNTs has been successfully
introduced in the composite. The average crystallite size of the composite was therefore
calculated to be 36 nm. In the same study mentioned earlier, Subha et. al. (2016) used XRD
to identify biosynthetic Ag NPs [62]. The strong peaks at 38° and 43.9° (20) was identified as

face-centered and cubic Ag NPs, and their particle size was also estimated to be 12 nm.
2.3.5 Inductively coupled plasma - optical emission spectrometry (ICP-OES)

Inductively coupled plasma optical emission spectrometry (ICP-OES), also referred to as

inductively coupled plasma atomic emission spectroscopy (ICP-AES), becomes a versatile
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and classic analytical tool for the determination and quantification of trace elements. The
technique involves electrons being excited to release photons, and then capturing their
measurement of wavelength to identify the chemical species and measure the intensity for
inorganic analysis [86]. The main advantage of ICP-OES technique is that the use of high
electromagnetic field can generate high temperatures up to 7,000 K, which is much higher
than flames or furnace (3,300 K), thus refractory elements can be excited. More importantly,
simultaneous determination of multiple elements can be proceeded with no contamination
from electrodeless source. Furthermore, ICP-OES is not only a cost-effective analysis, but it

also has favourable detection limit and a wide linear dynamic range [87].

In addition to ICP-OES, inductively coupled plasma mass spectrometry (ICP-MS) combines
ICP with a mass spectrometer (MS) system to obtain the mass-to-charge ratio of ions, which
provides extra information on isotopic and mass. In a determination study of trace metals in
electrolytic Cu sample, Santos et. al. (2005) reported ICP-MS had higher sensitivity and
accuracy than ICP-OES, regardless of whether the Cu element was being separated from
the analytes [88]. Besides, it can be used to determine the analytes whose concentration
was even lower than the limit value. However, the setup and operation cost of ICP-MS are

much greater than that of ICP-OES system.

In the antimicrobial application, Du et. al. (2017) synthesized Cu.O NPs for antimicrobial
agents [89]. The Cu.O NPs exhibited highly bactericidal efficiency against Escherichia coli
(E. coli) and the Cu content was found to be approximately 10.5% by ICP-OES analysis. Lin
et. al. (2011) characterized the antibacterial properties of Ag-TiO2 NPs with core-shell
structure [90]. Before performing the ICP-OES measurement for ion release study, the
sample was dispersed in distilled water, allowed to stand for 10 days and then centrifuged. It
was found that in the first two days, the sample released a large amount of Ag ions, and then
the ion release rate decreased. Specifically, on the first, second, fifth, and tenth days, it was
found the concentrations of released Ag ions were 0.023, 0.046, 0.062 and 0.069 ppm (part
per million), respectively. It was concluded that the porous TiO. shells can prevent Ag
corrosion as well as control the amount of Ag ion release to extend the release time of Ag
ions. As a result, the Ag/TiO2, NPs with core/shell structure performed excellent inhibitions

against E. coli.

In this project, ICP-OES will be used to study elemental analysis to quantify their chemical
compositions and for leaching study to measure the release of Ag, Cu, and Zn ions from

nanoparticles that affects antibacterial effects. Please refer to Section 3.3.4 for ICP details,
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Section 3.3.5 for preparation of elemental analysis and Section 4.3.5 for preparation of

leaching study.

2.3.6 Nanoparticles tracking analysis (NTA) and dynamic light scattering (DLS) analysis.

Nanoparticles tracking analysis (NTA) is a nanoparticle-tracking device that measures the
size, concentration and distribution of nanoparticles in the range of 10 to 1,000 nm in a liquid
suspension. Based on a high intensity laser-illuminated microscopical technique and low-
background optical configuration, NTA technique uses a high-sensitivity scientific
complementary metal-oxide—semiconductor (CMOS) camera to analyse the light scattering
and Brownian motion characteristics of nanoparticles in liquid at real-time. All particles can
be displayed individually visualized, and their size distribution are analysed by a program
related to image. This is different from conventional particle sizing methods (e.g., DLS or
photon correlation spectroscopy) which use the intensity-weighted average size of particle
aggregates to estimate hydrodynamic particle sizes and distributions together. Thus, NTA
has the ability to measure multi-particle mixtures and directly track the concentration of
nanoparticles. It is recommended that the required sample concentration is between 107 to
10° particles/ml [91].

Currently, due to the better properties of nanoparticles that improve the efficacy of existing
drugs, they are increasingly used in drugs in various multifunctional structures. NTA has the
ability to detect small changes in hydrodynamic diameter and quantify aggregates [92]. Wei
et. al. (2012) explored cancer treatment methods based on nanomedicine to reduce non-
specific cytotoxicity and extend lifetime of storage [93]. During the experiment, NTAand DLS
were employed to characterize the size and polydispersity of nanoparticles. They stated that
compared with most DLS detection systems, NTA provided higher accuracy and multimodal
distribution, while the size analysis of DLS is essentially unimodal. In addition, the size
distribution detected by NTA is almost Gaussian because it avoids interference from strong
scattering or aggregation [93]. This statement was also proved by Bhise et. al. (2011) who
characterized nanoparticles in their study and quantify the number of plasmids within
polymeric nanoparticles [94]. They equipped NTA with a 405 nm laser source to distinguish
between plasmids and polymer nanoparticles, and determined the plasmid value of each

nanoparticle, while DLS cannot measure plasmids that are biased toward larger particles.

In other fields of studies, nanoparticles and protein aggregates were assessed using both
NTA and the DLS techniques by Filipe et. al. (2010), as shown in Figure 2.7 [91]. In the NTA

measurement, these samples were measured using a 640-nm laser in triplicate, and the DLS
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measurement used a 633-nm He-Ne laser to detect 15 runs of 10 seconds in triplicate, both
of which were all performed at a stable room temperature. The Authors confirmed that
compared to the DLS method, NTA provided more accurate sizing measurement in both
monodisperse and polydisperse samples. Although NTA technology requires relatively time-
consuming and operational adjustment experience, other advantages of NTA over DLS
include (1) visualizing samples on a monitor to provide kinetic and size information; (2) output
of individual particle size and intensity and (3) approximate particle concentration and
number distribution. It was also found that NTA obtained a better resolution of peaks because
it was less affected by the presence of a small number of large particles (up t01000 nm) and
by the mixture of different population ratio, which affect size accuracy and sizing distribution,

respectively [91].
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Figure 2.7 Size distributions from NTA and DLS measurements of monodisperse
polystyrene beads by Filipe et. al. [91].
NTA provided more accurate size measurement and a better resolution of peaks than DLS

in both monodisperse and polydisperse samples.

Overall, NTA is a relatively new technique that can complement DLS as it allows that
individual nanoparticles are tracked and analyses on the basis and that the resolution of
polydisperse and/or heterogeneous sample types are much improved [95]. Through the

visualization of the sample, user can also benefit from a rich profile of nanoparticle properties.
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In this project, NTA will be used to study a wide variety of nanoparticles in suspension to
reveal the difference between them and their powder forms and the chance of nanoparticles

exposure to the microbes in an aqueous medium.

In addition to size measurement, DLS can be used to measure zeta potential which can be
explained by DLVO theory [96]. This theory assumes that the total energy (Vr) depends on
the combination of the effect of electrostatic repulsion (Vr) and van der Waals attraction (Va).
The electrostatic repulsion becomes increasing when the particles are forced together. At the
same time, the interference between their electrical double layers increases as well, which
requires some energy to overcome. On the other hand, the van der Waals interaction
becomes more and more attractive as similar particles approach, which is caused by the
interaction of the rotating or fluctuating dipoles of atoms and molecules. Taking metal
nanoparticles as an example, the van der Waals force is much stronger than the repulsive
force, so the van der Waals force dominates the interaction and leads to rapid agglomeration

and sedimentation [42].

Eventually, the smaller value of net potential energy is subtracted from the larger value to get
the total interaction. At very small distance, there is a deep attractive well overpowering the
repulsive forces, which is referred to the minimum value. As the distance increases, the
energy profile will pass through a maximum energy barrier, in which the repulsion is in turn
greater than attraction. At this point, unless the particles have enough thermal energy to
overcome this obstacle, they will remain dispersed. The height of this potential energy barrier
can be indicated by the magnitude of the zeta potential which is the potential difference
between the mobile dispersion medium and the stationary layer of the dispersion medium

attached to the dispersed particle [97].
2.4 Nanomaterials with antimicrobial activity

Bulk and powder metals with antimicrobial activities such as Ag, Cu, CuO and ZnO have
been known to inhibit microorganisms at low concentrations since ancient times [98]. For
example, ancient Persian used vessels made of Cu and Ag for water disinfection and food
preservation [5]. Although the Greek, Romans and Egyptians subsequently continued to

contact and used this method for a long time, the effect was not entirely desirable.

Until recent years, artificial nanoparticles have been engineered, which in turn increased their
functionalities and with enhanced properties compared to traditional bulk materials [8].

Generally, smaller size nanoparticles are expected to have a stronger antibacterial effect,
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which is mainly due to their large area of exposure to volume ratio. For instance, recent
antimicrobial nanoparticle (AMNP) formulations were developed by Ren et. al. It was claimed
that this formulations contained Cu, Ag, and WC NPs and showed stable inhibitions (99.99%)

against various deadly pathogens, such as S. aureus and P. aeruginosa [99].
2.4.1 Assessment of nanoparticles with antimicrobial activities

Currently, as pathogens become multi-drug resistant and antibiotics are often found to be
inactive against certain superbugs, there is an increasing demand on disinfection and
decontamination processes for healthcare. In particular, metallic nanoparticles were found to
perform strong antimicrobial effects without harming mammalian cell [99, 100]. In this project,
11 different nanomaterials and formulations were tested against Gram-positive
Staphylococcus aureus (S. aureus) and Gram-negative Pseudomonas aeruginosa (P.
aeruginosa) bacteria, please refer to Chapter 5 for the corresponding results. This
antimicrobial assessment was performed by collaborative partners at UCL using the following
methods:

(1) Plate count method is one of the most common method. Viable bacterial cell
concentrations are estimated by counting colony forming units (CFUs) before and
after exposure to nanoparticles. This is prepared by dilution a culture of bacteria
and spreading it on an agar plate, then incubating the plate at 37°C for 24 hours
and calculating the CFU [99]. This method is economical and simple to operate but

time-consuming and labour intensive.

(2) Flow cytometry is one method that uses fluorescent marker where bacteria cells
are stained and their membranes are penetrated [101]. After incubation, the
populations of live and/or dead bacteria are distinguished by different fluorescent
channels. Although this method can rapidly distinguish bacterial viability, the
challenges of flow cytometry are relatively large investment, complicated training

and unavailable for determining species of bacteria.

(3) Quantitative polymerase chain reaction (QPCR) is one of molecular methods that
are also commonly used. This method does not require the culturing of bacteria
because it can offer specific target genomic material present within a sample [102].
A viability polymerase chain reaction assay is used to differentiate between live and

dead cells by eliminating free DNA.
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The research, published by UCL, determined that flow cytometry could be one of the best
methods to evaluate antimicrobial efficacies of heterogenous metallic nanoparticles in
suspension, as it can reliably quantify live and dead cells without being disturbed by the

presence of nanoparticles [99]
2.4.2 Silver nanoparticles

Silver has been long known to have antibacterial properties and silver nanopatrticles (Ag NPs)
have also been widely applied in the various fields such as dental cares, pharmaceutical and
biomedical industries due to their low toxicity and high efficiency [103]. The average diameter
of 5 nm Ag NPs with a concentration greater than 75 ug/mL performed a growth inhibition
effect on many Gram-negative bacteria species including E. coli, Vibrio cholerae (V.
cholerae), Salmonella typhi (S. typhi), and P. aeruginosa at approximately 5 x 107 CFU/mL
[104]. The authors hypothesised several mechanisms of Ag NPs that may lead to the
antimicrobial effect. First of all, Ag NPs can destroy the metabolic activity of cells and cause
membrane damage to bacterial cells, which both trigger the generation of reactive oxygen
species (ROS) and DNA damage [105], as displayed in Figure 2.8. According to literature
[106], Ag NPs can also induce pits and gaps on the bacterial membrane which further
accumulate more Ag NPs and format free radicals causing cell death. Finally, the release of
Ag ions is also considered as the main bactericidal mechanism which interact with -S; or -

SH groups of enzymes, leading to disrupt cellular metabolic processes [107, 108].

Figure 2.8 TEM images of P. aeruginosa bacteria at different magnifications. (a) Control
sample without Ag NPs; (b) and (c) samples that were previously treated with Ag NPs [104].In
microbiology, the minimum inhibitory concentration (MIC) is the lowest concentration of
antimicrobial agents (nanoparticles) that inhibit the growth of a microorganism. In a
determination study using Ag NPs to reducing bacteria growth, approximately 10° CFU of E.
coli were cultured on agar plates. The Ag NP solutions with a diameter of 12.4 nm and a
concentration of 10 ug/mL inhibited bacterial growth by 70%, while the Ag NP solutions at a
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concentration of 50 - 60 yg/mL completely inhibited the growth of E. coli [106]. A study of Ag
NP suspensions showed that they directly inhibited the surface of bacteria in vitro
investigation [109]. It was found that the MIC for E. coli was approximately 3.3 nM, while the
MIC for S. aureus was more than 10 times of the former. In a separate experiment, Pal et. al.
(2007) investigated the antibacterial activities related to the shape of Ag NPs [110]. They
suggested that compared with spherical and rod-shaped Ag NPs, triangular nanoparticles
showed the strongest bactericidal activities in reducing the viability of E. coli due to their high-
atom-density surfaces, and with Ag ions in form of AgNOs. The colony was almost completely
inhibited by 1 pg of triangular Ag NPs, and more than 12.5 ug and 50 pg of spherical
nanoparticles can, respectively, significantly and totally inhibited the growth of bacteria. Even

100 ug of rod-shaped Ag NPs and AgNOs were unable to achieve the same effect.

Another study concerned the size- and shape-dependent antimicrobial activities proved that
the smaller size of Ag NPs had better antimicrobial performance against Gram-positive
including Staphylococcus epidermidis (S. epidermidis) and Bacillus megaterium (B.
megaterium), Gram-negative bacteria (P. aeruginosa) and fungal strains including Candida
albicans (C. albicans) and Aspergillus niger (A. niger) [111]. The authors concluded that Ag
NPs were potentially applied in clinical wound dressing, bio-adhesives, biofilms and the

coating of biomedical materials.
2.4.3 Copper and copper oxide nanoparticles

Although copper (Cu) is an essential trace element in most organisms, excessive
concentrations of exogenous Cu can be toxic as well [112]. In addition, Cu NPs have lower
economical cost and wider inhibition range than Ag [113, 114]. Currently, three widely
recognized antimicrobial mechanisms of Cu have been proposed amongst other minor
mechanisms. First, Cu (as well as Fe and Zn) ions have the catalytic activity for ROS

production by the Fenton and Haber-Weiss Reaction:

Cu* + H,0, + 05 - 0, + Cu?** + OH™ + OH* (Haber-Weiss reaction)
Cu* + H,0, - Cu?* + OH™ + OH* (Fenton reaction)

In the production of such ROS, hydroxyl radicals are formed to damage a range of cellular

molecules, such as causing mutations in DNA [115].

Cu* or Cu?* ions are also easily to combine with S-, N- or O-containing functional groups to

form organic complexes, resulting in defects in the conformational structure of nucleic acids
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and proteins [113]. Alternatively, Cu* or Cu?* ions may inactivate essential cellular functions
by forming complexes or replace non-Cu metal ions, leading to reduced cellular functions
[112]. Taking the inhibition of E. coli as an example, excess Cu cause the decomposition of
Fe-S clusters, which essentially exist in a family of dehydratase enzymes of E. coli, and

eventually the dehydratases are unable to biosynthesize amino acid [116].

Another research demonstrated 100 nm of Cu NP suspensions with concentrations of 33.4
and 28.2 pyg/mL can, respectively, reduce the populations of E. coli and B. subtilis by 90%,
while complete inhibitions of both bacteria were more than 60 ug/mL [117]. The MIC of Cu
NPs was determined using broth microdilution. The MIC of Cu NPs for E. coli and S. aureus
were both 40 nM [118]. In another study, Usman et. al. (2013) stated Cu-chitosan NPs with
a particle size of 2 to 350 nm can inhibit microorganisms including S. aureus, B. subtilis, P.

aeruginosa, Salmonella choleraesuis (S. choleraesuis), and C. albicans [119].

Although Cu NPs are easily oxidized into copper oxide nanoparticles (CuO NPs), they are
still effectively against Klebsiella pneumoniae (K. pneumoniae), P. aeruginosa, Salmonella
paratyphi (S. paratyphi) and Shigella strains in a similar way as Cu NPs [119]. For instance,
Mahapatra et. al. (2008) stated CuO NPs can pass through the bacterial cell membrane and

then damage the vital enzymes of bacteria to inhibit cells [120].

Similar to Cu NPs, higher concentrations of CuO NPs than Ag NPs are required and the
antimicrobial effect increases with higher doses [114]. One evidence was from Ren et. al.
(2008), who prepared CuO NPs by thermal plasma (Tesima™) technology and then applied
them along with Cu and Ag NPs against various bacteria for minimum bactericidal
concentration (MBC) determination [37]. Approximately 5 x 107 CFU/mL of bacterial
pathogens were added to the nanoparticle suspensions. The MBC of CuO for S. aureus
(Golden) was 2,500 ug/mL, and the MBC of E. coli and P. aeruginosa were, respectively, 250
and 5,000 ug/mL. In contrast, all MBC values of Ag NPs against above bacteria were all 100
pg/mL.

With regards to MIC, Ahamed et. al. (2014) used a broth microdilution method with 96-well
microtiter plate technique to determine the antimicrobial activities of 23 nm CuO NPs against
various bacterial cells [121]. They indicated that the lowest MIC of CuO NPs (31.25 pg/mL)
was for E. coli and E. faecalis, while the highest MIC (250 pg/mL) was for K. pneumonia. In
another similar research, Azam et. al. (2012) confirmed that the inhibitory effect of CuO NPs

was related to particle size, stability, and concentration after CuO NPs were prepared and
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annealed at different temperatures [122]. They also synthesized CuO NPs with a minimum
size of 20 nm to achieve an MIC value of 20 + 3 pyg/mL for E. coli, which was lower than the

previous result of 23 nm CuO NPs.
2.4.4 Zinc oxide nanoparticles

Although zinc oxide nanoparticles (ZnO NPs) are nontoxic and compatible with human skin,
they are highly toxic to a wide range of bacteria pathogens including E.coli and S .aureus
[123, 124]. For example, Azam et. al. (2012) stated ZnO NPs achieved the most effective
bactericidal activities among CuO and Fe.Os; against Gram-negative (E. coli and P.
aeruginosa) and Gram-positive (S. aureus and B. subtilis) bacteria [125]. Yet, the detailed
mechanisms of ZnO NPs are not fully understood. The possible mechanisms of ZnO are
assumed as ion release, the generation of ROS, and accumulation of the particles on the
bacteria surface, which need further investigation [126, 127]. For more explanation of ion

release and ROS generation to kill bacteria, please refer to Section 5.4.3.

Typically, ZnO NPs are found to be more effective than micron-size ZnO particles. In a study,
both sizes of ZnO particles with a fixed concentration of 20 uyg/mL were carried out to inhibit
B. subtilis, E. coli, and P. fluorescens [128]. It turned out that the nano-sized ZnO particles
can totally inhibit all kinds of tested bacteria, while the micro-sized ZnO particles can only
inhibit 50 to 100% of all tested bacteria species. Furthermore, in another antimicrobial study
that ZnO NPs in direct contact with E. coli, Padmavathy et. al. (2008) prepared ZnO NPs with
three different sizes (12, 45 and 2 ym). The ZnO suspension with 12 nm particles exhibited
higher efficacy than the ZnO suspensions with other particle sizes under the same
concentration [129]. The authors explained the greater the amount of nanopore particles, the
higher the generation of active oxygen species and thus they kill bacteria more effectively.
They also proposed both the abrasiveness and the surface oxygen species of ZnO NPs can

enhance the antimicrobial effect.
2.4.5 Intermetallic compounds and composites

Although very limited antimicrobial studies have been performed using intermetallic
compounds, Ag-Au alloy nanoparticles combined with penicillin G and piperacillin had been
claimed to intensify antimicrobial effect against S. aureus [130]. The authors suggested that
Ag—Au alloy nanoparticles can be potentially used as an adjuvant in combination therapy of
antibiotics. A group from China (2016) demonstrated the Ti—Ni—Cu shape memory alloys
simultaneously possessed excellent shape memory effects, cytocompatibility and

antibacterial properties after adding Cu element [131]. Future application of this compound
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included biomedical implants and devices that do not cause bacterial infections. A more
recent work showed that the Pt-Ag nanoparticles remarkably enhanced multiple enzyme-
mimic activities related to oxygen reduction reaction and exerted favourable antibacterial
effects on E. coli and S. aureus [132]. The forthcoming work was related the controllable
synthesis of high-quality nanoalloys to their novel catalytic properties for a variety of

promising applications, including catalysts, biosensors, and biomedicine.

Regarding the mixture of metallic nanoparticle composites, one of major advantages is that
they produce higher antimicrobial effect then single elemental nanoparticles. Miguel et. al.
(2012) investigated the antimicrobial activities of six metal and metal oxide nanoparticles and
their two composites [133]. Specifically, the mean value of MIC100 of ZnO and of Ag-ZnO
composites were, respectively, 437.5 and less than 362.5 pg/ml; that of CuO and of Ag-CuO
composites were, respectively, 312.5 and less than 237.5 pg/ml. Moreover, the used of these
composites decreased the amount of individual element, which also reduced the cost of

materials and diminished the potential of bacterial resistance.

In another study, Ag, Ag-Zn and Ag-Cu ionic mediums were incorporated into glasses in order
to determine their ion release as well as antimicrobial activity, which were prepared from
powder of nitrate salts [134]. The result of Ag ion release from single Ag showed an upward
trend in the first three days and then the release rate tended to slow down until it remained
constant. All dual-elemental incorporation samples with different ratios greatly reduced the
amount of Ag ion release from the sample, while Cu and Zn elements in the corresponding
samples were unchanged due the formation of oxide phases. In addition to this, pH variations
of all solutions which the glass matrix was immersed in were stable. The antimicrobial results
revealed that all glasses only containing Ag ions showed stronger efficacy than dual-
elemental imparted samples against E. coli, S. aureus and C. albicans cells. However, the
release of Ag ions beyond the safety limit may potentially be toxic to human cells and
environment (see Section 2.4.9 for details), while the dual-elemental samples having both
low ion release effect can not only avoid toxic side effect but also extend the duration of
antimicrobial activity. This experiment further suggested that pH values were less relevant

than ion release regarding antimicrobial efficacy.
2.4.6 Carbon-based nanomaterials

Carbon-based nanomaterials have been found to show the antimicrobial activity [135].
Literature showed that the size and surface area of carbon nanomaterials relate to the

inactivation of the microorganisms. More precisely, smaller size or larger surface area of
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carbon nanomaterials are more toxic to bacteria [136]. The major antimicrobial mechanism
of carbon-based nanomaterials was presumed to damage bacteria membrane due to an
oxidative stress. However, recent studies indicated the physical interaction with cell

membrane are the primary reason [135].

Akhavan and Ghaderi (2010) investigated graphene and graphene oxide (GO) against E. coli
and S. aureus bacteria as Gram-negative and Gram-positive models, respectively [137].
They claimed that the extremely sharp edges of the nano-walls directly contacted the cell
membrane of the bacteria resulting in the effective bacterial inactivation. Moreover, the Gram-
positive S. aureus was more vulnerable to the cell membrane damage caused by the nano-
walls than the Gram-negative E. coli due to lacking the outer membrane.

Carbon nanotubes (CNTs) are allotropes of carbon with a cylindrical nanostructure which can
directly contact with bacteria that affects their cellular membrane integrity, metabolic
processes and morphology [136]. In addition, there are some studies indicated SWCNTs
were more effective to inhibit bacteria than MWCNTs due to the size of carbon nanotubes,
as displayed in Figure 2.9. Kang et. al. (2008) reported that SWCNTs could more efficiently
penetrate the cell wall than MWCNTs due to a larger surface area of SWCNTs interaction
better with the cell surface [136]. Arias and Yang (2009) prepared SWCNTs and MWCNTs
with different surface groups against Gram-negative and Gram-positive bacteria [138]. The
authors claimed that SWCNTs with surface groups of -OH and -COOH improved the
antimicrobial activity while that of MWCNTSs did not show significant improvement.

Figure 2.9 SEM images of E. coli cells exposed to CNTs.
(a) Cells incubated with MWCNTs for 60 minutes. (b) Cells incubated with SWCNTSs for
60 minutes. [136]. SWCNTs were more effective to inhibit bacteria than MWCNTs due to

smaller size.
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Carbon/metal nanocomposites also have been studying against both Gram-negative and
Gram-positive bacteria. Yun et. al. (2013) investigated the antimicrobial activity of CNTs-Ag
and GO-Ag nanocomposites [139]. According to Yun et. al., CNTs-Ag nanocomposites had
better antibacterial activity comparing to GO-Ag nanocomposites. The reason of this was that

Ag NPs were expected to have a better dispersion into the CNTs.
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2.4.7 Antimicrobial mechanisms of actions

Table 2.3 Summary of nanoparticles that have been tested for antimicrobial

activity.

Monometallic /
metal oxide
nanoparticles

Mean size (shape)

Bacteria/fungi
tested

Reference

Silver
(Ag)

21 nm
(cuboctahedron
icosahedron and
decahedron)

E. coli
V. cholerae
S. Typhi
P, aeruginosa

[104]

12.4 nm

E. coli

[106]

13.5 nm (spherical)

Yeast
E. coli
S. aureus

[109]

39 nm (spherical);
16 nm (rod)

E. coli

[110]

1.5-10 nm
(spherical, triangular
and polyhedron)

S. epidermidis
B. megaterium
P. aeruginosa
E. coli
C. albicans
A. niger

[111]

Copper
(Cu)

100 nm (spherical)

E. coli
B. subtilis

[117]

9 nm (quasi-sphere)

E. coli
S. aureus

[140]

2-350 nm

S. aureus
B. subtilis
P. aeruginosa
S. choleraesuis
C. albicans

[119]

Copper
(Cu)

80-160 nm

K. pneumoniae
P. aeruginosa
S. paratyphi
Shigella

[120]

Copper oxide
(CuO)

20-95 nm
(rod and rectangle)

EMRSA
MRSA
S. aureus
S. sepidermidis
E. coli
Proteus spp.
P. aeruginosa

[37]

23 nm

E. coli
E. faecalis
K. pneumonia

[121]

20-28.9 nm

E. coli
P. aeruginosa
B. subtilis
S. aureus

[122]
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E. coli
20 nm " e [125]
Zinc oxide B. subtilis
(ZnO) B. subtilis
20 nm E. coli [128]
P. fluorescens
20-40 nm E. coli [129]
Intermetallic Mean size (nm) Bacten;\lfungl Reference
nanoparticles teste
Silver-Gold alloy < 200 nm (spherical) S. aureus [130]
(Ag-Au)
Titanium-Nickel- N/A . aureus [131]
Copper alloy :
(Ti-Ni-Cu)
Platinum-Silver N/A E. coli [132]
alloy (Pt-Ag) S. aureus

The antimicrobial properties of different nanomaterials that mentioned earlier are
summarized in Table 2.3. Although nanomaterials in different forms (particles, ions, salt, etc.)
have been used as antimicrobial agents, the exact mechanisms of antibacterial activities of
metal/metal oxide are still to be investigated. In general, four proposed pathways were
considered to trigger the bactericidal deactivations and a schematic diagram of these

mechanisms is shown in Figure 2.15. The four mechanisms are as follow:

(1) Reactive oxygen species (ROS): typically, the redox-active essential metals in
biomolecules act as catalytic cofactors when ROS are either generated or catalysed
by cell enzymes. The presence of external metals intensifies the reactions and
produce an excess of ROS which triggers oxidative stress and subsequently leads to
cellular programmed death [141]. For certain metals such as Cu and Zn, an
occurrence of Haber-Weiss reaction and Fenton reactions both increases the
formation of ROS and stimulates the electron transport chain to eventually promote
bacteria death through the catabolism of the carbon source and the generation of

nicotinamide adenine dinucleotide [142].

(2) Dissolved metal ions: external metal ions are absorbed through the cell membrane
and inhibit cellular function or enzyme activity by interacting with the functional groups
of proteins and nucleic acids, eventually affecting the normal physiological processes
[143].

(3) Physical interaction: Gram-positive and Gram-negative bacteria have different cell
wall structures: Gram-negative bacteria are covered by a layer of thin peptidoglycan

with an additional outer membrane including lipopolysaccharide and periplasm, while
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Gram-positive bacteria only possess a thicker layer of peptidoglycan. Generally,
Gram-negative bacteria are more vulnerable to the mechanism of action of
nanoparticles since their wall structure may help the ions released from the
nanoparticles enter the cell [144]. In addition, although both bacteria cell walls are
dominated by negative charges, Gram-negative bacteria have a higher affinity for the
positive ions due to electrostatic attraction. Please refer to Section 5.4.2 for more
details.

(4) Internalization into cell: very tiny nanoparticles are likely to enter the cells via
endocytosis [145]. Subsequently, the released nanoparticle ions are then up-taken in

intracellular high concentrations, which can cause harmful oxidative stress.

@ Nanoparticles (1) ROS
O
Penetrates
Lipids ¥ Damages \

(2) lon
release

22

DNA

%:

(3) Physical (4) Internalization

interaction

o

Figure 2.10 Various antimicrobial activities of metal nanoparticles including: (1)
reactive oxygen species (ROS) triggers oxidative stress; (2) dissolved metal ions
interacts with the functional groups of proteins and nucleic acids; (3) physical

interaction destroys cell walls; (4) internalization into cell via endocytosis [103].
2.4.8 Utilizations of metallic nanoparticles and their pathways to antimicrobial actions

At present, metallic nanoparticles have been extensively applied in consumer, health-related
and industrial products [146]. Table 2.4 summarizes the proposed mechanism and

influencing factors of these metal nanoparticles. As one of the mostly investigated and
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explored antimicrobial agents, Ag NPs can be prepared and used in the Ag nhanocomposite
fibers of textile fabrics. The fiber can have high antibacterial activities against E. coli and K.
pneumoniae. A study from Yeo et. al. (2003) suggested that two spun fibers of the seven
types of fibers which contained Ag NPs in the sheath-part with a concentration of 0.3 and 1.5
wt%, respectively, both inhibiting 99.9% of E. coli and K. pneumoniae [147]. In another study,
Farkas et. al. (2011) assessed the wastewater from a commercially available Ag nano-
washing machine using ICP-MS, TEM and NTA [148]. The washing machine was installed
an exchangeable Ag NP generating part to enhance the enrichment of the washing water
with Ag in the solution supply device. The presence of Ag NPs was confirmed by ICP-MS
and the size of nanoparticles was measured by TEM and NTA. The authors concluded that
the wastewater showed a strong bactericidal effect on the natural bacterial community. More
recently, lllangakoon et. al. (2017) polymer fibres embedded with hybrid nanoparticles
(including Cu, Ag and W) using pressurised gyration, as displayed in Figure 2.17 [149]. The
antimicrobial study against P. aeruginosa showed the fibres loaded with the nanoparticles
inhibited over 70% of bacteria, while pure fibres showed 35%. For other applications, TiO-
NPs were used in cosmetics, which had strong antibacterial properties and removed odors,

and ZnO NPs can be used in food systems or creams, lotions and ointments [1486].

700um - 100um

Figure 2.11 SEM images of (a) PMMA fibre alone and (b) antimicrobial NPs
embedded PMMA fibre mats [149].
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Table 2.4 Summary of Ag, Cu, CuO, ZnO and carbon-based nanomaterials as

antimicrobial agents.

Nano- Proposed mechanism of .
. . . . Influencing factors Reference
materials antimicrobial activity
Disruption of cellular metabolic
Ag ac.:t|V|ty; mduct!on of pits and gaps Particle size a.nd [106-110]
in the bacterial membrane; ion shape of particles.
release.
Catalyst for hydroxyl radicals,
Cu forming organic complexes, Particle size. 114, 115, 117]
binding in protein.
Crossing through the bacte_rlal Particle size and
CuO cell membrane and damaging . [122]
. . concentration.
the vital enzymes of bacteria.
lon release; the generation of
710 H202 gnd ROS, and. Particle size gnd (128, 129]
accumulation of the particles concentration.
on the bacteria surface.
Carbon- . . Material size and
based ROS and physical interaction structure. [137]

2.4.9 Toxicity of nanoparticles

Despite nanotechnology has brought an enthusiastic and promising revolution in several
fields. However, as a side effect, the emerging field of nanotechnology may also pose a
number of harmful threats to human life and the possible adverse health effects appears to
be a concern.

Due to the smaller size of nanoparticles, they may enter the human body more easily and
eventually damage organs [150]. Inhalation of nanoparticles is considered to be one of the
most common routes of human exposure. Nanoparticles smaller than 10 nm act like gas and
can enter the human nose, mouth and throat, while ultrafine particles can even reach the
bronchial tree and then transfer to other different organs [151, 152]. Even exposure to low-
toxic substances can still cause chronic inflammatory processes [153]. Additionally,
permeation into the skin and ingestion through the digestive tract are other common routes
of entry into the body. In a clinical report, an acute burn patient has been found liver
malfunction because of treating nano-Ag coated medication [154]. Orally ingestion of Cu NPs

in experimental mice had toxic effects on liver and kidneys [155].
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In general, the toxicity of nanoparticles is influenced by size, shape, chemical composition
and stability, efc. [153]. Due to the surface to volume ratio, particle size is inversely
proportional to toxic effects. As can be seen above, the smaller the particles, the higher the
toxicity. De Jong et. al. (2007) performed a kinetic study to determine the influence of particle
size on the in vivo tissue distribution in the rat [156]. After intravenous injection of Au
nanoparticles in vivo, the 10 nm nanoparticles were more widely found in different organs
than larger nanoparticles. The shape also determined the toxic effects of nanoparticles.
Similarly, it was found the needle-shaped and short rod-like nanoparticles are more effective
than spherical and long-rod-like ones, which was consistent with the antibacterial properties
[157]. Besides, it is noteworthy to point out that metallic can move more rapidly into the blood
circulatory system in comparison to non-metallic species, thus they appear to be more toxic
[152, 158].

Ultimately, much attention should be paid to balance the relationship between the properties
of nanoparticles and toxicity, because nowadays daily supplies such as shampoo, toothpaste
and cosmetics are increasingly produced based on nanotechnology, and therefore humans

are more frequently exposed to nanoparticles.
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CHAPTER 3 CHARACTERISATION OF ENGINEERED AND COMMERCIAL
NANOPARTICLES

3.1 Introduction

In order to select the nanomaterials with optimal antimicrobial effects, it is necessary to
perform sophisticated characterisations of each nanoparticle to reveal their powder
information, as the relevant physical and chemical properties of these ultra-small particles
allow us to understand how each nanoparticle may attribute to the interactions and/or
deactivations of specific microbes. A total of eleven commercial and engineered
nanomaterials focusing on W, Ag, Cu and Zn were fully or partially investigated by SEM, XRD,
FTIR, Raman spectroscopy and element analysis using ICP-IES, as summarized in Table

3.1. The details of nanomaterials are described in next section.

Table 3.1 Investigation of physical and chemical properties of nanoparticles by
different techniques.
The row in the white indicates commercial nanoparticles: “SA” stands for
nanomaterials from Sigma-Aldrich; and “NF” stands for nanomaterials from Suzhou Canfuo
Nano Technology. The row in grey show engineering nanoparticle: “QNA” stands for

nanomaterials from Intrinsiq Materials® (formally Qinetiq Nanomaterials).

Sample SEM XRD FTIR Raman Elemental
analysis

1.SAWC
2.QNAWC
3.QNAAg
4.NF Cu10
5.QNA Cu
6.NF CuO
7.QNA CuO
8.CuAg
9.CuZn
10.AMNP2
11.AMNP3

Scanning electron microscope (SEM) was used to study surface morphology and dispersity,

as well as to estimate sizes of each nano powder samples, because the size and shape of
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powder nanoparticles influence their antimicrobial effects [110, 159, 160]. The nanoparticles
are hoped to have a high surface area without agglomeration. X-ray powder diffraction (XRD)
methods were used to investigate crystalline structure and reveal chemical composition
information, which also helped us discover whether some samples contain additional
compounds. Fourier-transform infrared spectroscopy (FTIR) and Raman spectroscopy were
used to analyse metal/metal oxides bonds and/or other functional groups (e.g., -OH and -

COOH), as well as to identify the present of any unexpected organic impurities.

For elemental metal trace analysis using inductively coupled plasma optical emission
spectroscopy (ICP-OES), each nanomaterial was fully digested using microwave in
concentrated nitric acid (HNO3) and then diluted to the appropriate levels prior performing
analysis in order to determine their purity. Fully quantitative method was used to measure
the exact Ag, Cu and Zn ion concentrations present in each sample, while the presence of
other unexpected trace metallic impurities was detected using semi-quantitative approach.

(Please refer to Section 3.4.4 for more details).

3.2 Nanomaterials

3.2.0 General

All engineered and commercial nanoparticles were used as received and stored in a dark
and well-ventilated cupboard. Manufacturing and engineering details of each nanomaterial
and their composites are described in this section, whereas the corresponding SEM images
can be found in Section 3.4.1. For ICP-OES analysis, the 2 v/iv% HNOs was prepared using
70 viv% HNO3 (Sigma-Aldrich, Merck, UK) diluted in pure particle-free water (Acros,
Belgium). Different ICP analytical standards (Ag, Cu and Zn) were purchased from (Sigma-
Aldrich, Merck, UK) and were diluted into serial concentrations for calibration purpose (see

Section 3.3.4 for more details).
3.2.1 Tungsten carbide

A nano-scale hexagonal tungsten carbide SA WC with a particle size of 150 - 200 nm and
purity of more than 99% was purchased from Sigma-Aldrich (US). The tungsten carbide
sample appeared as dark grey powder.
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QNA WC was engineered by Intrinsiq Materials® (formally Qinetig Nanomaterials) using the
Tesima™ thermal plasma technology [161]. The elemental ratio of QNA WC were identified
by using a combination of analytical techniques including Raman spectroscopy, XRD, 13C-
NMR and XPS [162].- XRD confirmed QNA WC contained over 99.8% single phase of WC,
the antiviral functions of QNA WC was firstly reported and patented in 2010 [163].

3.2.2 Silver

QNA Ag was engineered via the Tesima™ thermal plasma technology [161] provided by
Intrinsiq Materials® (formally Qinetiq Nanomaterials). It appeared as golden-orange colour

and had rod and needle-like particles with approximately 100 nm.
3.2.3 Copper and copper oxide

Two Cu NPs (QNA Cu and NF Cu10) with various particle shapes and sizes from different
manufacturers were used in this study. QNA Cu was engineered by Intrinsiq Materials®
(formally Qinetiq Nanomaterials) using patented technology called Tesima™ thermal plasma
technology [161]. Commercial powder NF Cu10 was purchased from Suzhou Canfuo Nano
Technology, it was claimed to have 10 - 30 nm particle size range and a spherical shape.

Please refer to Table 3.2 for the detailed specifications.

QNA CuO was engineered by Intrinsig Materials® (formally Qinetiq Nanomaterials) using
patented technology called Tesima™ thermal plasma technology [161], it was with a density
of 6.3 - 6.49 g/cm?® and size of 20 - 70 nm [164]. Commercial powder NF CuO rods was
purchased from Suzhou Canfuo Nano Technology, it was claimed to have 40 - 60 nm particle
size range and porous long-rod shape. Please refer to Table 3.2 for the detailed

specifications. Both CuO are deep brown or black powder.
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Table 3.2 Specifications of NF Cu and NF CuO NPs.

Purity Diameter Averg 9¢ Specific Density

Model (%) (nm) particle Shape surface area (glom?)
° size (nm) (m?/g) g

NF Cu 99.9+ 10-30 20 Spherical 10-35 0.1-0.3

. . Specific .

Model P(l:/“;y DI?r:nnf)t er L(enr?]t)h Shape surface area ?72::?)/
’ " (mrg) | 9

NFCuO | 99.9+ | 40-60 1-2 Porous 20-60 0.1-0.5

nanorods

3.2.4 CuAg and CuZn alloys

The commercial alloy nanoparticles CuAg and CuZn were purchased from Sigma-Aldrich
(Dorset, UK). The CuAg nanoparticle was less than 100 nm in particle size range and
containing 96% - 98% of Ag. The CuZn nanoparticle appeared as a dark brown powder with
less than 150 nm particle size range containing 56% - 60% of Cu and 37% - 41% of Zn.
These alloy nanoparticles were further analysed using SEM, XRD, FTIT, Raman.

3.2.5 Antimicrobial nanoparticle formulations (AMNPSs)

AMNP2 was previously engineered by the Antiviral Consortium found by the UK Department
of Trade and Industry (DTI) and Southeast England Development Agency (SEEDA). AMNP2
nanoparticles were produced by Intrinsiq Materials® (formally Qinetiq Nanomaterials) using
patented method, the Tesima™ thermal plasma technology [161]. A previous report
concluded that the atomic ratio of AMNP2 was 77.7% C, 5.5% O, 6.7% W, 4.7% Ag and 5.4%
Cu [165].

AMNP3 consists of 55:45 ratio of NF CuO rods and CuZn which was developed through the
UH-UCL collaborative project!. This formulation was developed based on the analytical
results obtained from the study in this chapter. Although data remain unpublished, AMNP3

was found to be the most effective formulation against both P. aeruginosa and S. aureus.

1 EPSRC project (EP/N034368/1) ‘Antimicrobial filters for hospital air and water systems’
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3.3 Instrumentation and methodology.
3.2.1 Scanning electron microscope (SEM)

Each nanoparticle (2 mg) was secured onto a carbon-based adhesive substrate and
positioned on a specimen stage, all samples were sputter-coated with 20 nm of Au under low
pressure argon using an Emitech SC7620 (Quorum Technologies, Ltd., East Sussex, UK).
All SEM analyses were acquired using a JEOL JCM-5700 (JEOL Ltd., Welwyn Garden City,
UK) instrument and images were collected using the built-in software with an accelerating

voltage of 20 kV. Adobe® Lightroom CC was used to improve contrast and quality of images.
3.2.2 X-ray diffraction (XRD)

XRD analyses were performed using a Panalytical X'Pert Pro diffractometer (Panalytical,
Almelo, Netherlands). This instrument was equipped with a X'Celerator solid state detector
where Cu Ka was used as the radiation source with 0.25° divergence slits. The samples were
mounted on zero background silicon single crystal substrates. Data were collected from 5 to
120° 26 in steps of 0.033° and a counting time of 200 seconds equivalent was used at each
point. All data sets were analysed using the HighScore program (Panalytical B.V.2012
version 3.0.5) and all visible XRD patterns were supported by matching ICDD (previously
called JCPDS) references.

3.2.3 Fourier transform Infrared and Raman spectroscopy

Infrared spectra of nanoparticles were acquired using a PerkinElmer Frontier FT-IR/FIR
spectrometer equipped with an Attenuated Total Reflectance (ATR) accessory. Powder
samples were loaded directly onto the diamond crystal stage and secured by a compressor
rod. Blanks were performed prior to each sample submission; all data were acquired at a

resolution of 64 cm™ using built-in software ‘IRWinLab’ and 256 scans were collected.

Raman spectra of nanoparticles were obtained utilising a Renishaw InVia Raman
microscope and associated WIiRE 3.4 software. All measurements were performed by means
of the 785 nm excitation wavelength and a 2-mW power laser. Powder samples were
presented on a microscope slide with an approximate examined area of 20 x 20 ym? and
each measurement was taken after an average of 20 scans. Data were further analysed
using BioRed® program and all visible Raman shifts were studied against references

supported by the database within the program.
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3.3.4 Inductively coupled plasma optical emission spectrometry (ICP-OES)

The amount of dissolved metals in solution (Cu* or Cu?*, Ag* or Ag?* and Zn?* ions) were
detected and quantified using inductively coupled plasma optical emission spectrometry
Varian 710 (Germany) fitted with a Seaspray nebuliser. 1.2 kW power, 15 L/min plasma flow,
1.5 L/min auxiliary flow and 180 kPa nebulizer pressure were set to this study. Calibration
standards for each element were purchased from Sigma-Aldrich (Switzerland). The
standards at concentration of 10,000 ppm of Cu, Ag and Zn were prepared at the following
concentrations: 10, 5, 1, 0.5, 0.1 and 0.05 ppm. Three different emission wavelengths of
each element were selected for detection: Cu(213.598 nm), Cu(324.754 nm), Cu(327,395
nm), Ag(241.318 nm), Ag(328,068 nm), Ag(338.289 nm), Zn(202.548 nm), Zn(206.200 nm)
and Zn(213.857 nm). The limit of detection (LOD) and quantification (LOQ) were calculated
for each wavelength by analysis of a 2 v/iv% HNO3 blank. All labware was acid washed
overnight with 4M HNOs prepared from 70% HNO; (Fisher Scientific®, UK) and rinsed

thoroughly with deionized water before use.
3.3.5 ICP-OES sample preparations: Elemental analysis

In order to determine elemental compositions and validate the qualities of different
nanomaterials used in this study, each sample was fully digested in harsh condition prior to
ICP-OES analysis. 50 mg of each nanoparticle (QNA Ag, NF Cu10, QNA Cu, NF CuO rods,
QNA CuO, CuAg, CuZn, AMNP2 and AMNP3) was mixed in 5 mL of pure HNO3 (99.999%
purity, Sigma-Aldrich, UK) in a Teflon vessel. Each mixture was pre-digested by swirling tube
for 20 - 30 minutes to ensure release of any gas or volatiles. After this, it was diluted into 50
mL. All caps were then well-secured in carousel jackets before placing rack of samples in a
CEM microwave digester (1600 W, Mars 240/50 CEM™, USA). All samples were digested

using the program illustrated in Table 3.3 and then cooled to room temperature on completion.

Table 3.3 Program of microwave digestion for elemental analysis.
Before digestion, each nanoparticle was mixed in pure HNOs and swirled in a tube for

20 - 30 min, followed by dilution.

Stage  |Energy (W) |Percent (%) |y femperature (0) | e
1 400 100 5 100 5
2 400 100 5 110 10
3 400 100 10 150 o5
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0.5 mL of digested samples were further diluted using 45 mL of 2 v/v% HNOs, all samples
were filtered using 0.1 um syringe filter (Millipore) prior subjected to ICP-OES analysis. Fully
guantitative approach (via external calibration) was used to quantify the presence of Ag, Cu
and Zn ions in each nanomaterial samples, whereas semi-quantitative method (via external
calibration) was used to estimate approximate concentrations of trace metals present as

impurities (see Table 3.4 for results). Both approaches were measured in triplicates.

3.4 Results and discussion

3.4.1 Morphological and physical properties of the nanomaterials

The surface morphology of each nano samples was studied using scanning electron
microscopy (SEM), this technique was used to study the shapes and to estimate sizes of

these particles.

Figure 3.1a and 3.1b show the SEM images of commercial SA WC and engineered QNA
WC nanoparticles. They were both hexagonal, quite uniformly distributed and are both
agglomerated, because the high surface energy causes these smaller nanoparticles more
likely to aggregate. The size of nanoparticle is one of main factors influencing the
antibacterial activity [136, 159]. Generally, smaller particles have a larger antimicrobial effect
due to larger specific surface areas, the bacterial cell membrane is thus more likely to contact

with nanoparticles [159].

Both engineered and commercial samples were hexagonal, quite uniformly distributed

but agglomerated.
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In Figure 3.2, a mixture of particle sizes can be seen in SEM images of the engineered QNA
Ag, an approximate 100 nm sizes in irregular shapes such as needle-like and spherical
shapes can be observed, which may contribute to antimicrobial activity. Many studies
indicated that shape is another important factor in causing antimicrobial activity. In particular,
nanoparticles with more tips or corners are “sharper” to kill bacteria in comparison of
spherical and long-rod-like ones, this is not only because they are able to penetrate the cell

member but also affect the specific surface area and reactivity [110, 160].

e, e
20kV" X10,000 4um_ 0531 BEISEM

Figure 3.2 SEM image of engineered QNA Ag.

It had a size of 100 nm and different shapes such as needle-like and spherical.

The SEM images of two different Cu nanomaterials, commercial NF Cu10 and engineered
QNA Cu samples are presented in Figure 3.3. The image of NF Cu10 (Figure 3.3a) showed
a mix shape of rod and rectangular. The majority of QNA Cu (Figure 3.3b) appeared to have
cubical shapes within the nano-scale range, however large spherical micron-sized particles

were observed as contaminant.
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20KV x1o 000, Mpm 0508 PC-SEM!
Figure 3.3 SEM images of (a) commerC|aI NF Cu10 and (b) englneered QNA Cu.
NF Cu10 had a mix shape of rod and rectangular, and QNA Cu NPs were mainly cubic

in shape with a small amount of micron-sized spherical particles.

As shown in Figure 3.4a, the SEM image of CuO NPs indicated the commercial NF CuO
rods NP had long-rod crystalline with approximately 40 - 50 nm diameter in one dimension,
while the engineered QNA CuO displayed in Figure 3.3b was fluff-like and appeared as the

finest nano spheres (approximately 10 nm) of all NPs in this study.

X10,000 *"1um 0569 PC-SEM 120KV X10,000 ' 1pm 0582 PC-SEM

Figure 3.4 SEM images of (a) commercial NF CuO rods and (b) engineered QNA
CuO.
NF CuO had rod shape and a size of 40 - 50 nm, while QNA Cu was fluff-like and
appeared as fine nano spheres with 10 nm in diameter.

SEM images of CuAg and CuZn alloys are, respectively, shown in Figure 3.5a and 3.5b.
These micrographs showed both alloys were spherical and aggregated, the particle size of
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CuAg was ranging from 90 to 95 nm, which was smaller than that of CuZn (135 - 150 nm). It

was also found that the morphology of CuAg was more uniform than that of CuZn.

In conclusion, various degrees of aggregations were visualized in this study due to the large
surface area ratio to volume of nanoparticles. Heavy aggregations were observed in small
sizes particles such as QNA CuO, CuAg and CuZn powders, suggesting that reduced
reactive surface area may result in antimicrobial effect [166]. Most of our samples seem to
be spherical or rod shapes. Further morphological observations (i.e., TEM) may help to

examine in depth morphology of industrial particles.
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Figure 3.5 SEM images of commercial (a) CuAg and (b) CuZn alloy NPs.
Both of them were spherical and aggregated. CuAg had particle size ranging from 90

to 95 nm, while CuZn had particle size ranging from 135 to 150 nm.

3.4.2 XRD analyses

X-ray diffractometry is a rapid and powerful analytical technique primarily used for
characterizing crystalline materials, which is based on Bragg’s law [167]. According to the
last section, four powders were further studied since QNA Ag had mixed particle sizes and
QNA CuO, CuAg and Cuzn were heavy aggregated. The XRD pattern of QNA Ag presents
in Figure 3.6. The major XRD peaks of QNA Ag powder at 28 of 37.71, 43.83, 63.71 and
76.47° correspond to (111), (200), (220) and (311) planes and further analysis comparing
JCPDS (file no: 89-3722) indicated that QNA Ag contained not only elemental Ag but also
AgNO- and AgNOs, which were often the precursor used for synthesizing Ag NP from bottom-
up method as previous discussed in Section 2.2.6 and 2.2.7. Ag was face-centred cubic
crystalline and AgNO_ and AgNOs were orthorhombic crystal structure [167].
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Figure 3.6 XRD graph of engineered QNA Ag NPs.
The major XRD peaks at 26 of 37.71, 43.83, 63.71 and 76.47° correspond to (111),
(200), (220) and (311) planes, which indicated face-centred cubic structure of elemental Ag

as well as orthorhombic structure of AgNO2 and AgNO:s.

Figure 3.7 shows two intense peaks of QNA CuO powder at 20 values of 35.60 and 38.87°
and a single unidentified peak at about 12.8°. The XRD has determined that the
corresponding crystal system was monoclinic and CuO (Tenorite) was the only visible

compound found in this engineered sample (JCPDS card no 45-0937).
8x10°

@ @ —— QNACuO
7x10" = =
1 = |z
6x10" -
S 5x10° 4
L
2 4x10° -
w
g )
E 3!10!‘ o)
4 =)
2x10° 4 >
1%10° M
0_
v T v 1 T 1

. T - - - .
0 20 40 60 80 100 120

Figure 3.7 XRD graph of engineered QNA CuO NPs with monoclinic structure.
The peaks were located at 26 values of 35.60 and 38.87° and a single unidentified

peak at about 12.8°.
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As shown in Figure 3.8, major peaks at 20 = 38.1, 44.2, 64.4 and 77.8°was observed in the
commercial CuAg powder, which were associated to elemental Ag. Another two tiny peaks
positioned at 28.51 and 29.78° were corresponding to Cu(OH), and Cu:O, respectively.
Cu(OH); was found to have an orthorhombic crystal structure and the other two had cubic

crystal structure.
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Figure 3.8 XRD graph of commercial CuAg NPs containing cubic structure of
elemental Ag and Cu:O as well as orthorhombic structure of Cu(OH)a.
The peaks were located at 20 values of 38.1, 44.2, 64.4 and 77.8° corresponding to

elemental Ag.

In Figure 3.9, X-ray diffraction of commercial CuZn NP identified the presence of ZnO as

well as intermetallic compounds CuzZn and CuZn. The diffraction peaks were located at

31.72, 34.53, 36.40, 47.40, 56.69, 63.27 and 67.58° corresponding to (1OTO), (0002), (1OT

1), (1072), (11?0), (1073), and (11?2) reflection planes of hexagonal structure of ZnO.

Moreover, the apparent ZnO found in this analysed sample may have been attributed by the

oxidation of Cu,Zn/ CuZn due to the large surface area ratio to volume of nanoparticles.
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Figure 3.9 XRD graph of commercial CuZn NPs.

It contained hexagonal structure of ZnO as well as body-centred cubic structure of

Cu2Zn and CuZn.

In conclusion, engineered QNA Ag, QNA CuO, commercial CuAg and CuZn were

investigated using XRD. The results demonstrated three of them consisted of unexpected

components. QNA Ag contained possible un-reacted staring materials AQNO, and AgNOs,

CuAg alloy contained Cu(OH), and Cu.O, and intermetallic CuZn contained Cu.Zn and ZnO.

QNA CuO by far showed to be the purest nanopatrticle of all.
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3.4.3 FTIR and Raman spectra of nanomaterials

FTIR and Raman spectroscopy are complementary techniques that are expected to identify
various organic/inorganic components. Although all substances vibrate at temperatures
above absolute zero, not all molecular vibrations will cause observable absorption. Recall
that FTIR spectroscopy uses low energy radiation causing vibrational and rotational
excitation of groups of atoms to absorb infrared energy. As a rule, a vibration must cause a
change in dipole moment within a molecule to absorb infrared light [74]. Furthermore, the
spectral region of infrared radiation from 4,000 to 1,500 cm is the functional group region,
where the stretching vibration of a functional group usually exists. Absorption bands in 1,500
and 600 cm™ is often called the fingerprint region [168]. This region contains a very
complicated series of absorptions so that it is difficult to identify individual bonds. Our
samples are mostly composed of metallic bonds which are described as the sharing of free
electrons among a lattice of positively charged ions by the electrostatic attractive force.
Unlike organic compounds, the presence of metallic bonds with heavy atoms requires higher
frequency source to produce molecular vibration/absorption, thus a majority of vibrational
absorptions are expected to observe below 1,500 cm™' and this technique used in this study

was to trace the presence of organic impurities.

In contrast to FTIR spectroscopy, Raman spectroscopy uses high energy to excite molecules
to a higher energy state through the absorption of photon [74]. The energy must be equal to
the energy difference between the two vibrational states. A change in polarizability during
molecular vibration is an essential requirement to obtain Raman spectra of samples. The
metallic bonding mostly does not always provide polarizability change and hence Raman in

our case was used to trace the presence of impurities and oxidized components.

In this study, FTIR (red) and Raman (blue) spectra of commercial SA WC and engineered
QNA WC samples are displayed in Figure 3.10. The results of FTIR analysis showed that
there were peaks of the two WC NPs between 2260 and 2100 cm, which may be related to
-C=C- [169]. From Raman spectra, it was observed the O-W-0O stretching mode, the W-O
stretching mode, and the O-W-0 bending mode were located at approximately 800, 710,
and 270 cm™, respectively, which suggested the presence of monoclinic WO3 structures in
both samples [170].
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Figure 3.10 FTIR and Raman spectra of (a) SA WC and (b) QNA WC.
Raman peaks showed the stretching of O-W-0, the stretching of W-0, and the bending of
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O-W-0, respectively, which confirmed the presence of monoclinic WO3 structures.

FTIR and Raman spectra of engineered QNA Ag shown in Figure 3.11, normally FTIR

vibration frequency of Ag—O is expected to appear at approximately 500 cm™ [171]. In this

study, the QNA Ag sample only observed a weak intensity, which suggested the sample was

well-preserved. Besides, according to previous literatures, functional organic groups (e.g.,

C-H) are normally observed more than 1,100 cm™ in FTIR spectra, which were not found in

this case [70, 71]. Regarding Raman spectroscopy, a strong vibrational stretch observed

slightly more than 1,000 cm™ was unidentified.
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Figure 3.11 FTIR and Raman spectra of QNA Ag.
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For FTIR spectra, there was a weak vibration frequency of Ag—O at approximately 500

cm’, indicating well-preserved.
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In Figure 3.12, FTIR spectra of commercial NF CulO and engineered QNA Cu NPs,
vibrational mode of Cu-O displayed between 500 to 700 cm™ was not found in neither of the
sample, which indicated good quality of both samples [171, 172]. For Raman spectra in
Figure 3.12b, a strong vibrational stretch observed between 2,240 to 2,650 cm™ for QNA Cu
indicated the presence of intermolecular hydrogen bonding indicating the sample was

relatively damp.
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Figure 3.12 FTIR and Raman spectra of (a) NF Cu10 and (b) QNA Cu.
For FTIR spectra, the vibration mode of Cu-O between 500 and 700 cm™' was not
found in both samples, indicating good quality of both samples. Raman spectra found

hydrogen bonding between 2,240 to 2,650 cm™ in engineered QNA Cu.

The FTIR and Raman spectra of commercial NF CuO rods and engineered QNA CuO NPs
were acquired and shown in Figure 3.13. The FTIR analysis showed peaks for both CuO at
approximately 480, 530, and 590 cm™ implied the vibrations of Cu-O [172]. For Raman
spectra, both CuO samples also matched well with spectral profile signals resonated at
approximately 260, 329.9, and 610.8 cm™ [173]. A heavily damp between 2,200 to 2,600 cm"
1 for QNA CuO can be observed as well in Figure 3.13b.
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Figure 3.13 FTIR and Raman spectra of (a) NF CuO rods and (b) QNA CuO.
The FTIR peaks for both CuO at approximately 480, 530, and 590 cm~" associated to

the vibrations of Cu-O. For Raman spectra, both CuO samples also matched Cu-O peaks

and QNA CuO had a damp signal between 2,200 to 2,600 cm".

Figure 3.14 shows both FTIR and Raman spectra of alloy nanoparticles CuAg and CuZn.

For CuAg sample, there were two overlapping board Raman bands at 1,351.1 and 1,567.4

cm™. It is believed to be caused by the lack of spatial order in a solid-state lattice, as known

as broadening effect [174]. Regarding CuZn, one sharp shift at 567.8 cm™ was observed in

Figure 3.15b. However, there is no discussion about CuZn or CuAg NP before, so this is the

first reported absorption spectra.
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Figure 3.14 FTIR and Raman spectra of (a) CuAg and (b) CuZn.
CuAg had two overlapping board Raman bands at 1,351.1 and 1,567.4 cm™ and CuZn
had one sharp shift at 567.8 cm™.

To sum up, FTIR and Raman spectroscopy are complementary techniques that are

commonly used for identification and characterization of functional groups in materials.
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Raman spectra resulting from an inelastic Raman scattering process that occurs when light
interacts with molecules whereas IR spectra result from light absorption by vibrating
molecules [73]. Therefore, bands that are strong either in FTIR or Raman measurement tend
to be weak in the other measurement. As both techniques are non-destructive and real-time

analytical methods, the analysed samples could be further analysed with ICP-OES.

3.4.4 Elemental analysis using ICP-OES.

ICP-OES is an analytical technique widely used for the detection of chemical elements and
the exact ionic concentrations of a material. This technique is based on producing excited

atoms and detecting their specific wavelengths, which is known as emission spectrum.

In this study, nanomaterials were completely dissolved in concentrated nitric acid (70 v/iv%
HNO:3) prior to submission for ICP-OES analysis. For experimental details, please refer to
Section 3.3.5.

There are two ways to determine presence of trace metals and their concentration for ICP-

OES samples:

(1) Semi-quantitative approach: This method functions by correlating the count rates
from a calibration curve and uses count rate/ppb calibration to determine
concentrations for all elements in a sample, based upon their count rates. The aim

of this approach is to trace and identify metal impurities.

(2) Fully quantitative approach: Different elemental standard solutions (Ag, Cu and Zn)
in serial dilutions were prepared to generate the corresponding calibration curves
resulting the best-of-fit straight-line formula (as shown below), which was used to
calculate the relative ion concentrations detected from each analyte:

y=mx+c
This method provides ion concentrations of metallic elements within an order of

magnitude to allow the desired metal ion type to be precisely quantified.

3.4.4.1 Elemental analysis

As shown in Figure 3.15, fully quantitative approach was applied to quantify Ag (red), Cu

(blue) and Zn (black) in digested nanomaterial samples based on calibration standards. The
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lonic concentration (ppm)

digested NF Cul0 had the highest Cu* or Cu?* ion concentrations, followed by NF CuO rods,
QNA Cu, AMNP3, Cuzn, AMNP2 and lastly by CuAg. The engineered QNA Ag accumulated
higher Ag* or Ag?* ions than that of CuAg and AMNP2, while CuZn and AMNP3 were found

to consist of Zn?*ions concentrations as expected.
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Figure 3.15 Relative Ag, Cu and Zn ion concentrations (ppm) measured in different

digested samples.
The order of Cu* or Cu?* ion concentrations found to be NF Cul0 > NF CuO rods >
QNA Cu > AMNP3 > Cuzn > AMNP2 > CuAg. The engineered QNA Ag had higher Ag* or
Ag?* ions than that of CuAg and AMNP2. CuZn and AMNP3 both contained Zn?*ions.

Other metallic elements were detected using semi-quantitative approach and the result of

emission intensities from all samples is shown in Table 3.4. As can be seen, red values in

the table are relative apparent emission intensities of minor metallic elements higher than

that of blank (HNOs), which may imply impurities from each sample. Particularly, a significant

intensity of Al emission was found in QNA Ag. QNA Cu and CuAg were found extremely

higher intensities of Fe and Mn, respectively. It is worth mentioning that element Al and Fe

were proved to inhibit bacteria, which may suggest that the QNA materials had less purity,

but some of minor elements may assist in killing bacteria [146, 175]. For element W, it was
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found in CuzZn, AMNP2, AMNP3. This is simply because AMNP3 was prepared from NF CuO

rods and CuzZn and WC was identified in AMNP2 in previous research [162].

Table 3.4 Emission intensities of minor elements detected in different nanomaterials
using ICP-OES.
Red values are relative apparent emission intensities of minor metallic elements higher
than that of 2 v/iv% HNOs blank.

Emissions Blank QNA Ag NF Cul0 QNA Cu NF CuO [ QNA CuO CuAg Cuzn AMNP2 AMNP3

Mo 202.032 9.3887 6.4669 6.69405 7.82629 6.81895 6.4595 8.6078 4.7898 6.6498 9.5393

Ni 231.604 19.485 19.0859 8.90448 15.7614 10.3632 20.0602 12.438 24.794 12.112 20.7285

Pb 220.353 8.4545 14.963 6.12876 12.9175 16.2924 24.6948 9.4807 14.562 14.463 10.1695

Mn 257.610 11.629 28.4004 18.129 15.675 14.8849 22,9168 114.29 20.801 34.752 27.6858

Cr 267.716 16.341 7.2839 16.776 22.9002 | 0.046997 10.356 22.64 9.4905 32.355 24.9204

Fe 238.204 84.45 114.873 66.6111 236.166 54.2125 82.5634 53.233 111.87 43.999 63.6879

K 766.491 2102.1 2645.12 2512.47 2468.73 2250.53 2680.66 2179.1 2209.5 2258.1 2269.83

Pd 340.458 38.878 29.329 22.8908 34.1883 29.2616 21.1519 21.417 46.901 23.644 36.6785

Ti 336.122 32.326 30.6169 18.0931 20.3711 45.0908 35.3024 18.552 26.001 39.612 24,2505

W 207.912 5.8183 8.91565 12.6726 9.19569 9.42575 8.89172 7.3034 35.896 37.043 19.2617

Ta 268.517 18.223 23.7138 24.186 20.6175 7.98385 19.4965 18.903 13.96 8.3515 14.8199

Pt 214.424 9.8209 10.9542 9.71245 5.33773 6.03434 11.0134 7.9179 7.0448 7.3935 15.7802

Sn 189.925 3.4677 2.70792 3.4493 3.39181 3.70747 2.86845 2.8405 6.118 4.2693 5.30681

Al 396.152 80.453 574.146 130.357 163.413 111.264 156.81 141.11 144.05 149.54 181.54

Ca 396.847 62137 61713 60066.6 70953.1 81708.9 56676.9 56016 55913 59247 64537.4

Au 242.794 13.957 17.5037 18.0914 4.59939 22.0007 19.2341 12.596 15.038 17.517 23.4824

Ba 455.403 236.42 322.169 294.812 451.801 282.854 245.589 229.96 259.27 258.25 277.881

Mg 279.553 2450.2 2526.91 2562.99 2784.97 3909.99 2486.92 2474.6 2494.7 2489.9 3080.48

3.4.4.2 Determining chemical formula of alloy nanopatrticles.

The microwave assist method was established to allow metal impurities completely traceable
in without loss of the analyte during digestion process. As if such antimicrobial nanoparticle
is to be used in healthcare or medical applications, it is important to investigate ion release
effects produced by these potentially toxic materials. In other words, high level of metal ion
release can inhibit the growth of bacterial but would also have a potential toxicity to mammals

and living environments.
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There were different chemical reactions and experimental phenomena happened to
determine their reaction products when samples dissolve in HNOs. During sample
preparations, we observed productions of brown gas. As shown in equations below, HNOs
reacted with certain metals and was reduced to give poisonous NO2 whose gas is brown with
an irritating odor. Alternatively, it may also produce NO as it is a colorless gas. In the case
of Cu samples, such black nanoparticle had become a green solution after addition of
concentrated HNOs. This indicated that Cu(0) had been oxidized to give Cu(NQOs). as Cu?*

ions produce green colour.

Both Cu and CuO metals produced Cu(NO3). after reaction of HNO3 digestion process as

following:
For Cu NP 4 HNO; + Cu 2 Cu(NO3), + 2NO, + 2 H,0
For CuO NP Cu0 + 2HNO; - Cu(NO3), + H,0

Moreover, the reaction of Ag with HNO3; produces AgNO3;, NO2/NO and water. Ag* in HNO3

may be electrolyzed to unstable Ag?*. All reactions are as follows:

3Ag + 4 HNO3(cold and diluted) - 3AgNO; + NO + 2H,0
Ag + 2 HNOs(hot and concentrated) - AgNO; + NO, + H,0
2AgNO; + 3HNO3; —» 2Ag(NO3), + HNO, + H,0
Ag*t +e” > Agt

For the reaction of Zn with HNOj;, the resulting product varies depending on acid

concentrations — NH4NOs is formed in concentrated HNO3 as following:

Zn+ 4HNO;(60%) — Zn(NO3), + 2NO, + 2H,0
3Zn+ 8HNO3(30%) — 3Zn(NO3), + 2NO + 4H,0
47n+ 10HNO3(20%) — 4Zn(NO3), + 2N,0 + 5H,0
5Zn+ 12HNO3(10%) - 5Zn(N0O3), + N, + 6H,0
4Zn+ 10 HNO3(3%) - 4Zn(NO3), + NH,NO; + 3 H,0

Ideally, samples with the same composition should contain equal number of elements such
as NF Cul0 and QNA Cu as well as NF CuO rods and QNA CuO, but there were impurities
from each sample and therefore digested samples performed differently. Theoretically, given

50 mg samples completely dissolving in 50 mL HNO3z and further diluted 100 folds prior
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analysis, the concentration of all digested samples is supposed to be 10 ppm. However, NF
Cul0, QNA Cu, NF CuO rods and QNA CuO were found to be 7.95, 6.17, 6.35 and 5.66
ppm, respectively. Thus, this suggested that commercial NF Cul0 and NF CuO rods have
higher purities than engineered QNA Cu and CuO, respectively.

Based on the result, it can be calculated that the elemental ratio of Cu and Ag for CuAg was
0.08:5.74. The weight percentage for Cu and Ag then can be computed as 1.4% and 98.6%
as well as the molar ratio of Cu to Ag was 2:9.1. Similarly, the elemental ratio of Cu and Zn
for CuZn was 4.19:2.33, the weight percentage of Cu and Zn were 65% and 35%, and the
molar ratio of Cu to Zn was 1.23:0.54. Eventually, the formula for both nanoparticles then can

be obtained - CuAg should be written as Cui1Aga2, and CuZn should be written as Cuz.3Zn;.

3.5 Summary

This chapter presented the characterization results of engineered and commercial
nanoparticles using various instrumentation analytical technique. The features of this study
include: (1) Two hexagonal WC NPs were both uniformly distributed; however, they were
agglomerated. The corresponding FTIR and Raman spectra indicated the presence of
monoclinic WOs. (2) QNA Ag NPs were around 100 nm with irregular shapes that was
observed via SEM. This was supported by corresponding XRD diffractogram showing
multiple-crystal phases that contained elemental Ag, AQNO, and AgNOs. (3) NF Cul0 NPs
had a mixed shape of rod and rectangular, and QNA Cu NPs were mainly cubic in shape
with a small amount of micron-sized spherical particles. The particle size of NF Cul0 NPs
was very fine (10 - 30 nm) and was much smaller than engineered QNA Cu. (4) NF CuO
rods NPs had long-rod crystalline with a particle size of approximately 40 - 50 nm, QNA CuO
NPs were fluff-like with a particle size of approximately 10 nm. (5) Both CuAg and CuZn alloy
NPs were spherical and have aggregation. It was confirmed that the particle size of CuAg
was 90 - 95 nm, and the particle size of Cuzn was 135 - 150 nm. XRD analysis found that
CuAg alloy contained Cu(OH). and Cu.O and CuZn as intermetallic compound contained
CnzZn and ZnO. ICP experiments were carried out to successfully determine the purities of
main elements (Ag, Cu and Zn) and the emission intensities of minor elements of samples
after they were digested using microwave assist method. The formula for both alloy

nanoparticles were therefore determined (CuiAgas2 and Cuz.3Zn;y).
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CHAPTER 4 PHYSIOCHEMICAL INVESTIGATION OF NANOPARTICLE SUSPENSIONS

4 1 Introduction

In order to learn the physiochemical behaviour of each nanomaterial and understand how
these properties may attribute to antimicrobial effects, engineered and commercial
nanomaterials (QNA Ag, QNA Cu, NF Cu10, NF CuO rods, QNA CuO, CuAg, CuzZn, AMNP2
and AMNP3) were fully or partially investigated by nanoparticles tracking analysis (NTA),
leaching study using ICP-OES, pH meter and Zetasizer, as summarized in Table 4.1. The

details of nanomaterials are described in next section.

Table 4.1 Investigation of physiochemical properties of nanoparticles by different
techniques.
The row in the white indicates commercial nanoparticles: “SA” stands for
nanomaterials from Sigma-Aldrich; and “NF” stands for nanomaterials from Suzhou Canfuo
Nano Technology. The row in grey show engineering nanoparticle: “QNA” stands for

nanomaterials from Intrinsiq Materials® (formally Qinetiq Nanomaterials).
Sample NTA Leaching study Zeta potential

1.SAWC L
2.QNAWC
3.QNAAg
4.NF Cu10
5.QNA Cu
6.NF CuO
7.QNA CuO

8.CuAg

9.CuZn
10.AMNP2
11.AMNP3

o o 00 0 0 0 0 o
o © 00 0 0 0 0 o

o © 00 0 0 0 0 0 o

o 0 060 0 00 0 0 0 0 <

To study the physiochemical behaviour of these nanoparticles, each material was dispersed
into aqueous suspensions, nanoparticle tracking analysis (NTA) was used to measure not
only particle concentrations, but also their hydrodynamic sizes and distributions within the

range between 10 to 545 nm. This can also reveal the difference between nanoparticle
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suspensions and their powder forms. All nanoparticle suspensions were measured at three
different concentrations (10, 50 and 100 ppm) and results were obtained in triplicates (please
see Section 4.3.2 for experimental details). In order to effectively perform the antimicrobial
activity, small hydrodynamic sizes and high particle concentration of the nanoparticle

suspension are desired.

In addition to elemental analysis, ICP-OES in this chapter was employed to investigate the
leaching properties of each nanomaterial. After nano-powders in either water or saline was
dispersed and stood for 24 hours, the supernatants of nanoparticle suspensions were then
subjected to ICP-OES for leaching analysis using fully quantitative method. Since metallic
ion release is one of the main antibacterial effects, higher ion concentrations are expected to
interact more readily with membrane proteins and nucleic acids in bacteria cells [143].

To further understand the stability of a dispersion, pH measurements were used to give a
measure of the acidity or basicity of nanoparticle suspensions and zeta potential
measurements were used to determine their surface charges [176]. The zeta potential exists
when the nanoparticles is in contact with liquid and measuring the zeta potential can reflect
the ability of electrostatic repulsion between adjacent nanoparticles. If two adjacent
nanoparticles have a sufficiently high repulsive electrostatic force, they will not agglomerate.
Therefore, zeta potential is considered as an indicator of the stability of nanoparticle

suspensions, and pH is one of the most important factors that affects zeta potential value.

In conclusion, these physiochemical properties may explain the chance of nanoparticles
exposure to the microbes during their treatment since they have direct effect on their

antimicrobial abilities.

4.2 Nanomaterials

4.2.0 General

All engineered and commercial nanoparticles were used as received and stored in a dark
and well-ventilated cupboard. For nanoparticle suspension and dispersion studies,
nanoparticle samples were dispersed in either pure particle-free water (Acros, Belgium) or
saline (0.9 wt/v% NaCl solution) at different concentrations. Ammonium hydroxide (NH.OH)
(Fisher Scientific®, UK) was diluted in pure particle-free water by 10 folds before it was used

to treat Ag and CuAg NPs. For ICP-OES analysis, the 2 v/v% HNO3 was prepared using 70
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vIv% HNO3 (Sigma-Aldrich, Merck, UK) diluted in pure particle-free water (Acros, Belgium).
Different ICP analytical standards (Ag, Cu and Zn) at a concentration of 10,000 ppm were
purchased from (Sigma-Aldrich, Merck, UK) and were diluted into serial concentrations for

calibration purpose (see Section 4.3.4 for more details).
4.2.1 Tungsten carbide

SA WC with particle sizes of 150 - 200 nm was purchased from Sigma-Aldrich (US). The

tungsten carbide samples appeared as dark grey powder.

QNA WC was engineered by Intrinsiq Materials® (formally Qinetiq Nanomaterials) using the

Tesima™ thermal plasma technology [161]. Please see Section 3.2.1 for more details.
4.2.2 Silver

QNA Ag was engineered via the Tesima™ thermal plasma technology [158] provided by
Intrinsiq Materials® (formally Qinetiq Nanomaterials). NH.OH (Fisher Scientific®, UK) was
added to treat QNA Ag NPs prior to sonication. The details of this nanomaterials are identical

to chapter previously reported, please refer to Section 3.2.2.
4.2.3 Copper and copper oxide

Two Cu NPs (QNA Cu and NF Cu10) with various particle shapes and sizes from different
manufacturers were used in this study. QNA Cu was engineered by Intrinsiq Materials®
(formally Qinetiq Nanomaterials) using patented technology called Tesima™ thermal plasma
technology [161]. Commercial powder NF Cu10 was purchased from Suzhou Canfuo Nano
Technology. The details of both nanomaterials are identical to chapter previously reported,
please refer to Section 3.2.3.

QNA CuO was engineered by Intrinsig Materials® (formally Qinetiq Nanomaterials) using
patented technology called Tesima™ thermal plasma technology [161]. Commercial powder
NF CuO rods was purchased from Suzhou Canfuo Nano Technology. The details of both

nanomaterials are identical to chapter previously reported, please refer to Section 3.2.3.
4.2.4 CuAg and CuZn alloys

The alloy nanoparticles CuZn and CuAg were purchased from Sigma-Aldrich (Dorset, UK).
NH.OH (Fisher Scientific®, UK) was added to treat CuAg NPs prior to the sonication process.
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The details of both materials are identical to chapter previously reported, please refer to
Section 3.2.4.

4.2.5 Antimicrobial nanoparticle formulations (AMNPS)

AMNP2 was previously engineered by Intrinsiq Materials® (formally Qinetiq Nanomaterials)
using the Tesima™ thermal plasma technology [161]. A previous published report concluded
that the atomic ratio of AMNP2 was 77.7% C, 5.5% O, 6.7% W, 4.7% Ag and 5.4% Cu [165].

AMNP3 consists of 55:45 ratio of NF CuO rods and CuZn which was developed during the
collaborative project'. The details of both materials are identical to chapter previously

reported, please refer to Section 3.2.5.
4.3 Instrumentation and methodology
4.3.1 Preparations of nanoparticle dispersions

All nanoparticles were weighed using a microbalance (Shimadzu, Japan). A titanium alloy Ti-
Al-V liquid processor (Sonics & Materials®, USA, VC-750, @ 13 mm, 750 W output power,
20 kHz) was used to disperse nanoparticle suspensions prior to their physiochemical
analyses. Either pure particle-free water or saline was added into nanoparticles and the
mixtures were dispersed at 40% working power with a pulse sequence (20 seconds ON, 5
seconds OFF) for 2 minutes. In a latter study, this method was compared with prolong
dispersion time, and the results suggested the debris formed from the probe tipwas were

less introduced into nanoparticle suspension, please see Section 7.4.2.3.

4.3.2 Nanoparticles tracking analysis (NTA)

Concentrations of 100 ppm samples were prepared using 2 mg of each nanopatrticle of which
were dispersed in 20 mL of Acros pure particle-free water using probe sonication prior NTA
analysis. The hydrodynamic particle sizes and distributions of nano-suspensions were
detected using a NanoSight LM14 Nanoparticles tracking analyser (Malvern Panalytical, UK).
All nanoparticles were tracked using a 532 nm green laser source. Laser power, gain and
focus were adjusted to optimum before data acquisitions. Images (640 X 480 pixels) captured
and videos were recorded at real-time with a frame rate of 25 frames/s for 30 seconds. At
least three successful analyses were obtained from multiple measurements. The build-in
software (NTA 3.2) was used for particle detection and data acquisition, whilst real images
were analysed by Imaged software, MS Excel (Microsoft, USA) and OriginLab 2020 Pro (USA)

were used for data processing.
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Polystyrene latex standards (100 and 200 nm) purchased from Malvern Panalytical (UK)
were used as standard for calibration. They were diluted into 100, 50 and 10 ppm and

measured in triplicates. The results were shown in Appendix A.

4.3.3 The D-value and span value

A D-value can be presented as the cumulative undersize distribution showing the relative
amount at/below a certain size. Usually, D10, D50 and D90 are used to investigate a particle
size distribution curve. For instance, if the D10 is 126.8 nm, this represents 10% of the total
volume of the sample has a size smaller than 126.8 nm, and if the D90 is 324.8 nm, this
represents 90% of the total volume of the sample has a size smaller than 324.8 nm. The
D10-to-D90 range focuses on main particle size range of the nanoparticles and is convenient
to compare these nanoparticles. This value ignores 10% of the largest and smallest

nanoparticles in the size distribution.

A relative fractional measure of width is obtained by dividing (D90-D10) by the measure of

midpoint D50 as follows:

D90-D10

span = X 100% (4-1)

which is referred as the span value and gives an indication of how far the D10-to-D90 range
of particles is normalized with the midpoint (D50). In other word, this single value expresses
the broadness of size distribution of nanoparticle— the higher span value the broader size

range. This dimensionless measure of width shows size distribution in volume-based.

4.3.4 Interpretative method for size and types of distribution of nanoparticle suspension.

The nanoparticle size distributions were interpreted using the “vertical view” as shown in
Figure 4.1, where the size distribution graphs were presented side by side. Each
nanoparticle suspensions on the x-axis consists of five different symbols in a collinear line
with different representative symbols. D10 and D90 are, respectively, represented by two
triangle symbols (¥ and A), thus distance between D10 and D90 (D10-to-D90) expresses
the main width of distribution of each material. In addition, the value of mode size, median
size (D50) and mean size are, respectively, represented by star (*), square (M) and round
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(®) The advantage of this method is to directly visualize different results in the same

rectangular coordinate plane.
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Figure 4.1 A schematic graph of analysing size distribution.
Each nanoparticle suspension on x-axis consist of five different symboils in a collinear

line with different representative symbols.

The relationship among mode size, D50 and mean size also reflect on the particle
distributions in the mean of skewed distribution or normal distribution. As shown in Figure
4.2, if mode size is smaller than D50 whilst D50 is smaller than mean size (mode * < D50
B < mean @), it can be considered as positively skewed distribution. Conversely, it is called
negatively skew distribution. A normal distribution is the one when mode size, D50 and mean
size are all equal. Overall, a positively skewed distribution is more desirable figure since this
distribution contains more tiny particles over larger particles in comparison to the negatively

skew distribution.
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Figure 4.2 A schematic diagram shows positively skewed distribution, normal
distribution and negatively skew distribution depending on the relationship among mode,

D50 (median) and mean size.
4.3.5 ICP-OES sample preparations: Leaching study

20 mg of each nanoparticle sample was dispersed in 20 mL either pure particle-free water or
saline using probe sonication, all samples were left standing overnight for settlement.
Supernatant from each sample was collected and then filtered using 0.1 um syringe filter
(Millipore) prior to ICP-OES acquisition. Fully quantitative approach was applied to quantify
Cu* or Cu?*, Ag* or Ag?* and Zn?* ion concentration in supernatant samples and emission

intensities of wavelengths from all samples were obtained in triplicates.
4.3.6 Inductively coupled plasma optical emission spectrometry (ICP-OES)

The amount of saturated metallic ions in the nanoparticle supernatant sample (Cu* or Cu?",
Ag* or Ag?* and Zn?* ions) were detected and quantified using inductively coupled plasma
optical emission spectrometry Varian 710 (Germany) fitted with a Seaspray nebuliser. The

details of this method were previously described, please refer to Section 3.3.4.
4.3.7 pH and zeta potential measurement

2 mg of each nanoparticle was dispersed in 20 mL of Acros pure particle-free water using
probe sonication, these were then serial diluted into concentrations 50 and 10 ppm. All pH
values were measured using a pH meter (Jenway Model 570 pH Meter, UK) and obtained in

three successful measurements. Zeta potentials (mV) were measured using a Zetasizer
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Nano ZS (Malvern Panalytical, UK). All samples were measured in triplicates at 25 °C with
electrophoretic light scattering method. A dip cell (DTS1070, Malvern Instruments) was used
to provide electrical trigger on charged particles. The data were analyzed using Malvern

Zetasizer Software.

4.4 Results and discussion

4.4.1 NTA analysis of nanoparticles

The particle concentration and size distribution of these nanomaterials are important factors
that directly influence to the material’'s rheology, suspension stability and antimicrobial
properties. Nanoparticle tracking analysis (NTA) is an innovative system combining laser light
scattering microscopy with a charge-coupled device camera which enables measurement of
diffusion coefficient by taking continuous images of illuminated particles in suspension. By
doing so, the NTA software then can determine not only particle concentrations, but also their

hydrodynamic sizes and distributions within the nanoscale.

4.4.1.1 Particle concentration and real-time analysis

In this study, 100 ppm (0.01 wt/v%) of each nanomaterial was dispersed in pure water using
high frequency sonication probe. All NTA measurements were then collected for 30 seconds
and repeated three times for each sample. Histograms show the concentration and size
distributions of each nanoparticle suspensions with standard errors. The image in black

background showed its visualized image captured at real-time using NTA.

Histograms in Figure 4.3a shows QNA Ag had a mode size at 185 nm with a concentration
of 1.32 x 107 particles/ml, and the total concentration was 2.18 x 10% + 1.14 x 107 particles/ml.

In Figure 4.3b, the real-time image using NTA observed bright and tiny point scatters

suggesting QNA Ag dispersed well. The scale bar was analysed by ImageJ.
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Figure 4.3 (a) Particle size and distribution of engineered QNA Ag and (b) visualized
image at real-time using NTA.
The mode size was 185 nm with a concentration of 1.32 x 107 particles/ml, and the total
concentration was 2.18 x 10° + 1.14 x 107 particles/ml. The real-time image showed QNA

Ag was small and bright scattering points.

As presented in Figure 4.4, two Cu NPs had quite opposite histograms with huge deviations.
Specifically, NF Cu10 powder was supposed to have a size between10 to 30 nm with high
purity. However, the NTA results showed that the mode size of NF Cu10 around 165 nm had
a concentration of 2.58 x 10° particles/ml. In contrast, QNA Cu had multiple peaks with
concentrations between 2 x 108 to 2.5 x 10° particles/ml. The total concentrations of these
two were, respectively, 2.63 x 108 + 2.32 x 10® (NF Cu10) and 7.1 x 108 + 3.29 x 10’
particles/ml (QNA Cu). As a result, a better dispersibility of QNA Cu was determined than NF

Cu10, which can also be directly seen from visualized images in Figures 4.5.
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Figure 4.4 Particle size and distribution of (a) commercial NF Cu10 and (b) engineered
QNA Cu.

Two Cu NPs had quite opposite characterizations. QNA Cu suspension had a much higher

Particle size (nm) (b) Particle size (nm)

total concentration than NF Cu10.

Figure 4.5 Visualized images at real-time of (a) commercial NF Cu10 and (b)
engineered QNA Cu.
QNA Cu had slightly more scattering points than NF Cu10, both of them showed
low hydrodynamic concentration.

The NTA results of NF CuO rods and QNA CuO suspensions are shown in Figure 4.6 and
4.7. Both CuO suspensions had single peak (mode size) around 155 nm with a particle
concentration of 1.42 x 107 (NF CuQ) and around 145 nm with a concentration of 5.34 x 107
(QNA CuO) particles/ml. The total concentration of these two were 1.63 x 10° + 7.01 x 107
(NF CuO) and 5.13 x 10° + 2.15 x 108 particles/ml (QNA CuO), respectively. Therefore, QNA

CuO had a higher particle concentration, while that of NF CuO rods had a lower
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hydrodynamic concentration and the corresponding real-time NTA images are shown in

Figure 4.7.
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Figure 4.6 Particle size and distribution of (a) commercial NF CuO rods and (b) engineered
QNA CuO.
QNA CuO had a much higher total concentration than NF CuO. Besides, they had mode

sizes around 155 nm.

Figure 4.7 Visualized images at real-time of (a) NF CuO and (b) QNA CuO.

The real-time image of QNA CuO showed more nanoparticles than NF CuO.

The hydrodynamic particle concentrations and size distributions of commercial CuAg and
CuZn are shown in Figure 4.8. For the CuAg suspension, the concentration of mode size
around 125 nm was 6.91 x 10° particles/ml and the total concentration was 7.6 x 108 + 2.74
x 107 particles/ml. However, the particle distribution for CuZn suspension was better
dispersed in comparison of the CuAg suspension even though it had not been surface treated

with any reagent. The mode size of CuZn suspension was found to be around 155 nm. At
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this size, the concentration of CuZn was 1.57 x 107 particles/ml. The total concentration of
CuZn was 2.14 x 10° + 7.18 x 107 particles/ml. The real-time images of NTA in Figure 4.9
revealed the difference of point scatters of CuAg and CuZn as they have dissimilar optical

properties.
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Figure 4.8 Particle size and distribution of commercial CuAg and (b) CuZn.
The CuZn suspension had higher total concentration than CuAg. And CuAg had a smaller

mode size (125 nm) than CuZn suspension (15 nm).

Figure 4.9 Visualized images at real-time of (a) commercial CuAg and (b) CuZn.

CuZn had brighter scattering points than CuAg due to refractive index.

As multi-elemental phases, AMNP2 and AMNP3 were poly-dispersed in suspension, as
presented in Figure 4.10. The AMNP2 suspension had a wide range of particle size and the
mode size of AMNP2 was approximately 35 nm with a concentration of 6.72 x 108 particles/ml.
Multiple peaks were detected from the AMNP3 suspension as well. One main peak around

175 nm with a concentration of 7.66 x 10° particles/ml was observed, because the precursor
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materials of AMNP3 includes NF CuO rods and CuZn, both of which had mode sizes around
175 nm. Additionally, other peaks of the AMNP3 suspension were evenly around 3 x 108
particles/ml. The total concentration of AMNP2 and AMNP3 were, respectively, 8.62 x 108 +
1.89 x 108 and 1.08 x 10% + 4.79 x 107 particles/ml. Similarly, the real-time images from
Figure 4.11 observed AMNP2 had larger white rings than AMNP3.
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Figure 4.10 Particle size and distribution of AMNP2 and (b) AMNP3.
The mode size of AMNP2 was approximately 35 nm, and that of AMNP3 was 175 nm.

Both of them had multiple peaks due to containing different elements.

Figure 4.11 Visualized images at real-time of (a) AMNP2 and (b) AMNP3.
It hardly saw scattering points in AMNP3, while AMNP2 had large white rings surrounding

scattering points.

It is worth mentioning that, due to the differences of scattering properties, the setting of
capture for different samples was changed accordingly, as displayed in Table 4.2. Camera

level determines the brightness of the image which uses combination of shutter slider and
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gain slider [177]. Particularly, shutter slider controls the duration of captured light and gain
slider determines the sensitivity of the camera. Generally, longer shutter times and higher
gain settings are required to capture dim or small particles. Therefore, in order to optimise
capture, it is suggested to choose long enough capture duration and an appropriate

concentration (between 107 to 10° particles/ml) to be reproducible on repeat analyse.

Detection threshold is another setting that adjusts the brightness of the image displayed on
screen after capture so that particles are capable of being identified and tracked. As can be
seen, although all samples were under the same gain slider (15), the difference in refractive
index result in different shutter sliders and detection thresholds. Cu-based samples overall
showed higher shutter sliders and detection threshold than QNA Ag because of a higher
refractive index.

Table 4.2 Capture settings of NTA for different nanoparticle suspension samples.

Sample Camera level Shutter slider Gain slider Detection

threshold
QNAAg 5 45 15 8
NF Cu10 7 165 15 5
QNA Cu 6 86 15 8
NF CuO rods 6 86 15 11
QNA CuO 6 86 15 16
CuAg 6 86 15 14
CuZn 8 317 15 10
AMNP2 6 86 15 16
AMNP3 7 165 15 13

4.4 1.2 Size distribution

As mentioned in Section 4.3.4, mean, median and mode size are typical values to present
particle size distribution data - mean size is a calculated value of the average diameter of
particle; median size (D50) is equal to the value splits the distribution with half above and
half below this diameter; and mode size is the peak of the frequency distribution, which can
be easily seen in the distribution as it is the highest peak seen . All these values were

calculated and displayed in Table 4.3. To visualize more intuitively, the "vertical view " of size
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distribution graphs were presented side by side. Finally, it was converted into one graph

displayed in Figure 4.12.

Table 4.3 Summary of mean, mode size and D-values of all samples.

Mean size Mode size
Sample (nm) (nm) D10 (nm) D50 (nm) D90 (nm)
QNA Ag 216.9(x2) 179.6(x6.6) | 126.8(x2.6) | 202.1(x1.7) | 324.6(¢4.2)
NF CulO 196.4(x12.4) | 156(+13.6) 107.5(x9.1) | 177.4(¢4.1) 302.1(x47)
QNA Cu 240(+1.6) 139(x28.5) |118.6(x10.2) |232.6(x10.2) | 354.3(x4.9)
NF CuO 187.7(x1.1) | 161.5(x2.3) | 116.6(x1.1) 174.8(+1) 280.7(x9.9)
QNA CuO 165.3(x2.2) | 155.7(x2.8) 99.4(x1.5) 159.1(x2.7) | 232.4(%4.5)
CuAg 146.2(x0.7) [113.3(¢11.1) 86(+2.8) 134.4(x2.3) | 220.9(%4.8)
CuZn 196.4(x2.8) [178.3(x10.5) | 114.1(¥3.2) | 182.7(¢4.8) | 290.1(%6.1)
AMNP2 126.5(x9) 87.2(x24.4) 41.9(x7.6) 118.6(x9.2) (214.3(x15.2)
AMNP3 211.4(x5.7) | 179.2(x4.7) | 100.2(x4.6) | 201.8(%5.9) 322.5(x6)
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Figure 4.12 A size distribution graph of all nanoparticles converted from Table 4.3.

The "vertical view " of size distribution graphs were presented side by side.

y-axis shows mean, mode size and D-values with different symbols.

As can be clearly seen in Figure 4.12, the two narrowest distributions (D10-to-D90) were
QNA CuO and CuAg around 130 nm, lastly by QNA Cu and AMNP3 around 230 nm. The
smallest value of D10 was AMNP2, while the largest D10 was QNA Ag. A very large error
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bar was observed in the D90 of NF Cul0 suspension demonstrating it had the poorest
dispersion at large size. The aggregation of nanoparticles was found due to high surface
area, therefore its particle size in water was usually larger than powder. Regarding types of
distribution in this experiment, all sample except QNA CuO can be considered as positively
skewed distributions suggesting that they had high portion of tiny particle, while QNA CuO

was closer to be a normal distribution.

The result of span value of all nanoparticle suspensions calculated using Equation (4-1) are
shown in Figure 4.13, QNA Ag, NF CuO rods, QNA CuO and CuZn had span values under
the dotted line, which indicates they had desirable narrow particle size distributions. On the
contrary, the span of QNA Cu, AMNP2 and AMNP3 were over 100%, which inferred particle
size widely distributed. It is worth mentioning that AMNP2 was the largest span value as it

consist of multiple elements such as W, C, Cu and Ag [165].

1.5+ 'Span=(D90-D10) / D50
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Figure 4.13 The span value of nanoparticle suspensions.
It gives an indication of how far the D10-to-D90 range of particles is normalized with
the midpoint (D50).
4.4.2 Leaching study using ICP-OES.

4.4.4.1 lon release study
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1000 ppm (0.1 wt/v%) of different nanomaterials were dispersed in pure water and saline
using high frequency sonication probe, saturated Cu* or Cu?*, Ag* or Ag?* and Zn?* ions of
the supernatant of each sample were measured by ICP-OES using fully quantitative

approach.

Figure 4.14 showed the result of different nanoparticles released ions in water. It was found
that two Cu and CuO NPs released different concentrations of Cu ions, but this cannot be
determined to be related to the difference in purity. Specially, it was found that NF Cul0 had
higher Cu?* ion release, because of the purity of NF Cul0 slightly higher than that of QNA
Cu. However, QNA CuO with less purity than NF CuO released six times higher than the
latter (please see Section 3.4.4.1).
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Figure 4.14 Ag, Cu and Zn ion release of nanoparticles in water.
QNA CuO released much higher Cu ion than others, while the lowest ion release was

from QNA Cu. QNA Ag and CuZn had similar Ag ion release values.

Moreover, the huge difference was observed when AMNP3 was compared with its precursor
materials: CuZn and NF CuO rods. The mixture AMNP3 had only 0.01 ppm of Cu ion
concentration in water. In contrast, the total of Cu?* ion concentrations from CuZn and NF
CuO was 0.72 ppm. Nevertheless, all of our samples were safe to human body - none of Cu-
contained nanoparticles released ions higher than dangerous level (5 ppm) after being

dispersed and suspended in aqueous solutions.
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Figure 4.15 Ag, Cu and Zn ion release of nanoparticles in saline.
All samples in saline generated more or less ion than their water solution. CuAg

released much higher Ag ion than any other ions.

On the other hand, ion leaching from different nanoparticles in saline is displayed in Figure
4.15. For leaching Cu* or Cu?* ions in saline, NF Cu10, QNA Cu, NF CuO and QNA CuO
were 0.06, 0.04, 0.15 and 1.59 ppm, respectively, while counterparts in water were 0.66, 0.47,
0.7, and 4.06 ppm, respectively. The leaching Cu* or Cu?* ions of CuAg, CuZn, AMNP3 and
AMNP2 in saline were 2.96, 0.34, 0.09, and 2.54 ppm, respectively, while counterparts in
water were 0.05, 0.02, 0.01, and 1 ppm, respectively. This comparison indicated that saline
may suppress Cu* or Cu?*ion leaching from simple substance (e.g., Cu and CuQ) than pure
water, but it promoted Cu* or Cu?* ion leaching in multi-elemental materials. It is worth noting
that, CuAg samples in saline released up to 18.44 ppm of Ag* or Ag?* ions, which may be an
indication of a reaction between CuAg and saline (NaCl) resulting in the participation of AgCl
[178]. This reaction may also occur to AMNP2 and QNA Ag as the Ag* or Ag?* ions of AMNP2
in saline and water were, respectively, 0.5 and 0.16 ppm, and QNA Ag in water and saline

released 0.82 and 0.34 ppm of Ag* or Ag?* ions, respectively.

Table 4.4 Comparison of released Cu ions of nanomaterials in water and saline.
Cu or CuO NPs released lower Cu ions in saline than water, while alloys (CuAg
and CuZn) and antimicrobial nanoparticle formulations (AMNP2 and AMNP3) were
the opposite.
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Nanomaterial Cu ions in saline (ppm) Cu ions in water (ppm)
NF Cu10 0.06 0.66

QNA Cu 0.04 0.47

NF CuO 0.15 0.7

QNA CuO 1.59 4.06

CuAg 2.96 0.05

CuZn 0.34 0.02

AMNP2 2.45 1

AMNP3 0.09 0.01

4.4.4.2 The effect of pH level on ion release

lon release effects were carried out to assess leaching behaviour in different nanoparticles
suspended in various aqueous media (pure water vs. saline). As mentioned earlier, the
difference of pH levels in water and saline suspensions may influence the solubility of ions.
To exclude other potential factors, ICP standards of Cu* or Cu?*, Ag* or Ag?*, and Zn?* ions
were diluted into 0.1, 0.5 and 1 v/v% in water, saline and 2 v/v% HNOs, respectively, and

were measured by ICP-OES, plotted in Figure 4.16.

Accordingly, the pH of saline and pure water is supposed to be 5.5 and 7, respectively, and
the pH of 2 v/v% of HNOzis normally 0.5. It is visible that the concentrations of all metal ions
in HNO3z were much higher than that in saline and water, especially for Ag* or Ag?* ions. For
Cu* or Cu?* ions, the concentration in HNO3 were higher than that of Ag* or Ag?* ions, while
the concentrations in saline and water were lower. This may because Cu* or Cu?* ions bind

to OH" more strongly than Ag* or Ag?* ions and yields more stable precipitation Cu(OH).

Besides, the solubility of ions was not linear with pH, as ICP standards in water had slightly
higher ion concentrations for all metals than saline samples, but the pH of saline sample was
lower than water. In summary, water solvent is more suitable than saline for ion release,

which is directly related to antimicrobial properties.
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Figure 4.16 The concentrations of ICP standards of Cu, Ag and Zn ions in saline, pure
water and 2 v/iv% HNOg, respectively.
In general, the concentrations of all ions in pure water were higher than counterpart in
saline but lower than counterpart in HNO3, due to the difference of pH level.

In conclusion, the solubility of ions varies with solvents, this may have caused by the
difference of pH levels and salt effect in the aqueous media. More investigations are being

carried out to understand ion release properties of these antimicrobial nanoparticles.

4.4.4.3 The difference between oxide and alloy on ion release

In our study, ion release properties may not only be influenced by the pH levels in the medium,
but also the difference between alloy and compound. Thus, concentrations of Cu* or Cu?*
ions from both CuO NPs (oxide) and CuAg and CuZn (alloy) is discussed. To put all samples
under the same conditions, the digested Cu?* ion concentrations from Figure 3.15 were
multiplied by 100 times and equal to 1000 ppm, which was as the same as their leaching ion
concentrations. As can be seen in Table 4.5, NF CuO rods digested the highest Cu* or Cu?*
ion concentration (the highest purity) among four samples, but it was not the highest leaching
ion concentration neither in water nor in saline — the Cu* or Cu?* ions of NF CuO rods in

saline were even the lowest concentration. Digested QNA CuO sample had the second
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highest Cu*or Cu?*ion concentration and it released much higher ions in water than others.
The highest leaching concentration of Cu* or Cu?* ions in saline were obtained from CuAg,
while its digested ion concentration was only 8 ppm.

It is also worth noting that, this ion release study may also be used to explain antimicrobial
activities of different nanoparticles (please see Chapter 5), especially when the biological

mechanism of microbial inhibition involves manipulation of protein ion channels.

Table 4.5 100 times of relative digested Cu* or Cu?" ion concentrations of different

types of forms were compared with their ion release in water and saline, which were all at

1000 ppm.
Sample Relative digested ion Relative leaching ion Relative leaching ion
concentration (ppm) concentration in water | concentration in saline
(Ppm) (ppm)
NF CuO 635 0.7 (0.11%) 0.15 (0.024%)
rods
QNA CuO 566 4.06 (0.72%) 1.59 (0.28%)
CuAg 8 0.05 (0.625%) 2.96 (37%)
CuZn 419 0.02 (0.005%) 0.34 (0.08%)

Table 4.6 shows the comparison between AMNP3 and NF CuO, CuZn due to the fact that
AMNP3 consists of NF CuO rods and CuZn (55:45). Again, the digested ion concentrations
are multiplied by 100 times to be compared with their leaching ion concentrations. The
theoretical value of digested AMNP3 sample depends on the formula ratio of NF CuO and
CuZn sample, which were 538 ppm for Cu* or Cu?* ions and 101 ppm for Zn?* ions. These
values were close to the practical result of digestion concentrations (430 ppm for Cu* or Cu?*
ions and 88 ppm for Zn?* ions). However, the results of ion release concentration between
the theoretical values and the practical values were quite different. The theoretical release
value of Cu* or Cu?* ion concentration of AMNP3 was up to 0.39 ppm, while its practical
concentration was only 0.01 ppm. Additionally, the practical Zn?* ion concentration of SAF1,1
was observed to be 1.57 ppm which was higher than its theoretical value of Zn?* ions (0.9
ppm). The difference in theoretical and practical values may suggest that chemical reaction
occurred during sonication process, i.e., the present of ZnO in the alloy materials may have
reacted with CuO to yield more intermetallic compounds or alloy. This may reduce Cu* or
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Cu?* ion release due to the formation of more stable ionic interaction in Cu and Zn. Likewise,
the present of CuZn may undergo oxidation to yield ZnO, which would subsequently raise
Zn?* ion release in AMNP3 sample.

Table 4.6 lon concentrations of NF CuO rods and CuZn in comparison of AMNP3.
The difference in theoretical and practical values may suggest chemical reaction

occurred during sonication process.

NF CuO AMNP3 AMNP3
Sample rods CuZn Theoretical release Practical release
CuO:CuZn (55:45)

Digestion ion

. Cu 419 Cu 538 Cu 430
concentrations Cu 635 71 295 7n 101 71 88
(Ppm)
Leaching ion
concentration Cu 0.7 Cu 0.02 Cu 0.39 Cu 0.01
' Zn 2.01 Zn 0.9 Zn 1.57
(ppm)

4.4.3 pH and zeta potential measurement

The results of pH measurements are shown in Figure 4.17, where raw data is tabulated in
Appendix B. The equilibrium of the solid nanoparticle and its ions in pure water and the acidity
or basicity of sample is directly influenced by nanoparticle concentration. The pH levels of all
samples were generally in the range between 6 and 7, and the highest pH was found in QNA
Cu at 10 ppm. Both WC, QNA Cu and CuAg suspensions declined pH with increasing
nanoparticle concentrations, while the pH of QNA Ag and QNA CuO suspensions were the
opposite. The pH of the rest of them fluctuated with increased concentrations. The reason of
this may be explained by disturbance from the physical particles presence in suspensions as

they are not homogeneous solution.

The pH value of solvent has a significant effect on surface charge of nanoparticles, these
positive or negative charges in the solvent will generate electrostatic forces to either maintain
or destabilize the colloidal system. Under appropriate acidic conditions (usually), the
nanoparticles in the suspension can be positively charged and generate a strong repulsive
force that repels each other to obtain well-dispersed system. As pH changes, there is an

isoelectric point where the surface of nanoparticles is neutral and the colloidal system is the
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least stable [42]. Thus, the pH affects the stability of suspensions, the effectiveness of which

further can be described as zeta potential.

The pH level may also affect the antibacterial activity of nanoparticles. Briefly, acidic
conditions may assist metal ions in inhibiting bacteria since most of them are soluble in acid
and then decrease pH [179], however metal ions are possibly removed or adsorbed by
hydroxide ions at higher pH values. For instance, Hsueh et. al. (2017) presented that CuO
NPs at pH=5 were more toxic to four different S. aureus strains than pH = 6 and 7, because
the higher release of Cu* or Cu?* ion raises the production of ROS [180] (Please see Section
5.4.3). However, there is an opposite conclusion from Guldiren et. al. claiming that pH values
are rarely relevant to antimicrobial activities as they obtained different results with similar pH

levels [134]. Further investigation is still required to fully understand mechanism.

As an indicator of the stability of nanoparticle suspensions, zeta potential values varied
depending on types of nanoparticles (in Figure. 4.17). Both WC and AMNP2 suspensions
showed an increased absolute zeta potential values with increased concentrations.
Suspensions of QNA CuO, CuZn and AMNP3 at a concentration of 10 to 100 ppm crossed
the zero bridge and switched from a negative charged potential to a negative potential. For
most cases, zero zeta potential, also called the point of zero charge, is equivalent to the iso
electric point, which contains as much positively charged as negatively charged surface
functions resulting in the least stable. NF Cu10, NF CuO and CuAg were found stable at all
concentrations. QNA Ag suspensions at 10 and 100 ppm had zeta potential values more than
-30 mV and it was considered as the most stable material perhaps with the aid of NH,OH,
followed by CuAg and AMNP2 suspensions. According to DLVO electrostatic theory, the
stability of nanoparticle suspensions depends on the combination effect of van der Waals
attraction and electrostatic repulsion. A high zeta potential (either positive or negative)
prevents aggregation of nanoparticles in solution due to larger repulsive forces among
particles. Conversely, absolute zeta potential values below this certain level stand the
possibility for collisions of nanoparticles with subsequent aggregating [42]. As a rule of thumb,
in general when a zeta potential value greater than 30 mV or less than -30 mV imply a stable
suspension; the zeta potential of approximately £20 mV can only maintain short-term stability;

the zeta potential value in the range from -5 mV to +5 mV suffers from fast aggregation [181].

Likewise, the zeta potential value is influenced by the particle size. A signal of zeta potential
from larger particles tends to dominate the zeta potential, which can also be caused by the

agglomeration of nanoparticles with increasing their concentrations. This may explain why
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each nanoparticle suspensions had fluctuating zeta potential values at different
concentrations. In this study, the largest size distributions were QNA Cu and AMNP3, whose
zeta potential values experienced fluctuation, while AMNP2 suspensions with favorable

dispersibility had linear changes.

Apart from the effect of zeta potential on the stability of nanoparticles suspensions, zeta
potential also affects the attachment of nanoparticles to cell membrane leading to
subsequent antimicrobial activity via cellular uptake [182]. For positive-charged nanoparticles,
a high affinity to cellular membrane has been found to contribute on electrostatic interactions
because both bacteria cell walls are dominated by negative charges [183, 184]. On the other
hand, negatively charged particles are likely to form clusters to bind at the positively charged
sites of cells resulting in localized neutralization and a subsequent membrane bending, which

in turn facilitates endocytosis for cellular uptake [185]
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Figure 4.17 pH and zeta potential measurements of all nanoparticles at 10, 50 and 100ppm.
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4.5 Summary

The physiochemical properties of both commercial and engineered nanoparticle were
measured, the results obtained were analysed and reported in this chapter. All nanoparticle
suspensions were well dispersed, the NTA technique was applied to detect the presence of
nanoparticle in suspensions at real-time and they showed particle concentrations between
108 to 10° particles/ml and mode size distributions approximately 150 nm which was larger
than their powder. In addition, the visualized image generated by NTA can give us direct-
viewing information that how each particle moves, and these scattering particles depends on
their refractive index. The highest total hydrodynamic concentration was observed from QNA
CuO suspension. CuAg suspension had the narrowest distributions. The largest size

distributions were QNA Cu and AMNP3 suspensions.

Metal ion leaching from each type of nanoparticles supernatant using ICP-OES were
measured. In all nanoparticle suspensions, low concentration of saturated Cu, Ag and Zn
ions were found ranging from 0.16 to 1 ppm. The leaching properties of commercial and
engineered nanoparticles performed differently in ion release effect and were not related to
their purity. The highest ion release in water was Cu* or Cu?* from QNA CuO, and the highest
ion release in saline was Ag* or Ag®* from CuAg. Additionally, the ion release study among
two CuO NPs, alloys and AMNP3 also suggested ion release may depend not only on the
type of forms, but also on the pH levels and salt effect in the aqueous media.

The measurement of pH and zeta potential of all samples were also investigated. Samples
at different concentrations carried a various impact on pH level as well as zeta potential. This
was because the surface charges and particle size of the nanoparticle in the solution not only
affects the pH level, but also zeta potential value that reflects the stability of the solution. The
pH of all samples was generally in the range between 6 and 7, the highest pH was from QNA
CuO. The zeta potential of all samples was mostly negative, QNA Ag, CuAg and AMNP2

suspensions were considered the most stable suspensions.
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CHAPTER 5 ANTIMICROBIAL ACTIVITIES OF NANOPARTICLES AND LOADED
FIBRE AGAINST GRAM BACTERIA

5.1 Introduction

In this chapter, an attempt to explain how these engineered and commercial nanopatrticles
may attribute to the interactions or deactivations of specific microbes is carried out. This can
give a better understanding of mechanisms of action of nanoparticle behind the antimicrobial
activity and assist us in developing more effective antimicrobial agents. The antimicrobial
results were carried out using the plate count method generated through collaborative
research with University College London. After selecting the highest Kkill efficiency among all
nanoparticle, the incorporation of AMNP2 in PMMA fibre mats were successfully confirmed

and tested.

5.2 Nanomaterials

5.2.0 General

All engineered and commercial nanoparticle samples were used as received and stored a in
dark and well-ventilated cupboard. For antimicrobial studies, nanoparticle samples were
dispersed either in pure particle-free water (Acros, Belgium) or chloroform from Sigma-
Aldrich (Gillingham, UK) at different concentrations. NH.OH (Fisher Scientific®, UK) was
diluted in pure particle-free water by 10 folds before it was used to treat Ag and CuAg NPs.

5.2.1 Tungsten carbide

SA WC with particle sizes of 150 - 200 nm was purchased from Sigma-Aldrich (US). The

tungsten carbide samples appeared as dark grey powder.

QNA WC was engineered by Intrinsiq Materials® (formally Qinetiq Nanomaterials) using the

Tesima™ thermal plasma technology [161]. Please see Section 3.2.1 for more details.
5.2.2 Silver

QNA Ag was engineered via the Tesima™ thermal plasma technology [158] provided by
Intrinsiq Materials® (formally Qinetiq Nanomaterials). NH.OH (Fisher Scientific®, UK) was
added to treat QNA Ag NPs prior to the sonication process. The details of this nanomaterials
are identical to chapter previously reported, please see Section 3.2.2.
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5.2.3 Copper and copper oxide

Two Cu NPs (QNA Cu and NF Cu10) with various particle shapes and sizes from different
manufacturers were used in this study. QNA Cu was engineered by Intrinsiq Materials®
(formally Qinetiq Nanomaterials) using patented technology called Tesima™ thermal plasma
technology [161]. Commercial powder NF Cu10 was purchased from Suzhou Canfuo Nano
Technology. The details of both nanomaterials are identical to chapter previously reported,

please refer to Section 3.2.3.

QNA CuO was engineered by Intrinsig Materials® (formally Qinetiq Nanomaterials) using
patented technology called Tesima™ thermal plasma technology [161]. Commercial powder
NF CuO rods was purchased from Suzhou Canfuo Nano Technology. The details of both

nanomaterials are identical to chapter previously reported, please refer to Section 3.2.3.
5.2.4 CuAg and CuZn alloys

The alloy nanoparticles CuZn and CuAg were purchased from Sigma-Aldrich (Dorset, UK).
NH.OH (Fisher Scientific®, UK) was added to treat CuAg NPs prior to the sonication process.
The details of both nanomaterials are identical to chapter previously reported, please refer
to Section 3.2.4.

5.2.5 AMNP2 formulation

AMNP2 was previously engineered by Intrinsiq Materials® (formally Qinetiq Nanomaterials)
using the Tesima™ thermal plasma technology [161]. The details of this materials are

identical to chapter previously reported, please refer to Section 3.2.5.
5.3 Instrumentation and methodology
5.3.1 Preparations of nanoparticle dispersions

For antimicrobial test, nanoparticles were weighed using a microbalance (Shimadzu, Japan).
A titanium alloy Ti-Al-V liquid processor (Sonics & Materials®, USA, VC-750, @ 13 mm, 750
W output power, 20 kHz) was used to disperse nanoparticle suspensions in water saline prior
their physiochemical analyses. Please refer to Section 4.3.1 for the specification of sonication.
For PMMA fibre mats incorporation, the procedure was the same at the mention, AMNP2

dispersed in chloroform instead of aqueous medium.
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5.3.2 AMNP2 embedded PMMA fibre mats using pressurized gyration.

PMMA (M., 120,000 g/mol) and chloroform were obtained from Sigma-Aldrich (Gillingham,
UK). 20 w/w% PMMA solution was prepared by dissolving PMMA in chloroform. The polymer
solution was magnetically stirred for 24 hours to obtain a homogeneous solution. The
AMNP2-loaded PMMA fibre mats were prepared by adding 0.5 w/w% of AMNP2 to the PMMA
solution. The solutions were stirred for 30 minutes before spinning in order to ensure
homogenous distribution of AMNP2. The details of the pressurized gyration apparatus and

the preparation of the fibre mats are reported elsewhere [149].

5.3.3 Growth of bacterial strains

For the antimicrobial activities of nanoparticle, bacteria stock cultures of P. aeruginosa
(NCTC 12903) and S. aureus (ATTC 6538P) were obtained from -80 °C freezer stocks
containing 30% glycerol. Each stock solution was streaked onto Tryptic Soya Agar using a
sterile loop and incubated at 37°C for 24 hours. After incubation, a single colony of each
strain was grown in Luria broth and placed on a shaker (150 rpm) for a further 24 hours at
37°C. A 1:100 dilution of the overnight culture of each pathogen and inoculated into metallic
nanoparticle samples at 0.05, 0.1 and 0.25 wt/v% concentrations using high power sonication
for 2 min, in triplicate with Luria broth and incubated at 37°C, shaken (150 rpm) for 24 hours.

For the antibacterial activity of loaded polymer fibres, the cells were cultured in nutrient broth
(Oxoid, UK) for 16 hours at 30 °C and agitation at 150 rpm. The culture was then centrifuged
at 4000 rpm for 15 min, the supernatant discarded and the cells resuspended in 100 mL
phosphate buffered saline (PBS, Sigma-Aldrich).

5.3.4 Antimicrobial testing using the plate count.

For the antimicrobial activities of nanoparticles, viable bacterial cell concentrations were
estimated by counting CFU’s before and after exposure to the nanoparticle compounds. This
was performed by serial dilution in Luria broth and then removing 10 pL of the serially diluted
culture and spreading with sterile glass beads (5mm, Sigma-Aldrich, UK) onto an agar plate
(Tryptic Soya Agar) in triplicate. The plates were then incubated at 37°C for 24 hours and
CFUs were counted. The results were expressed in terms of colony forming units (CFU) and

the equation was applied [186]:
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log(CFU/ml) _ lOg (the number of colonies counted- the dilution factor) (5_1 )

volume of culture plate

For the antibacterial activity of loaded polymer fibres, 0.5 w/w% AMNP-loaded fibre mats
were assessed using Gram-negative P. aeruginosa. The cell suspension in PBS was then
passed through the fibre mats deposited on discs at a flow rate of 1.67 ml/min. A sample of
the bacterial suspension was taken before and after filtration through the mat. 10-fold serial
dilutions were performed on all samples and these were then plated onto nutrient agar (Oxoid,
UK) and incubated at 30 °C for 24 h, after which the number of viable colony-forming units

of bacteria was obtained and a reduction due to filtration in viable number was calculated.
5.3.5 Result conversion (from log reduction to percentage reduction)

The antimicrobial results are presented either in percent reduction or log reduction. To

convert log reduction to percent reduction, the following equation was applied:
P=(1-10"1) x100% (5-2)

Where P is percent reduction and L is log reduction, respectively.

5.4 Results and discussion

Bacterial cell quantification after exposure to antimicrobial compounds was carried out to
determine antimicrobial properties of engineered and commercial nanoparticles. The
antimicrobial results were calculated using Equation (5-1 ) and the log reduction were
converted to percent reduction using Equation (5-2). We hoped to link the antimicrobial
effects to the physiochemical properties of nanoparticles we investigated throughout this

research.

Overall, the size of nanoparticle may one of factors that directly or indirectly affected
antimicrobial effects. For instance, smaller hydrodynamic particle sizes of nanoparticles have
better antimicrobial effects [19, 122, 160, 187]. The reason of this can be explained as (1)
smaller particles have greater quantity of particles at the same weight and relatively higher
ratio of surface area to volume as compared to larger individual particles, thereby increasing
the rate of reactive oxygen species (ROS) production and ions to kill bacteria, or (2)
nanoparticles of tiny size can penetrate the cell wall of bacteria and/or uptake into cells to

consequently cause cellular dysfunction [144, 145].
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Shapes may also influence the antimicrobial effect of nanomaterials. A previous assumption
from us was that rod-shaped P. aeruginosa and spherical S. aureus are easily killed by similar
shapes of antimicrobial nanopatrticles based on SEM images (shown in Figure 5.1). However,
this assumption was found to only apply to some cases of this study. A study from Wang et.
al. (2014) considered that nanocubes and rod shapes were more effective to kill bacteria due
to the exposed planes and to the oxidation levels of the metals, whereas another study
reported that hexagonal plate-like ZnO nanocrystals displayed significantly higher activity
than rod-shaped crystals [188, 189].

Figure 5.1 SEM images of (a) S. aureus and (b) P. aeruginosa as representative of

Gram-positive and Gram-negative bacteria, respectively [190, 191].

5.4.1 Antimicrobial effects of all engineered QNA nanoparticles

The engineered QNA nanoparticles (QNA WC, QNA Ag, QNA Cu and QNA CuO) were
produced using thermal plasma Tesima™ process in which the precursor was evaporated at
a sufficiently high temperature and atomized in a furnace, followed by decomposed into

nanoparticles.

As shown in Figure 5.2, two WC NPs at all concentration showed no inhibitory effect on both
bacteria, therefore they are determined to be exclusive of antimicrobial agents. The
engineered QNA Ag, QNA Cu and QNA CuO were found to perform specific inhibitions
against one type of the bacterium more than the other which agreed with studies that were
previous reported by Ren et. al.[37]. In this report, engineered QNA Ag, QNA Cu and QNA
CuO also showed antimicrobial effects against Epidemic methicillin-resistant Staphylococcus
aureus (EMRSA), S. epidermidis and E. coli. Each element will be discussed in the following
sections.
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Figure 5.2 Antimicrobial results of SA WC and QNA nanomaterials standards against
P. aeruginosa and S. aureus? using the plate count method.
QNA materials were found to perform specific inhibitions against at least one type of
the bacterium, except QNA WC.

5.4.2 Antimicrobial activities of Ag NPs

Studies have shown that the element that have antimicrobial properties is usually a transition
metal such as Au, Ag, Cu and Zn, of which have incompletely filled d orbitals, so the redox
activity is higher [144]. Recall that some certain essential transition metal ions present in
biomolecules act as catalytic cofactors under normal conditions, excess quantities of them
can be very toxic to bacteria [192]. Ag has a long history of being used as antimicrobial agents,

thus various ways of cell disruptions have been studied more extensively [193].

In Figure 5.2, engineered QNA Ag showed to counter extremely well against P. aeruginosa
at the minimum concentration at 0.05 wt/v%. Unexpectedly, this engineered QNA Ag showed
almost no effect against the Gram-positive strain S. aureus and the lowest live bacteria
population was observed from the lowest concentration of QNA Ag. According to previous
studies, the release of Ag* or Ag?* ions is one of main antimicrobial mechanisms to inhibit
bacteria, particularly the Gram-negative strain P. aeruginosa, because Gram-negative
bacteria cell walls have lower resistance and negative-charged lipopolysaccharide
electrostatically attracts Ag* or Ag?* ions into the bacteria cell (Figure 5.3) [144, 159]. Besides,

Ag* or Ag?* ions may penetrate the bacterial cell wall as well [194]. Remember that the XRD

2 Antimicrobial results were provided by research partner at UCL.
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results showed QNA Ag contained AgNO, and AgNOs except elemental Ag, and AgNOs
consists of an ionic bond between Ag* and NOs™, which easily dissolves in water and release
Ag* or Ag?* ions to enhance antimicrobial properties. Consequently, Ag* or Ag?* ions can
cause cellular dysfunction by (1) interacting with thiol groups (-SH) in enzymes and proteins
resulting in protein deactivation; (2) forming complex with nucleic acids (such as DNA and
RNA) to prevent cell division and reproduction; and (3) binding other biomolecules [5, 194,
195].

Gram-negative Gram-positive
bacteria bacteria

{s%s? o] ([
esases &

Pcnplasmlc \

* .. 799990
60686 T 444848

¢ 1 00 ’
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hydrocarbon chains

Figure 5.3 Structure difference of Gram-negative and Gram-positive bacteria [144].
Gram-positive bacterial cell walls are thicker than Gram-negative as it has a thick and

multi-layered peptidoglycan which acts as a protective layer.

Additionally, Ag NPs have also been found to inhibit bacteria by themselves. It has observed
that Ag NPs can anchor to the bacterial cell wall, which physically damaged bacterial
membrane and lead to cellular leakage and bacterial death [106, 196]. Alternatively, Ag NPs
can also penetrate the membrane and enter the bacteria, followed by interacting with cellular
structures and biomolecules such as proteins, lipids, and DNA [194]. The previous literature
showed that P. aeruginosa cells treated with Ag NPs were elongated possibly due to stress
conditions arresting cell division [144]. However, this activity may greatly vary with the size
of Ag NPs [111]. Choi et. al. (2008) demonstrated that Ag NPs were difficult to move into the
bacteria when their particle size is greater than 20 nm. At a particles size of around 5 nm, Ag
NPs showed significantly more efficiency than 10 - 20 nm [187]. Looking through our NTA

result (see Section 4.4.3.2), the particle size of QNA Ag was far from 20 nm, which in turn
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demonstrated that the ROS production (see later) and/or Ag* or Ag* ions dominated the
effective antimicrobial activities in this case.

Last but not least, capping agents may have an effect on the toxicity of the nanoparticles,
except increasing their dispersibility. Cavassin et. al. (2015) determined that Ag NPs
stabilized with citrate and chitosan were more effective in killing bacteria than with polyvinyl
alcohol and Ag NP alone because of an accelerated generation of Ag* or Ag?* ions [197]. In

our case, although tiny amount of NH.OH was added into QNA Ag and CuAg suspensions, it
may also help inhibit bacteria since it is alkalis.

5.4.3 Antimicrobial activities of Cu and CuO NPs
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Figure 5.4 Antimicrobial results of Cu and CuO nanomaterials standards against P.
aeruginosa and S. aureus? using the plate count method.
NF Cu10 killed less bacteria than QNA Cu, and two CuO NPs were more effective to

one type of the bacterium than the other.

Comparing with the engineered QNA Cu, commercial NF Cu10 made in China was overall
found to have weaker antibacterial effects on P. aeruginosa and S. aureus (Figure 5.4). Apart
from the antimicrobial result against P. aeruginosa of NF Cu10 at a concentration of 0.25 wt%
was not available, NF Cu10 NPs killed more P. aeruginosa than S. aureus at 0.1 wt% of
concentration, while the lowest concentration had the opposite result. By contrast,
engineered QNA Cu NPs killed nearly all S. aureus even at the lowest concentration (0.05
wt%), while the three concentrations almost had no effect on P, aeruginosa. Engineered QNA

CuO and commercial NF CuO NPs were found to perform slightly better antimicrobial effects
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over the two Cu NPs, but the opposite activity of inhibiting bacterial strains was found. The
commercial NF CuO rods NPs completely inhibited S. aureus except at the highest
concentration (0.25 wt/v%) and the inhibition activity against P. aeruginosa was more than
70%. By contrast, QNA CuO showed to have better antimicrobial activities against both
bacteria, the live populations of P. aeruginosa after exposure to QNA CuO at the three
concentrations were no more than 5% and the antibacterial ability against S. aureus
increased with the nanoparticle concentration until the concentration of 0.25 wt/v% killed 99%
of bacteria. This antimicrobial effect of CuO correlated with the susceptibility of various
microorganisms. Based on previous studies, S. aureus (Gram-positive) was more sensitive
to CuO NPs comparing with P. aeruginosa (Gram-negative) because It has more -NH and -
COOH groups on the cell surface and these groups are more sensitive to Cu. The

antimicrobial result in this study may need further investigate [122]
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Figure 5.5 lon release of Cu and CuO NPs in water at concentration of 0.1 wt/v%.
QNA CuO released much more ions than others but did not show the highest antimicrobial

efficiency, especially for S. aureus.

According to reports, Cu NPs are found to be less efficient in killing bacteria in comparison
to Ag NPs, even though Cu is expected to have a higher rate of ion release [198]. It may be
explained by the fact that Cu* or Cu?* ions are a necessary co-factor (essential element) for
different enzymatic systems and that cells possess mechanisms to maintain its homeostasis
by avoiding its intracellular toxicity, whereas Ag* or Ag?" ions can irreversibly binding

biomolecules [144]. In our case, engineered QNA CuO released over four times more Cu® or
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Cu?* ions than other Cu-based samples (Figure 5.5) and overall QNA CuO exhibited the best
inhibitory effect against both bacteria (Figure 5.4), while the ion release of QNA Ag was only
0.82 ppm.

As another major antimicrobial mechanism, reactive oxygen species (ROS), that includes
superoxide anion radicals (05 ), hydroxyl radicals (OH*), singlet oxygen ('0,) and hydrogen
peroxide (H,0,), are supposed to be formed as natural by-products of cellular oxidative
metabolism due to incompletely reduced O [199]. However, in the case of excessive Cu® or
Cu?* ions, Haber-Weiss and Fenton reaction take place to overproduce ROS. The
overproduction of ROS can induce oxidative stress, which damages cellular protein, lipid,
DNA strand, nucleic acids, efc., leading to cell death and genotoxic effects [200, 201]. In
particular, '0, is considered the most toxic species to bacteria cells, widely reacting with
amine acids, vitamins, unsaturated fatty acids, proteins, and steroids. And OH" is also a
strong oxidant oxidizing macromolecule such as carbohydrates, nucleic acids, lipids, and
amino acids. H,0, is generated by 05, which can transform into OH* and 0, [202]. Moreover,
it also has been observed that H,0, may penetrate the cell membrane [203]. Eventually, the
ROS may have a collective effect on killing bacteria. It is important to highlight that other
metals such as Zn, Fe can also trigger this mechanism [187, 204]. In previous elemental
analysis, the intensity of Fe238.204 emission (236.166) detected in QNA Cu was much
higher than blank (84.4505) and NF Cu10 (66.6111) (Please see Table 3.4), which may imply

that the presence of Fe from QNA Cu also assist in killing bacteria as well.

Similarly, the antimicrobial effect of Cu and CuO NPs have been found to be size distribution
dependent [122, 205], which potentially trigger the differences of Cu* or Cu?* ions and ROS
level. Providing the NTA results presented in Figure 5.6a, although the mode size of NF
Cu10 (200 nm) was slightly smaller than that of QNA Cu (250 nm), the total particle
concentration of NF Cu10 was very low, suggesting that NF Cu10 NPs had heavy
agglomeration and poor stability. This may be the reason why NF Cu10 had the opposite
result at different concentrations. In Figure 5.6b, a similar NTA result also happened to both
CuO NPs; the total particle concentration of NF CuO was much lower than that of QNA CuO.
The NTA result indicated that the stability of NF materials in water was lower than that of
QNA materials, and because of its hydrophilicity, CuO was more dispersed than hydrophobic
Cu. All the above events can jointly explain the complex reasons for the antimicrobial results
of CuO and Cu NPs.
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Figure 5.6 Comparison of particle concentrations of (a) NF Cu10 and QNA Cu; and (b)
NF CuO and QNA CuO using NTA.
NF materials in water was lower than that of QNA materials, and the size distributions
among them were very different triggering the differences of Cu* or Cu?* ions and ROS

level.

5.4.4 Antimicrobial activities of CuAg and CuZn NPs

As illustrated in Figure 5.7, it was found that commercial CuAg and CuZn NPs performed
favourable antimicrobial activities against both bacterial strains. The antimicrobial result of
CuAg alloy showed increasing inhibition with the higher concentration of the nanoparticle
until at concentration 0.25 wt/v% almost completely inhibited P. aeruginosa, while that of S.

aureus was the opposite. On the other hand, CuZn alloy observed more than 90% reduction
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in both bacteria and the antimicrobial results at concentrations higher than 0.05 wt% were
increased compared with that of 0.05 wt%. At concentrations of 0.25 and 0.1 wt/v%, CuZn
can completely inhibit P. aeruginosa and S. aureus, respectively. Overall, both alloy
nanoparticles showed more desirable antimicrobial properties in comparison of previous
nanoparticles.

This antimicrobial activities of dual-element nanoparticles indicated that each element from
these compounds may not only play respective roles in inhibiting each bacterium such as ion
release, generation of ROS and binding intercellular, but also exerted a synergetic effect [134
206]. Specially, CuAg NPs released Ag* or Ag? ions, that was slightly lower than QNA Ag,
as well as a tiny amount of Cu* or Cu?* ion, but the antimicrobial effect against S. aureus was
massively enhanced comparing with QNA Ag. Besides, Zn from CuZn has been proved to

effectively act in a similar way to antimicrobial mechanisms of Cu [134].
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Figure 5.7 Antimicrobial results of CuAg and CuZn nanomaterials standards against P,

aeruginosa and S. aureus? using the plate count method.

The populations of live bacteria exposure to CuAg were less than 30%, while CuZn

had even lower live bacteria.

5.4.5 Antimicrobial activities of AMNP2 formulation

In Figure 5.8, engineered AMNP2 performed very favourable antimicrobial inhibitions against
both bacteria, only up to 0.1% bacterial survived after exposure to AMNP2. As the most
complex nanomaterial, AMNP2 have many factors of destroying bacterial. Firstly, with
elements more than Cu and Ag, AMNP2 may exert a stronger synergetic effect more than
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CuAg and CuZn [165]. Besides, there are many researches indicating carbon-based
materials can possess or enhance antimicrobial effects [139]. Particularly, carbon-based
materials prepared by sonication are uniformly dispersed, which played a great role in binding
metals to reinforce dispersibility and prevent their agglomeration[207, 208]. In another study,
the author suggested that AMNP2 was not only effective for tumor-related inflammation, but

also shows enlightenment for further research on cancer solutions [209].
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Figure 5.8 Antimicrobial results of AMNP2 nanomaterials standards against P,
aeruginosa and S. aureus? using the plate count method. AMNP2 killed both bacteria even

the lowest concentration.

5.4.6 Antimicrobial activities of AMNP2-loaded fibre mats

According to the results of our collaborator University College London, the PMMA fibres
loaded with AMNP2 was spun at a speed of 36,000 rpm and a working pressure of 0.3 MPa,
which was confirmed by energy dispersive x-ray analysis [149]. As shown in Figure 5.9, the
antimicrobial activity of the pure PMMA fibres was reduced P. aeruginosa cells by about 35%,
while the antimicrobial activity of fibres loaded with 0.5 w/w% AMNP2 was reduced the
bacteria cells by about 72%. PMMA is considered to be an ideal polymeric biocide since they
have positively charged molecular chains in the fibres which attract negatively charged
bacteria such as P. aeruginosa [210]. Additionally, the reduction of bacteria may be simply
due to entrapment in the polymer fibres. Compared with the pure PMMA fibres as control,
the reduction of bacteria was higher indicating that the incorporated AMNP2 can more

effectively kill the bacteria, which was analysed in the last section. Nevertheless, AMNP2-
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loaded PMMA fibres still killed less bacteria than AMNP2 formulation and it may need further
research on incorporation of more nanoparticles into PMMA fibres.
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Figure 5.9 Antimicrobial results of pure PMMA fibres and 0.5 w/w% of AMNP2-loaded
PMMA fibres against P. aeruginosa’?.
the pure PMMA fibres reduced P. aeruginosa cells by about 35%, while that of 0.5
w/w% AMNP2 was about 72%.

5.5 Summary

In conclusion, this chapter intended to explain antimicrobial effect from perspective of
nanoparticle properties. Apart from two WC NPs showing no inhibitory effect, Ag, Cu and Zn
elements performed in complex and combined ways to kill bacteria. The excess formation of
reactive oxygen species (ROS) overwhelmed the cellular antioxidant defence system and
oxidative stress occurs causing damage to DNA, RNA, and proteins. The release of ions
interacted with the functional groups of proteins and nucleic acids to cause cellular
dysfunction. Physical contact damaged bacterial membrane leading to cellular leakage and
bacterial death. In this study, Ag was the most effective elements among Cu and Zn, two of
the three above metals showed a synergetic effect which was much more effective than

single one.
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After the formulation AMNP2-loaded PMMA fibre mats successfully showed more than
double reduction of P. aeruginosa cells compared to the pure PMMA fibers, CuAg and CuZn
are considered to be another two potential candidates for antimicrobial applications in
biomedical engineering. Nevertheless, it is still essential to further investigate their stability

to incorporate of more nanopatrticles into PMMA fibers.
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CHAPTER 6 INVESTIGATION OF NANOPARTICLE SUPERNATANTS AND
DISPERSANTS

6.1 Introduction

The antimicrobial activities showed QNA Ag, CuAg, CuZn and AMNP2 were favourable
antimicrobial nanoparticles, while NF Cu10 was not. The reason may be explained that these
metallic nanoparticles suspended in liquids are prone to form aggregates and settled fast
due to gravity and other factors, thereby reducing chance of nanoparticles exposure to the
microbes. The aim of this chapter is to analyse the stability of nanoparticle suspensions
varying with time so that it would allow these favourable antimicrobial nanoparticles to be

optimally incorporated into PMMA fibres.

This chapter first initially studied the ratio of gravity to Brownian force to predict the tendency
of nanoparticle settling [211]. This was based on the density and hydrodynamic particle size
of each nanoparticle (NF Cu10, QNAAg, CuAg and AMNP2), where the density of CuAg and
AMNP2 were theoretically calculated and the weight percent of AMNP2 formulation was
converted from atomic percentage. In order to study the nanoparticle supernatants and
dispersants, two different NTA methods were performed to analyse their span values and
mass concentrations. The span value describes with one single value whether the relative
dispersion of nanoparticles is wide or narrow and how much it has. The mass concentration
shows the concentration expressed by the mass of the solute in parts per million (ppm) of
the mass of the total solution. Overall, they have opposite expectations — the lower span the

sharper size distribution and the higher mass concentration the better the dispersion.

6.2 Nanomaterials

6.2.0 General

All engineered and commercial nanoparticle samples were used as received and stored a in

dark and well-ventilated cupboard. Please see Section 5.2.0.
6.2.1 Silver

QNA Ag was engineered via the Tesima™ thermal plasma technology [158] provided by
Intrinsiq Materials® (formally Qinetiq Nanomaterials). NH.OH (Fisher Scientific®, UK) was

added to treat QNA Ag NPs prior to the sonication process. Please see Section 3.2.2.
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6.2.2 Copper

Commercial NF Cu10 was purchased from Suzhou Canfuo Nano Technology, it was claimed
to have 10 - 30 nm particle size range and a spherical shape. The details of this

nanomaterials are identical to chapter previously reported, please refer to Section 3.2.3.
6.2.3 CuAg alloy

The commercial CuAg nanoparticles were purchased from Sigma-Aldrich (Dorset, UK).
NH.OH (Fisher Scientific®, UK) was added to treat CuAg NPs prior to the sonication process.
The details of this materials are identical to chapter previously reported, please refer to
Section 3.2.4.

6.2.4 AMNP2 formulation

AMNP2 was previously engineered by Intrinsig Materials® (formally Qinetiq Nanomaterials)
using the Tesima™ thermal plasma technology [161]. The details of this materials are

identical to chapter previously reported, please refer to Section 3.2.5.

6.3 Instrumentation and methodology
6.3.1 The ratio of gravitational force to Brownian force

A functional suspension is expected to keep the suspension stable for the lifetime and/or
easily occur dispersed settling. To predict whether nanoparticle suspensions keep the
suspension stable physically or not, the ratio of gravitational force to Brownian force can
estimate likelihood for settling [212]:

A
Ratio of gravitational force to Brownian force = % (6-1)
b

Where ris the particle radius; Ap is the density difference between the dispersed and medium

phase; the gravity of Earth is g = 9.8 m/s?; the Boltzmann constant k;, = 1.38 x 10723 J /K ;
and temperature T = 298 K.
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6.3.2 The theoretical density of the mixture by the weight percent

The density of a mixture follows the rule of mixtures, which is based on the constituents. To
determine the density of the sample by weight, it is defined as [213, 214]:

L X, >, 2 (6-2)
Ptotal Pa Pb Pc

Where p,, pp and p, are, respectively, the density of different elements and x, y and z is the
weight ratio of the sample. The calculation assumes perfect mixing and that the sum of the

initial volumes of the metals equals the total final volume.
6.3.3 Preparations of nanoparticle dispersions

All nanoparticles were weighed using a microbalance (Shimadzu, Japan). A titanium alloy Ti-
Al-V liquid processor (Sonics & Materials®, USA, VC-750, @ 13 mm, 750 W output power,
20 kHz) was used to disperse nanoparticle suspensions prior their physiochemical analyses.

Please refer to Section 4.3.1 for the specification of sonication.
6.3.4 Analysis of nanoparticle supernatants and dispersants

In nanoparticle supernatant study, concentrations of 1000 ppm samples were prepared using
2 mg of QNA Ag/QNA Cu NPs of which were dispersed in 20 mL of Acros pure particle-free
water using high power sonication for 2 minutes. Each suspension was shaken and then
stood for 30 minutes before measurement, 1 mL of supernatant of the suspension was
collected daily and then filtered using 0.1 um syringe filter (Millipore) to be submitted to NTA
for 5 days.

In nanoparticle dispersant study, concentrations of 10, 50 and 100 ppm samples were
prepared using 0.2/1/2 mg of the four selected nanomaterials (QNA Ag, NF Cu10, CuAg and
AMNP2) of which were dispersed in 20 mL of Acros pure particle-free water using probe
sonication for 2 minutes. All samples were directly loaded in syringes during NTA
measurements. The sample in each syringe was collected in triplicate at beginning and every
10 up to 30 minutes, during which the syringe stays still. Please see Section 4.3.2 for the
specification of NTA.
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6.3.5 The D-value and span value

A D-value can be thought of the cumulative undersize distribution showing the relative
amount at/below a certain size. Usually, D10, D50 and D90 are used to investigate a particle
size distribution curve.

A relative fractional measure of width is obtained by dividing (D90 — D10) by the measure of
midpoint D50 as follows:

span = % x 100% (4-1)

which is referred as the span value and gives an indication of how far the D10-to-D90 range
of particles is normalized with the midpoint (D50). Please see Section 4.3.3 for more

explanations.

6.3.6 Interpretative method for particle concentrations and distributions

The nanopatrticle size distributions were interpreted using the “vertical view” as displayed in
Figure 6, where the size distribution graphs were presented side by side. The results of each
nanoparticle suspension at different times are displayed on the x-axis and consists of five
different symbols in a collinear line with different representative symbols. D10 and D90 are,
respectively, represented by two triangle symbols (¥ and A). The value of mode size,
median size (D50) and mean size are, respectively, represented by star (%), square (M) and
round (@).

In addition, right y-axis shows a total concentration of the nanoparticle represented by grey
bars. The specific value of concentration is located at the bottom of the bar. Therefore, the
hydrodynamic particle concentration and size distribution of a nanoparticle suspension can
be showed together.
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Figure 6.1 A schematic graph of analysing particle concentration and size distribution.

Left y-axis shows the results of the same suspension at different times, which consists

of five different symbols of the collinear line. Right y-axis shows a total concentration of the

nanoparticle represented by grey bars. The specific value of concentration is located at the

bottom of the bar.

6.3.7 Unit conversion (from particles/ml to ppm)

To convert the number of particles per millilitre into the mass concentration, it requires to

estimate the volume of each particle which is then multiplied by the density of the particle

and the number of particles to obtain the concentration ¢ in ppm as following:

= number of particles/ml X p, X v,

(6-3)

Where c is the mass concentration of the particle, p,, and V, are the density and volume of

each particle, respectively.

6.4 Results and discussion

6.4.1 Theoretical calculation of the nanoparticle stability

The ratio of gravitational force to Brownian force of nanoparticles was calculated using

Equation (6-1). The particle size was determined by SEM images or reported elsewhere
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[165]. The average particle size of QNAAg, NF Cu10, CuAg and AMNP2 were, respectively,
100, 20, 92 and 15 nm. The density of Cu and Ag are, respectively, 8.96 x 103and 10.49 x
103kg/m3. CuAg and AVNP2 are simply considered as mixtures. Based on the weight
percentage from Section 3.4.4.2, the theoretical density of CuAg alloy using Equation (6-2)
was 10.46 x10% kg/m3. The density of AMNP2 formulation using Equation (6-2) was 4.83
x10° kg/m® whose weight percentage was calculated from atomic percentage [165].
Specifically, the weight percentage of C, W, Ag, Cu and O were 30.07%, 39.69%,
16.34%,11.06% and 2.84%, respectively.

Brownian motion is the movement of particles suspended in liquid or gas in random directions
at random speeds due to collisions with other particles[215]. The particles in medium tend to
stably diffuse from regions of high concentration to regions of lower concentration with time
and will disperse evenly throughout the medium. This process is called diffusion, and it can
be considered a macroscopic example of Brownian motion. For nanoparticle suspensions,
Brownian motion has a stronger effect to maintain the sub-micron particles in a dispersed
phase before forming larger particles which are dominated by gravity. If the numerator is
greater, nanoparticles in suspension are likely to become agglomerated and settling, while a
greater denominator indicates a stable system. However, Equation (6-1) does not take in
account potential particles interactions nor surface treatment [211]. For a concentration of
electrically charged suspension, the stability of the suspension is also partially controlled by
the electrostatic forces between particles, which is indicated by zeta potential [96]. As
mentioned in the second part of Section 2.3.6, the DLVO theory stated when the repulsive
forces overcome the attractive forces, adjacent particles repel each other and the value of
absolute zeta potential is high (the suspension is stable). On the contrary, the particles tend
to aggregate and the value of absolute zeta potential is low when the attractive forces is

higher.

Therefore, to predict whether nanoparticle suspensions keep the suspension stable
physically or not, the ratio of gravitational force to Brownian forces are tabulated below (Table
6.1), along with the results of zeta-potential in Figure 4.17. As can be seen, the value of QNA Ag,
CuAg and AMNP2 were in the same order of magnitude and greater than that of NF Cul0. The
suspensions of QNA Ag and CuAg were supposed to be fewer stable systems, so they were
previously treated with NH.OH while NF Cul10 does not. Regarding zeta potential, QNA Ag had
the highest absolute zeta potential values, followed by AMNP2 and CuAg, and lastly by NF Cul0.
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Table 6.1 The ratio of gravitational force to Brownian forces and Zeta-potential of samples
calculated by Equation (6-1).
The zeta potential values were obtained from Section 4.4.3.

Sample Conczr;;r;t)ion Zeta potential (mV) The r?g%?;ﬁ;?;’:ig?:i force
10 -31.37(7.18)

QNA Ag 50 -21.33(x0.91) 1.4 x10*
100 -30.6(x1.57)
10 -8.07(x1.45)

NF Cu10 50 -9.27(+2.68) 1.9x 107
100 -8.82(+5.97)
10 -19.13(x7.33)

CuAg 50 -22.17(x1.21) 104

100 -18.47(x2.27)
10 -9.64(+1.98)

AMNP2 50 -20.63(%1.90) 2.9x 104
100 -23.77(x0.87)

Unfortunately, the experimental works were limited and there is still a gap between predictive
model and experimental result as the study of aggregation and settling dynamics of
nanoparticles. One of these is Liyanage et. al. (2012) who developed an analytical method
to predict the settling rates of micro-to-nanosized particle suspensions [216]. They assumed
the nanoparticles aggregates of sufficient micro-sized size before starting noticeable settling.
Afterwards, the Newtonian force takes over the intermolecular force, settling time therefore
can be calculated. A feature of this work is that they did not only calculated spherical

aggregates but accommodate non-spherical aggregates depend upon fractal dimension.

On the other hand, it is challenging to capture the movement of every single nanoparticle in
medium and calculate the overall change of the solution, which requires other facilities took
a lot of memory and calculation capacity. The most common measurement method is to mix
nanoparticles into solution well and then regularly measure the descent of the solid-liquid
interface, but this method highly depends on eye observation and subjective identification.
For instance, Witharana et. al. (2012) studied the aggregation and settling behaviour of
alumina nanoparticles near its isoelectric point using photography and small angle X-ray
scattering [216]. Alternatively, Zheng et. al. (2019) investigated the sedimentation rate of
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alumina nanoparticles by testing the absorbance of suspension using UV spectrophotometry,
which relies on the determination of solution absorbance [217]. These experiments also
focused on specific materials (mostly alumina) and usually had some limits of experimental
conditions. Following two sections intend to analyse dispersibility of nanoparticle solution

with NTA.
6.4.2 Supernatant study of engineered Ag and QNA Cu nanoparticles

The supernatants of QNA Ag suspension in total of 5 days were measured by NTA and the
results is shown in Figure 6.3. The maximum total concentration from five days of QNA Ag
achieved the highest value in the third day. The mode size and mean size of QNA Ag
remained stable in the first four days and they dramatically increased to 124.8 and 127.8 nm
on the last day, respectively. In addition, the D10-t0-90 range of QNA Ag also reached the
peak on the last day, which may be attributed to the formation of the agglomeration. Overall,
this result showed stable systems due to a surface treatment and high zeta potential,

although the theoretical ratio of gravitational force to Brownian force was relatively high.
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Figure 6.2 The NTA results of QNA Ag supernatants.
The mode size and mean size of QNA Ag remained stable in the first four days and
dramatically increased on the last day. The highest total concentration was observed in the
third day.
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Figure 6.4 shows the result of QNA Cu supernatant in total of 5 days. The total
concentrations from five days and D10-to-D90 range of QNA Cu were fluctuated. This is
because every measurement was shaken and then stood for 30 minutes before capture. In
the meantime, the experiment lost a tiny amount of volume due to measurement, theoretically
the total concentration should increase slightly. The mode size of QNA Cu supernatant varied
between 41.3 and 128.1 nm in five days. Compared with last theoretical section, the ratio of
gravitational force to Brownian forces of NF Cu10 was lower than that of QNA Ag, but NF

Cu10 had low zeta potential and finally the NTA results showed its suspension was unstable.
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Figure 6.3 The NTA results of QNA Cu supernatants.
The mode size of QNA Cu supernatant varied between 41.3 and 128.1 nm. The total

concentration of QNA Cu was fluctuated.

In conclusion, this method measured QNA Ag and QNA Cu suspensions. The five-day results
of size distributions of QNA Ag were slightly increased, while the hydrodynamic particle
concentration and size distribution of QNA Cu were fluctuated, indicating a poorly dispersed
suspension are highly random. This makes it difficult to fully describe NTA results. In addition,
this experiment was used 0.1 um syringe filters to expect remove larger aggregates and
observe individual nanoparticles. However, the results were found to be larger than 100 nm,
and the actual particle size should be larger as well as the widths of the distributions [218].

In next section, nanoparticle dispersant study was performed with another method.
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6.4.3 Dispersant study of commercial and engineered nanoparticles

In this experiment, four suspensions changing over time were measured by NTA using
nanoparticle dispersant study. It was found to only take up to 30 minutes to complete which
also prevents contaminating facility. Please note that due to poor dispersibility, 100 ppm of
NF Cu10 suspension was only measured three times and the last measurement was at 24

min.

6.4.3.1 The dispersant measurements of engineered QNA Ag

Figure 6.4 to 6.6 show the NTA results of engineered QNA Ag at three different preparation
concentrations (10, 50 and 100 ppm). They were collected at beginning and every 10 mins
in total of half hour. The total concentration of QNA Ag at 10 ppm declined for 30 minutes and
the size distribution was little changed. With increasing preparation concentration, the total
concentration of QNA Ag at 50 ppm (grey bars) was decreased by first 10 minutes before
increasing till the end of the period, while that of 100 ppm saw an opposite trend with an
inflection point at 20 minutes. Recall that if mode size is smaller than D50 and meanwhile
D50 is smaller than mean size (mode * < D50 M < mean @), it is positively skewed
distribution which represents the distributions contain more tiny particles otherwise it is called
negatively skew distribution. All results of QNA Ag maintained positively skewed distributions

during the measurement.
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Figure 6.4 Continuous NTA result of QNA Ag at 10 ppm.
The total concentration declined for 30 minutes and the size distribution was little
changed.
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Figure 6.5 Continuous NTA result of QNA Ag at 50 ppm. The size distribution

was at the beginning and end.

The highest size distribution was at 10 and 20 minutes, and the total concentration
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Figure 6.6 Continuous NTA result of QNA Ag at 100 ppm.
The total concentration increased until 20 minutes, at which point it had the smallest

size distribution.

Moreover, the span values and mass concentrations of QNA Ag were collected and plotted
in Figure 6.7 and 6.8, respectively. The span value of QNA Ag was calculated using
Equation (4-1). During the measurement, it was varied from around 1.15 to 0.85. The
calculation of mass concentration was determined using Equation (6-3), of which size of
particle was based on the SEM images and the shape was considered as spherical. The
mass concentration of QNA Ag sample at different preparation concentrations were stable,
the 100-ppm QNA Ag sample increased mass concentration from 18 to 27 ppm after 30 min,
suggesting the sample was treated well for dispersibility and high preparation concentration
still showed satisfying dispersion performance. This can also be supported by Table 6.1, the
zeta potential values of QNA Ag were closed to -30 mV and they had high ratio of gravitational
to Brownian forces. Overall, the case of QNA Ag indicated that Brownian forces probably

dominate over gravitational forces to provide electrostatic stability [145].
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Figure 6.7 The QNA Ag span value obtained by dividing (D90-D10) by D50 varied
from 1.15 to 0.85.
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Figure 6.8 The change of mass concentration of QNA Ag.
The mass concentration of QNA Ag sample at different preparation concentrations
were stable, the mass concentration of QNA Ag at 100-ppm increased from 18 to 27 ppm

after 30 min.
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Particle size (nm)

6.4.3.2 The dispersant measurements of commercial NF Cu10

Similarly, the NTA results of commercial NF Cu10 at different preparation concentrations (10,

50 and 100 ppm) were also monitored (Figure 6.9 to 6.11). It was observed that in most

measurements the D50s of NF Cu10 were very closed to their mean sizes - even the 10 ppm

of NF Cu10 suspensions was considered to be a normal distribution (mode * = D50 W =

Mean @) rather than positively skewed distribution. In other words, they had as many smaller

particles as larger particles, with an average peak around 170 nm, while the particle size of

the powder was only 10 - 30 nm.

The three different preparation concentrations of NF Cu10 suspensions showed the

maximum total concentration from 30 minutes at different time points, which demonstrated

that the total concentration of NF Cu10 suspensions varied greatly with time.
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Figure 6.9 Continuous NTA result of NF Cu10 at 10 ppm.

The total concentration increased until 10 minutes, at which point it had the smallest

size distribution.
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Figure 6.10 Continuous NTA result of NF Cu10 at 50 ppm.

The total concentration and size distribution increased until 20 minutes, followed by

declined.
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Figure 6.11 Continuous NTA result of NF Cu10 at 100 ppm.

The total concentration decreased for 30 minutes, and the last measurement was at 24

minutes.
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The span values and mass concentrations of NF Cu10 using Equation (4-1) and (6-3) are

shown in Figure 6.12 and 6.13. Between 10 and 30 min, it was found the span value of NF
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Cu10 varied with its preparation concentration. The span of NF Cu10 at 100 ppm increased
to 1.5 after decreasing at first 10 min, and that of 50- and 10-ppm suspensions also showed
inflection points. On the other hand, the mass concentrations of NF Cu10 suspensions at 10
and 50 ppm were observed to be fluctuated during 30 min, it was found that a 100-ppm Cu10
suspension was practically only about 0.01 ppm at 24 minutes. Theoretically, when the solid
solution mass is equal, the preparation concentration of the particles is inversely proportional
to the particle size and mass. However, in the case of NF Cu10 suspensions, it had much
lower mass concentrations than QNA Ag, although its density and size are lower. These
proved again that the NF Cu10 suspension was poorly dispersed, and this situation becomes
worse at higher preparation concentrations, which is inconsistent with the ratio of
gravitational force to Brownian forces. In conclusion, an increase in the preparation
concentration of NF Cu10 resulted in larger size distributions (higher span value) and

unstable mass concentrations.
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Figure 6.12 The change of span value of NF Cu10.
The span value of NF Cu10 at 100 ppm increased to 1.5 after decreasing at first 10

minutes, and that of 50- and 10-ppm suspensions also showed inflection points.
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Figure 6.13 The change of mass concentration of NF Cu10.

The 100 ppm of Cu10 suspension was practically about 0.01 ppm at 24 minutes and

10- and 50-ppm suspensions were even lower.

6.4.3.3 The dispersant measurements of commercial CuUAg

Figure 6.14 to 6.16 show the NTA results of commercial CuAg at three preparation
concentrations (10, 50 and 100 ppm). With assistance of surfactant, CuAg suspensions
generally gained well dispersibility. It was found that during this period, the D10-to-D90 range
of CuAg suspensions below 50 ppm remained stable overall, while that of 100 ppm
suspension gradually increased (moved up) but the size distribution was the opposite. This
also caused an increase in the size distribution of the sample. In the first two measurements
of CuAg at 100 ppm showed a positively skewed distribution (mode * < D50 M < mean @),
while the last two measurements were found to be negatively skewed (mean ® < D50 M <
mode *). At concentration of 10 and 100 ppm, the maximum total concentration from 39
minutes of CuAg was found at the beginning, while that of 50 ppm suspension was found at

10 min.
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Figure 6.14 Continuous NTA result of CuAg at 10 ppm.
During the measurement, the total concentration decreased and the size distribution
was little increased.
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Figure 6.15 Continuous NTA result of CuAg at 50 ppm.

The total concentration increased until 10 minutes, at which point it had the smallest

size distribution.
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Figure 6.16 Continuous NTA result of CuAg at 100 ppm.
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During the measurement, the total concentration decreased, while the size distribution

was the opposite.

Moreover, the span values and mass concentrations of CuAg using Equation (4-1) and (6-

3) were, respectively, presented in Figure 6.17 and 6.18. Interestingly, it was observed that

the span of CuAg at 100 ppm was between 10 and 50 ppm of the corresponding sample

except that the last measurement of the 100-ppm sample dropped rapidly from 1.15 to 0.65.

However, the mass concentration of CuAg at 100 ppm was basically at the same level of that

of 50 ppm. During 30 minutes, the 50 ppm of CuAg suspension reached its maximum total

concentration from 30 minutes at 10 min, at which point was even higher than all

measurements of 100 ppm of CuAg, and then sharply declined. The reason for this very high

concentration point is uncertain, it may be a status of complete distribution before

aggregation and settlement, because it takes time for nanoparticles to diffuse. The total

concentrations of CuAg at 10 ppm suspension did not change much and that of 100 ppm

constantly dropped during 30 min. The general mass concentrations of CuAg suspensions

were slightly lower than that of QNA Ag but higher than NF Cu10 suspensions, which had

the same relationship as the ratio of gravitational force to Brownian forces and zeta-potential

among three samples. All this suggested CuAg suspensions prepared with high

concentrations may require more surfactant (NH.OH) for the purpose of better dispersion.

Nevertheless, it still provides high killing efficiency against Gram-negative bacteria (P.

aeruginosa) and Gram-positive bacteria (S. aureus), which still can be further improved by

simple modifications.
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Figure 6.17 The change of span value of CuAg.
It was observed that the span of CuAg at 100 ppm was between 10 and 50 ppm of the
corresponding sample except that the last measurement of the 100-ppm sample dropped
rapidly from 1.15 to 0.65.
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Figure 6.18 The change of mass concentration of CuAg.
The total concentrations of CuAg at 10 ppm suspension did not change much and that
of 100 ppm constantly dropped during 30 min. The overall mass concentrations of CuAg
suspensions were slightly lower than that of QNA Ag but higher than NF Cu10

suspensions.
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6.4.3.4 The dispersant measurements of engineered AMNP2

It can be seen from Figure 6.19 to 6.21, the D10-to-D90 range of AMNP2 suspensions at
three preparation concentrations (10, 50 and 100 ppm), respectively, increased steadily. All
size distributions of AMNP2 were considered as positively skewed distribution (mode * <
D50 M < mean @). To the opposite of CuAg suspensions, all the maximum total
concentrations from 30 minutes of AMNP2 had an initial ascent before a decline trend. The
maximum total concentration of AMNP2 at 100 ppm was found at 10 min, while that of other
two preparation concentrations were found at 20 min. This may because increasing the
preparation concentration intensifies particles colliding with each other resulting in earlier

intense aggregation and settling.
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Figure 6.19 Continuous NTA result of AMNP2 at 10 ppm.
The total concentration increased until 20 minutes, and the size distribution was

slightly increased during the measurement.
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Figure 6.20 Continuous NTA result of AMNP2 at 50 ppm.
The total concentration increased until 20 minutes, and the size distribution was
increased after 10 minutes.
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Figure 6.21 Continuous NTA result of AMNP2 at 100 ppm.

The total concentration increased until 10 minutes, and the size distribution was

increased. Increasing the preparation concentration intensified particles colliding resulting

in earlier intense aggregation and settling.
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In Figure 6.22 and 6.23, the obvious changes of span values and mass concentration using
Equation (4-1) and (6-3) varied with increasing preparation concentrations. Similar to CuAg,
the span of AMNP2 at 100 ppm was found between the other two preparation concentrations
(10 and 50 ppm). In contrast, the mass concentration of AMNP2 at 100 ppm was
approximately doubled as many as that of 50 ppm at the beginning. Similarly, all the mass
concentrations of AMNP2 had an initial ascent before a decline trend, which may be a
completely distributed state before aggregation and settlement. It is less likely to be a
measurement error since the measurements were made in triplicate and this have been
observed from different samples or concentrations many times. All three preparation
concentrations of AMNP2 had approximately 10 ppm of mass concentration after 30 minutes.
It can be seen that, although AMNP2 contains Ag element without surfactant treatments, it
overall performed better stability in water than CuAg. This can also be seen in Table 6.1, the
ratio of gravitational force to Brownian forces of AMNP2 was much lower than that of QNA

Ag and CuAg. As a result, it had better killing efficiency of bacteria.
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Figure 6.22 The change of span value of AMNP2.
The span value of AMNP2 at 100 ppm was found between the other two preparation

concentrations.
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Figure 6.23 The change of mass concentration of AMNP2.
The AMNP2 suspension at 100 ppm was approximately doubled as many as that of 50
ppm at the beginning. All three preparation concentrations of AMNP2 had approximately 10

ppm of mass concentration after 30 min.

6.5 Summary

The theoretical calculations were calculated at the beginning of this chapter. The difference
between NFCu10 and the other three can only be seen in the order of magnitude, which was
a bit far from the practical measurement today due to the combined effect of gravity, Brownian
motion, pH, zeta potential, etc. Besides, this estimation does not take in account

concentration or surface treatment.

The QNA Ag and QNA Cu nanoparticles were measured in the supernatant study in total of
5 days. The size distributions of QNA Ag were slightly increased, while the hydrodynamic
particle concentration and size distribution of QNA Cu fluctuated. The dispersant results
found that when the solutes of different nanoparticles were equal, increasing the preparation
concentrations of QNA Ag brought a slight increase in size distribution but greater increase
in mass concentration. All preparation concentrations of NF Cu 10 suspensions occurred
great change of size distributions and mass concentrations. An appropriate processing is
required to improve its stability. This situation also happened at higher preparation
concentrations above 10 ppm of CuAg suspension, the mass concentration of CuAg at 100

ppm was lower than that of 50-ppm sample after 30 minutes, which was suggested to be
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modified by adding more surfactant than QNA Ag. Although AMNP2 formulation contains
element Ag without any surfactant treatment, it performed the best intrinsic stability among
all nanoparticle so it had the best killing efficiency. In addition, the mass concentration
reached the highest values between 20 and 30 minutes, during which time it is recommended
to incorporate it into the PMMA polymer. Overall, the level of antimicrobial efficacy appeared

to be highly dependent on their hydrodynamic sizes and stability.

On the other hand, this measurement method used NTA as only facility and consider
nanoparticles as a collection of data instead of a group of single data point so that it can
reflect on the overall characteristics and changes. This method can also reveal the difference
of the same nanoparticle suspensions changing over time for the purpose of preparation
selection and enhancement. In many measurements, the relationship between total
hydrodynamic concentration and size distribution of the suspension was the opposite —when
the particle concentration was lower, the size distribution was greater, and vice versa since
the solutes of the nanoparticle were constant. This situation occurred more often at high
concentrations, and this NTA processing method fully reflected that the agglomeration of
nanoparticles caused the increase in size distribution and the decrease in the number of
particles (particle concentration). Eventually, it is necessary to explore optimal parameters

for processing nanoparticle suspensions, especially for the suspension with poor stability.
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CHAPTER 7 OPTIMISATION OF NANOPARTICLE DISPERSION PARAMETERS AND
EXPLOITATION OF ALTERNATIVE PROCESSING METHOD

7.1 Introduction

This chapter separately explored two processing methods for the purpose of maximising the
particle concentrations and obtaining monodispersed nanoparticle suspensions, which could
create a stable hydrodynamic environment of nanoparticle in aqueous solution for microbial

exposure and polymer incorporation.

According to previous chapters, two alloy nanoparticles (CuAg and CuZn) need to find
optimal dispersing conditions for obtaining stable suspensions as they showed to have
antimicrobial property. CuAg and CuZn suspensions were sonicated for 2 and 10 min,
respectively, and their size distributions and zeta potential values were measured using NTA
and Zetasizer in order to explore the differences in resulting physiochemical properties. A
procedure operation of calibration of delivered power of sonication was performed to
calculate the energy density of the preparation process. It describes the amount of energy
transferred to a suspension per unit volume so that the preparation of nanoparticles can be

described thermodynamically.

The alternative processing method is to use microwaves instead of sonication to prepare Cu
NP suspensions for higher dispersion properties as their sonicated suspensions have poor
dispersion. NTA was used to measure the size distribution of NF Cul0 NPs prepared at
different temperatures, which is hoped to obtain a more uniform and monodispersed

suspension than sonicated one.

7.2 Nanomaterials

7.2.0 General

All engineered and commercial nanoparticle samples were used as received and stored a in

dark and well-ventilated cupboard. Please see Section 5.2.0.
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7.2.1 Copper

Commercial powder NF Cu10 was purchased from Suzhou Canfuo Nano Technology, it was
claimed to have 10 - 30 nm particle size range and a spherical shape. The details of this

nanomaterials are identical to chapter previously reported, please refer to Section 3.2.3.
7.2.2 CuAg and CuZn alloys

The alloy nanoparticles CuZn and CuAg were purchased from Sigma-Aldrich (Dorset, UK).
NH.OH (Fisher Scientific®, UK) was added to treat CuAg NPs prior to the sonication process.
The details of both nanomaterials are identical to chapter previously reported, please refer
to Section 3.2.4.

7.3 Instrumentation and methodology
7.3.1 Preparations of nanoparticle dispersions

All nanoparticles were weighed using a microbalance (Shimadzu, Japan). A titanium alloy Ti-
Al-V liquid processor (Sonics & Materials®, USA, VC-750, @ 13 mm, 750 W output power,
20 kHz) was used to disperse nanoparticle suspensions prior their physiochemical analyses.

Please refer to Section 4.3.1 for the specification of sonication.
7.3.2 Calculation of delivered power of sonication (energy density).

The calorimetric method of sonication can be employed for the direct measurement of the
temperature increase during sonication, from which the effective delivered acoustic energy
is calculated [219]. To determine the calorimetric curves, following Equation (7-1) is
employed to calculate the power (P) that effective delivered into the suspension based on a

temperature (T') vs. time (t) curve:

P=%Lmc

dac P (7-1)

Where %, C, and m are the slope of the regression curve, the specific heat of water and the

mass, respectively. Probe sonication is as well operated either by continuous or pulsed mode.
The pulsed mode refers to the device regularly generate vibrations, which has a better ability
to maintain temperature steady. Specifically, the totally amount of energy (E) delivered to a
suspension is measured as:
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E=Pxt¢ (7-2)

where P is the applied power and t is the total amount of on-pulse time. The duration of off-
intervals can decelerate the rate of increase in temperature, which helps avoid agglomeration

and subsequent settlement caused by particle collisions [220].

7.3.3 Analysis of the effects of sonication duration on alloy nanoparticles.

Concentrations of 100 ppm samples were prepared using 3 mg of CuAg and CuZn NPs of
which were dispersed in 30 mL of Acros pure particle-free water using high power sonication
for 2 and 10 min, respectively. After that, they were further diluted into 50 and 10 ppm. Three
different concentrations of both sample suspension were collected in triplicate using NTA.

Please see Section 4.3.2 for the specification of NTA.

7.3.4 The D-value

A D-value can be thought of the cumulative undersize distribution showing the relative
amount at/below a certain size. Usually, D10, D50 and D90 are used to investigate a particle

size distribution curve. Please see Section 4.3.3 for more explanations.

7.3.5 Interpretative method for particle concentrations and distributions

The nanopatrticle size distributions were interpreted using the “vertical view”, where the size
distribution graphs were presented side by side. The results of each suspension at different
times are displayed on the x-axis and consists of five different symbols in a collinear line with
different representative symbols. In addition, right y-axis shows a total concentration of the

nanoparticle represented by grey bars. Please see Section 6.3.6 for more explanations.
7.3.6 DLS measurement of alloy nanoparticles

The hydrodynamic size and zeta potentials (mV) were measured using a Zetasizer Nano ZS
(Malvern Panalytical, UK). All CuAg and CuZn samples were measured in triplicates at 25 °C

with electrophoretic light scattering method. The most hydrodynamic sizes were acquired

from each single replicate, the average sizes and zeta potentials with standard deviation
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were calculated from all replicates. The details of this methods are identical to chapter

previously reported, please see Section 4.3.6.

7.3.7 Analysis of the impurity concentration generated by sonication.

After sonication, the debris, that have generated by sonication probe, was found to be as an
impurity in the prepared suspension. To determine the degree of contamination of the
suspension, 20 ml of pure particle-free water without adding any nanopatrticles was sonicated
for 2 and 10 min. After each sonication, the concentration of the impurity was collected in

triplicate using NTA. Please see Section 4.3.2 for the specification of NTA.
7.3.8 Analysis of microwave processing samples

Concentrations of 50/100 ppm samples were prepared using 1/2 mg NF Cu10 of which were
dispersed in 20 mL of Acros pure particle-free water using microwave reactor (CEM discovery
SP). A Teflon magnetic or glass stirrer was used to mix the samples. Each sample was,
respectively, heated up to 50, 100 and 150 °C with high stirring level. They were held for 2
minutes and then cooled down to room temperature. The programs are shown in Figure 7.1.
All samples were collected in ftriplicate using NTA. Please see Section 4.3.2 for the

specification of NTA.
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Figure 7.1 Three programs of microwave heating of nanoparticles.
Each sample was, respectively, heated up to 50, 100 and 150 °C, followed by holding

for 2 minutes and cooled down to room temperature.
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7.4 Results and discussion

7.4.1 The calculation of delivered power of sonication (energy density).

In our lab, the operation of calculation of energy density was shown in Figure 7.2, which
steps are further presented in Appendix C. Sonication powers at each amplitude were
calculated using Equation (7-1) before it recorded as calorimetric curves at different device

output settings in Figure 7.3.

Figure 7.2 Setup for the measurement of probe sonication calorimetric curves.
The sonication probe is immersed into a glass beaker with 500 mL of water and the
probe immersion depth is 2.5 cm below the liquid surface. The temperature probe is fixed

at a depth of 2.5 cm and 1 cm away from the sonication probe.
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Figure 7.3 Temperature increases as function of sonication time from 20% to 60%

amplitude.

Figure 7.4 showed the relationship between the calculated output power and the amplitude.
Five different amplitude settings unexpectedly form a sigmoidal curve that may need a
complex polynomial. It was considered that a linear fit has only been done from 30 to 53%
amplitude, because exclusive amplitudes are relatively inappropriate to disperse
suspensions. Eventually, an accurate linear (R?-value > 0.99) was obtained to assist following
study.

Thus, the suffered energy of suspension at 40% amplitude during sonication can be

calculated using Equation (7-2). As a result, the sonication power at 40% amplitude was
Pyoo, = % X 486.2 g x 4200 /(kg - K) = 17 W. Moreover, the total energy of 2- and 10-

minute sonication (cycles between 20 seconds on-pulse and 5 seconds off-pulse) were,
respectively, 2,040 and 10,200 J. For the energy applied to a 30-ml suspension, the energy
density (the amount of energy transferred per unit volume) of 2- and 10-minute sonication
were, respectively, 68 and 340 J/ml. The effect of sonication duration on nanoparticle
dispersions will be discussed in next section.
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Figure 7.4 Sonication power as function of probe amplitude. A linear fit was achieved
from 30 to 53% amplitude.

7.4.2 The effects of delivered power on alloy nanoparticles.

7.4.2.1 NTA analysis of CuAg and CuZn alloys

The CuAg and CuZn suspensions at different concentrations (10, 50 and 100 ppm) were
prepared using sonication for 2 and 10 min, respectively, and these two different sonication
durations represented different energy density. The results were measured by NTA and
shown in Figure 7.5 and 7.6. For two different sonication durations, the hydrodynamic size
distributions (between D10 to D90) of CuAg suspensions for 10 minutes were smaller than
that of 2 minutes indicating smaller size distribution. Their mode sizes measured by NTA
were generally around 100 nm, but their mean size for 2- and 10-minute were, respectively,
about 160 and 133 nm. The total concentrations (grey bars) of 10-minute sample of CuAg

were slightly lower than that of 2-minute ones as well.
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Figure 7.5 The NTA results of CuAg sonicated for (a) 2-minute and (b) 10-minute
duration at 10, 50 and 100 ppm.

The size distributions (D10 to D90) of CuAg suspensions for 10 minutes were smaller

than that of 2 minutes and their mode sizes were generally around 100 nm.

To the opposite of CuAg suspensions, in Figure 7.6, CuZn suspensions subjected to

sonication for 2 minutes and 10 minutes were quite different. The hydrodynamic size
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distribution (D10 to D90) of 10-minute duration of CuZn at 10 ppm was in the range between
150 and 550 nm, which was much wider than that of 2-minute samples (between 97 to 275).
This was also seen at 50 and 100 ppm of CuZn suspensions, the size distributions of CuZn
suspensions for 2 minutes were both between 114 to 290 nm, while that of 10 minutes were
between 100 to 330 nm.

Besides, at all three preparation concentrations (10, 50 and 100 ppm), 10-minute duration of
CuZn suspensions had lower total concentrations than that of 2 minutes. According to last
chapter, it was known that the agglomeration of nanoparticles caused the increase in size
distribution and the decrease in hydrodynamic particle concentration. Apart from the nature
that nanoparticles are prone to form aggregates and settled, longer sonication caused the
excess energy not only cause overheating leading to the decrease of liquid cavitation

strength, but also more energy to increase particle collisions [220].
And this can be reflected thermodynamically that the total energy delivered to solution in 10-

minute sonication duration (10,200 J) was much more energy than that of 2-minute (2040 J),

which was the same regarding energy density (equals to 340 and 68J/ml)
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Figure 7.6 The NTA results of CuZn sonicated for (a) 2-minute and (b) 10-minute

duration at 10, 50 and 100 ppm.

10-minute duration of CuZn had wider size distributions (D10 to D90) and lower total

concentrations than that of 2-minute samples.
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7.4.2.2 DLS analysis of CuAg and CuZn alloys

After NTA measurement, 10, 50 and 100 ppm of CuAg and CuZn suspensions were then
measured using Zetasizer in triplicate. As can be seen in Table 7.2, the suspensions of CuAg
with 10-minute sonication duration showed less aggregation, it was the same when
suspensions were diluted into low concentrations without further modified treatments.
Meanwhile, the zeta potential values of CuAg suspensions for both sonication durations were
on the same level closed to -30 mV, which inferred Brownian forces dominate over

gravitational forces so that suspensions appear to be stable based on DLVO theory [211].

Table 7.1 The results of 2-minute and 10-minute sonication duration of CuAg
suspensions measured by Zetasizer.
The suspensions of CuAg with 10-minute sonication duration showed less
aggregation, and no obvious changes of zeta potential were observed for CuAg

suspensions.

CuAg suspensions 2 min 10 min
Most hydrodynamic 243.4,268.5,321.7  |243.4, 2685, 321.7
sizes (d.nm)
10 ppm
Average size (d.nm) 220+1.6 165+4.3
Zeta potential (mV) -25.8+1.1 -25.8+0.7
Most hydrodynamic 202,218.1,261.4  |144.7,155.6, 166.3
sizes (d.nm)
50 ppm
Average size (d.nm) 176+2.8 126+1.9
Zeta potential (mV) -39.5+0.8 -37+0.7
Most hydrodynamic 186.2,204.9, 233 |140.4, 148.9, 155.6
sizes (d.nm)
100 ppm
Average size (d.nm) 163+£1.8 118+0.8
Zeta potential (mV) -40.5+0.6 -37.8+0.7

For 10-minute sonication duration of CuZn suspensions given in Table 7.3, they had huge
average sizes with high deviation as well as lower absolute zeta potential values. A special
attention was given to the 50-ppm CuZn suspension of 10-minute sonication duration,
although it had a great zeta potential value (-23.2 mV), the average size (1593 nm) was more
than 1.5 ym, which was huger than10 ppm and 100 ppm of CuZn for 10 min. Generally, CuZn
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suspensions sonicated for 10 minutes were inferior to 2-minute duration, this may be due to
increased collision frequency between the nanoparticles upon sonication. No obvious

changes of zeta potential were observed for CuZn suspensions.

Table 7.2 The results of 2-minute and 10-minute sonication of CuZn suspensions
measured by Zetasizer.
10-minute sonication of CuZn had huge average sizes with high deviation. No obvious

changes of zeta potential were observed for CuZn suspensions.

CuZn suspensions 2 min 10 min
Most hydrodynamic 728.9,819.8, 1115 P20.3, 532.7, 532.9
sizes (d.nm)
10 ppm
Average size (d.nm) 1089+164.2 5381111
Zeta potential (mV) -8+1.6 -17.8+1.3
Most hydrodynamic 341,374.9,602.7 | 1351, 1399, 1449
sizes (d.nm)
50 ppm
Average size (d.nm) 460122.5 1593+76.4
Zeta potential (mV) 24+0.6 -23.210.9
Most hydrodynamic 679.8, 693.5, 729.4 | 1154, 1245, 1878
sizes (d.nm)
100 ppm
Average size (d.nm) 583+18.3 1324+39.8
Zeta potential (mV) 21.7+0.6 11.6+1.2

7.4.2.3 Consideration of contaminations from sonication tip

20 mL of pure water was sonicated for 2 and 10 min, respectively, i.e., they were suffered
for, different energy density. As can be seen in Figure 7.7, the concentration of impurity
increased with duration of sonication and the mode size of debris was around 80 nm. For
usual preparation (2 min), the total concentration was around 1.18 x 108 particle/ml, while
10-minute sonication duration generated up to 4.84 x 108 particle/ml of total concentration.
Thus, one should pay attention to the problem of ultrasonic treatment interfering with NTA
results. Luckily, according to the reference mentioned in Section 4.3.1, the probe made of

Ti-Al-V alloy shows no obvious antimicrobial effects.
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Figure 7.7 The concentrations of accumulative impurity sonicated for 2 minutes and
10 minutes (equals to different energy density).
It can be clearly seen that under the same scale, the total concentration of impurity

increased with duration of sonication and the mode size of debris was around 80 nm.

7.4.2.4 Summary

The sonication technique uses acoustic waves to break down the agglomeration of
nanoparticles and disperse nanoparticles in a suspension. As two promising antimicrobial
agents for the purpose of higher microbial exposure and polymer incorporation, CuAg and
CuZn suspensions of various concentrations were, respectively, suffered from 2- and 10-
minute sonication durations (equals to different energy density), and it can be concluded 2-
minute sonication duration was more suitable for most nanoparticle preparations to obtain
stable nanoparticle suspension which avoid overheating, particle collisions and
contamination, especially for suspensions without surfactant treatments (only two of our
samples were treated). lon release was not measured since they were much lower than the
limit of quantification. Neither there were not significant changes of zeta potential values on
different sonication durations observed which was in agreement with the previous reference
[42]. Therefore, it can be inferred that a long duration of sonication may not improve the

stability and antimicrobial effects of nanoparticles.
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7.4.3 Cu nanoparticle dispersion using microwave processing.

7.4.3.1 NTA analysis of microwaved Cu suspensions

According to the previous results, the sonicated NF CulO suspension showed poor
dispersion and our study indicated that the contamination from sonication increased with
duration of sonication, it is obvious that the concentration of tip debris could be too high,
affecting the accuracy of NTA measurement. Therefore, an alternative method using

microwave was developed to prepare Cu suspensions.

The NF CulO suspensions were prepared using microwave reactor with (a) Teflon or (b)
glass stirrer and the results were measured by NTA. As can be seen in Figure 7.8, with
increasing the limit of heating temperature, all samples were trend to narrow size distributions
and raise concentrations of nanoparticle, suggesting an improvement of dispersion. By
contrast, glass stirrer generated slightly wider size distributions (D10 to D90) than Teflon
stirrer but higher total concentrations (grey bars) of nanoparticle. The mode sizes of
nanoparticles for both stirrers were mostly observed near 100 nm, which were smaller than

sonicated counterparts. Please refer to Figure 4.6a.
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Figure 7.8 The NTA results of NF Cu10 at 50 ppm when microwave reactor with (a)

With increasing the limit of heating temperature more than 50 °C, the size distributions were

smaller and the total concentrations of nanoparticle raise. Glass stirrer generated wider

nanoparticle.

size distributions than Teflon stirrer but higher total concentrations (grey bars) of
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Figure 7.9 shows the hydrodynamic particle concentration and size distribution of NF Cu10
NP at 100 ppm when using (a) Teflon or (b) glass stirrer. At 10 and 50 ppm, glass stirrer
generated larger size distributions (D10 to D90) and higher total concentrations (grey bars)
then Teflon stirrer, but the mode sizes of samples for both stirrers were slightly far from 100
nm. NF Cu10 suspensions prepared below 100 °C of maximum heating temperature were
less concentrated than sonicated counterparts, while samples heated at 150 °C displayed

more desired distributions, especially the samples using Teflon stirrer.

Additionally, it is worth mentioning that microwave heating is able to avoid uncontrolled
overheating as there is rapid cooling system by compressed air and heating temperature is
controlled and recorded by microwave program, as displayed in Figure 7.10. Therefore, the
energy density for processing a suspension can be controlled appropriately. A certain
temperature higher than 150°C could potentially generated a better suspension than

sonication.
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Figure 7.9 The NTA results of NF Cu10 at 100 ppm when microwave reactor with (a)

Teflon or (b) glass magnetic stirrer was heated up to 50, 100 and 150 °C.

NF Cu10 suspensions prepared with Teflon stirrer and increasing temperature

displayed more desired distributions.
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Figure 7.10 A sample of NF Cu10 record at 100 ppm concentration using microwave
reactor heated up to 150°C.

7.4.3.2 Summary and future perspectives

In conclusion, the hydrodynamic concentrations and size distribution of nanoparticles varies
with preparation conditions. The results demonstrated that nanoparticle suspensions at
different concentrations exhibit better dispersion properties when the microwave reactor
increases the limit of heating temperature. A certain temperature higher than 150°C could
potentially generate a better suspension than sonication. In the meantime, glass and Teflon
stirrer showed different advantages — the glass stirrer provided higher particle concentrations
while the Teflon stirrer displayed narrower size distributions.
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Figure 7.11 Sustainable microwave heating and NTA detecting system.
This system can continuously measure the size distribution of nanoparticle using NTA

and effectively change preparation process of multiple conditions.

In Figure 7.11, a novel process method was developed allowing to measure samples using
NTA during preparation process. Combined with our method of NTA measurement in last
chapter, one enables to continuously measure the hydrodynamic size distribution of
nanoparticle using NTA and effectively change preparation process of multiple conditions
(such as temperature, flow rate and concentration) at the same time. The most important
advantage of this system is the solution can avoid contamination from environment and
overheating of nanopatrticle during process. In the meantime, no transportation of sample
requires which may also avoid contact with skin or eyes and inhalation of vapour or mist. The
whole procedure is fully computer-controlled.
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CHARPTER 8 CONCLUSION AND FUTURE WORK

8.1 Summary of findings

Various sizes of Tungsten (W), Copper (Cu), Silver (Ag), Zinc (Zn) and their derivatives were

investigated in this study. Several methods were developed to assist the study and numerous

challenges have been addressed. The achievements and findings of this work are

summarised as follows:

1)

)

Engineered and commercial nanoparticles were characterized via various facilities.
SEM observed that the sizes of all particles were slightly larger than expectation. The
shape of these particles including needle-like, sphere, cubic, etc. were also detected.
XRD methods obtained the crystal structure and chemical compositions of certain
materials, analysis from FTIR and Raman spectroscopy suggested the present of
organic/inorganic components in some of these nanoparticles. ICP-OES analytical
experiments successfully determined main elements purities of samples and
emission intensities of minor elements which were fully digested using microwave
assist method prior quantitative ICP-OES analysis. Based on the atomic ratio of
elements from elemental analysis, formula for CuAg and CuZn nanoparticles were

eventually calculated (CuAgas2 and Cuz.3Zn;).

Nanoparticle suspensions were prepared from powder nanoparticles and treated well.
NTA analysis measured the hydrodynamic particle concentration and size distribution
of nanoparticle suspensions. The suspension properties were analysed by mean,
median, mode size as well as span value. Additionally, metal ion leaching from the
supernatant of each nanoparticle suspension was also carried out. It was noticed that
the leaching properties of commercial and engineered nanoparticles performed
differently in ion release effect, which were not directly related to their purity. The ion
release study among CuO, alloy nanoparticles and AMNP3 also suggested ion
release may not only depend on their types of forms but also pH levels and salt effect.
The pH measurement and zeta potential of suspensions were also determined to
understand their dispersibility. The pH of all samples was generally in the range
between 6 and 7, the highest pH was from QNA CuO. The zeta potential of all
samples was mostly negative, QNA Ag, CuAg and AMNP2 suspensions were

considered the most stable suspensions.
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(3) Given antimicrobial results of various nanoparticles against P. aeruginosa and S.
aureus, it was proved that the antimicrobial effects can be attributed to many factors.
First of all, only certain metals enable to inhibit bacteria, most of which are transition
metals such as Cu, Ag, Zn, etc. Secondly, a solution of smaller particle size was more
effectively to kill bacteria due to higher ratio of surface area to volume. Extreme tiny
nanoparticles can even Kill bacteria by penetrating the cell wall of bacteria and/or
uptaking into cells. The shape of particle also influenced the antimicrobial effect.
Thirdly, overproduction of ROS and ions can chemically inhibit bacteria by causing
cellular dysfunction. It was found that the combination of multi-elements exerted a
synergetic effect which allows less concentration but more effective in killing bacteria.
Apart from elements themself, other factors such as pH, stability and modified
treatment may also contribute on this effect. There may be an additional concern that
the toxicity of solution should be under control of safety levels. Overall, alloy
nanoparticle CuAg and CuZn showed the most promising physiochemical and

antimicrobial characteristics, this is likely associated to their synergetic nature.

(4) To explore chances of nanoparticles exposure to the microbes and optimum
incorporation into PMMA fibres, two different NTA methods were carried out. The QNA
Ag and QNA Cu nanoparticles were measured in the supernatant study in total of 5
days. The size distributions of QNA Ag were slightly increased, while the
hydrodynamic particle concentration and size distribution of QNA Cu were fluctuated.
Later, the nanoparticle dispersant study was used to measure the stability of
nanoparticle changing over time. QNA Ag and CuAg suspensions were surface-
treated with NH4OH and were dispersed well, except CuAg suspension at 100 ppm
had lower mass concentration than 50-ppm sample after 30 min, which was
suggested to be modified by adding more surfactant than QNA Ag. The 100 ppm of
Cu10 suspension was practically about 0.01 ppm at 24 minutes and 10- and 50-ppm
suspensions were even lower. The mass concentration of AMMP2 formulation
reached the highest values between 20 and 30 minutes, during which time it is
recommended to incorporate it into the PMMA polymer. Overall, the level of
antimicrobial efficacy appeared to be highly dependent on their hydrodynamic sizes

and stability.

(5) A thermodynamics measurement for sonication duration, allowing the determination
of the energy density delivered to a liquid medium, was calculated. Taking CuAg and

CuZn as promising antimicrobial agents, it was found that the size of un-modified
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CuZn suspension of nanoparticles increased with increasing sonication duration,
while the NH4sOH-treated CuAg suspensions slightly lessened size with increasing
sonication duration. For longer sonication duration, there was not significant change
of zeta potential observed but impurity increased. In summary, 2-minute sonication
duration was suitable for most processing preparation due to avoiding overheating,
particle collisions and contamination. Therefore, a long duration of sonication may

not improve the stability and antimicrobial effects of nanoparticles.

(6) Another process method based on microwave reactor was developed as an
alternative method to process nanoparticle suspensions at different conditions
including temperature, process time, concentration and type of stirrers. Increasing
the limit of heating temperature using glass or Teflon stirrers enhanced the dispersion
of nanoparticle, but both stirrers expressed different advantages in narrowing size
distributions and raising particle concentrations. A certain temperature higher than
150°C could potentially generated a better suspension than sonication. Combined
with our previous processing method of NTA measurement in Chapter 6, this method
could further turn into a part of continuously “microwave heating and NTA detecting”
system to effectively process preparation, which avoids overheating of nanoparticles

and contaminations at the same time during processing.
8.2 Future work

This research has shown various characterisations for antimicrobial nanoparticles. The study
can further give an understanding regarding the stability of dispersion. The nanoparticle size
could be further modified by milling to enhance ratio of surface area to volume. Further
modification on nanoparticle solutions can be modified by changing pH (using buffer) to
stabilize zeta potential of suspension. Avoiding adverse effects may also be taken in

consideration when additional modifying agents are used.

Moreover, the dispersion property of nanoparticle solution can further be investigated using
sustainable microwave heating and NTA detecting system which allows to optimize
preparation conditions and observe particle distribution simultaneously. The advantage of
this method is clean, safe, effective and full computer controlled. As the fact that the
combination of multiply metals show synergy effects, a chemical synthesis of intermetallic
compounds/alloy nanoparticle using microwave reactor can be carried out to properly

customize process preparation and be finally incorporated into PMMA fibres.
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Still, the antimicrobial activity of nanoparticle requires further understanding as well. NTA can

be proposed to measure the number of nanoparticles in the suspension before and after

exposure to bacteria in order to determine how many nanoparticles are attached to the

bacteria cells. For example, if it is found that the concentration of nanoparticles is greatly

decreased after an antibacterial activity, it may indicate that the nanoparticle tends to Kkill

bacteria via attachment. Conversely, if the concentration of nanoparticles does not change,

it may indicate that it kills bacteria via other mechanisms, such as ion release. A schematic

figure of this assumption using NTA is displayed in Figure 8.1.
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Figure 8.1 A schematic figure of proposal to use NTA to detect whether the
nanoparticles are attached to the bacteria cells.

There may be two possible situations: (1) the concentration of nanoparticles A is

decreased after the antimicrobial activity against bacteria C; or (2) the concentration of

nanoparticle B is remained the same after the antimicrobial activity against bacteria D.
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APPENDIX A = RESULTS OF LATEX STANDARDS FOR NANOPARTICLE TRACKING

ANALYSIS
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Figure 1 The size distributions of 100-nm PS latex standard at 100, 50 and 10 ppm
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Figure 2 The size distributions of 200-nm PS latex standard at 100, 50 and 10 ppm
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APPENDIX B — RESULTS OF PH AND ZETA POTENTIAL FOR ALL SAMPLES

Table 1 The raw data of pH and zeta potential

pH measurement

Suspensions |Concentration (ppm) |1st Measurement |2nd Measurement |3rd Measurement
10 7.21 7.18 7.2
SAWC 50 6.62 6.61 6.58
100 6.56 6.5 6.48
10 6.81 6.74 6.64
QNAWC 50 6.73 6.74 6.62
100 6.71 6.61 6.58
10 6.71 6.59 6.6
QNA Ag 50 6.82 6.8 6.78
100 6.98 6.96 6.93
10 6.92 7.04 7.04
Cul0 50 7.13 7.16 7.18
100 6.59 6.47 6.44
10 8.64 8.47 8.24
QNACu 50 8.04 8.77 7.82
100 7.78 6.95 7.1
10 6.63 6.55 6.53
NF CuO 50 7.04 7.05 7.04
100 6.76 6.66 6.59
10 6.63 6.55 6.53
QNACuO 50 7.04 7.05 7.04
100 6.76 6.66 6.59
10 7.06 6.99 7.18
CuAg 50 6.92 6.84 6.8
100 6.87 6.89 6.82
10 6.42 6.29 6.28
Cuzn 50 6.43 6.47 6.53
100 6.62 6.7 6.72
10 7.01 7 6.98
AVNP2 50 7.29 7.22 7.22
100 6.37 6.31 6.28
10 6.42 6.38 6.39
SAF1.1 50 6.52 6.66 6.71
100 6.87 6.91 6.99
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Zeta potential

Suspensions | Concentration (ppm) | 1st Measurement | 2nd Measurement | 3rd Measurement
10 -1.43 -3.09 -2.08
SAWC 50 -4.99 -5.57 -3.73
100 -11.3 -10.4 -8.38
10 -3.4 -4.07 -4.08
QNAWC 50 -17.9 -13.7 -20.8
100 -19.3 -32.3 -13.4
10 -30.1 -39.1 -24.9
QNA Ag 50 -21.7 -20.3 -22
100 -30.9 -28.9 -32
10 -6.53 -8.28 -9.41
Culo 50 -6.78 -8.94 -12.1
100 -2.16 -13.7 -10.6
10 -2.54 -12 -19.4
QNACu 50 -11.4 -20.7 -6.53
100 -4.51 0.47 0.39
10 -5.17 -6.65 -4.87
NF CuO 50 -2.32 -4.46 -5.91
100 -2.04 -1.98 -3.8
10 -5.96 -8.53 -8.46
QNA CuO 50 8.82 8.73 7.64
100 3.59 2.64 2.37
10 -27.6 -14.9 -14.9
CuAg 50 -20.8 -23.1 -22.6
100 -20.9 -18.1 -16.4
10 -8.02 -10.7 -10.5
Cuzn 50 8.08 6.84 4.9
100 16 16.7 15.8
10 -9.69 -7.64 -11.6
AVNP2 50 -22.6 -20.5 -18.8
100 -22.8 -24 -24.5
10 -5.35 -4.47 -7.96
SAF1.1 50 13.6 12.8 8.51
100 8.94 6.68 7.38
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APPENDIX C - STEPS FOR THE DETERMINATION OF DIRECT SONICATION
CALORMIETRIC CURVES

1. Fill a 600 mL cylindrical borosilicate beaker with 500 mL of de-ionized water
(resistivity =18 MQ.cm)

2. Determine the mass of the liquid using a top loading balance (first tare the empty
600 mL beaker).

3. Immerse the sonicator probe (horn) approximately 2.5 cm (1") below the liquid
surface.

4. Immerse a temperature probe connected to a temperature meter and data logger.
The probe tip should be about 1 cm away from the sonicator probe (Figure 1).

5. Select a sonicator output power setting and, operating in continuous mode,
record the water temperature increase for the initial 5 minutes. During sonication,
ensure that the beaker does not shift position, especially when operating at high
power settings; this can be accomplished, for instance, by using a clamp attached
to a ring stand.

6. Using the recorded values, create a temperature vs. time curve and obtain the
best linear fit for the curve using least squares regression.
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