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Recently, the presence of antibiotic-resistant bacteria in water is a major concern 

worldwide due to its adverse health effects. Conventional disinfection technologies, such 

as ultraviolet, ozone, and chlorine disinfection are currently used to inactivate antibiotic-

resistant bacteria in water. Conventional disinfection technologies not only produce 

byproducts but also selectively promote the survival of antibiotic-resistant bacteria. 

Nanoparticles (NPs), even in a small amounts, have potential benefits as novel materials in 

terms of inactivating pathogenic bacteria due to their strong antibacterial effect. However, 

because of issues pertaining to leaching, mobility, and the cost of NPs, their applications 

for water treatment have not been pursued earlier. Therefore, this study seeks to understand 

the development of NPs for water treatment applications by using alginate coating to 

encapsulate NPs.  

To study the development of NP-alginate beads, the antibacterial properties and 

toxicity mechanisms of different types of NPs (i.e., Industrial NPs, NPs derived from 

consumer products, and nanohybrids) were investigated on antibiotic-resistant bacteria 

(i.e., E. coli and P. aeruginosa). The study showed that the large surface area and dispersion 

of NPs enhanced the effect of antibacterial properties. ROS (reactive oxygen species) 



 
 

 
  

produced by NPs was the primary mechanism for inactivating the antibiotic-resistant 

bacteria.  

Based on the results of the effects of antibacterial properties and the mechanisms 

of NPs, novel nanocomposites for the removal of antibiotic-resistant bacteria in water were 

synthesized by encapsulating NPs in alginate-beads. NP-alginate beads were designed to 

prevent NP’s leaching into the water, and to promote the antibacterial properties of NPs 

through dispersion and increased surface areas. The results showed that the NP-alginate 

beads inactivated up to 99.1% of antibiotic-resistant bacteria and the bacterial inactivation 

increased with the increasing dose of NPs.  

In the current study, these NPs-alginate beads revealed efficacy with no by-product 

formed and proved cost-effective with just a small amount of NPs and are reusable in the 

treatment of antibiotic-resistant bacteria in water. Therefore, the alginate nanocomposites 

can be deemed as potential antimicrobial agents for water disinfection, and offer a new 

opportunity for a large-scale production for point-of-use treatment.



 
 

iii 
 

ACKNOWLEDGMENT 

I would like to express my sincere gratitude to my advisor, Dr. Sung Hee Joo. Along 

with her professional guidance, charismatic mentorship, and endless support, her 

dedication has been instrumental in achieving my goals. Thank you for everything you 

provided during my entire Ph.D. period. 

I would like to acknowledge my committee members, Dr. James Englehardt, Dr. 

Helena Solo-Gabriele, and Dr. Naresh Kumar for providing their valuable suggestions and 

individual efforts in helping me through this process. It has been a true pleasure to work 

with these terrific mentors. Dr. Pat Blackwelder and Dr. Michal Toborek also provided 

significant guidance and support during the development of this dissertation.  

I am indebted to Dr. Chunming Su at U.S. EPA for BET surface areas analysis, Dr. 

Joshua Cohn at UM Physics Department for XRD analysis, Dr. Minseo Park and Mr. Min 

Khanal at Auburn University for Raman spectroscopy analysis, Dr. Suraneni Prannoy and 

Mr. Sivakumar Ramanathan for TGA analysis, and Dr. Pat Blackwelder at UM Rosenstiel 

School of Marine & Atmospheric Science for her assistance on SEM and TEM image 

analysis. This research was supported by the U.S. Environmental Protection Agency 

through the Office of Research and Development (Award: EP 17Z000237) and the 

National Center for Environmental Research Award Program (Award: SU839293). 

I must also thank all my colleagues for their constant support, encouragement, and 

good friendship throughout my graduate career. They have truly made my time an 

enjoyable and memorable one in the lab.  



 
 

iv 
 

Most importantly, I am profoundly grateful to my parents, who have been a constant 

source of love, support, and encouragement at all times for longer than I can remember. I 

can’t thank you enough for encouraging me throughout this experience. Lastly, I thank my 

God, my good Father, for letting me through all the difficulties. I have experienced Your 

guidance day by day. You are the one who let me finish my degree. Thank you, Lord.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

v 
 

TABLE OF CONTENTS 

LIST OF FIGURES.........................................................................................................ix 

LIST OF TABLES........................................................................................................xiii 

LIST OF ABBREVIATIONS.....................................................................................xiv 

PUBLICATIONS...........................................................................................................xv 

CHAPTER 1: INTRODUCTION................................................................................1 

1.1. Study motivation and hypothesis.......................................................................2 

1.2. Objectives and scope ............................................................................................5 

CHAPTER 2: LITERATURE REVIEW...................................................................6 
2.1. Industrial and Consumer product derived nanoparticles...................................7 

2.1.1. Metal oxide nanoparticles and nanohybrids..............................................8 

2.2. The effects of coating materials on nanoparticles..........................................10 

2.3. Antibacterial effects nanoparticles on antibiotic-resistant bacteria...................13 

2.4. Toxicity mechanisms...............................................................................15 
CHAPTER 3: ANTIBACTERIAL EFFECTS OF NANOPARTICLES ON 
BACTERIA AND THEIR TOXICITY MECHANISMS...................................19 

3.1. Background..............................................................................................20 

3.2. Materials and Methods..............................................................................22 

3.2.1. Preparation of ZnO NPs and suspension.........................................22 

3.2.2. Characterization of ZnO NPs.....................................................24 

3.2.3. E. coli DH5-Alpha cultivation and exposure of ZnO NPs suspends.........25 

3.2.4. Assessment of ROS.................................................................................26 

3.2.5. Statistical analysis................................................................................... 27 

3.3. Results.....................................................................................................27 

3.3.1. ZnO NPs characterization......................................................................27 

3.3.2. Concentration-dependent toxicity of ZnO NPs on E.coli...............32 

3.3.3. ZnO NPs-induced ROS generation..................................................34 

3.4. Discussion and implications.......................................................................40 

3.5. Conclusions.......................................................................................................43 



 
 

vi 
 

CHAPTER 4: EFFECTS OF COATING MATERIALS ON ANTIBACTERIAL 
PROPERTIES OF TITANIUM-DIOXIDE NANOPARTICLES.......................45 

4.1. Background......................................................................................................46 

4.2. Materials and Methods.........................................................................48 

4.2.1. Nanoparticle preparation....................................................................48 

4.2.2. Characterization of TiO2 NPs..............................................................49 

4.2.3. E. coli DH5-Alpha cultivation and cell-viability analysis.....................50 

4.2.4. Quantification of ROS generation........................................................51 

4.2.5. Statistical analysis................................................................................52 

4.3. Results and discussion...................................................................................52 

4.3.1. Characterization of TiO2 NPs with and without coatings....................52 
4.3.2. The effect of coating materials on antibacterial properties of TiO2 NPs on 

E.coli ............................................................................................56 
4.3.3. Toxicity assessment of TiO2 NPs in the presence and absence of coating 

materials................................................................................................59 
4.3.4. Interaction between cells and NPs analyzed by SEM, TEM, and FT-IR...62 

4.4. Conclusions ..................................................................................................67 
CHAPTER 5: ANTIBACTERIAL EFFECTS OF NANOHYBRIDS AND THEIR 
TOXICITY MECHANISMS ON ANTIBIOTIC-RESISTANT BACTERIA.........69 

5.1. Background................................................................................................70 

5.2. Materials and Methods...............................................................................72 

5.2.1. Materials..........................................................................................72 

5.2.2. Synthesis of NHs..............................................................................72 

5.2.3. Nanoparticles characterization (SEM, TEM, EDS, FT-IR, TGA)..........73 

5.2.4. E.coli cell cultivation and cell viability analysis................................75 

5.2.5. ROS detection..........................................................................................76 

5.2.6. Statistical analysis...........................................................................76 

5.3. Results and discussion...............................................................................77 

5.3.1. Characterization of NHs..........................................................................77 

5.3.2. Antibacterial effect of NHs on E.coli..................................................81 

5.3.3. ROS generation.........................................................................................84 

5.3.4. SEM and TEM analysis between E.coli cells and NHs..........................90 



 
 

vii 
 

5.3.5. FT-IR.....................................................................................................92 

5.4. Conclusions .................................................................................................94 
CHAPTER 6: IN-VITRO TOXICITY EVALUATION OF NANOHYBRIDS ON 
A MARINE DIATOM...........................................................................................96 

6.1. Background..............................................................................................97 

6.2. Materials and Methods..............................................................................98 

6.2.1. Materials..............................................................................................98 

6.2.2. Fabrication of four types of NHs.............................................................99 

6.2.3. Physicochemical properties of NHs.......................................................100 

6.2.4. Cell viability analysis with T. pseudonana..............................................101 

6.2.5. Analysis of ROS detection..................................................................102 

6.2.6. Statistical analysis............................................................................102 

6.3. Results and discussion.....................................................................................103 

6.3.1. Physicochemical properties of NHs.......................................................103 

6.3.2. Analysis of Raman spectra..................................................................105 

6.3.3. Analysis of FT-IR spectroscopy .........................................................106 

6.3.4. Antibacterial effects of NHs on T.pseudonana...............................107 

6.3.5. Assessment of ROS generation ..............................................................111 

6.3.6. SEM analysis of algae and NHs........................................................114 

6.3.7. Comparison of NPs and NHs on antibacterial effect.............................116 

6.4. Conclusions ..................................................................................................118 
CHAPTER 7: NANOCOMPOSITES FOR THE REMOVAL OF ANTIBIOTIC-
RESISTANT BACTERIA IN WATER BY NANOPARTICLES-ALGINATE 
BEADS ............................................................................................................121 

7.1. Application of nanoparticles for the water treatment.........................................122 
7.2. Novel treatment of antibiotic-resistant bacteria by encapsulation of ZnO 
nanoparticles in an alginate biopolymer: Insights into treatment mechanism...........124 

7.2.1. Background..........................................................................................124 

7.2.2. Materials and methods..................................................................126 

       7.2.2.1. Materials.............................................................................126 

       7.2.2.2. Synthesis of nanocomposite-alginate beads..............................126 

       7.2.2.3. Characterization of ZnO NPs-alginate beads......................127 



 
 

viii 
 

       7.2.2.4. Inactivation of E. coli and P. aeruginosa.......................................127 

       7.2.2.5. ROS detection from ZnO NPs-alginate beads............................128 

       7.2.2.6. Leaching analysis.........................................................................129 

7.2.3. Results and discussion....................................................................129 

       7.2.3.1. Characterization of ZnO NPs-alginate beads..........................129 
       7.2.3.2. Antibacterial effect of ZnO NPs-alginate beads on antibiotic-

resistant bacteria..................................................................................132 
       7.2.3.3. Release behavior and antibacterial activity of ZnO NPs-alginate 

beads....................................................................................................136 
       7.2.3.4. Cell morphology after exposure to ZnO NPs-alginate beads........141 

       7.2.3.5. Reusability of the ZnO NPs-alginate beads...........................145 
       7.2.3.6. Comparison of the effectiveness of the chlorine and ZnO NP–

alginate beads for the removal of antibiotic-resistant bacteria..............147 
7.2.4. Conclusions...........................................................................................150 

CHAPTER 8: CONCLUSIONS AND FUTURE RESEARCH.........................152 

8.1. Conclusions.....................................................................................................153 

8.2. Future research directions........................................................................156 

REFERENCES..........................................................................................................158 
 

 

 

 

 

 

 

 

 

 

 



 
 

ix 
 

LIST OF FIGURES  

Figure 2.1. The DLVO theory of nanoparticle aggregation............................................  11 

Figure 2.2. NPs in absence (left) and presence (right) of coating materials.................... 12 

Figure 2.3. Schematic of ROS generation of metal oxide nanoparticles......................... 15 

Figure 2.4. Toxicity mechanism of NPs on bacteria cells (Physical attachment, 

penetration / Release of metal ions / ROS generation) ...................................................  16 

Figure 3.1. (a) XRD spectra of IND, EXT, SUN; (b) EDS spectra of IND, EXT, and SUN 

ZnO NPs in LB; (c) SEM images of three different ZnO NPs in the presence and absence 

of LB (scale bar: IND -50 µm, EXT-5 µm, SUN-10 µm); and (d) E. coli cells after exposure 

to three types of 320 mg/L ZnO NPs (scale bar: 2 µm) (IND: industrial ZnO NPs; EXT: 

ZnO NPs extracted from industrial ZnO NPs; SUN: ZnO NPs extracted from 

sunscreen) ........................................................................................................................  29 

Figure 3.2. Particle size distributions of three types of NPs. Particle images were taken by 

TEM and particle size was analyzed by ImageJ software; (a) IND; (b) EXT; (c) SUN; and 

(d) hydrodynamic diameter determined by DLS and zeta potential of three types of ZnO 

NPs in LB broth (IND: industrial ZnO NPs; EXT: ZnO NPs extracted from industrial ZnO 

NPs; SUN: ZnO NPs extracted from sunscreen...............................................................  31 

Figure 3.3. Growth curves of E. coli at different concentrations (control, 20, 80, 320, 1280 

mg/L) of (a) IND; (b) EXT; and (c) SUN; and (d) growth inhibition rate (%) of E. coli after 

exposure to three types of ZnO NPs (20, 80, 320, 1280 mg/L) at 6 hours (IND: industrial 

ZnO NPs; EXT: ZnO NPs extracted from industrial ZnO NPs; SUN: ZnO NPs extracted 

from sunscreen) ...............................................................................................................  34 

Figure 3.4. Fluorescence intensity (ROS generation) of three types of ZnO NPs (20 & 320 

mg/L) after exposure to (a) E. coli cells at log phase and (b) E. coli cells at stationary phase 

over 6 hours (IND: industrial ZnO NPs; EXT: ZnO NPs extracted from industrial ZnO 

NPs; SUN: ZnO NPs extracted from sunscreen) ............................................................  38 

Figure 3.5. Relative ROS generation (%) (accumulated ROS generation (%)) estimated by 

subtraction of control cells (without NPs) induced by exposure of three types of ZnO NPs 

(20 & 320 mg/L) to (a) E. coli cells at log phase and (b) E. coli cells at stationary phase 



 
 

x 
 

over 6 hours (IND: industrial ZnO NPs; EXT: ZnO NPs extracted from industrial ZnO 

NPs; SUN: ZnO NPs extracted from sunscreen) .............................................................  39 

Figure 4.1. SEM (A) and TEM (B) images of 5 types of TiO2 NPs: (a) IND TiO2 (Industrial 

TiO2 NPs), (b) CMC+IND TiO2 NPs (Industrial TiO2 NPs mixed with CMC), (c) 

PVP+IND TiO2 NPs (Industrial TiO2 NPs mixed with PVP), (d) SiO2+IND TiO2 NPs 

(Industrial TiO2 NPs mixed with silica NPs), and (e) SUN TiO2 NPs (Sunscreen-derived 

TiO2 NPs); TiO2 suspension concentration: 50 mg/L. EDS images of TiO2 NPs (C); (a) 

IND TiO2, (b) CMC+ IND TiO2 NPs, (c) PVP+IND TiO2 NPs, (d) SiO2+IND TiO2 NPs, 

(e) SUN TiO2 NPs............................................................................................................. 55  

Figure 4.2. Growth curves of E. coli at different concentrations (control as well as 10, 50, 

and 250 mg/L) and cell-growth inhibition rate (%) of (a) TiO2 NPs with and without 

organic coating materials: IND TiO2 NPs, CMC+ IND TiO2 NPs, and PVP+IND TiO2 NPs, 

(b) TiO2 NPs with and without inorganic coating materials; IND TiO2 NPs, SiO2+IND 

TiO2 NPs, and SUN TiO2 NPs derived from sunscreen.................................................... 58 

Figure 4.3. ROS generation assessment of five types of TiO2 NPs (50 and 250 mg/L) by 

fluorescence intensity ratio (%) after exposure to E. coli over 6 hours in the presence of (a) 

organic coating materials and (b) inorganic coating materials.........................................  62 

Figure 4.4. SEM images of E. coli after exposure to different TiO2 NPs (in the absence 

and in the presence of organic and inorganic coating materials) in different concentrations: 

Industrial TiO2 NPs, CMC+IND TiO2 NPs, PVP+IND TiO2 NPs, SiO2+IND TiO2 NPs, 

and SUN TiO2 NPs derived from sunscreen at 50 and 250 mg/L concentrations............. 63 

Figure 4.5. E. coli ultrastructure (TEM) after exposure to three different TiO2 NPs (a) in 

the absence and in the presence of organic coating materials: IND TiO2 NPs, CMC+IND 

TiO2 NPs, and PVP+IND TiO2 NPs, (b) in the absence and in the presence of inorganic 

coating materials: IND TiO2 NPs, SiO2+IND TiO2 NPs, SUN TiO2 NPs derived from 

sunscreen at 250 mg/L of NP concentration...................................................................... 65 

Figure 4.6. FTIR spectra of TiO2 NPs (a) in the absence and in the presence of organic 

coating materials (CMC and PVP): IND, CMC-coated IND, and PVP-coated IND, (b) in 

the absence and in the presence of inorganic coating materials: IND, SiO2-coated, IND, 

and SUN............................................................................................................................ 67 



 
 

xi 
 

Figure 5.1. SEM and TEM analysis of 4 types of NHs..................................................... 78 

Figure 5.2. (A) Raman and (B) TGA analysis of 4 different types of NHs ..................... 80 

Figure 5.3. Antibacterial effect of 4 different types of NHs on E. coli (A) growth curve, 

and (B) growth inhibition at 6 h........................................................................................ 83 

Figure 5.4. The amount of ROS release from E. coli exposed to 4 different types of NHs 

over time…………………................................................................................................ 89 

Figure 5.5. Schematic of proposed mechanism for enhanced photocatalysis of NHs....... 89 

Figure 5.6. SEM, and TEM images of 4 different types of NHs after exposed to E.coli for 

6 h...................................................................................................................................... 92 

Figure 5.7. FT-IR analysis of 4 different types of NHs with and without E. coli 

cells................................................................................................................................... 93 

Figure 6.1. Physicochemical properties of nanohybrids. (A) SEM and TEM. images, (B) 

Raman analysis of four types of nanohybrids, and (C) FT-IR analysis of four different types 

of NHs [Baek et al., 2018] ............................................................................................... 104 

Figure 6.2. Toxicity effect of four different types of NHs on T. pseudonana (A) growth 

inhibition at 50 mg/L and (B) growth inhibition at 100 mg/L over 72 h........................ 107 

Figure 6.3. The fluorescence intensity of T. pseudonana exposed to four different types of 

NHs for 72 h.................................................................................................................... 114 

Figure 6.4. SEM images of four different types of NHs after exposure to T. pseudonana 

for 72 h............................................................................................................................. 115 

Figure 6.5. Growth inhibition of algae by a single type of NPs (ZnO or TiO2) versus 

nanohybrids (A) and the fluorescence intensity of T. pseudonana exposed to nanomaterials 

for 72 h (B)...................................................................................................................... 117 

Figure 7.1. SEM images of (A) half cut section of alginate beads (control) and ZnO-

alginate bead, (B) the size measurement of ZnO NPs on the surface of ZnO-alginate beads, 

and (C) EDS analysis of ZnO NP–alginate beads........................................................... 131 

Figure 7.2. Growth rate and growth inhibition rate of antibiotic-resistant bacteria of (A) E. 

coli, (B) P. aeruginosa, and (C) mixed bacteria with E. coli and P. aeruginosa after being 

exposed for 6 h to different concentrations of ZnO NP–alginate beads.......................... 135 



 
 

xii 
 

Figure 7.3. The amount of zinc-ion release from synthesized ZnO NP–alginate beads (1 g 

of ZnO NPs in 50 ml of alginate solution) over 6 h ........................................................138 

Figure 7.4. ROS generation of ZnO NP–alginate beads after exposure to (A) E. coli and 

(B) P. aeruginosa over 6 hours. NAC treated bacterial cells were pre-treated with 0.5 and 

2 mM NAC for 2 hours. The results were analyzed using the two-way ANOVA. 

*Significantly different as compared to control at p<0.05............................................... 141 

Figure 7.5. SEM images of (A) E. coli and (B) P. aeruginosa after being exposed to control 

alginate beads and ZnO NP (1 g)–alginate beads for 6 h................................................. 144 

Figure 7.6. A: Schematics for the antibacterial mechanisms of ZnO NPs on bacteria cells; 

B: Chemical structure of alginate ................................................................................... 144 

Figure 7.7. Reusability of ZnO NP–alginate beads for antibiotic-resistant bacteria over the 

accumulated amount of inactivated cells (CFU mL-1): (A) E. coli and (B) P. 

aeruginosa....................................................................................................................... 146 

Figure 7.8. Antibacterial effect of (A) chlorine (conc.:5 ml/L) and (B) ZnO NPs-alginate 

beads for antibiotic-resistant bacteria inactivation.......................................................... 148 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

xiii 
 

LIST OF TABLES 

Table 1. Zeta potential, hydrodynamic diameter (nm), and TEM particle size (nm) of TiO2 

NPs.................................................................................................................................... 54 

Table 2. Cost analysis of chlorine and ZnO NPs-alginate beads for the inactivation of 

antibiotic-resistant bacteria.............................................................................................. 150 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

xiv 
 

LIST OF ABBREVIATIONS 

 

CNT - Carbon nanotube 

CMC - Carboxymethyl cellulose  

DLS - Dynamic light scattering 

E. coli - Escherichia coli  

EDS - Energy-Dispersive X-ray Spectroscopy 

FT-IR - Fourier-transform infrared spectroscopy  

GO - Graphene oxdie 

NHs - Nanohybrids 

NPs - Nanoparticles  

P.aeruginosa - Pseudomonas aeruginosa  

PVP - Polyvinylpyrrolidone 

ROS - Reactive oxygen species 

SEM - Scanning Electron Microscope 

SiO2 - Silica dioxide 

TEM - Transmission Electron Microscope  

TGA - Thermogravimetric analysis 

TiO2 - Titanium dioxide  

T.pseudonana - Thalassiosira pseudonana 

XRD - X-Ray Diffraction 

ZnO - Zinc oxide 

 

 

 

 

 

 



 
 

xv 
 

PUBLICATIONS  

The following is a list of papers arising from this Ph.D. dissertation. 

Journals  

Baek, S., Joo, S. H., Blackwelder, P., Toborek, M. (2018) Effects of coating materials on 
antibacterial properties of industrial and sunscreen-derived titanium-dioxide 
nanoparticles on Escherichia coli. Chemosphere. 208 pp.196-206 

Baek, S., Joo, S.H., Kumar, N., Toborek, M. (2017) Antibacterial effect and toxicity 
pathways of industrial and sunscreen ZnO nanoparticles on Escherichia coli. Journal of 
Environmental Chemical Engineering, 5 (3) p. 3024-3032  

Baek, S., Joo, S. H., Toborek, M. (2018) Novel treatment of antibiotic-resistant bacteria 
by encapsulation of ZnO nanoparticles in an alginate biopolymer: Insights into 
treatment mechanisms. Journal of Hazardous Materials. (under review) 

Baek, S., Joo, S. H., Su, C., Toborek, M. (2018) Antibacterial effects of graphene- and 
carbon-nanotube-based nanohybrids on Escherichia coli: implications for treating 
multidrug-resistant bacteria in water. Journal of Environmental Management. (under 
review) 

Baek, S., Joo, S. H., Su, C., Toborek, M. (2018) In-vitro toxicity evaluation of ZnO/TiO2-
conjugated carbon nanotubes/graphene oxidebased nanohybrids on a Thalassiosira 
pseudonana marine diatom. Ecotoxicology and Environmental Safety (under review) 

 

 

 



1 
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1.1.Study motivation and hypothesis 

           Recently, antibiotic-resistant bacteria, otherwise known as superbugs, have been 

detected in drinking water (Ahmed, Zhou et al. 2015). Antibiotic-resistant bacteria are 

known to cause severe illness and can easily infect populations; they are responsible for at 

least 2 million infections and 23,000 deaths each year in the U.S (CDC 2013). Generally, 

chlorine, UV, and the ozone process are commonly used to deactivate pathogenic 

microorganisms including antibiotic-resistant bacteria in water (Zheng, Su et al. 2017). 

Although disinfection processes such as chlorine, UV, and ozone are commonly used to 

inactivate harmful bacteria in water treatment facilities, they have limited effectiveness for 

the removal of superbugs (Rizzo, Manaia et al. 2013, Lupan, Carpa et al. 2017), since they 

require high treatment expenses and doses to inactivate superbugs (Johnson 2010, Öncü, 

Menceloğlu et al. 2011).  

        Chlorination is ineffective for some highly resistant waterborne pathogens, and also 

has a tendency to form carcinogenic disinfection by-products (DBPs) when chlorine is 

added to water (Dimapilis, 2018). Because some of water-borne bacteria have increased 

their resistance to available disinfectants, this leads to higher required disinfectant doses, 

and hence the formation of higher amounts of DBPs. Although fewer by-products are 

formed by ozonation, it cost more than chemical disinfection and can form the harmful 

bromate when ozone reacts with bromide ions in water. Chemical disinfectants commonly 

used by the water industry such as free chlorine, chloramines and ozone can react with 

various constituents in natural water to form DBPs, many of which are carcinogens. More 

than 600 DBPs have been reported in the literature (Krasner, 2006). Considering the 

mechanisms of DBP formation, it has been predicted that DBPs will be formed any time 
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chemical oxidants are used in water treatment. Like ozone treatment, UV treatment does 

not leave residue in treated water, hence, it offers no protection against re-infection in the 

distribution network. It is also reported that chlorine used in water and sewage can 

selectively promote the survival of antibiotic-resistant bacteria (Shrivastava, Upreti et al. 

2004). For instance, sewage treatment facilities using chlorine may have the unintended 

consequences of encouraging the formation of other antibiotics in the discharged water 

drinking water, by selectively supporting the survival of antibiotic-resistant bacteria. Since 

the problem of antibiotic-resistance in water is being worsened worldwide, and superbugs 

have been found in water treatment plants (Ahmed, Zhou et al. 2015). Therefore, to provide 

safe and clean water, it is imperative to develop alternative treatment that can deal with 

antibiotic-resistant bacteria.  

       Nanotechnology is an emerging field of research, specifically in terms of developing 

novel materials for the removal of bacteria from water systems (Biswas and 

Bandyopadhyaya 2016, Kanakaraju, Ravichandar et al. 2017). Due to their high surface 

area to volume ratio and high reactivity, NPs contribute the antibacterial effect of NPs on 

microorganisms. In order to support the bacterial removal, several antibacterial 

mechanisms of NPs have been proposed, either through direct contact or internalization in 

cells. NPs cause their sequential deformation, rupture, and penetration into the cell (Kumar, 

Pandey et al. 2011), generate the reactive oxygen species (ROS), and release electrons 

(Srivastava and Kumar 2016). Considering these unique antibacterial properties of NPs, 

they could be used as a material to remove bacteria.  

         However, despite the numerous benefits associated with the use of NPs for water 

treatment purposes, the applications of NPs for the removal of antibiotic-resistant bacteria 
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have not been understood well due to leaching issue and mobilization of NPs in water 

suspension (Li, Xu et al. 2009). Recently, the use of polymeric material such as alginate 

and chitosan have been used as a host for encapsulation of NPs (Venkatesan, Lee et al. 

2017), so that an encapsulation of NPs in alginate gel can immobilize NPs and prevent 

leaching issue. Some of the literature on nanocomposite alginate beads have shown that 

alginate nanocomposites are effective for the inactivation of bacteria by utilizing 

antibacterial properties of nanomaterials (Motshekga, Sinha Ray et al. 2018, Salama, Diab 

et al. 2018). However, the antibacterial effects of NPs and their mechanisms can be 

different according to particle size, solution pH, ionic strength, and presence of coating 

material. To develop NPs as materials which are optimized for inactivation bacteria in 

water, the toxicity properties of NPs and their antibacterial effects on biological systems 

should be well-known. For example, NPs derived from commercial product may be 

different from industrial-grade NPs because NPs derived from consumer products are 

commonly coated with a polymer or other NPs to enhance their surface area. Therefore, 

the antibacterial properties and toxicity mechanisms of different types of NPs (i.e., 

Industrial NPs, NPs derived from consumer products, and nanohybrids) should be 

investigated on antibiotic-resistant bacteria for their applications in water.  

This hypothesis of this study is that the antibacterial properties of NPs contribute 

to treating antibiotic-resistant bacteria in water. Therefore, based on the antibacterial study 

of NPs and their antibacterial mechanisms on bacteria, the application of NPs for the 

treatment of antibiotic-resistant bacteria were developed and examined the effectiveness of 

the removal of bacterial from water.   
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1.2. Objectives and scope 

Therefore, this study pursues the following aims:  

To investigate the antibacterial effects and toxicity mechanisms of NPs, and develop 

nanocomposite-alginate beads for the removal of antibiotic-resistant bacteria in 

water. 

This study will: a) investigate the antibacterial effect and toxicity mechanisms of different 

types of NPs (i.e., Industrial NPs, NPs derived from consumer products, and nanohybrids) 

and b) examine the effect of surface coating materials on antibacterial properties of NPs.  

Based on the findings a & b, this study also aims to c) develop the application of NPs by 

using alginate beads to encapsulate NPs and d) examine the effects of synthesized 

nanocomposites-alginate beads on antibiotic-resistant bacteria and compare it with 

conventional chlorine treatment (byproduct, cost, and treatment efficiency).  
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2.1. Industrial and Consumer product derived nanoparticles  

Nanoparticles (NPs) are particles between 1 and 100 nanometers in size with a 

surrounding interfacial layer, which is fundamentally affecting all of its properties (Auffan, 

Rose et al. 2009). NPs have a greater surface area than larger particles, which causes them 

to be more reactive to some other molecules. It also means that when a given volume of 

material is made up of smaller particles, the surface area of the material increases. 

Therefore, as particle size decreases, a greater proportion of the particles are found at the 

surface of the material. Due to their unique physical properties, NPs are increasingly 

utilized in many fields, such as: medicine, manufacturing, materials, electronics, and 

environmental uses. The most prominent application of nanotechnology is in consumer 

products, such as: cosmetics, food packaging, and nano-foods (Mottier, Mouchet et al. 

2017). For example, the use of NPs such as zinc oxide (ZnO) or titanium dioxide (TiO2) in 

sunscreens provide enhanced UV protection because they reflect and scatter the UV 

radiation efficiently. Among NPs, zinc oxide (ZnO) NP is one of the most widely used NPs 

in consumer products. 70% of the annual global production of ZnO NPs is used in 

cosmetics, and the remaining 30% in paints and other materials (Piccinno, Gottschalk et 

al. 2012). TiO2 NPs are also mainly used in personal-care products, coatings, cleaning 

agents, and paints, producing around 10,000 tons of TiO2 NPs per year globally (Piccinno, 

Gottschalk et al. 2012, Weir, Westerhoff et al. 2012).  Thus, both NPs are known to have 

antimicrobial effects because the photoactivity of NPs are promoting reactive oxygen 

species (ROS) under UV light, due to their wide band gap energy and electronic properties 

(Hariharan 2006, Baker, Tyler et al. 2014).  
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Recently, such wide and increasing NP production raises concerns regarding potential 

toxicity to living organisms through cell damages or ROS through photocatalytic 

mechanisms (Jeon, Kim et al. 2016, Leung, Xu et al. 2016). Emerging literature shows that 

the increasing use of NPs and their accumulation pose threats to public health and the 

environment (Weir, Westerhoff et al. 2012). The research studies the toxic properties of 

industrial NPs, such as ZnO, and TiO2 NPs on bacteria cells (Liu, Liu et al. 2011, Ramani, 

Ponnusamy et al. 2013, Sodano, Gorgitano et al. 2016). A study found that a significant 

amount of NPs from sunscreen products can be released into the swimming water, and 

reactive oxygen species generated from NPs were present in public pools (Jeon, Kim et al. 

2016). Jiang et al. reported that industrial ZnO NPs have strong antibacterial effects against 

E. coli, implicating the ROS generation in NPs played an important role in the antibacterial 

properties of NPs (Jiang, Zhang et al. 2016). Lin et al. investigated the antibacterial 

properties of industrial TiO2 NPs to E.coli according to the particle size, and the 

antibacterial effects of TiO2 NPs increased as the particle size decreased (Lin 2014). 

However, the toxicity levels and toxicity mechanisms of NPs from consumer products 

containing NPs are not fully understood.  

2.1.1. Metal oxide nanoparticles and nanohybrids   

Metal oxide NPs  

Metal oxide NPs can be composed of a variety of diverse materials, including: titanium, 

zinc, cerium, silver, gold, silica, aluminum, and iron oxide. Among a number of metal 

oxide NPs, the OECD is interested in ZnO and TiO2 NPs, as they are commonly used and 

their inherent properties (Baker, Tyler et al. 2014). These metal-based NPs are used for 

antimicrobial applications. The metal elements can have various properties, including: 
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metallic reactivity, semiconductor or catalysts depending on its size, shape, and coating. 

They can exhibit unique physical and chemical properties according to the metal elements 

that form different compounds. According to the literature, the global production quantity 

of ZnO NPs was estimated between 101-10,000 tons per year, and the production of TiO2 

NPs was higher than  10,000 tons (Piccinno, Gottschalk et al. 2012). The tiny size and high 

surface-to-volume ratio are the unique physical and chemical properties of nanomaterials 

that determine nanomaterial-induced toxicity. The size of NPs has a storing effect on their 

reactivity and NP size influences their interactions with microorganisms (Park, Bae et al. 

2013, Shang 2014).  Because of the tiny size of nanomaterials, they can easily penetrate 

cell membranes (Baek, Joo et al. 2018). The amount of cellular uptake decreases with the 

increase in particle size. Park et al (Park, Bae et al. 2013) demonstrated that particle size 

was a critical determinant of the intracellular distribution of silica and its induced ROS 

formation. Moreover, antibacterial or toxic effects increases as the size of NPs decrease.  

Nanohybrids (metal oxide and carbon-based NPs) 

Given the increasing production of nanomaterials of all types, the potential release 

of combined nanocomposites in the environment and theirs effects on the ecosystem are 

becoming a concern that needs to be addressed. Recently, the synthesis of two 

nanocomposites has been extensively studied to investigate more highly reactive 

photolysis. These studies show that  combined nanocomposites provide not only a large 

surface area, but they also increase photo catalyst (Huang, Zang et al. 2014). When metal 

oxide NPs are combined with carbon-based NPs, these synthesized nanohybrids induce the 

dispersion of metal NPs and allow greater photocatlytic activity (Liu, Hu et al. 2012, 

Huang, Wang et al. 2015). Therefore, carbon-based NPs, such as graphene and carbon 
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nanotubes are combined with metal oxide NPs to enhance their physical and chemical 

properties in various fields, such as: energy storage, batteries, and biomedical applications 

(Hu, Huang et al. 2012, Stengl, Bakardjieva et al. 2013, Nosrati, Olad et al. 2017). Many 

researchers confirmed the enhanced photocatalytic properties of nanohybrids. Wang et al 

reported that the synthesis of ZnO NPs with GO nanomaterials enhances the antibacterial 

effect toward bacterial cells, due to its increased photocatalytic activity (Wang, Cao et al. 

2014). Sui et al evaluated the antibacterial ability of synthesized ZnO-CNT (Sui, Zhang et 

al. 2013). Olad &Shakoori reported that the synthesis of TiO2 and GO showed high 

photocatalytic activity under visible light (Nosrati, Olad et al. 2017). Zhang et al reported 

that the enhanced adsorption property of ZnO-GO composites causes electron transfer 

between ZnO and GO, and this electron transfer suppresses the recombination of electron-

hole pairs (Chen, Zhang et al. 2013). The developments of nanohybrids have attracted 

interest about the toxicity of nanocomposites consisted of two different types of NPs, due 

not only to their potential applications, but also to the industrial effluents which can impact 

microorganisms in the environment. However, there has been insufficient studies regarding 

synthesized nanocomposites for their antibacterial effect and their toxicity mechanism. 

2.2.  The effects of coating materials on NPs 

Properties of NPs derived from consumer products may be different from industrial 

grade NPs because NPs used for consumer products are often coated with stabilizers to 

prevent aggregation (Labille, Feng et al. 2010, Lewicka, Benedetto et al. 2011, Smijs and 

Pavel 2011, Jeon, Kim et al. 2016). NPs have a strong tendency to aggregate together 

compared to submicrometer particles due to their large surface area. This can be explained 
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by the DLVO aggregation theory (The DLVO theory is named after Derjaguin, Landau, 

Verwey, and Overbeek), as illustrated in Figure 2.1.  

Figure 2.1. The DLVO theory of nanoparticle aggregation 

The agglomeration is generally due to the Van der Waals attraction forces between NPs 

which can be counterbalanced by electrostatic and steric stabilization. Electrostatic 

repulsion can be achieved by the addition of charge to the NPs so that they can repel each 

other. Steric stabilization can be achieved by the adsorption of a thin layer of polymer onto 

the NPs surface to physically prevent the NPs from coming close enough to each other and 

cause agglomeration. 

Generally speaking, the combination of both electrostatic and steric stabilization is 

termed electrosteric stabilization and can be achieved using polyelectrolytes (Li 2011, 

Othman, Abdul Rashid et al. 2012). Adsorption of polymer coating materials onto NPs can 

affect surface charge. Therefore, electrosteric stabilization can be achieved. Figure 2.2 

illustrates NPs in absence and presence of coating materials. When the particles have same 

volume, NPs without coating materials have one large particle due to aggregation. 

However, NPs exposed to coating materials have several small particles with a higher 

surface area by dispersion each other. Coating materials play as stabilizers in NPs 
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suspension and aggregation is prevented by electrosteric repulsion so that surface area of 

NPs increases as their NPs size in suspension decreases (Dalai, Pakrashi et al. 2012).  

Figure 2.2. NPs in absence (left) and presence (right) of coating materials 
 

Among organic coating materials, CMC (carboxy methyl cellouse) and PVP 

(polyvinylpyrrolidone, a neutrally charged polymeric coating material) are commonly used 

as coating materials of NPs in various consumer products such as food and personal-care 

products (Dalai, Pakrashi et al. 2012, Wang and Fan 2014). Stabilizers such as CMC and 

PVP have been found to modify the physicochemical properties of NPs, thereby affecting 

particle stability and mobility by electrosteric repulsion (Jafry, Liga et al. 2011, Dalai, 

Pakrashi et al. 2012). Among inorganic coating materials, silica (SiO2) NPs are also one of 

the widely used coating materials in various commercial products to improve the surface 

area and photocatalytic activity of NPs (Nur 2006, Jafry, Liga et al. 2011). These coating 

components may interact with NPs, thereby changing their surface charge and mobility and 

affecting the interaction of NPs with organisms (Batley 2012).  

The way coating materials affect NPs is reviewed as follows. Zhang et al. (2009) 

carried out an experiment investigating the stability of NPs, according to the addition of 

natural organic matters (NOM) and divalent cations, and the results showed that 
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aggregation of NPs, as the electrolyte concentration increased (Zhang, Chen et al. 2009, Li 

2010). French et al. (2009) also reported that the addition of NOM induced the negative 

charge on the surface of NPs, consequently the NPs aggregation was reduced (French 2009, 

Zhang, Chen et al. 2009). Since the smaller size leads to increased surface area, NPs 

dispersed by coating materials may enhance the toxic effects by NPs dissolution in 

suspension or ROS generation. In addition, smaller size NPs by the effect of coating 

materials may be able to penetrate to cell membrane, which can cause cell damage or death. 

2.3.  Antibacterial effects of nanoparticles on antibiotic-resistant bacteria  

Bacteria—as a fundamental component for ecological balance and a key factor of 

the bioaccumulation of NPs—have been used for many toxicological studies of NPs (Li, 

Lin et al. 2013). Recently, issues with antibiotic-resistant superbugs or disease-causing 

pathogens present in water systems have been reported (Zhu, Chang et al. 2010, Ma, 

Williams et al. 2013). Thus, the problem of antibiotic resistance in water is being 

heightened worldwide, and superbugs have been found in water treatment plants (Ahmed, 

Zhou et al. 2015). With the growing use of NPs, there has been an increasing interest in 

their antibacterial effects (Hajipour, Fromm et al. 2012). The use of nanomaterials (e.g., 

TiO2, silver nanoparticles, carbon nanotubes) as antimicrobial disinfectants has shown high 

effectiveness, due to their large surface area and their enhanced chemical-biological 

characteristics. Toxicity mechanisms of NPs are determined differently according to 

whether or what extent they exhibit a biological response when interacting with cells and 

will also depend on the physicochemical characteristics of the NPs (such as the size, nature 

and chemical stability, surface coating, etc). There are three main antibacterial mechanisms 

of NPs on microorganisms as illustrated in Figure 2.3.  
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First, NPs themselves may be toxic. Direct contact or interaction with NPs can cause 

bacterial membrane damage and deformation of cells (Kiwi and Nadtochenko 2005, 

Romero-Vargas Castrillón, Perreault et al. 2015). When particles enter the bacterial cell, 

they attack the respiratory chain by interacting with essential enzymes that leads to 

bacterial inactivation. Compared to micro-particles, NPs interact with organisms much 

more easily.  

Secondly, the toxicity mechanism of metal oxide NPs is their release of ions. Antibacterial 

effect of the metal oxide NPs in aqueous media is influenced by the amount of free metal 

ions in the suspensions and the antibacterial levels of free metal ions. The amount of free 

metal ions in the NPs suspensions may induce toxicity, but its mechanism is still not clear 

(Song, Zhang et al. 2010).  

Lastly, NPs are generating reactive oxygen species (ROS), such as superoxide and 

peroxide, which contain oxygen showing chemical reactions (Fu, Hamzeh et al. 2015). 

Oxidative stress is one of the major causes of toxicity, due to interaction with cell 

structures. ROS from NPs could react directly with DNA and proteins, or could react with 

lipids (Li, Niu et al. 2014).  
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Figure 2.3. Toxicity mechanism of NPs on bacteria cells (Physical attachment, 

penetration / Release of metal ions / ROS generation) 

 

2.4.  Toxicity mechanisms  

Nanomaterials (NMs) of varying chemical composition such as metal oxides and 

carbon-based NMs have been shown to induce oxidative stress (Baun, Hartmann et al. 

2008). The key factors involved in NP-induced ROS include active redox cycling on the 

surface of NP due to transition of metal-based NP. The generation of reactive oxygen 

species (ROS), including superoxide anion (𝑂𝑂2∙−), hydrogen peroxide (𝐻𝐻2𝑂𝑂2), peroxide 

(𝑂𝑂2∙2−), hydroxyl radical (∙ 𝑂𝑂𝐻𝐻), and hydroxyl ion (𝑂𝑂𝐻𝐻−), is the predominant mechanism 

leading to toxicity in cells, including DNA damage and cell motility (Metzler, Li et al. 

2011). These excess radical productions from the surface of NPs induce an inflammatory 

process in the cells, affecting membrane lipids and altering the structure of DNA that could 

lead to cell death. Mechanisms of ROS generations are processed by electron transport in 

NPs. As illustrated in Figure 2.4, light energy absorption induces charge separation and 

excites electrons from the valence band to the conduction band. As excited electrons move 
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to the conduction band, holes are left in the valence band. (Qi, Cheng et al. 2017). Then, 

the photo-generated electrons and holes are reactive at the surface of NPs to facilitate 

reduction and oxidation reactions that generate ROS, including superoxide anion and 

hydroxyl radical. Then, ROS emerging on the photocatalytic surfaces attack infectious 

agents such as viruses and bacteria. 

 

Figure 2.4. Schematic of ROS generation of metal oxide nanoparticles 

For instance, ROS (e.g., H2O2, •OH, O2•
-) in metal oxide NPs suspensions are formed 

through the following processes (Sharma, Anderson et al. 2012, Dasari, Pathakoti et al. 

2013): 

ZnO / TiO2 NPs ●               e-                                       (1) 

O2 + e-  O2
•-                                                    (2)  

O2
•- + H2O   •HO2 + OH-           (3) 

•HO2 + •HO2  H2O2 + O2           (4) 

H2O2 + O2
•-   O2 + •OH + OH-                                (5)  

O2 

O2
●- 
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As a result of the TiO2 NPs or ZnO NPs excited by energy, the electrons and holes react 

with adjacent molecules (O2, H2O, OH−), generation the formation of ROS (O2
•- ,•OH, 

H2O2) 

Photo-catalysis of metal oxide NPs (e.g., ZnO and TiO2) depends upon the energy of 

incident photons, because they require a light or ultraviolet (UV) source to excite the 

surface. For instance, ZnO is a semiconductor with band gap energy of 3.37 eV, 

corresponding to a wavelength of 368 nm (Ma, Wallis et al. 2014). A photon with energy 

greater than 3.37 eV (wavelength less than 368 nm) has the potential to photoactivate the 

material and promote generation of ROS. Studies with bacteria have demonstrated that 

toxicity of ZnO NPs is substantially enhanced when natural sunlight is present due to 

photo-induced ROS generation (Adams, Lyon et al. 2006, Lipovsky 2009). For example, 

ROS generation of ZnO NPs was increased three fold in the presence of natural sunlight as 

compared to regular laboratory light or darkness. Similarly, the antibacterial activity of 

TiO2 was also greater in the presence of light than in the dark (Adams, Lyon et al. 2006). 

These results indicate that ROS generation under sunlight or UV has great implications for 

the antibacterial effect on microorganisms in environment. However, it is reported that  

under ordinary room light with a total light intensity of 10 µW/cm-2, the intensity of UV 

light, which is ∼1 µW/cm-2, is sufficient to induce ROS in TiO2 NPs (Fujishima 2000). 

Thus, a study (Lipovsky 2009) examined the amount of hydroxyl radicals formed from 

ZnO NPs suspensions as a function of wavelength of illumination. The level of oxy radicals 

was found to increase considerably when the suspension was irradiated with visible light 

at the range of 400-500 nm.  
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ROS generation of NPs is also related to size because smaller size induces high surface 

area and high surface reactivity of NPs, leading to the production of higher ROS generation 

(Angélique Simon-Deckers 2009, Raghupathi, Koodali et al. 2011, Shang 2014, François 

Perreault 2015). Previous studies have documented that smaller particle size promotes 

more photocatalytic activity of NPs, and increased ROS causes disorder in the cell 

membrane or cell death (Maness 1999, Adams, Lyon et al. 2006, Alrousan, Dunlop et al. 

2009, Zhu, Chang et al. 2010, Love, Maurer-Jones et al. 2012, Leung, Xu et al. 2016). 

However, some studies have shown that size is not only the most influential factor of their 

toxicity, but toxicity is also affected by other factors such as: coating materials, shape, 

water chemistry, and existence of other NPs (Othman, Abdul Rashid et al. 2012, Lin, Li et 

al. 2014, Nosrati, Olad et al. 2017). 
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CHAPTER 3:  

ANTIBACTERIAL EFFECTS OF 

NANOPARTICLES ON BACTERIA 

AND THEIR TOXICITY 

MECHANISMS1
 

 

 

 

 

 

 

                                                           
1  Baek, S., Joo, S.H., Kumar, N., Toborek, M. (2017) Antibacterial effect and toxicity pathways 
of industrial and sunscreen ZnO nanoparticles on Escherichia coli. Journal of Environmental 
Chemical Engineering, 5 (3) p. 3024-3032 
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3.1. Background 

Nanoparticles (NPs) that possess versatile physicochemical properties have been 

advancing the frontiers of science, technology, medicine, and consumer products (Petros 

and DeSimone 2010, Espitia, Soares et al. 2012). Therefore, their production and 

consumption, especially in consumer products, are likely to increase significantly in future. 

Among NPs, zinc oxide (ZnO) NPs are the most widely used in consumer products. Their 

annual global production is 101-1,000 tons, about 70% of which are used in cosmetics and 

the remaining 30% in paints (Piccinno, Gottschalk et al. 2012).  ZnO NPs are found in 

sunscreens and cosmetics because of their unique properties, including protection against 

UV rays, antimicrobial effects, and photoactivity by promoting reactive oxygen species 

(ROS) generation under UV light due to their wide band gap energy (3.2 eV) and electronic 

properties (Hariharan 2006, Baker, Tyler et al. 2014). Emerging literature shows that the 

increasing use of NPs and their accumulation pose threats to public health and the 

environment. Therefore, increasing interest has resulted in better comprehension on the 

toxicity of NPs (Kanel and Al-Abed 2011, Planchon, Ferrari et al. 2013, Arakha, Pal et al. 

2015). NPs undergo change through their interaction with different environmental 

conditions. For instance, a study (Wang, Lin et al. 2016) showed that environmental 

conditions such as pH, ionic strength, and temperature values influence the surface area, 

charge, composition, shape, and morphology of ZnO NPs (Li, Zhu et al. 2011). Given these 

changes, the toxicity of NPs can vary with respect to their types, test organism species, and 

culture media Bacteria—as a fundamental component for ecological balance and a key 

factor of the bioaccumulation of NPs—have been used for many toxicological studies of 

NPs (Li, Lin et al. 2013). Recently, issues with antibiotic-resistant superbugs or disease-
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causing pathogens present in water systems have been reported (Zhu, Chang et al. 2010, 

Ma, Williams et al. 2013), which could contribute to a deformation of the impact of NPs. 

Due to the toxicity of NPs, their interaction with microorganisms is a key factor in biomass 

decomposition and waste treatment systems (Li 2014). 

With the growing use of NPs, there has been an increasing interest in their antibacterial 

effects(Hajipour, Fromm et al. 2012, Jiang, Zhang et al. 2016, Sarwar, Chakraborti et al. 

2016). The use of nanomaterials (e.g., TiO2, silver nanoparticles, carbon nanotubes) as 

antimicrobial disinfectants has shown high effectiveness due to their large surface area and 

their enhanced chemical-biological reactivity (Kumar and Raza 2008, Bao, Zhang et al. 

2011, Jung, Hwang et al. 2011, Nangmenyi, Li et al. 2011, Lee, Kim et al. 2014). However, 

the adequate level of NPs needed to act as a disinfectant has yet to be determined. Several 

toxicity mechanisms have been proposed, either through direct contact or internalization in 

cells that cause their sequential deformation, rupture, and penetration of NPs into the cell 

(Lin, Li et al. 2014), through the generation of ROS due to their interaction with electrons 

released from NPs (Kumar, Pandey et al. 2011), or through the release of metal ions (e.g. 

Zn2+) with dissolution of NPs (Srivastava and Kumar 2016). 

Along with the increase in the levels of environmental NPs, there has been an increase in 

research related to them; however, the ultimate fate, toxicity levels and toxicity 

mechanisms of NPs are not fully understood (Hegde, Brar et al. 2016). A recent study by 

Bondarenko et al. (Bondarenko, Juganson et al. 2013) suggests that the toxicity of NPs 

varies with respect to their physicochemical properties, dispersion state, concentration, and 

the physiological state of E. coli cells. Consequently, inconsistency in toxicity of NPs may 
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be primarily attributable to the types and concentrations of NPs and concentrations and 

types of bacterial cells (Baek and An 2011, Pagnout, Jomini et al. 2012, Manzo, Miglietta 

et al. 2013, Li, Niu et al. 2014, Pasquet, Chevalier et al. 2014).  

Since we are directly exposed to NPs through consumer products and their (re)cycling in 

the environment, it is important to understand the toxicity of NPs extracted from these 

products. However, most studies rely on industrial-grade NPs to assess their toxicity on 

biological systems, largely because extracted ZnO NPs are not readily available. The paper 

will address this major gap in the literature by investigating the antibacterial effects of ZnO 

NPs extracted from a consumer product (sunscreen lotion) on E. coli, as it is the most 

widely studied model organism, and researchers will compare these results with those of 

industrial ZnO NPs used in the previous research (Pasquet, Chevalier et al. 2014, Leung, 

Xu et al. 2016, Padmavathy and Vijayaraghavan 2016). Since the findings of this paper are 

directly relevant to public health and the environment, these findings have the potential to 

guide policies to manage exposure to NPs in consumer products and the environment.  

3.2.   Materials and Methods 

3.2.1. Preparation of ZnO NPs and suspension  

Three different ZnO NPs were used for all the experiments: industrial ZnO NPs 

(IND); ZnO NPs extracted from industrial ZnO NPs (EXT); and ZnO NPs extracted from 

sunscreen, (SUN). The toxic profile of NPs extracted from actual nanoproducts may exhibit 

differences, possibly due to altered physicochemical properties and the various ingredients 

present in such products, which motivates us to investigate the toxicity kinetics and 

mechanisms behind industrial ZnO NPs. Industrial ZnO NPs (> 97% purity, < 50 ± 5 nm 
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nominal size, > 10.8 m2/g surface area) were purchased from Sigma-Aldrich (St. Louis, 

MO). A popular sunscreen containing 5% ZnO and 4% octocrylene (Walgreens Clear Zinc 

Broad Spectrum SPF 50) was purchased from a local Walgreens store (Miami, FL). ZnO 

NPs were extracted from sunscreen with a modified method based on the literature 

(Nischwitz and Goenaga-Infante 2012).  

The extractions of ZnO NPs from industrial ZnO NPs and sunscreen were prepared 

by a series of solvent extractions and deionized water extractions. Briefly, hexane (30 mL) 

was added to both industrial and sunscreen ZnO NPs (3 g), followed by sonication for 5 

minutes and centrifugation at 4,400 rpm for 5 minutes. Supernatant was discarded and 

ethanol (30 mL) was then added to the solution and sonicated for 5 minutes. Afterwards, 

centrifugation at 4,400 rpm for 5 minutes was performed and ethanol was discarded. 

Deionized water (30 mL) was added, followed by centrifugation for 10 minutes at 3,000 

rpm. This washing procedure was repeated twice and the final pellet was dried in an oven 

at 100 °C for 12 hours. All ZnO NPs suspensions were prepared using a sequential dilution 

in Luria Bertani (LB) broth (10 g/L tryptone, 5 g/L yeast extract, 5 g/L NaCl), beginning 

with 1280 mg/L of ZnO NPs for different concentrations of ZnO NPs suspension (20, 80, 

320, 1280 mg/L), and a sonication probe was used for 1 minute for homogeneity. For 

quantification of ZnO NPs concentrations, the absorbance measurement of the specific 

optical densities at 395 nm wavelengths was performed, ranging from 0, 20, 80, 160, 320, 

640, to 1280 mg/L of ZnO NPs; these resulted in a linear regression line (R2 = 0.97).  
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3.2.2. Characterization of ZnO NPs 

Physical and chemical properties of all three types of NPs were examined with the 

aid of BET (Brunauer, Emmett, and Teller) surface area analysis, scanning electron 

microscopy (SEM), energy dispersive spectroscopy (EDS), X-ray powder diffraction 

(XRD), and transmission electron microscopy (TEM). The surface area of the particles was 

measured from N2-BET adsorption isotherms using a BET-surface area analyzer (Nova 

2000e Surface Area and Pore Size Analyzer). XRD analysis was performed to characterize 

the crystal structure and confirm the chemical composition of the NPs extracted from 

consumer products. Microscope slides were coated with a 10-mm area of silica gel and 

loaded with industrial zinc oxide MNP powder and sunscreen consumer ZnO NPs powder. 

A Malvern Zetasizer Nano ZS90 analyzer (Malvern Instruments, Westborough, MA) was 

used to measure the zeta potential and hydrodynamic particle size (determined by dynamic 

light scattering) at 25 °C.  

In order to characterize the surface morphology, elemental analysis, particle size 

distribution, and probing interactions of ZnO NPs with bacterial cells, SEM, EDS, and 

TEM analyses were performed. Samples were coated with palladium (Pd) in a sputter 

coater, and they were then imaged in a Philips XL-30 Field Emission SEM equipped 

with EDS. This enabled the visualization of ZnO NPs and E. coli morphologies in which 

bacterial cells were subjected to the fixation process. The control cells (ZnO NPs-free) and 

treated cells exposed to the ZnO NPs for 6 hours were suspended in 2% glutaraldehyde in 

a phosphate buffered saline (PBS) buffer overnight and washed three times with PBS 

buffer. Glutaraldehyde fixed bacterial cells were dehydrated in a graded series of ethanol 

(20-100%, three times) and dried in three changes of hexamethyldisilazane (HMDS) on 
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glass coverslips. After a complete outgas overnight, those were coated with Pd and the 

samples were then examined with a TEM (Philips CM 10, Eindhoven, Netherlands). 

Micrographs were used to obtain information regarding the average nanoparticle diameter, 

size distribution, and standard deviations using ImageJ software developed at the National 

Institutes of Health, USA.  

3.2.3. E. coli DH5-Alpha cultivation and exposure of ZnO NPs suspensions 

Transformation, the heritable modification of the properties of competent bacteria 

by DNA from another bacterial strain, was prepared by cultivating E. coli with MAX 

Efficiency DH5α™ Competent Cells (Invitrogen, CA). A plasmid with DNA resistant to 

ampicillin from another bacterial strain (foreign DNA) was introduced to the DNA of 

competent bacterium (host DNA) based on the transformation procedure guideline. All 

micro-centrifuge tubes were thoroughly pre-chilled on ice before use, and 5 µL of pUC19 

control DNA was added to 100 µL of cells. The DNA samples were then incubated on ice 

for 30 minutes and heat-shocked in 42 °C water for 45 seconds, followed by placing the 

culture tube on ice for 2 minutes. The prepared culture tubes were placed in a shaking 

incubator at 250 rpm for 1 hour at 37 °C. Incubated E. coli was spread on LB agar plates 

containing ampicillin and incubated overnight at 37 °C. The E. coli colonies were cultured 

in LB broth (3 mL) for 12-14 hours in an incubator (MaxQ 4000, Thermo Scientific, NY) 

at 37 °C under continuous shaking at 225 rpm. A total of 100 µL of cultures was incubated 

in 100 mL of LB broth and the cultivation of bacteria was performed for 12 hours until the 

absorbance value reached 0.45 using measurement. 

The cultivated cells were exposed to four different concentrations of ZnO NPs 

suspensions (i.e. 20, 80, 320, and 1280 mg/L) in LB broth at a final volume of 4 mL (OD600 
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= 0.14). Three types of nanoparticles were used for antibacterial tests. E. coli was exposed 

to a ZnO NPs suspension for 6 hours in an incubator at 37 °C under continuous shaking at 

225 rpm. A sample aliquot of 200 µL was added into a 96-well plate, and the optical density 

value was measured using a microplate reader (Spectra MAX 190, Molrecular Devices, 

CA) at 600 nm with an interval of 2 hours. The growth inhibition rate (%) (Fig. 3d) was 

also calculated using the following equation:  

𝐼𝐼𝐼𝐼ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝐼𝐼 𝑟𝑟𝑟𝑟𝑖𝑖𝑟𝑟 (%) = �1 − 𝑉𝑉𝑖𝑖
𝑉𝑉𝑜𝑜
� × 100    Eq. (1) 

By measuring the OD600 of the bacterial culture in the absence (Vo, control) and presence 

of different concentrations of ZnO NPs (Vi) at time 6, the inhibition rate (%) was estimated.   

3.2.4. Assessment of ROS  

To probe which mechanisms were responsible for the antibacterial effect, ROS 

generated by ZnO NPs were measured. The protocol of the ab113851-DCFDA cellular 

ROS detection assay kit (Abcam Inc, Toronto, ON, Canada) was used. The three types of 

ZnO NPs (IND, EXT, SUN) suspensions were exposed to the cultivated cells at 20 and 320 

mg/L with shaking at 225 rpm for 6 hours in an incubator at 37 °C. The treated suspension 

cells were then collected in a conical tube and washed using PBS, followed by 

centrifugation. The pellet was re-suspended in 10 µM of diluted DCF-DA solution and 

incubated at 37 °C for 30 minutes under dark conditions. After washing the pellet with the 

buffer, it was re-suspended in 100 µM of PBS. The cells were loaded into a clear bottom 

96-well microplate, and the plate was placed on a fluorescence plate reader (Gemini EM 

Molecular Devices, Sunnyvale, CA) at an excitation wavelength of 485 nm and at an 

emission wavelength of 535 nm.  
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3.2.5. Statistical analysis 

All the tests were performed at least in duplicate. The statistical analysis was 

performed using the statistical student’s t-test with Graph Pad Prism 3.0 (Graph Pad 

Software Inc., San Diego, CA). Experimental values were compared to their corresponding 

control values, and all data showed statistical significance at p < 0.05.   

3.3. Results 

3.3.1. ZnO NPs characterization  

Characterization of ZnO NPs in the presence and absence of E. coli exposure was 

carried out using a BET surface area analyzer. The measured surface areas of industrial 

nano-ZnO and sunscreen derived nano-ZnO particles were 32.22 ± 0.97 m2/g and 2.29 ± 

0.47 m2/g. The XRD spectra confirmed ZnO NPs from both industrial-grade materials and 

sunscreen (Fig. 3.1a); the EDS analysis results of three types of ZnO NPs in LB medium 

are shown in Fig. 3.1b. The zinc compounds used in this study were pure at the level of 

detection for EDS and were characterized by XRD. However, some potentially effective 

organic components may have been present, but were not detectable by the methods used 

in this study. All three types of ZnO NPs showed Zn as the primary element, which 

provides a basis for comparison of toxicity kinetics and mechanisms among the three types 

of ZnO NPs.  

The SEM analysis results indicate that ZnO NPs in LB broth showed significant amounts 

of aggregation formed on the ZnO NPs surfaces (Fig. 3.1c). Compared to the control 

sample (bacteria with no exposure to ZnO NPs), significant deformation and 

morphological changes of bacterial cells were observed after exposure to all types of ZnO 



28 
 

 
   

NPs suspension (320 mg/L) (Fig. 3.1d). Aggregated NPs attached to cell surfaces result in 

cell damage caused by direct and indirect toxic effects (Lee, Kim et al. 2014). Destruction 

of cell membranes by ZnO NPs could result in cell penetration and DNA damage. As 

shown in the SEM images, those aggregates form floc of micron sizes in diameter, and this 

could contribute to the adsorbed NPs on cell surfaces, possibly affecting toxicity.  

Analysis of particle size distribution of three types of ZnO NPs using TEM in conjunction 

with ImageJ software program showed average particle sizes of 12.7 nm (industrial ZnO 

NPs: IND), 15.7 nm (industrial extracted ZnO NPs: EXT), and 17.2 nm (sunscreen-

extracted ZnO NPs: SUN) with Gaussian and Lorentz fitting curves. The particle size 

ranges were 2.4-96.3 nm (IND), 1.3-54.3 nm (EXT), and 2-342.8 nm (SUN) (Figs 3.2a-c, 

respectively). Hydrodynamic diameters of the three types of ZnO NPs were also measured. 

As shown in Fig. 3.2d, the particle sizes of ZnO NPs in LB broth were 113.3 nm (IND), 

170.2 nm (EXT), and 223.4 nm (SUN), while zeta potential values were high, in the order 

of IND (-15.56 mV) > EXT (-14.86 mV) > SUN (-2.77 mV). The smallest particle size and 

higher zeta potential found in IND correspond to the highest surface area (32 m2/g), 

indicating that smaller particle sizes (higher surface areas) correlate to higher stability. 

Additionally, the data suggests that aggregation occurred in the order of SUN > EXT > 

IND. Compared to ZnO powder, hydrodynamic diameter sizes of ZnO NPs suspensions 

revealed significant aggregation, forming larger sizes (Zhou and Keller 2010). 

Aggregation of nanoparticles is influenced by surface charge and pH. While the release of 

zinc ions from ZnO NPs in aqueous media has been reported at pH levels below 6, causing 

electron transfer between ZnO NPs and a bacterial membrane that generates ROS from 
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cells (Bian, Mudunkotuwa et al. 2011), the PZC (point of zero charge) of ZnO NPs is 

known to occur between pH 8.7-10.3 (Pagnout, Jomini et al. 2012, Suganthi and Rajan 

2012). Throughout these experiments, the pH ranges remained constant (pH 7.3-7.6) 

regardless of the types of ZnO NPs, which suggests relative stability above pH 7.0 and a 

low tendency for the release of Zn2+ (Kao, Chen et al. 2012). 
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Figure 3.1. (a) XRD spectra of IND, EXT, SUN; (b) EDS spectra of IND, EXT, and SUN 
ZnO NPs in LB; (c) SEM images of three different ZnO NPs in the presence and absence 
of LB (scale bar: IND -50 µm, EXT-5 µm, SUN-10 µm); and (d) E. coli cells after exposure 
to three types of 320 mg/L ZnO NPs (scale bar: 2 µm) (IND: industrial ZnO NPs; EXT: 
ZnO NPs extracted from industrial ZnO NPs; SUN: ZnO NPs extracted from sunscreen).   
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(a)                                                                             (b) 

           

       (c)                                                                         (d)   

 

  

Figure 3.2. Particle size distributions of three types of NPs. Particle images were taken by 
TEM and particle size was analyzed by ImageJ software; (a) IND; (b) EXT; (c) SUN; and 
(d) hydrodynamic diameter determined by DLS and zeta potential of three types of ZnO 
NPs in LB broth (IND: industrial ZnO NPs; EXT: ZnO NPs extracted from industrial ZnO 
NPs; SUN: ZnO NPs extracted from sunscreen).  
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3.3.2. Concentration-dependent toxicity of ZnO NPs on E. coli 

In this study, the relative antibacterial activity of cells was measured as a function 

of exposure duration, concentration, and type of ZnO NPs. The values of OD600 reflect 

bacterial growth after cells were exposed to the three different ZnO NPs over time (Fig. 

3.3a-c). Control samples (Fig. 3.3a-c), which contained only bacterial cells (no ZnO NPs), 

did not exhibit any growth inhibition. However, as shown in Fig.3.3 a-c, when E. coli was 

exposed to ZnO NPs, bacterial growth decreased over time and the extent of cell viability 

was more significant as concentrations of ZnO NPs were increased. Interestingly, the 

overall growth inhibition was the most significant upon exposure to IND and the least 

pronounced from E. coli treated with SUN, indicating that ZnO NPs are not toxic at a lower 

concentration (20 mg/L), even though metal oxide material is known to be toxic. Above 

the concentration of 80 mg/L ZnO NPs, there appears to be a significant decrease of E. coli 

growth from IND and EXT, but SUN did not induce such a dramatic growth decrease 

unless ZnO NPs were used at 1280 mg/L. At this highest concentration of ZnO NPs, the 

OD600 values significantly decreased to 0.01 (IND) and 0.05 (EXT & SUN) from 0.2 

(control). 

These results suggest that the antibacterial effect increases at higher ZnO NPs 

concentrations and is influenced by particle sizes and surface coatings as well. As 

previously addressed, IND has the smallest particle size (the largest surface area) while 

SUN has the largest particle size; this larger size is associated with aggregation since the 

extraction removed all coating materials present in sunscreen. Interestingly, EXT, which 

was extracted from industrial ZnO NPs by the same extraction method conducted for SUN, 
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showed neither the highest nor the lowest antibacterial effect. This may indicate the 

presence of other ingredients (octocrylene, silica, ethylhexyl stearate, diisopropyl adipate, 

etc.) that prevent significant aggregation. Aggregation adhesion against cells may increase 

with increasing concentrations of ZnO NPs, which clearly explains the experimental 

results—i.e. increasing antibacterial effect at higher ZnO NPs concentrations over time.  

At the lowest concentration (20 mg/L), there was no significant difference in the inhibition 

growth rates of bacteria among IND, EXT, and SUN (11.62, 11.63, and 11.71 %, 

respectively). However, the cell growth inhibition rate (%) at 6 hours reveals that there was 

a nine-fold increase of the growth inhibition rate from IND (20 to 1280 mg/L ZnO NPs). 

The same increase in concentration of EXT and SUN resulted in growth inhibition by 

seven- and six-fold, respectively. Thus, the growth inhibition rate (%) was proportional to 

ZnO NP concentrations and the antibacterial effect occurred in the order of IND > EXT > 

SUN (Fig. 3.3d). As indicated previously (characterization study, Figs. 3.1 & 2), the 

antibacterial effects of all three types of ZnO NPs (IND, EXT, & SUN) vary with respect 

to their sizes and aggregation phases. Based on our results, the toxicity of ZnO NPs is likely 

to vary with respect to the concentration, particle size, and type of ZnO NPs. 
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Figure 3.3. Growth curves of E. coli at different concentrations (control, 20, 80, 320, 1280 
mg/L) of (a) IND; (b) EXT; and (c) SUN; and (d) growth inhibition rate (%) of E. coli after 
exposure to three types of ZnO NPs (20, 80, 320, 1280 mg/L) at 6 hours (IND: industrial 
ZnO NPs; EXT: ZnO NPs extracted from industrial ZnO NPs; SUN: ZnO NPs extracted 
from sunscreen). 
 

3.3.3. ZnO NPs-induced ROS generation 

While the antibacterial impact of ZnO NPs is attributed to the physicochemical 

properties of ZnO NPs, other toxicity mechanisms could also be involved. The reactive 
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oxygen species (ROS) produced by ZnO NPs may induce lethal stress levels in bacteria. 

Since superoxide and hydrogen peroxide serve as a substrate for hydroxyl radical formation 

through Fenton chemistry, this oxidative process can lead to cell injury and death, where 

hydroxyl radicals break down nucleic acids, carbonylated proteins, and peroxidative lipids. 

To this end, ROS generation of the bacterial cells in the presence and absence of ZnO NPs 

in LB broth was measured.  

ROS released from the log phase of bacteria exposed to three types of ZnO NPs at 

two different concentrations (20 & 320 mg/L) was measured during exposure (Fig. 3.4). 

ROS were measured using DCF-DA, which penetrates the cells and is converted to 2',7' 

dichlorodihydrofluorescein (DCF) when the DCF-DA is oxidized by ROS. Fig. 4.1.4 

shows ROS generation (as measured by fluorescence intensity) induced by exposure of 

three types of ZnO NPs to E. coli cells at the log phase over six hours. The ROS generation 

increased with the increase in the concentrations of ZnO NPs and duration of exposure, 

which is consistent with previous results on ZnO NP toxicity (Fig. 3.3).  

Similarly, other studies have also reported increasing ROS generation by ZnO NPs 

as a function of concentration and exposure duration (Li, Niu et al. 2014). Increasing the 

concentrations of ZnO NPs may lead to a greater affinity for attaching onto the surface of 

E. coli, producing more ROS compounds, attacking DNA, producing chain breaks, and 

modifying carbohydrates (Suresh, Pelletier et al. 2013) Similarly, Kumar et al. observed a 

significant uptake of ZnO NPs by E. coli, which facilitated increasing ROS generation at 

higher concentrations of ZnO NPs (Kumar, Pandey et al. 2011). When E. coli were exposed 

to ZnO NPs from the beginning of the growth phase, the fluorescence intensity in 6 hours 

at 320 mg/L ZnO NPs occurred in the order of IND (86 a.u.) > EXT (63 a.u.) > SUN (34 
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a.u.) with the same trend repeating at other tested concentrations. When ZnO NPs were 

added in the stationary phase of bacterial growth (Fig 3.4b), fluorescence intensity was 

elevated by ~1.5 times as compared to the control; however, no significant differences 

between the three types of ZnO NPs were noted (e.g., IND (160 a.u), EXT (150 a.u.), SUN 

(140 a.u.) in 6 hours at 320 mg/L ZnO NPs). In both the log and stationary phases, toxicity 

was increased at higher concentrations and longer exposure times.   

Overall ROS generation at the stationary phase of E. coli growth was higher than 

that at the log phase (Fig. 3.4b). These results suggest that for E. coli at the stationary phase, 

the highest level of metabolic products appears to produce more ROS, as the cell density 

is the highest and most E. coli strains appear to contain high amounts of plasmid (Zhao and 

Drlica 2014). Additionally, the amount of ROS generation may be more attributed to the 

fully-grown bacteria, which display a high bacterial concentration, rather than the 

interaction between ZnO NPs and the bacteria, given that ZnO NPs were only introduced 

after the colony of E. coli was fully grown. Thus, the proposed mechanisms evidenced by 

our study involve both physicochemical properties and ROS generation. However, it was 

also found that the extent of toxicity was correlated to the bacteria growth phases in 

conjunction with exposure duration. Fig. 3.5 shows the relative percentage of fluorescence 

intensity (accumulated ROS) of E. coli exposed to three different ZnO NPs for six hours 

as compared to control colonies, which were not treated with ZnO NPs. Comparing the 

relative ROS generation between the log phase and the stationary phase, the toxicity effect 

of ZnO NPs was more apparent at the log phase than at the stationary phase. Thus, the 

observed differences in the relative ROS generation rate could be attributed to the growth 

state. During exposure to ZnO NPs at the exponential phase, E. coli growth is inhibited, 
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reducing their doubling cells. As bacterial cells are treated with increased ZnO NP 

concentrations and exposure duration, the number of damaged cells will ultimately increase.  

While the relative ROS generation at 20 mg/L of ZnO NPs was similar to the results 

from the control group regardless of type of ZnO NPs, this impact significantly increased 

at 320 mg/L (Fig. 3.5a). Again, IND (industrial ZnO) had the highest generation of ROS 

compared to the other types of ZnO NPs. Smaller particle sizes and higher concentrations 

of ZnO NPs produce more ROS, which can be attributed to its antibacterial behavior. Thus, 

when the concentration is the same, the ROS generation can be strongly affected on the 

surface area of ZnO NPs, which is related to their particle size. At the stationary phase, the 

relative ROS generation (accumulated ROS) was similar among the three types of ZnO 

NPs, concentrations, and exposure time (Fig 3.5b).  

Although the quantity of ROS generation of E. coli was significantly high at the 

stationary phase, the relative ROS generation (%) was higher at the log phase than at the 

stationary phase. Our results suggest that ZnO NPs exhibit more antimicrobial activity on 

bacteria at the log phase as compared to the stationary phase. Indeed, bacteria at the log 

phase are likely to be vulnerable to NP-induced toxicity, leading to subsequent 

decomposition of cell membranes. Moreover, industrial ZnO NPs at the highest 

concentration (320 mg/L) of ZnO NPs showed a more detrimental impact than other types 

of ZnO NPs, possibly due to their having a larger surface area and smaller particle size.  
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Figure 3.4. Fluorescence intensity (ROS generation) of three types of ZnO NPs (20 & 320 
mg/L) after exposure to (a) E. coli cells at log phase and (b) E. coli cells at stationary phase 
over 6 hours (IND: industrial ZnO NPs; EXT: ZnO NPs extracted from industrial ZnO 
NPs; SUN: ZnO NPs extracted from sunscreen).  
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(B) 

Figure 3.5. Relative ROS generation (%) (accumulated ROS generation (%)) estimated by 
subtraction of control cells (without NPs) induced by exposure of three types of ZnO NPs 
(20 & 320 mg/L) to (a) E. coli cells at log phase and (b) E. coli cells at stationary phase 
over 6 hours (IND: industrial ZnO NPs; EXT: ZnO NPs extracted from industrial ZnO 
NPs; SUN: ZnO NPs extracted from sunscreen). 
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3.4.    Discussion and implications  

Two important findings emerge from this research. First, the antibacterial effects of 

ZnO NPs vary significantly with respect to the concentration and particle size of NPs and 

exposure duration. Second, exposure to ZnO NPs results in an increase in the levels of 

ROS, and levels of ROS vary between the log (or growth) and stationary phases. While 

some of the findings from this study are consistent with the existing literature (Adams, 

Lyon et al. 2006, Zhang, Jiang et al. 2006, Raghupathi, Koodali et al. 2011) in that the 

antibacterial effect is influenced by the concentrations and particle sizes of NPs, this paper 

makes several novel contributions as well.  

First, the physical and chemical characteristics of NPs extracted from a consumer 

product were different from the industrial-grade NPs. For example, the size of IND NPs 

was smaller than the NPs extracted from the consumer product tested in this research. 

Second, industrial NPs were more toxic than those from the consumer product tested in 

this study. However, at elevated concentrations, NPs extracted from the tested consumer 

product in our study also had significant antibacterial effects. Third, this research sheds 

light on the mechanism of the toxicity of ZnO NPs. As the concentration of NPs increases, 

they bind to the bacterial cells, which in turn damages the cellular molecular structure by 

internalization, resulting in a leakage of cytoplasmic contents with and without 

deformation of cell surfaces, and increases the production of ROS (Yamamoto 2001, 

Brayner 2006, Applerot 2009, Liu, He et al. 2009, Ma, Wallis et al. 2014).  

Fourth, the effects of NPs at log and stationary phases were different. The reaction 

of the ZnO NPs surface with water promotes the transfer of electrons from the valence 

band to the conduction band, generating electrons and holes as carriers. When photons are 
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introduced to the system, they supply the required energy that causes electrons and holes 

to react with oxygen, hydroxyl, or water to form superoxide and hydroxyl radicals (Brayner 

2008). However, ROS are also efficiently generated under dark conditions by the 

interaction of ZnO NPs with cellular components. For instance, ROS (e.g., H2O2, •OH, O2•
-

) are formed in ZnO NPs suspensions through the following mechanisms, as suggested by 

Dasari et al.(Dasari, Pathakoti et al. 2013) and Sharma et al. (Sharma, Anderson et al. 

2012). 

ZnO NPs ●               e- 

O2 + e-  O2•
-   

O2•
- + H2O   •HO2 + OH-   

•HO2 + •HO2  H2O2 + O2   

H2O2 + O2•
-   O2 + •OH + OH- 

Our research suggests that the increase in ROS was significantly higher at the log 

phase than that at the stationary phase. However, the ROS generation ratio at the stationary 

phase of E. coli growth was higher than that at the log phase, suggesting that E. coli 

produces more ROS due to having the highest level of metabolism at the stationary phase, 

along with the highest cell density and more plasmid production. Finally, this research 

suggests that both physicochemical properties in NPs and ROS generation at different 

phases are important in understanding the toxicity of NPs.  

The findings of our research have important implications for the environment, 

health, and medicine. First, the finding concerning the toxicity of NPs from consumer 

O2 

O2
●- 
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products can guide policies for managing exposure to NPs, since most of our direct 

exposure to NPs occurs through consumer products. Moreover, NPs released into the 

environment (re)cycle in the absence of effective filtration systems. Therefore, it is 

important to regulate the production and consumption of NPs, especially in consumer 

products, due to their toxicity. Second, our findings could serve as a step-forward strategy 

in eliminating drug-resistant bacteria (or superbugs) by introducing NPs as a disinfectant 

or antimicrobial reagent at early stages of bacterial growth. Third, the presence of NPs can 

reduce the treatment efficacy of contaminants in biological wastewater processing units.  

Once aggregated, nano-colloidal particles are treated by filtration at the wastewater 

treatment plant and can cause adverse effects on the filter because of their bio-toxicity, due 

to ROS generation in the presence of oxygen in system. For example, ROS (e.g. 

superoxide, hydrogen peroxide, hydroxyl radical) is generated through the reduction of 

oxygen to superoxide, the formation of hydrogen peroxide by the dismutation of 

superoxide anions, and then followed by the generation of hydroxyl radicals through the 

reduction of hydrogen peroxide. Otherwise, the hydroxyl radical can be fully reduced to 

water. Finally, NPs can also be used in medical devices and clinical settings, such as 

disinfectants and antibiotic coating to prevent microbes, which aligns well with the 

emerging need for alternative antibacterial agents in dental implants and medical devices 

with prolonged antibiotic properties. 

Although this paper makes several important contributions and has important 

implications for the environment and human health, several limitations remain. First, the 

study was not conducted under UV light conditions. E. coli cells may generate more ROS 
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production under UV light, due to the impact of photons lowering the activation energy 

required for the oxidation reaction (Dasari, Pathakoti et al. 2013). Future research should 

be geared towards exploring the toxicity of NPs in more controlled settings.  

Second, many factors can affect the mixture and aggregation of NPs, which can 

accelerate antibacterial effects in aquatic conditions. However, we were unable to fully 

homogenize NPs in the samples. Future research may consider applying a stabilizer or 

coating materials on the surface of NPs to achieve homogenous distribution (Zhou and 

Keller 2010, Tejamaya, Romer et al. 2012). Third, all experiments were conducted in a 

controlled setting, which constrains the scope of generalizability of these findings to real-

world settings, including transport and fate of nanomaterials in the environment and their 

impact on human health and ecosystems. For example, the concentration of NPs is higher 

in soil than in water (Li, Mahendra et al. 2008, Crane and Scott 2012). Finally, we used 

single-cell bacteria, which further reduces the scope of generalizability of our findings to 

real-world settings, where bacteria are found in multispecies communities. Therefore, 

future research must be geared towards examining the effects of NPs on multispecies 

bacteria and/or animals. 

3.5.   Conclusions  

In summary, among the three types of ZnO NPs, IND showed the highest toxicity, 

largely due to their decreased size with aluminum coating material, which is used as a 

dopant on ZnO NPs. Aluminum doped ZnO NPs that were stabilized allowed for a decrease 

in particle size compared to uncoated ZnO NPs (Suwanboon, Amornpitoksuk et al. 2008, 

Aimable 2010, Gomez, Bachelot et al. 2011). When the coating material of these NPs was 

removed, their toxicity declined because their size increased with aggregation. The 
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cytotoxicity caused by ZnO NPs induces inhibition of bacterial growth and facilitates ROS 

generation. In fact, our results indicate that ROS generation is one of the important causes 

of the toxicity effects of ZnO NPs on bacteria.  

However, depending on the cell structure and characteristics of microorganisms, 

the antibacterial effects of NPs can vary, causing either direct destruction of bacterial cells 

or distortion of microbial surfaces. Optimization of the dosage of NPs for bacterial cells, 

proper application duration of NPs to bacteria at different growth phases, coating materials 

present in NPs, and long- or short-term antimicrobial behavior all warrant further 

investigation, which can guide strategies for treating microorganisms (such as superbugs 

to act as antibacterial agents) and management of NP exposure from consumer products 

and the environment. 
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CHAPTER 4:  

EFFECTS OF COATING 

MATERIALS ON ANTIBACTERIAL 

PROPERTIES OF TITANIUM-

DIOXIDE NANOPARTICLES2
 

 

 

 

 

 

 

 

                                                           
2 Baek, S., Joo, S. H., Blackwelder, P., Toborek, M. (2018) Effects of coating materials on 
antibacterial properties of industrial and sunscreen-derived titanium-dioxide nanoparticles on 
Escherichia coli. Chemosphere. 208 pp.196-206 
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4.1. Background 

Growing employment of nanotechnology leads to increasing releases of nanoparticles 

(NPs) into the natural environment, causing unknown and unintended environmental 

effects (Hegde, Brar et al. 2016, Padmavathy and Vijayaraghavan 2016, Wang, Lin et al. 

2016). Due to the versatile properties of NPs, including surface area, particle size, and 

quantum effects, NPs are widely used in commercial products (Jeon, Kim et al. 2016, 

Wang, Zhu et al. 2016). TiO2 NPs are mainly used in personal-care products, coatings, 

cleaning agents, and paints, producing around 10,000 tons per year globally (Piccinno, 

Gottschalk et al. 2012, Weir, Westerhoff et al. 2012). Such wide and increasing productions 

also raise concerns regarding potential toxicity to living organisms (Jeon, Kim et al. 2016, 

Leung, Xu et al. 2016). NPs can negatively affect human health by targeting both the 

human host and its microbiomes.  

Escherichia coli (E.coli), is widely used in laboratory for studying the toxicity of NPs, and 

cell-NP interaction because it is commonly found single cell bacteria in the intestines of 

animals and humans, and aquatic environment (Lin et al., 2014; Baek et al., 2017). 

Research has revealed increasing toxicity of TiO2 NPs to E. coli at small particle sizes and  

large surface areas (Smijs and Pavel 2011). In addition,  the degree of toxicity in E. coli 

was influenced by ionic strength and electrolytes that affect the aggregation of TiO2 

(Lewicka, Benedetto et al. 2011). As with other types of NPs, TiO2 NPs are often coated 

with stabilizers to prevent aggregation (Labille, Feng et al. 2010, Lewicka, Benedetto et al. 

2011, Smijs and Pavel 2011, Jeon, Kim et al. 2016). Thus, TiO2 may be present in a bare 

or coated form of NPs in the aquatic environment (Dalai, Pakrashi et al. 2012). Engineered 

polymers or organic and inorganic substances may serve as coating material and act as 
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stabilizers for dispersal of colloidal NPs. Stabilizers have been found to modify the 

physicochemical properties of NPs, thereby affecting particle stability and mobility by 

electrosteric repulsion (Jafry, Liga et al. 2011, Dalai, Pakrashi et al. 2012) (Dalai, Pakrashi 

et al. 2012, Wang and Fan 2014), and resulting in altered interaction with organisms 

(Batley 2012).  

According to the DLVO theory, NP aggregation is controlled by Van der Waals attractive 

and electrostatic double-layer forces (Hotze, Phenrat et al. 2010). Thus, stabilizers 

influence the properties of NPs by adsorption of coating materials through enhancing NPs’ 

surface charge or presenting steric or electrosteric repulsion (Huynh and Chen 2011).  

There is an impact of polymeric organic and inorganic matter coatings on TiO2 NPs toxicity 

and biological effects on E. coli. In addition, providing insight into this mechanism is a 

goal since it is not fully understood (Li, 2011).  Although interactions of TiO2 NPs with 

bacterial cells have been examined, the majority of these studies have been limited to 

toxicity impact in non-coated NPs.   

The interaction between TiO2 NPs and bacterial cells is influenced by the model coating 

materials. This approach enables us to evaluate the antibacterial impact of these coated NPs 

on E. coli, with further implications to the toxicity of NPs in the environment. 

Among organic coating materials, CMC (carboxymethylcellulose) and PVP 

(polyvinulprrolidone) are both neutrally charged polymers and were chosen since they are 

commonly used in food-additive and personal-care products (Dalai et al., 2012; Wang and 

Fan, 2014). SiO2 is another widely used coating material employed in various commercial 

products (e.g., sunscreen) to improve the photocatalytic activity of TiO2 NPs (Nur, 2006; 
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Jafry et al., 2011). Previous studies have been performed on industrial SiO2, including SiO2 

coated TiO2 NPs (Jafry et al., 2011; Siddiquey et al., 2008). Since TiO2 NPs are directly 

used for commercial products, it is important to understand to compare the toxicity of 

sunscreen-derived TiO2. The extracted SiO2-TiO2 NPs from sunscreen, and industrial SiO2-

TiO2 NPs were investigated to determine physicochemical characteristics of the NPs, and 

these nanotoxicity on bacteria was evaluated.  

TiO2 NPs coated with CMC and PVP (both neutrally charged polymers) materials, as well 

an inorganic coating (SiO2), effect bacterial growth inhibition, ROS generation, and 

morphology as a function of exposure time and concentration. 

4.2.  Materials and Methods  

4.2.1. Nanoparticle preparation 

Industrial and sunscreen-derived TiO2 NPs were used in all experiments. Industrial TiO2 

NPs (TiO2, >99.7 % purity, <25 nm size, 45–55 m2/g surface area, anatase), CMC (average 

MW: ~90,000), PVP (average MW: ~10,000), and silica NPs (SiO2; >99.8% purity, <14 

nm size, 175–225 m2/g) were purchased from Sigma-Aldrich (St. Louis, MO). 

Commercially available sunscreen products containing TiO2 NPs were purchased at a local 

drugstore in Miami, FL. The CMC- and PVP-coated TiO2 NPs were prepared by dissolving 

0.2 % (w/v) of CMC or PVP in deionized (DI) water using a magnetic stirrer for 12 hours. 

After complete dissolution, TiO2 NPs were added to each solution and dispersed under 

sonication for 3 minutes.  

To identify the effect of silica present in sunscreen on antibacterial properties of TiO2 NPs, 

the TiO2 NPs were extracted from the sunscreen product using a similar method as 



49 
 

 
  

described in the literature (Nischwitz and Goenaga-Infante 2012). Briefly, extractions of 

NPs were performed by a series of ethanol and DI water washes, followed by washing with 

hexane and subsequent sonication and centrifugation. After discarding supernatants, 

suspensions were washed in ethanol and DI water five times, and the pellet dried in an oven 

at 100°C for 12 hours. Industrial-grade SiO2 and TiO2 NPs were mixed in DI water and 

sonicated for 3 minutes. Prior to experimentation, all NP suspensions were subjected to 

dispersion using a sonication probe for 1 minutes.  

4.2.2.  Characterization of TiO2 NPs  

NP surface morphology, physicochemical properties, elemental analysis, and interactions 

with bacterial cells were examined. NP suspensions were analyzed using Energy 

Dispersive Spectroscopy (EDS), Field Emission Scanning Electron Microscopy (SEM, 

Philips XL-30 FEG), Transmission Electron Microscopy (JEOL 1400 TEM), Malvern 

Zetasizer Nano ZS90 analyzer, and Fourier-Transform Infrared Spectroscopy (FTIR). For 

SEM and TEM Control cells and NP-treated E. coli cultures were suspended in 2% 

glutaraldehyde in a phosphate-buffered saline (PBS) buffer overnight. The pellet was then 

washed three times with the PBS buffer. A series of graded ethanol at 20, 50, 70, 95, and 

100% was used for dehydration in three changes of 5 minutes each. For SEM the samples 

were then dried in three changes of hexamethyldisilazane (HMDS) in plastic weigh boats. 

After outgas sing overnight, the samples were placed in a Cressington Sputter Coater and 

coated with palladium (Pd). They were then imaged in the Philips XL-30 Field Emission 

SEM equipped with an Oxford/Link EDS system.   

To quantify average particle sizes and particle-cell interactions, TEM analyses were carried 

out. Cells were prepared as in the above described protocol for SEM. However, after the 
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last 100% ethanol wash cells were embedded in Spurr Resin. The blocks were then 

sectioned in a Porter Blum Ultramicrotome, placed on copper grids, and imaged in a Philips 

CM-10 TEM (Eindhoven, Netherlands) at the Miller School of Medicine TEM Core at the 

University of Miami. 

 Digitally acquired micrographs were analyzed using Image J software developed at the 

National Institutes of Health, USA to calculate average NP diameter, size distribution, and 

standard deviation. A Malvern Zetasizer Nano ZS90 (Malvern Instruments, Westborough, 

MA) was employed to measure the hydrodynamic diameter of particles in suspension using 

dynamic light scattering (DLS) at 25°C, and the zeta potential of the NPs in DI water.  

For FTIR measurements, NP suspensions were made in DI water and dried using a fume 

hood overnight at room temperature. Using a Frontier series FTIR spectrometer by 

PerkinElmer (Frontier, Perkin Elmer, Norwalk, CT), 50-100 mg of the powdered TiO2 

sample was applied to the clean crystal surface so that the crystal was completely covered 

with sample before the force gauge was applied and the spectrum taken. The crystal was 

thoroughly cleaned between samples to ensure no cross contamination occurred. Before 

each measurement, a blank measurement was taken. Each sample was scanned four times, 

and the summation of its spectra was analyzed.  

4.2.3.  E. coli DH5-Alpha cultivation and cell-viability analysis 

E. coli cultured for characterizing the NP-cell interactions was grown as follows. A 

pUC19 vector was transformed into Max Efficiency DH5α™ Competent Cells (Invitrogen, 

CA). The transformed cells were cultivated on Luria Bertani (LB) agar plates containing 

ampicillin. The E. coli colonies were incubated in bacterial culture tubes with LB at 37 °C 
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for 12–14 h in an incubator (MaxQ 4000, Thermo Scientific, NY). The growth inhibition 

of E. coli was assessed by exposing cultivated cells to different concentrations of TiO2 NP 

suspensions (10, 50, 250 mg/L) for 6 h. A bacterial cell culture free of TiO2 NPs was used 

as a control.  

The growth inhibition of E. coli was measured by optical densities of UV-vis absorption at 

600 nm (OD600). E. coli were inoculated in LB and incubated for 12-16 h at 37 °C in an 

incubator with shaking at 225 rpm. The cultivated E. coli cells (with an OD600 of 0.45) 

were exposed to different concentrations (0, 10, 50, or 250 mg/L) of TiO2 NP suspension 

in LB for 6h at 37 °C in an incubator at 225 rpm. Then, the aliquots of 200 µL were added 

into a 96-well plate, and OD600 was measured using a microplate reader (Spectra MAX 

190, Molecular Devices, CA) with an interval of 2 h. The growth inhibition of E. coli was 

calculated as percentage of survived cells compared to control cells after 6 h of exposure. 

Samples were plated in triplicate, and all experiments were performed under sterile 

conditions.  

4.2.4. Quantification of ROS generation  

To measure the generation of ROS from TiO2 NPs, a fluorogenic dye 2’,7’-

dichlorofluorescin diacetate (DCFDA) was used following the manufacturer’s instructions 

(Abcam Inc, Toronto, ON, Canada). After diffusion into the cell, DCF-DA is deacetylated 

by cellular esterases to a non-fluorescent compound that is oxidized by ROS into 2’, 7’- 

dichlorofluorescein (DCF). The method allows to assess hydroxyl, peroxyl and other ROS 

activity within cells. Briefly, cultivated cells exposed to different coating materials and 

TiO2 NP concentrations were seeded in the 96-well plate (black color, clear bottom). The 

treated cells were washed with PBS, followed by an addition of the DCF-DA dye (10 μM) 
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to each well and incubation for 30 minutes at 37 °C. DCF fluorescence was detected by 

fluorescence spectroscopy with excitation and emission spectra of 485 nm and 535 nm, 

respectively.  

4.2.5. Statistical analysis 

All the experiments were performed in a triplicate. The statistical student’s t test 

with Graph Pad Prism 3.0 analysis (Graph Pad Software Inc., San Diego, CA) was used 

for the statistical analysis. All the experimental values were compared to their 

corresponding control values and showed statistical significance at p < 0.05.   

4.3. Results and discussion 

4.3.1. Characterization of TiO2 NPs with and without coatings 

The shape, morphology, and size of industrial and sunscreen-derived TiO2 NPs 

were analyzed using SEM and TEM in the presence and in the absence of coating materials 

(CMC, PVP, and SiO2). As shown in Figure 4.1, spheres which were in some cases 

aggregated were observed in all samples. However, sunscreen-derived TiO2 (SUN) NPs 

exhibited the largest particle size (up to 284 nm), (Table 1), which clearly indicates that 

the silica coating on TiO2 resulted in a larger particle size and a uniform spherical shape. 

Industrial TiO2 NPs (IND) in the absence of CMC or PVP showed significant aggregation 

with larger particle sizes and low zeta potential values.  

In contrast, the presence of CMC or PVP significantly enhanced the stability of IND, as 

shown in the zeta potential values measured at pH 7, with substantial shape changes 

characterized by spherical particles and relatively smaller particle sizes of TiO2 (Fig. 4.1A). 

Such substantial shape transformation by stabilizers has been found in other studies 
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(Othman, Abdul Rashid et al. 2012, Tejamaya, Romer et al. 2012). TiO2 NPs have also 

been found to exhibit a fully dispersed and stabilized form in natural water containing 

organic materials (Planchon et al., 2013). In this study we found the particle size 

distributions measured by ImageJ revealed average sizes of 29.4 nm (IND), 16.3 nm 

(CMC+TiO2), and 9.8 nm (PVP+TiO2) (Table 1).  

In colloidal suspension, the hydrodynamic diameters were on the order of IND (625.7 nm) 

> SiO2 mixed with IND (594.5 nm) > IND mixed with CMC (547.1 nm) > SUN (335.7 

nm) > IND mixed with PVP (206.6 nm). The difference in hydrodynamic diameters 

between CMC and PVP mixed TiO2 suggests an adsorption effect related to the molecular 

weight of the stabilizers. For example, CMC that has a greater molecular weight and longer 

chains in comparison to PVP can adsorb more on the NP surfaces, thereby exhibiting 

stronger binding with the NPs. This can result in larger particle sizes. Short chain 

dispersants may be more effective in stabilizing NPs in suspension which has been shown 

in other studies (Liufu, Xiao et al. 2005, Othman, Abdul Rashid et al. 2012).  

Images of TiO2 NPs in the presence and in the absence of the coating materials reveal that 

in their absence TiO2 NPs were aggregated (Figure 4.1B). Interestingly, silica-coated IND 

clearly showed the distribution of silica with bonded connection surrounding TiO2 NPs. 

These bonded clusters appear to significantly aggregate in comparison with those in the 

presence of either CMC or PVP. TiO2 and SiO2 NPs appear to have interconnected to form 

individual spheres. A similar observation was made in the study in which silica NPs did 

not coat TiO2 NPs (Jaroenworaluck, Sunsaneeyametha et al. 2006).  

According to one study, increasing the amount of silica in coatings on TiO2 NPs was not 

correlated to change in physical characteristics, e.g., forming individual amorphous spheres 
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(Jaroenworaluck et al. 2006). However, another study (Zhang, Shi et al. 2009) showed that 

increasing the number of silica NPs resulted in a notable dispersion effect of the NPs. In 

this study elemental analysis (EDS) composition of IND, IND mixed with silica, and SUN 

were performed. The results confirmed Ti purity, to the detection limit of the method, in 

IND as well as 60% Ti and 40% Si from SUN and IND mixed with silica NPs (Fig. 4.1C). 

It is proposed that the differences in morphology, size, zeta potential, and stability in the 

presence of coating materials (CMC, PVP, and SiO2) may affect the antibacterial effect of 

TiO2 as well.  

 
Table 1. Zeta potential, hydrodynamic diameter (nm), and TEM particle size (nm) of 
TiO2 NPs. 
 

NPs Zeta potential (mV) Hydrodynamic diameter (nm) Particle size (nm) 

IND TiO2 14.23 625.7 29.4 

CMC+IND TiO2 -61.5 547.1 16.3 

PVP+IND TiO2 -43.6 206.6 9.8 

SiO2+IND TiO2 -15 594.5 29.6 

SUN TiO2 -14.8 335.7 284.5 
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(A) 

 

(B) 
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(C) 

 
Figure 4.1. SEM (A) and TEM (B) images of 5 types of TiO2 NPs: (a) IND TiO2 
(Industrial TiO2 NPs), (b) CMC+IND TiO2 NPs (Industrial TiO2 NPs mixed with CMC), 
(c) PVP+IND TiO2 NPs (Industrial TiO2 NPs mixed with PVP), (d) SiO2+IND TiO2 NPs 
(Industrial TiO2 NPs mixed with silica NPs), and (e) SUN TiO2 NPs (Sunscreen-derived 
TiO2 NPs); TiO2 suspension concentration: 50 mg/L. EDS images of TiO2 NPs (C) ; (a) 
IND TiO2, (b) CMC+ IND TiO2 NPs, (c) PVP+IND TiO2 NPs, (d) SiO2+IND TiO2 NPs, 
(e) SUN TiO2 NPs  
 

4.3.2. The effect of coating materials on antibacterial properties of TiO2 NPs on E. 

coli  

The effect of commonly used coating materials (CMC, PVP, and silica) in 

consumer products on the antibacterial properties of TiO2 NPs was investigated. E. coli 

was exposed to TiO2 NPs for 6 hours and growth inhibition recorded as a function of time 

and concentration (Fig. 4.2a). Overall, bacterial growth was inhibited over time, and cell 

viability decreased significantly at the highest TiO2 NP concentration (250 mg/L), and 
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similar growth inhibition was observed at lower concentrations. Above 50 mg/L of TiO2 

coated with PVP, a slightly higher antibacterial effect was evident compared to IND and 

CMC-coated TiO2 NPs (Fig. 4.2a). At 250 mg/L of TiO2 suspension, the coating materials 

(CMC and PVP) induced higher toxicity to E. coli with concentration-dependent increases. 

The greatest antibacterial effect was found in the order of PVP+TiO2 > CMC+TiO2 > IND. 

This order of toxicity appeared to correlate with particle sizes (IND > CMC+TiO2 > 

PVP+TiO2). Stabilizers such as CMC and PVP appear to increase the toxicity of TiO2 due 

to smaller particle size of TiO2. The attribution of smaller particle sizes to higher toxicity 

was also observed in other studies in which such an effect was revealed due to an increasing 

generation of ROS (Pagnout, Jomini et al. 2012, Lin, Li et al. 2014) or the degree of NP 

aggregation (Chowdhury, Cwiertny et al. 2012).  

The antibacterial effect of TiO2 on E. coli in the presence of silica was examined, 

and similar trends observed in Fig. 4.2a were found (Fig. 4.2b), namely increasing toxicity 

over longer time exposure and significant growth inhibition at the highest TiO2 

concentration (250 mg/L). Interestingly, a significant antibacterial effect (the lowest cell 

viability) from either SiO2 mixed TiO2 (SiO2+TiO2) or SUN at 250 mg/L of TiO2 NPs was 

observed (Fig. 4.2b) with the order of SiO2 coated TiO2 > SUN > IND. This indicates that 

cell viability is influenced by the type of surface coating and particle sizes. Such bacteria 

inactivation by the presence of silica could also be due to increasing ROS.  

According to one study, the catalytic activity of TiO2 is particle size dependent, and 

the addition of silica NPs exhibited a scattering effect, which may then attribute to the TiO2 

particle size (Van Grieken et al. 2002). In another study (Jafry, Liga et al. 2011), TiO2 NPs 

coated with silica exhibited higher toxicity than uncoated TiO2 NPs, due to an enhanced 
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surface area of TiO2 doped with silica NPs, resulting in increased adsorption and reactivity 

on cells. The slightly different toxicity between silica-coated IND and SUN could be due 

to their physicochemical characteristics. For instance, the significantly larger particle size 

observed in SUN (Fig. 4.1b) compared to the particle size in SiO2-coated IND may have 

resulted in a slightly lower antibacterial effect. While the higher growth inhibition due to 

SUN compared to cell viability due to IND could be caused by the chemical composition 

effect in the presence of silica (e.g., complexation or adsorption of Si on TiO2) rather than 

physicochemical properties of TiO2.  

(a) 
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(b) 

 
                                                              

Figure 4.2. Growth curves of E. coli at different concentrations (control as well as 10, 50, 
and 250 mg/L) and cell-growth inhibition rate (%) of (a) TiO2 NPs with and without 
organic coating materials: IND TiO2 NPs, CMC+ IND TiO2 NPs, and PVP+IND TiO2 
NPs, (b) TiO2 NPs with and without inorganic coating materials; IND TiO2 NPs, 
SiO2+IND TiO2 NPs, and SUN TiO2 NPs derived from sunscreen. 
 

4.3.3. Toxicity assessment of TiO2 NPs in the presence and absence of coating 

materials 

The release of ROS (hydroxyl, superoxide radicals, hydrogen peroxide, and singlet 

oxygen) occurs when TiO2 absorbs UV light as a semiconductor, generating electrons and 

positively charged holes (ℎ+) (Carlotti, Ugazio et al. 2009, Gupta and Tripathi 2011). TiO2 

NPs are known not only to induce oxidative stress and DNA damage in E. coli cells but 

also regarding the effect of coating materials on their antibacterial effect on E. coli. To 

identify such an effect of coating materials, ROS generated from TiO2 NPs was assessed 
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in the presence and in the absence of the coating materials under room-light conditions, 

after the exposure of TiO2 NPs to E. coli over 6 hours. Overall, ROS generation appears to 

increase with concentration and exposure duration. Although toxicity effects were most 

significant in PVP-coated IND, followed by CMC-coated IND and IND, ROS generation 

was similar among the three types of TiO2. These results suggest that CMC and PVP 

coating materials may react with ROS generated from TiO2, scavenging ROS as per the 

following chemical reaction (Joo and Zhao, 2008): 

•OH + CMC  H2O + CMC•    (1) 

The pseudo-first-order rate constant is reported as 1 × 109 M-1s-1 (Wach et al., 2004). 

Interactions of TiO2 NPs with stabilizers have been shown to inhibit ROS generation 

(Tuchina and Tuchin 2010). Other studies proposed the generation of ROS from NPs, and 

describe the interaction of NPs with cellular components (Hegde, Brar et al. 2016, Wang, 

Lin et al. 2016, Wang, Zhu et al. 2016). A study reported that polymer coatings blocked or 

eliminated the photocatalytic activity of TiO2 NPs, thereby minimizing free radical 

formation on TiO2 surfaces (Lee, Pernodet et al. 2007).  

A similar observation was shown in other studies where the correlation between 

growth inhibition of treated E. coli and ROS generation was inconsistent (Kumar, Pandey 

et al. 2011, Dalai, Pakrashi et al. 2012). Instead of the ROS effect, particle size may have 

attributed to the toxicity. Kumar et al. (2011) confirmed that a significant uptake of TiO2 

NPs occurs on E. coli using electron microscopy, through the adhesion of aggregated NPs 

on surfaces of bacteria and subsequent changes in morphology (Kumar, Pandey et al. 

2011). NPs may penetrate bacterial cell membranes and inhibit their metabolic enzymes 

(Pal, Tak et al. 2007).  
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Figure 4.3B shows ROS generation from IND, SiO2-coated IND and SUN by 

measuring fluorescence intensity ratio (%) after exposure of TiO2 to E. coli over 6 hrs. The 

results show significant generation of ROS from silica-coated IND at 250 mg/L of TiO2. 

As indicated earlier, the toxicity was on the order of SiO2-coated IND > SUN > IND, 

indicating that the greatest toxicity observed in SiO2-coated IND could be due to a 

significant amount of ROS. The presence of silica appeared to increase the surface area 

and the band structure through the quantum-size effect and thus enhancing the 

photocatalytic activity of TiO2 (Kim, Shul et al. 2005). The quantum-size effect, i.e. that 

the energy gap between the valence and conduction bands is enlarged as the particle size 

of TiO2 decreases, was based on the band theory in quantum mechanics (Zhang, Shi et al. 

2009). Increasing the band-gap energy of TiO2 on the silica surface has been described in 

other studies (Kim, Shul et al. 2005, Park and Kang 2005, Zhang, Shi et al. 2009).  

The lower ROS generation from SUN compared to that from SiO2-coated IND could 

be due to the larger particle size shown in SUN. The generation of ROS is likely inhibited 

by either chemical compositions or larger particle sizes and surface areas of NPs (Xiong, 

Fang et al. 2011). Similarly, E. coli exposed to SiO2-coated IND produced more ROS 

compared to SUN due to the smaller particle size observed in SiO2-coated IND. As 

indicated in other studies and demonstrated in our work, the correlation between ROS 

generation and antibacterial activity is influenced by physicochemical properties and 

chemical composition of the coating materials (Park, Bae et al. 2013, Leung, Xu et al. 

2016).  
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(a)                                                                          (b)               

Figure 4.3. ROS generation assessment of five types of TiO2 NPs (50 and 250 mg/L) by 
fluorescence intensity ratio (%) after exposure to E. coli over 6 hours in the presence of (a) 
organic coating materials and (b) inorganic coating materials. 
 

4.3.4. Interaction between cells and NPs analyzed by SEM, TEM and FT-IR  

     To gain insight into TiO2 antibacterial effects on E. coli related to the coating materials, 

SEM and TEM images of E. coli after exposure to TiO2 NPs at different concentrations in 

the presence and in the absence of the coating materials were examined.  Bacteria exposed 

to three types of TiO2 NPs at 50 and 250 mg/L were examined in the SEM (Figure 4.4). At 

the high NP concentration (250 mg/L), more aggregated forms appeared, and more NP 

particles were attached to cells, whereas at the low concentration (50 mg/L), fewer 

aggregations were seen. Attachment of NPs to cell membranes and indications of damage, 

were particularly notable at the high concentration of TiO2 NPs. Such marked cell 

disruption seen at high concentrations of NPs have also been found in other studies (Kim, 

Shul et al. 2005, Hegde, Brar et al. 2016, Leung, Xu et al. 2016).  
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Figure 4.4. SEM images of E. coli after exposure to different TiO2 NPs (in the absence 
and in the presence of organic and inorganic coating materials) in different concentrations: 
Industrial TiO2 NPs, CMC+IND TiO2 NPs, PVP+IND TiO2 NPs, SiO2+IND TiO2 NPs, 
and SUN TiO2 NPs derived from sunscreen at 50 and 250 mg/L concentrations. 
 

It is possible that cell damage is caused by ROS generation, the antibacterial effect due to 

the interaction between NPs and cell membranes was found in the absence of ROS in a 

recent study (Leung, Ng et al. 2014). The ultrastructural relationships in fixed and 

sectioned bacterial cells after treatment with 250 mg/L of each material including, IND, 

CMC-coated IND, PVP-coated IND, SiO2-coated IND, and SUN are shown in Figure 4.5. 

While IND-exposed cells showed significant adsorption of IND to the E.coli cells, several 

aggregated forms surrounded the cells (Figure 4.5A). In addition, some penetrated into the 

bacterial cells through intercellular interactions and were associated with cell damage 

(Figure. 4.5B).  

CMC-coated IND (CMC+IND) showed aggregates in the cells through similar 

mechanisms to those in IND. These include adsorption of NPs on the cells, intracellular 

interactions between NPs and the cells, cell damage, and penetration of the NPs into the 

cells (Figures 4.5C and D). Some of the cells appeared dead with clear intracellular space, 

while some of the apparently living cells remained surrounded by NPs (Figure 4.5C). 

Significant numbers of dead cells observed in both CMC-coated IND and PVP-coated IND 
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could be associated with smaller particle sizes that enabled IND to cause more toxicity. 

Dead cells appeared to show leakage of cell contents (Figure 4.5D), and images support 

the antibacterial effect. These include lower toxicity from IND compared to that from 

CMC-coated IND and PVP-coated IND. Similarly, PVP-coated IND adhered to cell 

surfaces. Cells surrounded by NPs with transparent intracellular space were certainly dead, 

while other cells not in direct contact with the NPs remained intact (Figures 4.5 E and F).  

       Direct physical deformation such as membrane deformation and cell wall damage were 

observed in PVP-coated IND with black colors showing the adhesion of the NPs onto the 

cell surfaces. While intracellular interactions are not apparent in PVP-coated NP, more 

severe membrane damage occurred compared to those in CMC-coated IND and uncoated 

IND. Adsorption of NPs on cells may inhibit bacterial movement, causing cellular 

metabolic disturbance and cell death. Similar observations of the disruption of bacterial 

membranes are also found in other studies (Dalai, Pakrashi et al. 2012, Lin, Li et al. 2014, 

Leung, Xu et al. 2016, Wang, Lin et al. 2016). Coating materials may facilitate  more 

interactions on the bacteria surfaces, and ROS generated from the NPs may result in  

disruption of the bacteria cell membranes  (Lin, Li et al. 2014). Studies reveal that 

interactions between cells and NPs vary depending on the NPs composition, coating 

materials, and model organisms used (Xiong, Fang et al. 2011, Batley 2012).  

In contrast, images of the ultrastructure of sectioned bacteria cells treated with 250 mg/L 

of SUN and SiO2-coated IND did not exhibit cell attachment (Figure 4.5, G~J). Although 

they appeared to form aggregates, NPs were not attached to the bacteria membranes (Figure 

4.5 G–H). Similarly, larger aggregates of NPs around the cells were observed from SUN, 

but the NPs were not interacting with the cells (Figure 4.5 I–J). Such large SUN aggregates 
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indicate their relatively large particle size, which is consistent with results from TEM 

particle-size distribution analysis. Notably, while CMC+IND and PVP+IND induced cell 

distortion, internalization, and membrane damage, the presence of silica (either SiO2-IND 

or SUN) did not cause penetration of NPs into the bacterial membrane.  

(a) 

 

(b)   
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Figure 4.5. E. coli ultrastructure (TEM) after exposure to three different TiO2 NPs (a) in 
the absence and in the presence of organic coating materials: IND TiO2 NPs, CMC+IND 
TiO2 NPs, and PVP+IND TiO2 NPs, (b) in the absence and in the presence of inorganic 
coating materials: IND TiO2 NPs, SiO2+IND TiO2 NPs, SUN TiO2 NPs derived from 
sunscreen at 250 mg/L of NP concentration. 

 

FTIR spectroscopy was employed to gain insight into chemical interactions with NPs. 

The FTIR patterns of TiO2 NPs with organic coating materials (CMC and PVP; Figure 

4.6a) and silica (Figure 4.6b) were examined. As shown in Fig. 4.6a, IND, CMC-IND, and 

PVP-IND had similar patterns without notable peaks. The broad band at approximately 

650–800 cm-1 was attributed to the absorption peak of Ti–O, confirming the presence of 

TiO2 in all the samples (Mirabedini, Mirabedini et al. 2011, Guo, Wang et al. 2013, Zhang, 

Shi et al. 2014, Cai, Liu et al. 2015, Wu, Liao et al. 2017). Fig. 4.6 (b) shows absorption 

peaks of Si-O-Si at 1,081 cm-1 from SiO2-coated IND and at 1,016 cm-1 from SUN, 

respectively, due to the presence of silica in solution (Feng, Zhang et al. 2015, Wang and 

Chen 2015). Another absorption peak of Ti-O-Si at 924 cm-1 occurred in SUN. Other 

studies have described the formation of Ti-O-Si bonds, which are related to the 

photocatalytic activity between 910 and 960 cm-1. As shown in Figure 4.5b, TiO2 NPs were 

evenly distributed in the presence of SiO2 NPs. This suggests silica is a catalyst that 

increases hydrophobic properties of NPs, thus enhancing the reactivity of TiO2 by 

stabilizing its particles (Rasalingam, Peng et al. 2014).  
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(a)                                                                            (b)  

 

Figure 4.6. FTIR spectra of TiO2 NPs (a) in the absence and in the presence of organic 
coating materials (CMC and PVP): IND, CMC-coated IND, and PVP-coated IND, (b) in 
the absence and in the presence of inorganic coating materials: IND, SiO2-coated, IND, 
and SUN. 

 

4.4. Conclusions 

In summary, the addition of coating materials such as CMC, PVP and silica were found 

to prevent significant TiO2 aggregation through dispersion. Such stabilizers changed 

physicochemical properties (particle sizes and zeta potential) of TiO2 NPs. Although CMC- 

or PVP-coated TiO2 NPs produced stable TiO2 suspension, with a cluster size smaller than 

that of uncoated TiO2 NPs, there was no difference in ROS generation between uncoated 

and coated TiO2 NPs, indicating possible scavenging of ROS by CMC and PVP. Coated 

TiO2 is related to significant cell death through interactions with bacteria membranes 

and/or penetration into the cells. This finding is consistent with culture results showing 

significant growth inhibition of E. coli due to CMC-IND or PVP-IND at the highest 

concentration of TiO2 NPs. Significant antibacterial growth inhibition was observed in 

silica-coated IND and SUN but not in uncoated IND at the highest concentration of TiO2 
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NPs. However, in contrast to CMC- and PVP-coated IND, substantial ROS generation was 

observed in silica-coated IND, notably at the highest concentration of IND. This may be 

due to the increasing reactivity of TiO2 NPs due to stabilization by silica.  

These findings have implications to the development of nanoproducts that use coating 

materials This is because 1) the types of coating materials affect the stability and the 

reactivity of TiO2 NPs, 2) smaller more stable particle sizes exhibit higher toxicity, and 3) 

silica-coated TiO2 has a more significant antibacterial effect than that of CMC- or PVP-

coated TiO2 NPs. Additional future research needs to evaluate the accumulation of NPs in 

microorganisms using different types of coated TiO2 nanoproducts under well-controlled 

environmental conditions. These include controlled exposure time series experiments, 

variability in exposure media, UV radiation, temperature, and co-existing contaminants 

that may contribute to synergistic microorganism growth inhibition.
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CHAPTER 5:  

ANTIBACTERIAL EFFECTS OF 

NANOHYBRIDS AND THEIR 

TOXICITY MECHANISMS ON 

ANTIBIOTIC-RESISTANT 

BACTERIA3 

 

 

 

 

                                                           
3 Baek, S., Joo, S. H., Su, C., Toborek, M. (2018) Antibacterial effects of graphene- and carbon-
nanotube-based nanohybrids on Escherichia coli: implications for treating multidrug-resistant 
bacteria in water. Journal of Environmental Management. (under review) 
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5.1. Background 

Nanomaterials, due to their unique mechanical and catalytic properties and 

electrical conductivity, have been widely applied for manufacturing industrial products, 

with an exponential potential increase of nanomaterials, particularly ZnO, TiO2, 

carbonaceous nanomaterials, silver, and iron in the future (Klaine 2008); (Batley 2012, 

Jeon, Kim et al. 2016). Metal oxides, particularly ZnO and TiO2, are commonly exploited 

in cosmetics, paints, coatings, and solar cells because of their photocatalytic properties 

(Wang, Lin et al. 2016). Similarly, two commonly used nanomaterials graphene oxide 

(GO) and carbon nanotubes (CNTs) are found in various industrial applications. For 

instance, GO—a monolayer of carbon atoms that are packed into a two-dimensional 

structure—is chemically modified with oxidizers on graphene with a large number of 

oxygen bonds to be used as a dispersant in water (Wenbing Hu 2010, Wang, Cao et al. 

2014). Such unique properties enable GO to provide a large active site with other metals 

through both electrostatic and coordinate approaches (Wang, Cao et al. 2014). CNTs, 

primarily consisting of carbon, have been widely used, especially in plastics, catalysts, 

batteries, electronic components, aircrafts, and automotive industries, in photocatalytic 

applications because of their effectiveness in catalyzing materials (Akhavan, Azimirad et 

al. 2011) and to design semiconductor materials for the synergetic combination of their 

unique electrical and structural properties (Das, Abd Hamid et al. 2014).  

Thus, there is an increasing concern about the release of nanomaterials in the environment, 

and very few materials are released as single-type nanoparticles; rather, materials exhibit a 

heterogeneous form, including nanohybrids in the environmental media (Klaine 2008, 
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Weir, Westerhoff et al. 2012, Wang, Lin et al. 2016). Several studies have found that 

nanoparticles affect aquatic organisms through toxicity causing mechanisms, including 

reactive oxygen species (ROS) generation, release of metal ions, and disruption of the cell 

membrane (Kumar, Pandey et al. 2011, Batley 2012, Lin, Li et al. 2014). Despite a number 

of reports on toxicity effects of nanomaterials (Wang, Zhu et al. 2016, Baek, Joo et al. 

2018, Choi, Kim et al. 2018), few studies have investigated antibacterial effects of 

nanohybrids. Combined nanocomposites are found to not only offer a large surface area 

but also increase the photocatalytic effect (Huang, Zang et al. 2014). Given recently 

emerging concerns about multidrug-resistant bacteria detected in water (Jerome, 2016) and 

drug-resistant contaminated surface water, especially after a hurricane (Guarino, 2017), it 

is imperative to explore antibacterial effects of nanohybrids and develop a cost-effective 

and safe treatment application of nanomaterials to minimize risks associated with such 

contaminants in water. This study aims to (1) characterize four types of synthesized 

nanohybrids (NHs) using scanning electron microscope (SEM), transmission electron 

microscope (TEM), Fourier-transform infrared spectroscopy (FT-IR), and thermal 

gravimetric analysis (TGA), thereby identifying antibacterial properties and changes in 

physicochemical characteristics of NHs, (2) identify antibacterial effects of ZnO/TiO2-

conjugated GO- and CNT-based nanohybrids, and (3) explore mechanisms attributable to 

antibacterial effects of NHs on Escherichia coli (DH5α, a multidrug-resistant coliform 

bacterium). E. coli (DH5α) was selected since it is the foundation of aquatic ecosystems 

(van Elsas, Semenov et al. 2011) and one of aquatic indicator organisms, yet it is classified 

as one of multidrug-resistant coliform bacteria (Tetz et al., 2012; Molina-Aja et al., 2002; 

Kedzierska et al., 1999).  
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5.2. Materials and Methods 

5.2.1. Materials  

Single Layer Graphene Oxide (GO, >99% purity, bulk density of 0.26 g/cm3, 

diameter of 1~5 μm, thickness of 0.8~1.2 nm, Hummers’ method) was supplied by ACS 

Material (CA, USA), and carbon nanotube, multi-walled (MWCNT, >98% purity, 6-13 nm 

(O.D) × 2.5-20 µm (L)) was purchased from Sigma-Aldrich (MO, USA). ZnCl2 (>99.99%) 

and zinc nitrate hexahydrate (Zn(NO3)2·6H2O, >98%) for ZnO nanocomposite synthesis, 

and titanium oxysulfate solution (TiOSO4, ~15 wt%, 99.99%) for TiO2 nanocomposite 

synthesis were purchased from Sigma-Aldrich (MO, USA).  

5.2.2. Synthesis of NHs  

ZnO-GO nanohybrid was synthesized following the previous literature (Fu, Jiang 

et al. 2018). 50 mg of GO was dispersed into 100 mL of DI water under ultrasound for 1 

h. Then, the GO solvent was centrifuged with 4000 rpm, and 5 mmol of Zn(NO3)2·6H2O 

was added with pH adjusted to 8 using ammonia water. After sonication, the mixture was 

autoclaved and heated at160 °C for 10 h. The mixture was separated by centrifugation and 

washed with DI water and the ZnO-GO was obtained after being dried under vacuum at 60 

°C for 24 hours.  

ZnO-CNT were synthesized following the previous literature (Wang, Xia et al. 2008). 

Nitric acid (80%) were added to multi walled carbon nanotube at 80 ℃ for 4 hours and 

then washed with DI water several times. NH3⋅H2O solution slowly added into the ZnCl2 

solution under stirring, then the white precipitate disappeared to form Zn(NH3)4
2+. Then, 

CNTs were solution were soaked in to this solution for 48 h, and centrifuged. The obtained 
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products were dried at 70 ℃ in vacuum oven, and then calcined at 300 °C for 4 hours at an 

atmosphere of nitrogen. 

TiO2-GO was prepared following the previous literature (Stengl, Bakardjieva et al. 2013). 

Ammonium hydroxide solution (10%) was added slowly into 100 ml of 1.6 M TiOSO4 

under constant stirring at temperature of 0 ℃ in ice bath until a homogeneous mixture 

reached pH 8.0. The white precipitate was obtained by filtration and mixed with 100 ml of 

15% hydrogen peroxide solution. After yellow solution of titania peroxo complex was 

obtained, 50 mg of GO was dispersed in water using sonicator and added into the yellow 

solution of titania peroxo complex. Next, the mixture was annealed at a heated mantle in a 

round bottom flask with a reflux cooler at 100  ℃ for 48 hours. Finally, the resultant 

product was filtered off and dried at 105  ℃ for 10 hours. 

TiO2-CNT were synthesized following the previous literature (Huang, Zang et al. 2014). 

50 mg of multiwall carbon nanotube (MWCNT) was added in to a 100 mL of TiOSO4 

(0.01M) solution, and 1 ml of H2SO4 (0.2M) under ultrasound. Then the suspension was 

refluxed in a thermostatic water (80 °C) for 72 hours, ad suspension was dispersed for 10 

min every 6 hours to avoid the agglomeration of MWCNTs.  

 5.2.3. Nanoparticles characterization (SEM, TEM, EDS, FT-IR, TGA) 

The morphologies, elemental analysis, and the nanostructure of the particles were 

characterized with Field Emission Scanning Electron Microscopy (SEM, Philips XL-30 

FEG), Energy Dispersive Spectroscopy (EDS), and Transmission Electron Microscopy 

(JEOL 1400 TEM).  
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For SEM preparation, a small sample of each particle was coated with a thin (20 nm) 

coating of Pd in a Cressington Sputter coater. Samples were then placed in a FEI XL-30 

Field Emission Scanning Electron Microscope and imaged at several magnifications. For 

SEM preparation of control and experimental E. coli cultures, each was preserved 

according to the following protocol. Cultures were initially fixed in 2% glutaraldehyde in 

PBS buffer. Samples were then rinsed 3 times for 5 min each in PBS buffer, and dehydrated 

3 times for 5 min each in a graded series of ethanol (20, 50, 70, 95, and 100%). Following 

dehydration, samples were dried in 3 changes for 5 min each in HMDS. Samples were 

allowed to outgas overnight, placed on stubs, and coated as outlined above.  

EDS in SEM particulate samples were examined at various magnifications and X-rays 

collected using scan speed 2 at working distance of 10 mm. The elemental spectra produced 

were then saved and subjected to semi-quantitative analysis using the EDS software to 

collect relative elemental percentages present. An Oxford EDS system fitted on the SEM 

was used for this analysis. 

Samples for TEM were diluted and a drop of the solution placed on a copper grid and 

allowed to air dry. The samples were then imaged at several magnifications and imaged in 

a Philips CM-10 TEM (Eindhoven, Netherlands) at the Miller School of Medicine TEM 

Core at the University of Miami. Cell cultures were prepared as described above for SEM 

until after the final dehydration step. After dehydration in 100% ethanol, samples were 

placed in molds containing spur embedding resin and polymerized for 3 days at 60 ℃. 

Following polymerization, the blocks were sectioned using a Porter Blum MT2 

ultramicrotome fitted with a diamond knife, and sections were then floated onto grids and 

imaged. 
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Fourier transform infrared (FT-IR) spectra was used to identify the different functional 

groups that are present in nanocomposites by measuring the vibrational frequencies of the 

chemical bonds. The sample powders were ground and compressed into a pellet whose 

spectra in the 600-4000 cm-1, and measured with Perkin Elmer Frontier FTIR (MA, USA).  

The decomposition behavior of the NHs was analyzed by thermos gravimetric analysis 

(TGA) using a TGA55 (DE, USA). About 20-30 mg of the sample was loaded on a pan 

and the temperature was ramped at the rate of 10 ℃ per minute from ambient to 1000 ℃ 

in an inert atmosphere which has been purged with nitrogen. 

5.2.4. E. coli cell cultivation and cell viability analysis 

The antibacterial properties of the NHs were evaluated on Escherichia coli bacteria. 

E. coli colony was cultivated with MAX Efficiency DH5α Competent Cells (Invitrogen, 

CA). E. coli cells were incubated in culture tube containing 4 mL of LB broth at 37 ℃  

under shaking at 225 rpm for 14 h. A 100 µL of cell suspension was incubated in 1 L flask 

containing LB broth at 37 ℃  under shaking at 225 rpm for 14 h. The cultivated cells were 

exposed to 4 different types of NHs (NHs) suspensions (i.e. 10, 100, and 300 mg/L) in 4 

mL of LB broth. E. coli exposed to NHs suspension were incubated at 37 ℃  under shaking 

at 225 rpm for 6 h. A sample was taken every 2 h into a 96-well plate and the optical density 

(OD600) was measured at 600 nm with a microplate reader (Spectra MAX 190, Molecular 

Devices, CA). The ratio of E. coli cells growth inhibition (%) was calculated as percentage 

of survived cells compared to control cells after 6 h of exposure. Samples were plated in 

triplicate, and all experiments were performed under sterile conditions. 
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5.2.5. ROS detection 

Cellular Reactive Oxygen Species (ROS) generation was quantitated by using 

DCFDA cellular ROS detection assay kit (Abcam Inc, Toronto, ON, Canada). The assay 

uses the cell reagent 2’,7’ –dichlorofluorescin diacetate (DCFDA), and a fluorogenic dye 

that measures hydroxyl, peroxyl, and another ROS activity within the cell. E. coli cells 

exposed to 4 different NHs suspension was collected in a conical tube and washed by 

centrifugation in PBS. The cells were resuspended in the diluted DCFDA solution and 

incubated at 37 ℃ for 30 minutes in the dark. The antioxidant N-acetyl cysteine (NAC) 

was used to investigate the effect of ROS scavenger to confirm the toxicity mechanism. 

NAC has been commonly used as an ROS inhibitor by promoting production of antioxidant 

enzymes or providing precursor for glutathione synthesis (Ma, Wallis et al. 2014). To do 

this, cell cultures were pretreated with and without NAC (0.5 and 2 mM) and exposed to 

100 mg/L of NHs for 72 h. Then, cells in presence and absence of NAC were transferred 

into clear bottom 96-well microplate after washed by centrifugation with PBS buffer. DCF 

was detected by fluorescence spectroscopy with maximum excitation and emission spectra 

of 485 nm and 535 nm in the presence of buffer. 

5.2.6. Statistical analysis 

All of experiments were performed at least in triplicate. The statistical analysis 

was performed using the statistical student’s t-test with Graph Pad Prism 3.0 (Graph Pad 

Software Inc., San Diego, CA), all data were examined of statistical significance at p < 

0.05.   
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5.3. Results and discussion 

5.3.1. Characterization of NHs 

The formation of ZnO and TiO2 and their compounding with the CNT and GO has 

synthesized simultaneously in the hydrothermal process. Nanosized materials were found 

in all NHs samples in SEM, and TEM images, and demonstrating that NHs have been 

successfully synthesized (Figure 5.1). ZnO-GO images (Fig. 5.1A) showed that ZnO 

nanoparticles aggregated occasionally, and large aggregated clusters covered the surface 

of big smooth plate formed GO sheet. Irregular agglomerate dispersions can be seen around 

the GO sheet, and TEM image of ZnO-GO (Fig. 5.1B) also provided existence of ZnO NPs 

on GO surface. Images C and D in Figure 5.1 illustrate synthesized TiO2-GO. Nanosized 

TiO2 NPs clusters have formed along the side between GO sheets, and it seemed to have 

contact between the surface of GO sheet and TiO2 NPs in Figure 5.1D. However, the 

aggregated size of TiO2 onto the GO was seen to be larger and less dispersed compared to 

ZnO-GO, although TiO2 aggregation were still observed with nano-sized. From the 

morphological images, it is observed that the high surface area and morphology of GO 

sheets effectively promoted the dispersion of metal oxide NPs on it. Thus, almost all the 

ZnO NPs are uniformly distributed on the GO sheet compared to TiO2-GO. Figure 5.1E, 

G showed the CNT coated with ZnO, and TiO2 NPs respectively. Both ZnO, and TiO2 NPs 

were well dispersed onto the CNT, and CNTs act as substrates for the ZnO and TiO2 NPs 

crystallites (Byrappa, Dayananda et al. 2008). However, it can be observed that metal oxide 

NPs loaded on CNTs are more aggregated each other compared to metal oxide NPs loaded 

on GO sheets. Thus, TiO2 NPs on CNTs had bigger aggregation cluster than that of ZnO 

NPs on CNTs which is similar to above results with GO sheet (Fig. 5.1H). Figure 5.1F, and 
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1H showed that TEM images of CNT decorated by spherical ZnO NPs, and rod-shaped 

TiO2 NPs respectively. The surface of ZnO-CNT shows ZnO NPs are fixed in aggregated 

structure of CNT (Upasani, Sreekumar et al. 2017).  For TEM image of TiO2-CNT (Fig 

5.1H), it can be found that TiO2 NP is made through the self-assembly of rod shape of TiO2 

NPs. Aggregations of GO based nanocomposites onto ZnO and TiO2 seemed to have more 

reactive sites and dispersed uniformly than CNT based nanocomposites due to its flat shape, 

and considerable portion of metal oxide nanoparticles onto GO compared to CNT. 

 

Figure 5.1. SEM and TEM analysis of 4 types of NHs 

 

Figure 5.2(A) shows the Raman spectra of pure nanoparticles (GO, CNT, ZnO, and TiO2) 

and nanocomposites (ZnO-GO, ZnO-CNT, TiO2-GO and TiO2-CNT). The vibration peaks 

of TiO2 are presented at 398 cm-1, 519 cm-1, and 641 cm-1 indicating the presence of the 

TiO2 anatase phase in all of these samples. The 430 cm-1, and 580 cm-1 peaks are 

corresponding to wurtzite ZnO structure (Zamiri, Rebelo et al. 2014). The G band is the 

Raman spectrum of graphene based materials, and it typically shows the peak around 1580 

cm-1. The D band peak around 1350 cm-1 corresponds to disordered carbon or defective 

graphitic structure introduced to the crystalline structure (François Perreault 2015, Karaolia, 
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Michael-Kordatou et al. 2018). The intensity of the D band in CNT based material is more 

significant or higher than that of D band in GO based material. This suggests CNT based 

nanocomposites, such as; ZnO-CNT and TiO2-CNT have more unstable and deficient 

structural than GO based nanocomposites, such as; ZnO-GO and TiO2-GO (Karaolia, 

Michael-Kordatou et al. 2018).  

Figure 5.2(B) indicates the decomposition behavior of NHs by thermos gravimetric 

analysis (TGA). A major weight loss of ZnO–GO is observed at 800 ℃, indicating 20% of 

weight loss caused by the combustion of carbon. According to a previous study, GO has 

low temperature stability and loses most of its mass when heated (Hsiao, Ma et al. 2013). 

Mass losses are due to decomposition of oxygen-containing function groups on GO to CO, 

CO2 and H2O and the thermal decomposition of the GO structure. A previous study 

analyzed GO-silica nanosheet and confirmed that a silica nanosheet acted as a protective 

layer that prevents oxidation degradation (Hsiao et al., 2013). The data suggest that ZnO 

and TiO2 protect GO since ZnO and TiO2 are far more thermally stable. Various forms of 

adsorbed water and partial degradation of GO resulted in initial mass loss of ZnO–GO until 

200 °C and further mass decrease. 

However, since TiO2 is not as protective as the ZnO, the GO part of TiO2–GO degraded 

continuously until 600 ℃. At 600 ℃, GO was completely degraded, with only TiO2 left. 

TiO2–GO had approximately 50% mass loss, suggesting that 50% of the material was GO. 

According to a study by Bom (2002), CNTs tend to decompose and lose most, if not all, of 

their mass at 500 ℃, while our study indicates that TiO2 has a significant degree of stability 

compared to CNTs, as indicated by only a slight mass loss, most likely adsorption until 

400 ℃. Upon decomposition, the sample remains stable until 800 ℃. More free water than 
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adsorbed water is found in ZnO–CNT, as indicated by the sharp drop in mass loss until 

100 ℃.  Yet, protecting metal oxides on CNT is still apparent as indicated by slow 

degradation over a larger temperature range. Both ZnO–CNT and TiO2–CNT are likely to 

contain around 20% or less CNT based on the total mass loss.  

(A) 
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 (B) 

Figure 5.2. (A) Raman and (B) TGA analysis of 4 different types of NHs  

 

5.3.2. Antibacterial effect of NHs on E. coli 

To investigate the toxicity assessment of 4 different NHs suspension on E. coli, the 

antibacterial test was conducted by calculating the number of cells using OD600. Four 

composites with different concentrations were tested in order to investigate composite 

effect on the antibacterial activities, and control study was performed with NHs free 

suspension. Figure 5.3A shows the growth curve of different NHs concentrations on E. coli 

for 6 hours. For all NHs suspension, clear concentration-response relationships were 

observed, and bacterial growth curve was inhibited over time for 6 hours except for 

concentrations at 20 mg/L. It shows that there is no antibacterial effect on E. coli cells 

which is exposed to concentration of NHs less than 20 mg/L. The effective concentration 

of the ZnO-GO for antibacterial showed above 20 mg/L, and ZnO-GO showed strongest 

antibacterial activity compared to other NHs. Along with the increase of the concentration 

of NHs, the growth of E. coli was inhibited severely. After 2 h exposure with ZnO-GO of 

300 mg/L, the cell activity significantly deceased and these cells growth curve showed 

much slower than other cells exposed to 20, and 100 mg/L of ZnO-GO. ZnO-GO showed 
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significantly great antibacterial effect by suppressing the E. coli cell viability leading to 

71.9 % of growth inhibition after 6 h exposure. The cell activity exposed to ZnO-CNT was 

also gradually reduced over time, and their cell viability showed more active than ZnO-

GO exposed cells with 35.2% of growth inhibition after 6 h exposure. However, the cell 

viability exposed to various concentrations of TiO2-GO was almost similar with control 

cell growth rate except for 6 h exposure. It is found that the antibacterial effect increased 

and showed significant trend by elapsing the time. The antibacterial effect of TiO2-CNT 

exposed E. coli also increased by elapsing the time. This indicate that as the exposure time 

increases, the growth of cells exposed to high concentrations is markedly diminished. To 

determine the toxicity effect of the types of NHs on bacteria, growth inhibition rate was 

observed after 6 h exposure (Fig.5.3B). At the lowest concentration (20 mg/L), there was 

no inhibition growth rate of bacteria for 4 types of NHs. However, the growth inhibition 

rate was proportional to concentrations of NHs, and ZnO based NHs were more toxic than 

TiO2 based NHs. The toxicity effects of ZnO-GO and ZnO-CNT were evident at 100 mg/L 

with showing 26.9, and 23.5% of growth inhibition rate respectively, while the toxicity of 

TiO2-GO and TiO2-CNT was not as clear as ZnO based NHs leading to 8.3, and 6.1% of 

growth inhibition rate. As the concentration increased from 100 mg/L to 300 mg/L, the 

toxicity of ZnO-GO was significantly higher than that of ZnO-CNT. When GO and CNT 

are synthesized with ZnO NPs, the toxicity of GO is greater than that of CNT. However, 

TiO2-GO and TiO2-CNT showed similar growth inhibition rate on E. coli cells according 

to the concentration. Therefore, the greatest antibacterial effect among 4 different types of 

NHs was found in the following order of ZnO-GO followed by ZnO-CNT then, TiO2-CNT 

and TiO2-GO both showing a similar antibacterial effect (The growth inhibition rate of 
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TiO2-GO and TiO2-CNT was 8.3, and 6.1% at 100 mg/L, and 23.2, and 33.4% at 300 mg/L, 

respectively).  This difference in toxicity response between TiO2-GO, and TiO2-CNT might 

be brought from differences of cell physiology, metabolism, degree of contact, 

agglomeration state (Adams, Lyon et al. 2006, De Angelis, Barone et al. 2013). This 

growth inhibition rate results confirmed that ZnO NPs were observed more antibacterial 

effect than TiO2 NPs when they were synthesized with GO, and CNT respectively. This 

finding that ZnO NPs exhibited higher toxicity to bacteria than TiO2 NPs is due to high 

solubility of ZnO (Adams, Lyon et al. 2006, Aruoja, Dubourguier et al. 2009, Dasari, 

Pathakoti et al. 2013).  

(A) 
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(B) 

Figure 5.3. Antibacterial effect of 4 different types of NHs on E. coli (A) growth curve, 

and (B) growth inhibition at 6 h 

 

5.3.3. ROS generation  

Antibacterial activity of NHs can be attributed to the production of reactive oxygen 

species (ROS). When light energy absorption induces charge separation, nanocomposite 

produces pair of electrons and holes. Then, excited electron and hole carriers move to the 

surface of nanocomposite, and they facilitate oxidation and reduction reactions which 

generate ROS such as superoxide, hydrogen peroxide, hydroxyl radical etc. It has been 

known that doping, or coupling with other semiconductors such as carbon materials 

enhances photocatalytic activity of nanocomposite (Qi, Cheng et al. 2017).  

To assess the antibacterial effect by ROS, oxidant-sensing fluorescent DCF-DA was used 

to investigate the ROS level of ZnO-GO, ZnO-CNT, TiO2-GO, and TiO2-CNT NHs on E. 

coli cells and compare its ROS generation. ROS generation of E. coli exposed to 4 types 

of NHs increased significantly by increasing in concentration (20-300 mg/L) and exposure 
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time (Fig. 5.4). Thus, the relationship between ROS and antibacterial activity was 

determined by the pretreatment of cells with NAC (N-acetyl-L-cysteine) to investigate 

whether the antioxidant mainly influence to the toxicity effect of NHs (0.5 and 2 mM).  

Compared to the untreated cells with NAC, treated cells with NAC exposed to ZnO-GO 

produced almost same or less fluorescence intensity with cells exposed to 20 mg/L of ZnO-

GO indicating that NAC prevented by ROS from 300 mg/L of ZnO. Thus, cells treated 

with higher concentration of NAC (2 mM) produced less ROS compared to lower 

concentration NAC (0.5 mM). Cells treated to NAC (0.5 mM) produced slightly less ROS 

than cells without NAC in ZnO-CNT. However, it was observed that ROS generation from 

300 mg/L of ZnO-CNT significantly decreased at higher concentration of NAC (2 mM) 

compared to lower NAC concentration. As NAC concentration increased from 0.5 mM to 

2 mM, ROS generation from NAC treated cells decreased. This is because the capacity of 

NAC may have been overwhelmed by the increase of accumulated ROS generation 

according to the amount of NAC (Ma, Wallis et al. 2014). Likewise, the addition of NAC 

to TiO2-GO was also observed to reduce the fluorescence intensity at concentration 2 mM, 

while ROS generation from 0.5 mM of NAC showed almost similar value with cells that 

untreated with NAC. In case of TiO2-CNT, there was no significant difference of ROS 

generation depending on the NAC concentration or in presence of NAC. Given that the 

ability of NAC inhibit the ROS induce, this may indicate that the toxicity induced by TiO2-

CNT is the least compared to other NHs. From these results, the antibacterial activity of 4 

different NHs is correlate with the amount of ROS generation in presence of NAC. This 

results may have been responsible for the toxicity mechanisms of NHs on bacteria could 

be primarily due to ROS generation.  Furthermore, the present findings demonstrated that 
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the addition of NAC significantly inhibited the ROS induced by NHs in E. coli cells. 

Overall, the results showed that the fluorescence intensity according to exposure time was 

great in the order of ZnO-GO>ZnO-CNT>TiO2-GO>TiO2-CNT which is similar trend 

with growth inhibition results (Figure 5.3). E. coli cells treated with ZnO-GO in absence 

of NAC showed the ROS generation increased to 1.90 times for 20 mg/L, 1.93 times for 

100 mg/L, and 2.32 times for 300 mg/L when the nanocomposite concentration increased 

from 2 h to 6 h. This results indicate that the rate of increase of the ROS generation over 

time is also high as the concentration increases. Similarly, Baek et al. (Baek, Joo et al. 

2017) observed antibacterial effect of ZnO on E.coli, growth inhibition and ROS 

generation increased with the increase in the concentration and duration of exposure. 

Fluorescence intensity of NHs indicates that ZnO-GO modified nanocomposites could 

produce most photocatalytic antibacterial effect on E. coli cells among 4 different 

nanohybrid materials, and ZnO produce more ROS compared to that with TiO2. Previous 

studies showed the toxicity effect excreted by ZnO is greater than TiO2 due to the oxidative 

stress (Adams, Lyon et al. 2006, Kumar, Pandey et al. 2011). Angelis et al. suggested that 

interaction between cells and NPs produce different cellular ROS production for ZnO NPs 

and TiO2 NPs, and agglomeration state of NPs was observed to influence the interaction 

with cells (De Angelis, Barone et al. 2013). Thus, the agglomeration structure could affect 

the quenching of both holes and free hydroxyl radicals, because aggregate size and 

structure influenced reaction probability either electrons or holes on particle surfaces 

(Jassby, Farner Budarz et al. 2012). Based on the antibacterial properties of nanoparticles, 

ROS can attribute to cell deformation and rupture because ROS such as peroxide, 
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superoxide, and hydroxyl radicals react with organic biomolecules, including lipid, 

carbohydrates proteins, and DNA (Dizaj, Lotfipour et al. 2014). 

Previous study showed that GO can improve not only the dispersity of nanoparticles, but 

also active sites for functionalization when GO is combined with metal oxide including 

ZnO, and TiO2 (Huang, Wang et al. 2015). High surface area of GO enhance the dispersion 

of metal nanoparticles and allow greater photocatalytic activity (Liu, Hu et al. 2012). Zhang 

et al reported that enhanced adsorption property of ZnO-GO composites causes electron 

transfer between ZnO and GO, and this electron transfer suppresses the recombination of 

electron-hole pairs (Chen, Zhang et al. 2013). Karaolia et al. showed that E. coli exposed 

to TiO2-GO resulted in reduction of CFU concentration of cells around 31% and suggested 

that ROS is the main influencing factors for inactivating of the damaged cells by the contact 

of the catalyst with the bacterial (Karaolia, Michael-Kordatou et al. 2018). Moreover, the 

synthesized TiO2-GO composites was shown to remove antibiotic-related 

microcontaminants in urban wastewater effluents under solar radiation (Karaolia, Michael-

Kordatou et al. 2018). 

ZnO-CNT also showed that photocatalytic activity increased as exposure time and 

concentration increased (Figure 5.4). CNT has known that enhances exposure of active 

sites and improves the dispersion of photocatalysts, and it has long distance of shuttling 

electrons blocks the recombination of photo-generated e- and h+ pairs (Qi, Cheng et al. 

2017). When ZnO-CNT or TiO2-CNT absorbs the light energy, the photo-generated 

electrons are transferred from valence band (VB) to conduction band (CB) within metal 

oxide NPs, and leave holes in VB as illustrated in figure 5.5. In the absence of the CNT, 

most of e- and h+ charges recombine quickly without doing any chemistry activity (Yuan 
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Yao 2008). Therefore, this electron separation is reducing electron-hole pair recombination 

and increasing photocatalytic activity (Qi, Cheng et al. 2017, Karaolia, Michael-Kordatou 

et al. 2018). Ahmadi et al. investigated the removal of TC by using TiO2-CNT 

nanocomposite, and reported that increasing the amount of TiO2 on the surface of CNT 

produced more pairs of electron/hole are produced and TC removal efficiency is increased 

(Ahmadi, Ramezani Motlagh et al. 2017). By adjusting the ratio of nanomaterials, effective 

sorption and photocatalytic activity can be different. Song et al. investigated that TiO2-

CNT ratio over 1.5% was leading to less effective sorption and photocatalytic activity due 

to significant aggregagtion on the surface of CNT (Song, Chen et al. 2012). However, 

increase in TiO2 NPs may block the adsorption sites of CNT and decreased overall 

adsorption capacity on the surface of CNT (Zhang, Zhang et al. 2011, Das, Abd Hamid et 

al. 2014).  
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Figure 5.4. The amount of ROS release from E. coli exposed to 4 different types of 

NHs over time  

 

Figure 5.5. Schematic of proposed mechanism for enhanced photocatalysis of NHs 
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5.3.4. SEM and TEM analysis between E.coli cells and NHs 

Depending on the materials used in toxicology study, antibacterial effect and ROS 

generation showed different results. Since physical interaction between NHs composites 

and cells can perform various, the distribution of NHs was characterized by SEM and TEM 

observation. To understand the interaction of NHs with E. coli cells, the surface 

morphologies of NHs after exposed to cells for 6 hours were examined. The SEM results 

show that E. coli exhibited attaching, or covering the surface of NHs (Fig. 5.6). Some of 

the bacteria cells were observed to have collapsed and damaged membrane (Fig. 5.6E), and 

cell morphologies changed from rod shape to globular shape that appears in the pre-death 

stage. SEM images in the first line of figure 5.6 indicates that the NHs changed the 

morphology of E. coli which may induce the growth inhibition of cells, and death. To 

further confirm the interaction between NHs and cells, TEM images were taken through 

the cross section examination of E. coli cells. Cells that were exposed to ZnO-GO were 

attached on the GO sheet (Fig. 5.6A), and observed that cell membrane is damaged and 

cut. Cells exposed to TiO2-GO look healthier compared to the ZnO-GO exposed cells, and 

TiO2-GO nanoparticles were much more aggregated than ZnO-GO (Fig. 5.6C&D). Figure 

5.6B showed that there are some physical interactions between GO sheets and bacterial 

cells. Bacterial cells may be involved in the edge of GO, and ZnO NPs are attached on the 

surface of cells. TEM image of TiO2-GO is observed that nanocomposite is adhering to the 

cell surfaces but not observed disruption of bacterial membrane directly by penetration 

(Fig. 5.6D). 

Stoimenov et al. reported that the electrostatic attachment of ZnO NPs to the surface of 

cells induces bacteria death by initiating disorganization of the cell membrane (Stoimenov 
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2002). Wang et al. reported that the direct contact of ZnO NPs with the cell damages cells 

membrane, and wrapping of the ZnO-GO composites prevents the bacteria from nourishing 

themselves from the medium (Wang, Cao et al. 2014). Previous studies have proposed that 

physical interaction between GO sheet and cell layers was found to damage cells due to 

membrane piercing into bacterial cells or slicing the cell by GO, but E.coli cells has shown 

that the interaction of GO in contact with E,coli cells are mostly repulsive (Tu, Lv et al. 

2013, Mao, Guo et al. 2014, Romero-Vargas Castrillón, Perreault et al. 2015). Thus, GO 

sheet size also can affect the antibacterial effect. Smaller size of sheet was found to have 

more antibacterial through oxidative mechanisms due to the higher defect density as GO 

size decrease (François Perreault 2015). However, larger GO sheets can induce a higher 

antibacterial effect by attributing to the capacity of larger sheets to cover bacterial cells and 

prevent proliferation of cells (Liu, Hu et al. 2012). Antibacterial properties of GO can be 

still present although the sheets are contacting with the surface of the cells (Mangadlao, 

Santos et al. 2015). Many studies indicated that layer types of GO showed the antimicrobial 

properties, rather than physical interaction of GO sheet with cells (Hui, Piao et al. 2014). 

These studies propose that contact or direct piercing of the membrane by GO sheets is 

essential for the antibacterial activity of GO.   

ZnO-CNT nanocomposite looks like a mass of tangles each other around E. coli cells, and 

it is attaching around the cell membrane (Fig. 5.6E&F). TEM images of E. coli after 

exposure to ZnO-CNT are observed that the cell membrane of the bacteria was damaged 

by direct contact of CNT, but there is no penetration of CNT into the cells (Fig. 5.6F). TEM 

images of E. coli after exposed to TiO2-CNT for 6 h showed that there is no direct 

interaction between cells and TiO2-CNT nanocomposite (Fig. 5.6H). It is observed that 
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TiO2-CNT nanocomposites are aggregated each other, but single particle does not appear 

to stick to the surface of the cells. These CNT clusters were observed in other study (Yang, 

Mamouni et al. 2010), it is observed that short CNT (<1 µm) does not interact with cells 

by their edge. However, the longer CNTs (1-5 µm) showed wrapping on bacterial cells, 

and individual CNTs can be seen interacting with cells at the edge of CNT. In other study, 

it was confirmed that there was no internalization of CNT into bacteria cell, even though 

bacteria wall was deeply associated with CNT (Angélique Simon-Deckers 2009).  

 

 

Figure 5.6. SEM, and TEM images of 4 different types of NHs after exposed to E.coli for 

6 h 

 

5.3.5. FT-IR 

The characteristic FT-IR spectra provided the investigation of the interaction 

between NHs in Figure 5.7. The FT-IR spectra of GO, ZnO-GO, and TiO2-GO 

nanocomposites are shown in Figure 5.7A. The IR peaks of oxygen containing functional 

groups at 1725 cm-1, 1150 cm-1, and 1180 cm-1 are assigned to C=O, C-OH, and C-O 

stretching vibrations, respectively. The peak at 1630 cm-1 is attributed to the C=C, and the 
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IR spectrum of ZnO presented peak in the range of 650 cm-1 associated with Zn-O. The 

intensity of O-H peak for GO decreased significantly in ZnO-GO and TiO2-GO composites 

associated with the oxygen functional groups were dramatically eliminated (Liu, Yang et 

al. 2017, Rajeswari and Prabu 2017). Thus, decreased peaks in ZnO-GO indicates the 

further reduction of GO and attachment of ZnO NPs onto the GO nanosheet (Rajaura, 

Sharma et al. 2017). The strong peaks around 500-900 cm-1 are attributed to the stretching 

vibration of Ti-O-Ti and possibly to Ti-O-C bonds (Karaolia, Michael-Kordatou et al. 

2018). The IR spectra of CNT, ZnO-CNT, and TiO2-CNT nanocomposites are shown in 

Figure 5.7B. The spectrum of CNT showed no clear peaks at 500-4000 cm-1 (Nguyen and 

Shim 2015). The spectrum from ZnO-CNT and TiO2-CNT also showed O-H, C-H, C=O, 

C=C, and C-O peaks. The peaks corresponding to Ti-OH and Ti-O-Ti groups showed in 

1300 cm-1, and 550 cm-1, respectively (Yuan, Hung et al. 2017), and the peak around 500-

550 cm-1 is attributed to the ZnO vibration (Upasani, Sreekumar et al. 2017).  

 (A)                                                                          (B) 

Figure 5.7. FT-IR analysis of 4 different types of NHs with and without E. coli cells 
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5.4. Conclusions 

The antibacterial properties of four types of NHs (GO-based vs. CNT-based 

ZnO/TiO2) on E. coli were most significant in ZnO-GO, followed by those in ZnO–CNT 

and TiO2–CNT ≈ TiO2–GO. It was discovered that GO acts as a substrate to increase 

dispersion of metal oxides (ZnO/TiO2) with a sheet-shaped morphology. Antibacterial 

activities of the NHs indicated both dose and exposure-time dependency, which was 

consistent with growth inhibitions of the bacterial cells and ROS generation. Among four 

NHs, NHs that containing ZnO revealed higher toxicity to E. coli than those containing the 

TiO2 component. Both GO and CNT increased the dispersion of metal-oxide NPs through 

increasing ROS generation by suppressing the recombination of electron–hole pairs. 

Although the SEM and TEM images revealed that GO based NHs had more attachment on 

the bacterial surface, CNT-based NHs significantly aggregated each other without 

interaction with cells. Further results indicate that GO-based NHs had a better interaction 

with ZnO through dispersion and significant enhancement of antibacterial effects in 

comparison to CNT-based NHs. The FT-IR analysis suggests formation of considerable 

functional groups on the surfaces of NHs, as compared to the bare carbon materials. Among 

four hypothesized mechanisms, ROS generation and physicochemical property changes 

were found to be the primary antibacterial mechanisms, as confirmed from quantification 

of ROS generation and sharp morphology changes that induced damages on cell 

membranes. Although this study was primarily focused on antibacterial mechanisms 

among four types of NHs, the results are significant in terms of designing new antibacterial 

treatment methods, especially for multidrug-resistant bacteria detected in water to protect 

the environment and public health. The NHs could also be applied as an alternative method 
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to conventional chlorine disinfection technology, especially for controlling regrowth of 

persistent microorganisms in water. Further studies would be necessary to develop point-

of-use water treatment technology, especially under solar energy to facilitate photocatalytic 

properties of NHs, for controlling emerging contaminants of concern, such as the recently 

emerging multidrug-resistant bacteria in water.  
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CHAPTER 6:   

IN-VITRO TOXICITY EVALUATION 

OF NANOHYBRIDS ON A MARINE 

DIATIOM4
 

 

 

 

 

 

                                                           
4 Baek, S., Joo, S. H., Su, C., Toborek, M. (2018) In-vitro toxicity evaluation of ZnO/TiO2-

conjugated carbon nanotubes/graphene oxidebased nanohybrids on a Thalassiosira pseudonana 
marine diatom. Ecotoxicology and Environmental Safety (under review) 
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6.1. Background 

The use of nanoparticles (NPs) is increasing and becoming widespread in various 

fields, such as medicine, electronics, water purification, cosmetics, and manufacturing 

(Piccinno, Gottschalk et al. 2012). Among NPs, metal-oxide NPs such as ZnO and TiO2 

are the most abundant NPs in water (Minetto, Volpi Ghirardini et al. 2016). The production 

of nanohybrids (NHs) consisting of metal-oxide NPs and carbon-based nanomaterials has 

increased because NHs can be applied to improve surface area and catalytic efficiency of 

NHs (MamathaKumari, Praveen Kumar et al. 2015). The recent growth of the 

nanotechnology industry has raised concerns about the fate and potential hazards of NPs 

in water ecosystems, since NPs could end up in significant accumulation in the aquatic 

environment through their manufacturing process, product use, and disposal (Hotze, 

Phenrat et al. 2010, Love, Maurer-Jones et al. 2012, Suresh, Pelletier et al. 2013, Chen, 

Zhou et al. 2018).  

Properties of NPs in aquatic systems may exhibit different behaviors through aggregation 

and precipitation and interact with aquatic microorganisms such as algae (Joo, Knecht et 

al. 2016, Baek, Joo et al. 2018). In aquatic environments, algae play a critical role in 

producing basic nourishment in all water bodies and in self-purification of organic 

contaminants in natural waters (Wilkie 2002, Cardinale 2011).  Studies have revealed the 

toxicity effect of metal-oxide NPs on algae, and the ROS generation of NPs was suggested 

as a primary toxicity mechanism (Suman, Radhika Rajasree et al. 2015, Hou, Wu et al. 

2018, Middepogu, Hou et al. 2018, Morelli, Gabellieri et al. 2018) . The ROS generated 

by TiO2 and ZnO nanoparticles may oxidize organic contaminants and can cause fatal 
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damage to microorganisms by disrupting or damaging cell DNA or structures (Peng, Palma 

et al. 2011). Given that different types of NPs are released into water, released metal-oxide 

NPs can react or interact with other NPs and form nanohybrids (NHs) due to the NPs’ large 

surface area and high reactivity. Besides, the toxicity effect of NPs in aquatic systems has 

been made for single-NP types of nanomaterials rather than NHs that consist of two 

different types of NPs  (Wang, Zhu et al. 2016, Freixa, Acuna et al. 2018, Hu, Wang et al. 

2018, Rajput, Minkina et al. 2018).  To the best of our knowledge, in the recent literature, 

there is no study on the toxicity of NHs to marine microalgae.  

Given various responses of algae species to exposure to heterogeneous nature of NPs 

(Galletti, Seo et al. 2016, Karimi, Sadeghi et al. 2018) and algae as a primary producer of 

food chains to higher consumers (animals/humans), it is imperative to explore the potential 

ecotoxicity of nanohybrids on algae species. Thus, the present study aims to (1) investigate 

in vitro ecotoxicity effects of NHs (ZnO–GO, TiO2–GO, ZnO–CNT, and TiO2–CNT) on 

T. pseudonana, a species of marine-centric diatoms chosen as a model for diatom 

physiology studies widely distributed throughout entire marine food chains (Armbrust 

2004); (2) explore the toxicity mechanisms caused by the selected NHs, and (3) specifically 

link how differently characterized NHs influence algal growth inhibition, reactive 

oxidative stress, and cell morphology changes.   

6.2. Materials and Methods  

6.2.1. Materials 

Graphene oxide was purchased from ACS Material (CA, USA) (GO; a single-layer 

of more than 99% purity, 0.26 g/cm3 bulk density, 1–5 μm diameter, and 0.8–1.2 nm 
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thickness according to Hummers’ method). A multi-walled carbon nanotube was supplied 

by Sigma-Aldrich (MO, USA) (MWCNT; more than 98% purity, 6–13 nm (O.D.) × 2.5–

20 µm (L)). Chemicals such as zinc nitrate hexahydrate (Zn(NO3)2·6H2O; >98% purity), 

ZnCl2 (>99.99% purity) for ZnO nanocomposite synthesis and a titanium oxysulfate 

solution (TiOSO4; ~15 wt.% and 99.99% purity) for TiO2 nanocomposite synthesis were 

obtained from Sigma-Aldrich (MO, USA).  

6.2.2. Fabrication of four types of NHs  

A hydrothermal process was used for the synthesis of four types of nanohybrids. A 

literature method (Stengl et al., 2013) was used for synthesis of TiO2–GO as follows.  

Under constant stirring at the temperature of 0 ℃ in an ice bath, an ammonium hydroxide 

solution (10%) was added slowly into 100 mL of 1.6 M TiOSO4, thereby forming a 

homogeneous mixture at pH 8.0. A white precipitate was obtained and then filtered by a 

vacuum pump and mixed with 100 mL of a hydrogen peroxide solution (15%). The 

obtained titania peroxo complex solution with a yellow color was mixed with 50 mg GO 

in water using a sonicator. The mixture was heated in a heating mantle with a reflux cooler 

at 100 °C for 48 h, and the resultant product was taken by being dried in the oven at 105 

°C for 10 h. The TiO2–CNT nanohybrid was synthesized by applying the following method 

(Huang, Zang et al. 2014). Multi-walled carbon nanotubes (MWCNTs: 50 mg) were mixed 

with 100 mL of a 0.01 M TiOSO4 solution. Then, 1 mL of H2SO4 (0.2M) was added to the 

mixture under ultrasound sonication. A reflux of the mixed suspension was made in 

thermostatic water (80 °C) for 72 h, and the suspension was dispersed for 10 min  every 6 

h to avoid agglomeration of nanomaterials.  
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Regarding the synthesis of the ZnO–GO nanohybrid, 50 mg GO was dispersed into a 100 

mL deionized (DI) water in an ultrasonic bath for 1 h (Fu, Jiang et al. 2018). The GO 

solvent was centrifuged at 4,000 rpm, and 5 mmol of Zn(NO3)2·6H2O was added to 

ammonia water at pH 8, followed by autoclaving and heating of the mixture at 160 °C for 

10 h. Centrifugation for separation, washing with DI water, and drying of the synthesized 

ZnO–GO under a vacuum at 60 °C for 24 h were carried out. ZnO–CNT synthesis was 

fabricated by addition of nitric acid (80%) to a multi-walled carbon nanotube (MWCNT) 

at 80 °C for 4 h and then washed several times with DI water(Wang, Xia et al. 2008). Then, 

a ZnCl2 solution was mixed with a NH3⋅H2O solution slowly under stirring. After 

Zn(NH3)4
2+ was formed and the white precipitate disappeared, the CNT solution was 

soaked into a Zn(NH3)4
2+ solution for 48 h. Then, the resultant products were dried at 70 

°C in a vacuum oven and calcined at 300 °C for 4 h in atmospheric nitrogen.  

6.2.3. Physicochemical properties of NHs  

Characterization (physicochemical properties) of the four types of NHs was 

performed using Field Emission Scanning Electron Microscopy (FE SEM; Philips XL-30 

FEG), Energy Dispersive Spectroscopy (EDS), JEOL 1400 Transmission Electron 

Microscopy (TEM), and Perkin Elmer Frontier Fourier Transform Infrared Spectroscopy 

(FT-IR) (MA, USA). First, in regard to SEM preparation, cultures were placed in 2% 

glutaraldehyde in a phosphate-buffered saline (PBS). Samples were rinsed three times for 

5 min each in the PBS buffer, then dehydrated in a graded series of ethanol to 100%, and 

dried in hexamethyldisilazane. After being outgassed overnight, samples were coated with 

Pd in a sputter coater and imaged using an XL-30 field emission SEM. High-resolution 

TEM (HR-TEM) images were taken using a Philips CM-10 TEM (Eindhoven, 
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Netherlands) at the Miller School of Medicine TEM Core at the University of Miami. 

Aqueous samples were then drop-casted onto a carbon grid and let to air-dry before being 

scanned. The vibrational frequencies of the chemical bonds were measured to identify the 

different functional groups in nanocomposites using an FT-IR analysis. A pellet of the 

sample powders was measured with Perkin Elmer Frontier FTIR (MA, USA) after the 

sample powders were ground and compressed in the 600–4,000 cm-1 range.  

6.2.4. Cell viability analysis with T. pseudonana  

The in vitro toxicity evaluation of the NHs on T. pseudonana was carried out as 

follows. The algal cell in the marine medium was obtained by the University of Texas at 

Austin. According to the information provided by the supplier, the marine diatom 

(unicellular and brackish with centric cells) has shells made of silica. Artificial seawater 

containing an f/2 medium was used for culturing algal cells, and incubation at 12 h:12 h 

(light:dark) cycle was completed with a Verilux VT 10 (5,000 lx white light). Guillard’s 

method was used for making artificial sea water (Guillard 1975),  and UV absorbance was 

measured to determine the algal growth using a Beckman Coulter DU 720 

spectrophotometer. Five points of calibration indicated the peak absorbance of T. 

pseudonana at 670 nm (linear with R2 = 0.9991). The diatom cells were exposed to four 

different nanohybrid suspensions in culture tubing under the same temperature and light 

and incubated for 72 h. Algal cells were measured with UV absorbance at 0 h, 24 h, 48 h, 

and 72 h. The growth inhibition rate of algae was calculated to measure the extent of 

toxicity of NHs compared to that of the control.  
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6.2.5. Analysis of ROS detection  

Photocatalytic activity of the algal cell was measured by fluorescence intensity 

using a Spectramax Gemini EM Microplate Reader (Molecular Devices, CA). A DCF-DA 

(2’,7’–dichlorofluorescin diacetate) cellular-ROS-detection assay kit (Abcam Inc, Toronto, 

ON, Canada) was used to dye hydroxyl and peroxyl within the diatomic cells. Cells were 

exposed to four different nanohybrid suspensions for 0 h, 24 h, 48 h, and 72 h under 

illuminated conditions using a lamp. At each time point, cells were collected in a conical 

tube and washed by centrifugation in PBS. The washed cells were suspended in the diluted 

DCF-DA solution and incubated at 37 °C for 30 min in the dark. After they were washed 

by centrifugation with PBS buffer, the cells were transferred into a clear-bottom 96-well 

microplate. The detected DCF by fluorescence spectroscopy indicated a maximum 

excitation at 485 nm and emission spectra at 535 nm in the presence of the buffer. The 

photocatalytic activity of different NHs was examined with antioxidant N-acetyl cysteine 

(NAC), a ROS scavenger, to evaluate the toxicity mechanism between NHs and cells 

(Chen, Lin et al. 2014). NAC prevents toxicity caused by ROS through directly scavenging 

ROS or promoting production of antioxidant enzymes (Ma, Wallis et al. 2014). Our 

hypothesis is that the addition of NAC reduces the ROS generation of NHs. To measure 

this, cells were pretreated with 0.5 and 2 mM of NAC, and fluorescence intensity was 

measured at 72 h.   

6.2.6. Statistical analysis 

All experimental conditions were run in triplicate. The statistical analysis was performed 

using the statistical Student’s t-test with Graph Pad Prism 3.0 (Graph Pad Software Inc., 

San Diego, CA); all data indicated statistical significance at p < 0.05.   
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6.3. Results and discussion 

6.3.1. Physicochemical properties of NHs  

The formation of metal oxides (ZnO and TiO2) and their compounding with the CNT 

and GO were verified using SEM and TEM (Fig. 6.1). As illustrated in Figs. 6.1A and 6.1B, 

aggregated ZnO NPs were dispersed irregularly on GO, with clusters covering the surface 

of GO sheet plates, suggesting enhancement of dispersion by GO sheets. When TiO2 was 

conjugated with GO, aggregated clusters were observed between GO sheets (Figs. 6.1C 

and 6.1D).  

Byrappa, Dayananda et al. (2008) argued that CNTs act as substrates for the ZnO and TiO2 

NPs, thus causing dispersion of metal-oxide NPs onto the CNTs. However, they found 

metal-oxide NPs loaded on CNTs to have more aggregation with each other compared to 

those loaded on GO sheets. ZnO NPs were observed to have spherical shapes on CNT (Fig. 

6.1F), and TiO2 NPs had rod shapes (Fig. 6.1H). Thus, TiO2 NPs on CNTs formed more 

aggregation clusters than those due to ZnO NPs on CNTs (Fig. 6.1H). According to a recent 

study, whereas a fixed aggregation structure of ZnO NPs on ZnO–CNT is found, TiO2 NP 

in TiO2–GO is found to have a rod shape and self-aggregation(Upasani, Sreekumar et al. 

2017). 
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(A) 

 

 

(B) 
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(C) 

 

Figure 6.1. Physicochemical properties of nanohybrids. (A) SEM and TEM images, (B) 

Raman analysis of four types of nanohybrids, and (C) FT-IR analysis of four different 

types of NHs [Baek et al., 2018]. 

 

6.3.2. Analysis of Raman spectra  

The G band at 580 cm-1 displayed on the Raman spectrum of graphene-based 

materials indicates the C–C vibrational mode, and the D band peak at 1,350 cm-1 suggests 

that carbon is disordered or a graphitic structure is flawed (François Perreault 2015, 

Karaolia, Michael-Kordatou et al. 2018). The peaks of the D band in CNT-based NHs 

exhibit more significance compared to that of the D band in the GO-based material, 

indicating better stability in the structure of GO-based NHs compared to that of CNT-based 

nanocomposites (Karaolia et al., 2018). The presence of the anatase TiO2 polymorph was 

confirmed with peaks at 398 cm-1, 519 cm-1 and 641 cm-1, and E2 and E1 (LO) modes of 

the wurtzite ZnO structure were verified at 430 cm-1 and 580 cm-1 peaks (François Perreault 

2015, Karaolia, Michael-Kordatou et al. 2018). 
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6.3.3. Analysis of FT-IR spectroscopy 

Fourier transform-infrared (FT-IR) spectra of bare GO, ZnO–GO, TiO2–GO, bare 

CNT, ZnO–CNT, and TiO2–CNT NHs were examined to characterize the compounds’ 

functional groups (Fig. 6.1). In Fig. 6.1A, the IR peaks at 1,725 cm-1, 1,150 cm-1, and 1,180 

cm-1 are associated with oxygen-containing functional groups on C=O, C–OH, and C–O 

stretching vibrations, respectively. The C=C bond is indicated in the peak at 1,630 cm-1, 

and the IR peak around 650 cm-1 is associated with the Zn–O structure. The oxygen 

functional groups confer high hydrophilicity on GO, which produces its solubility and 

potentially high mobility in water. The significant decrease in the intensity of the O–H peak 

for GO in ZnO–GO and remarkable elimination of oxygen functional groups in TiO2–GO 

composites were consistent with those in the literatures (Liu, Yang et al. 2017, Rajeswari 

and Prabu 2017). The GO was further reduced as indicated by the lower peaks in ZnO–GO 

because of the attachment of ZnO NPs onto the GO nanosheet (Rajaura, Sharma et al. 

2017). The stretching vibration of Ti–O–Ti and Ti–O–C bonds was found from the 

dramatic peaks at 500–900 cm-1 (Karaolia, Michael-Kordatou et al. 2018). However, as 

revealed in Fig. 6.1B, no distinct peaks were found in the CNT spectrum at 500–4,000 cm-

1(Nguyen and Shim 2015)(Nguyen and Shim 2015)  (Nguyen and Shim 2015). There were 

several peaks (O–H, C–H, C=O, C=C, and C–O) from the spectrum of ZnO–CNT to TiO2–

CNT, with the peaks at 1,300 cm-1 (Ti–OH) and 550 cm-1 (Ti–O–Ti) (Upasani, Sreekumar 

et al. 2017, Yuan, Hung et al. 2017, Karaolia, Michael-Kordatou et al. 2018) .  
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6.3.4. Antibacterial effects of NHs on T.pseudonana 

Figure. 6.2 illustrates the growth inhibition of the T. pseudonana algae when the 

marine diatomic algae were exposed to four types of NHs at two different concentrations 

of NHs (50 and 100 mg/L) over 24 h, 48 h, and 72 h. The growth inhibition was estimated 

based on the following (Galletti et al., 2016): 

Growth inhibition (%)  = (1 − 𝑈𝑈𝑉𝑉⋅𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑖𝑖𝑜𝑜𝑐𝑐 𝑐𝑐𝑐𝑐 6ℎ
𝑈𝑈𝑉𝑉⋅𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐𝑐𝑐𝑜𝑜𝑐𝑐

 ) × 100  [Eq. 1]. 

 

 

(A)  
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(B) 

Figure 6.2. Toxicity effect of four different types of NHs on T. pseudonana (A) growth 

inhibition at 50 mg/L and (B) growth inhibition at 100 mg/L over 72 h.  

 

The mortality of T. pseudonana increased over increasing exposure time from 24 to 72 h, 

and the extent of mortality was more apparent at the high concentration of NHs and 

dependent on the types of NHs. For instance, the growth inhibition rate of T. pseudonana 

was in the order ZnO–GO (45.5%) > ZnO–CNT (42.5%) > TiO2–GO (11.2%) > TiO2–

CNT (1.3%). In regard to the concentration effect of NHs on the growth inhibition of T. 

pseudonana, the highest inhibition rate of 45.5% NHs was observed with ZnO–GO at 50 

mg/L, and at a higher concentration of NHs at 100 mg/L, the growth inhibition rate of T. 

pseudonana increased, especially for the ZnO--based NH-exposed suspensions (e.g., ZnO–

GO; ZnO–CNT; TiO2–GO), in the order ZnO–GO (75.5%), ZnO–CNT (47.5%), TiO2–GO 

(33.2%), and TiO2–CNT (1.3%), respectively.  

Several studies have noted that ZnO NPs are more toxic than TiO2 NPs because of the 

higher solubility of ZnO NPs than that of TiO2 NPs (Adams, Lyon et al. 2006, Aruoja, 
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Dubourguier et al. 2009, Dasari, Pathakoti et al. 2013). The primary attribute of toxicity 

appears to be due to the production of ROS from NPs, which is responsible for cell damage 

by such oxidative stress (Hou, Wu et al. 2018, Morelli, Gabellieri et al. 2018, Rajput, 

Minkina et al. 2018). Researchers reported ROS generation from NPs to be increased as 

NP concentration increased and size decreased. The correlation between the toxicity of 

NPs on algal cells and reduced cell viability by a nanoparticle concentration increase was 

noted in several studies (Bhuvaneshwari, Iswarya et al. 2015, Li, Liang et al. 2015, Suman, 

Radhika Rajasree et al. 2015, Xia, Chen et al. 2015), with proposed mechanisms including 

physical interaction between algae and NPs, ROS generation, and the shading effect 

(aggregation). NPs can damage or enter the cell wall by passing through or attaching to 

cells.  

As surface area increases, nanoparticle attachment on cell membranes can be increased by 

electrostatic force, thereby causing damage to the cell membranes (Hou, Wang et al. 2018). 

The shading effect reduces light availability for photosynthesis of algae, so that aggregation 

of NPs can affect the shading by blocking or attaching to the surface of the cells (Li, Liang 

et al. 2015). Thus, the size of aggregation can also be a key factor in determining the effect 

of NPs on cells due to NPs’ surface area and reactivity (Hu, Wang et al. 2018). Notably, 

ZnO- and TiO2-cojugated GO (i.e., ZnO–GO and TiO2–GO) exhibited higher mortality 

than ZnO- and TiO2-combined CNT (e.g., ZnO–CNT and TiO2–CNT) at both 

concentrations of NHs, with no toxicity effect on algae at both concentrations of 50 mg/L 

and 100 mg/L from the TiO2–CNT nanohybrid.  

A similar observation when there was more toxicity of GO on algal cells compared to CNT 

was observed in a recent study by Zhao et al. (2017), possibly due to GO’s hydrophilic 
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surface and strong electrostatic repulsion between GO sheets. Lv, Yang et al. (2018) 

reported that GO could be more toxic than other carbon nanomaterials due to its enhanced 

dispersibility and high hydrophilicity, whereas carbon nanotubes are hydrophobic 

nanomaterials that are likely to form more aggregates. A study by Lv et al. (2018) revealed 

the toxicity mechanism of GO on Daphnia magna as oxidative stress from GO 

accumulation after 24 h exposure of Daphnia magna to GO NPs. Other suggested 

explanations were high hydrophilicity of GO and faster GO uptake/depuration that 

occurred in daphnia than those in other carbon nanomaterials, thereby preventing 

aggregation by dispersion of NPs on GO, with a subsequent increase in NP surface and 

reactivity. A study by Hu et al. (2018) reported that the aggregation and the following 

sedimentation of TiO2 NPs reduced their adverse effect on microalgae and suggested that 

other factors such as ionic strength and NP concentration influenced aggregation and 

sedimentation rates.  

The toxicity effect of single metal oxide NPs (ZnO, or TiO2) on T. pseudonana was 

compared with toxicity effects from GO-conjugated TiO2 or ZnO NPs. The results suggest 

higher toxicity on exposure of T. pseudonana to metal oxide NPs (either ZnO or TiO2)-

conjugated with GO in comparison to the toxicity, when T. pseudonana is exposed to single 

type of NPs. This is possibly due to dispersion effect by GO, rendering NPs to have high 

surface area and to increase the ROS generation. For instance, the growth inhibition rate of 

T. pseudonana was in the order of ZnO-GO (77%) > ZnO (42%) > TiO2-GO (23.4%) > 

TiO2 (4.3%). Notably, ZnO-based NHs showed higher toxicity than TiO2-conjugated NHs, 

because of higher solubility of ZnO NPs than that of TiO2 NPs, influencing the ROS 

generation. Soluble ZnO NPs was more efficient than insoluble TiO2  
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6.3.5. Assessment of ROS generation  

When nanocomposites absorb light energy, charge seperation is induced, and 

nanocomposites produce pairs of e- and h+. The excited electrons are transferred from the 

valence band (VB) to the conduction band (CB), and leave holes in the VB. This is followed 

by the generation of ROS by oxidation and reduction reactions of facilitated pairs of e- and 

h+ (Yuan Yao 2008). When metal-oxide NPs are combined with other nanocomposites (GO 

and CNT), the separated charges are transferred to each other, thereby enhancing 

suppression of the recombination of electron–hole pairs and increasing photocatalytic 

activity of nanocomposites by adsorption of NHs (Qi, Cheng et al. 2017). The ROS 

generation measured by the fluorescence intensity rate (%) after exposure of algae to four 

types of NHs was in the ascending order ZnO–GO > ZnO–CNT > TiO2–GO > TiO2–CNT, 

which was consistent with observation in the toxicity effect of algae (Fig. 6.3). The 

generation of ROS from ZnO–GO-exposed algae was significantly higher than that of the 

other types (i.e. CNT, TiO2–GO, and TiO2–CNT) of nanohybrid-exposed algal cells. A 

previous study suggested that the distribution of metal oxide on GO can enhance ROS 

generation because the distribution of NPs on GO can increase the surface area of 

NHs(Zhao, Cao et al. 2017). Thus, hydroxyl radicals were generated even under the 

absence of ultraviolet light by metal-oxide NPs (Adams et al., 2006). Wang, Zhang et al. 

(2017) reported that the toxicity of graphene and ionic liquids may be driven by few 

mechanisms, such as adsorption, stability, and oxidative stress. Especially, the 

physicochemical interaction of graphene by the liquids’ sharp edges was important to 

toxicity on algae in aquatic environments.  
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As illustrated in Fig. 6.3, the increase of ROS correlated to the concentration of NHs and 

exposure time. However, there was a slight decrease in ROS generation observed over 72 

h exposure to algae at 50 mg/L of ZnO–GO, possibly due to reduced photoactivity from 

aggregation and the shading effect over long-term exposure of NHs to algae at a low ZnO–

GO concentration (50 mg/L). It appears that reduced surface area and reactivity from 

aggregation of NHs decreased the photoactivity of NHs. A study by Ko et al. (2018) 

revealed that the exposure of Ag–GO nanocomposites to algae resulted in the inhibition of 

microorganism activities through oxidative stress and cell-membrane damage induced 

from GO and Ag–GO. In this study, 80% of ROS was generated by GO within 1 h, whereas 

ROS was not detected in 24 h and 48 h because of aggregation and precipitation of GO. 

Applying a scavenger (NAC) suppressed the ROS generation and the extent of suppression 

was increased with higher concentration of NAC (0.5 mM versus 2 mM), indicating that 

the ROS generation was a primary toxicity mechanism and the maximum capacity of NAC 

increased with increasing NAC concentrations(Ma, Wallis et al. 2014)(Ma, Wallis et al. 

2014) . Different types of nanomaterials (ZnO NPs, TiO2 NPs, GO, and CNTs) may induce 

oxidative stress by producing ROS, causing DNA damage and attaching to cell surfaces, 

which leads to toxic effects in the cells by disrupting metabolic biomolecules (Nogueira, 

Nakabayashi et al. 2015). Several studies reported that NHs, which are a combination of 

metal-oxide NPs and carbon-based nanomaterials, have more photocatalytic activity than 

single-NP types of NPs (Chen, Zhang et al. 2013, Wang, Cao et al. 2014). This is because 

the long distance of Shuttling electrons between metal-oxide NPs and carbon-based 

nanomaterials leads to blocking of the recombination of photo-generated e- and h+ pairs by 

electron transfer to each other (Zhang, Zhang et al. 2011).  



113 
 

 
 

Results on the ROS generations from single type of NPs versus ZnO or TiO2-conjugated 

GO NHs were consistent with the toxicity effect of four types of NPs (ZnO, ZnO-GO, 

TiO2, TiO2-GO) on T. pseudonana, in which the ROS generation was in the ascending 

order of ZnO-GO > ZnO > TiO2-GO > TiO2. Results suggest the dispersion effect by GO 

increases the active surface area of NPs (Chen, Zhang et al. 2013), and a recent study (Hu 

et al., 2012) indicated higher ROS production from TiO2-GO than that from TiO2 NPs, 

which is consistent with results presented in this study. Overall, results of the fluorescence 

intensity test exhibited that toxicity of NHs combined with ZnO NPs is higher than that of 

TiO2 NP-based NHs. These results are consistent with those obtained by other researchers 

(Adams, Lyon et al. 2006, Aruoja, Dubourguier et al. 2009, Kumar, Pandey et al. 2011). 

Compared to ZnO NPs, suspensions of TiO2 NPs were of remarkably lower toxicity to 

algae. Several studies reported that the kinetics and aggregation of ZnO NPs and TiO2 NPs 

on algae were highly dependent on pH and ionic strength (Pagnout, Jomini et al. 2012, 

Krol, Pomastowski et al. 2017).  As observed in the present study, no influence of TiO2–

CNT on both cell growth inhibition and ROS intensity was observed over 72 h exposure 

of TiO2–CNT to algae, which was attributed to the aggregation of the CNT due to its 

hydrophobic nature, thereby promoting self-association and aggregation, as noted by other 

studies (Koh and Cheng 2014).  
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Figure. 6.3. The fluorescence intensity of T. pseudonana exposed to four different types 

of NHs of two concentrations for 72 h.   

6.3.6. SEM analysis of algae and NHs 

The interaction between algae and four types of NHs was assessed using SEM 

image analysis. As illustrated in Fig. 6.4, the SEM images of NHs after exposure to T. 

pseudonana for 72 h indicate that algal cells were directly clumped and attached to NHs. 

GO sheets formed aggregation and attachment to the algae and exhibited significant 

catalytic effects (Zhang, Meng et al. 2018),  through the interaction of nanocomposites with 

algal cells, disrupting the algal cell wall by oxidative degradation of lipids resulting in cell 

damage (Souza, Venturini et al. 2018). A recent study by Zhao et al. (2017) indicated that 

there were direct physical damages to algal cells with sharp edges and corners induced by 

GO, although GO did not penetrate into algal cells because of the protection of cell walls. 

Other studies that employed SEM images to analyze the interaction between algal cells and 
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CNTs reported severely aggregated CNTs (Rhiem, Riding et al. 2015, Zhang, Lei et al. 

2015, Pikula, Zakharenko et al. 2018), which visualized the CNTs’ exposure to algal 

suspension—interaction of CNTs with algal cells by attacthing to the outer cell wall of 

algae. As revelaed in Fig. 6.4, significant morphology changes with algal cell structure 

were observed, and aggregated NHs were attached to the surface of cells when NHs were 

exposed to algae. Shading effects of GO or the CNT and the resultant reduction of light for 

algal photosynthesis were reported in several studies (Wang, Zhang et al. 2008, Wei, 

Thakkar et al. 2010) in which GO or CNT agglomeration was around the algal cells, and 

such shading effects resulted in decreasing chlorophyll to algal cells due to nanocompsites’ 

adsorption on cell surfaces. According to these studies (Wei et al., 2010; Aruoja et al., 

2009), the growth inhibition was correlated with the shading due to carbon nanomaterials 

and their agglomeration around algal cells. 
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Figure 6.4. SEM images of four different types of NHs after exposure to T. pseudonana 

for 72 h. 

 

According to a study by Schwab et al. (2011), well-dispersed CNTs also had a stronger 

shading effect than high CNT concentration, and they affected ROS generation (Schwab, 

Bucheli et al. 2011). In this study, experimental results indicated that well-dispersed CNTs 

absorbed over six times more light than agglomerated CNTs. Consequently, both shading 

and agglomeration of algal cells with GO and CNTs could cause the toxicity effects and 

ROS generation. Another study reported that the toxicity of algae was not influeced by 

photocatalytic activity of GO, whereas algal growth inhibition was correlated with the 

shading effect due to carbon nanomaterials and their agglomeration with agal cells 

(Nogueira, Nakabayashi et al. 2015). As discussed earlier, the shading effect that was 

related to NP aggregation could reduce a specific area and active sites of the NP surface, 

so that this aggregation may prevent chlorophyll from absorbing light and inhibit algae 

growth (Li, Liang et al. 2015).  

6.3.7. Comparison of NPs and NHs on antibacterial effect 

             To compare the toxicity effect of single types of NPs and GO based NHs, algae 

was exposed to ZnO NPs, ZnO-GO, TiO2 NPs, and TiO2-GO. Figure 6.5A shows growth 

inhibition rate of T.speudonana after exposure to 4 types of nanomaterials for 72 h at 100 

mg/L of concentration. Inhibition rate on T.speudonana after exposure to ZnO NPs and 

ZnO-GO NHs indicated 75% and 42.6%, respectively. Inhibition rate on T.speudonana 

after exposure to TiO2 NPs and TiO2-GO NHs indicated 16% and 1%, respectively. This 

experimental data is consistent with the hypothesis that toxicity of single type of metal 
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oxide NPs increase when it is combined with GO due to the dispersion of metal oxide NPs 

on GO. High surface area and morphology of GO sheets promotes effective dispersion of 

metal oxides on GO, so that surface area of metal oxide NPs increase resulting in the 

increase of ROS generation.  

ZnO-based nanomaterials were more toxic than TiO2-based nanomaterials, possibly 

because of higher solubility of ZnO NPs than that of TiO2 NPs. This is because solubility 

of metal oxide NPs also can affect to their ROS generation. Kocbek et al. (2010) showed 

that partially soluble ZnO NPs stimulated the ROS production more than did insoluble 

TiO2 (Kocbek, Teskac et al. 2010). Thus, solubility can also affect to their dispersion on 

GO. From the SEM images of ZnO-GO and TiO2-GO, it was observed that the aggregated 

size of TiO2 onto GO was larger with less dispersion compared to that onto ZnO–GO.  

 

 

 

 

 

 

 

(A) 
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(B) 

Figure 6.5. Growth inhibition of algae by a single type of NPs (ZnO or TiO2) versus 

nanohybrids (A) and the fluorescence intensity of T. pseudonana exposed to 

nanomaterials for 72 h (B). 

 

6.4. Conclusions 

The antibacterial properties of 4 synthesized NHs composites were investigated on 

SHE. coli bacterial cells. ZnO-GO, ZnO-CNT, TiO2-GO, and TiO2-CNT NHs were 

successfully synthesized and their formation was confirmed with TEM, SEM, and FT-IR 

results. The presence of GO was shown to increase dispersion of metal oxide onto GO due 

to its large surface area with sheet shape morphology. FT-IR analysis confirmed the 

formation of considerable amounts of functional groups on surface of NHs, as compared 

to the bare carbon materials. Antibacterial activities of synthesized NHs were dose and 

exposure time dependent, and growth inhibitions of 4 NHs on cells were consistent with 

ROS generation. ZnO nanocomposites has higher toxicity to E. coli than TiO2 

nanocomposites when ZnO and TiO2 NPs are synthesized with GO or CNT. Thus, GO and 

CNT increased the dispersion of metal oxide NPs, because synthesized nanocomposites 
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intensified ROS generation by suppressing the recombination of electron-hole pairs. SEM 

and TEM images presented GO based nanocomposites attached on the surface of cells 

while CNT nanocomposites were aggregated each other without interaction with cells. This 

indicates that GO nanocomposites had a batter interaction with ZnO with dispersion and 

significantly enhanced antibacterial effect compared to CNT.  

The results of our study provide a fundamental understanding of toxicity effect of 

NHs on cells and its antibacterial mechanisms when NPs are present in combined form. 

ZnO-GO composites exhibited significant antibacterial properties not only for the ROS 

generation, but also attachment on cells due to its increased surface area and its sharp 

morphology shape which can damage cell membranes. This finding has implications to the 

toxicity activity of NHs on microorganisms. NHs potentially could be used as substantial 

materials to treat bacteria present in water by their enhanced photocatalytic effect. Thus, 

NHs materials can be developed for point-of-use water treatment purification for the 

removal of microbes especially under solar energy by facilitating the photocatalysis 

properties of nanomaterials.  

Second, the antibacterial properties of 4 synthesized NHs composites were 

investigated on T.peudonana. The toxicity significance was also in the order ZnO–GO > 

ZnO–CNT > TiO2–GO > TiO2–CNT. The generation of ROS by NHs following the 

induction of electron–hole pairs appears to be a primary toxicity mechanism. Cell 

membrane damage caused by NH attachment may also contribute to the toxicity of NHs, 

especially ZnO NP-conjugated NHs. Last, the shading effect of NHs by preventing the 

photosynthesis of algae is one of toxicity mechanisms.  
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As revealed in the SEM images, there were aggregated NHs attached to or around 

the algae surfaces, thus causing shading effects which reduce light availability for 

photosynthesis of algae. These key findings on the toxicity kinetics and underlining 

mechanisms of the NH toxicity are encouraging in that designing and manufacturing NHs 

in a safe and eco-friendly manner can not only minimize harm to the marine environments 

but also improve understanding of the ultimate fate and transport of NPs, since scant 

information is available on the NH toxicity and toxicity mechanisms of a marine aquatic 

species.   
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CHAPTER 7: 

NANOCOMPOSITES FOR THE 

REMOVAL OF ANTIBIOTIC-

RESISTANT BACTERIA IN WATER 

BY NANOPARTICLES-ALGINATE 

BEADS5 

 

 

 

 

                                                           
5 Baek, S., Joo, S. H., Toborek, M. (2018) Novel treatment of antibiotic-resistant bacteria by 
encapsulation of ZnO nanoparticles in an alginate biopolymer: Insights into treatment 
mechanisms. Journal of Hazardous Materials. (under review) 
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7.1. Application of nanoparticles for the water treatment  

Considering the unique antibacterial properties of NPs as discussed in Chapter 3-6, 

NPs seem to be used as a material which inactivates harmful bacteria in environmental 

applications. E. coli and P. aeruginosa are the antibiotic-resistant bacteria present in 

wastewater, and a pathogen that known to cause urinary tract infections, respiratory system 

infections, dermatitis, and a variety of systemic infections, particularly in patients. For 

example, P. aeruginosa resists high concentrations of salt, dyes, weak antiseptics, and 

many commonly used antibiotics (Shrivastava, Upreti et al. 2004, Jahani, Saeidi et al. 

2016). Generally, chlorine, UV, and the ozone process are commonly used to deactivate 

pathogenic microorganisms including antibiotic-resistant bacteria in water (Zheng, Su et 

al. 2017). However, studies show that chlorine is not very effective for the removal of 

antibiotic-resistant bacteria present in water (Shrivastava, Upreti et al. 2004). A study was 

conducted on the effect of chlorine, ozone, and TiO2 photocatalytic processes on the 

removal of antibiotic-resistant bacteria, and results showed TiO2 NPs induced more 

damage than chlorine in cell DNA (Öncü, Menceloğlu et al. 2011). Other studies have 

applied UV and ozone processes for inactivation of microbial pollutants, but high treatment 

expense and dosages were demanded to disinfect microbial with these methods (Johnson 

2010, Jager, Alexander et al. 2018). It is also reported that chlorine used in water and 

sewage can selectively promote the survival of antibiotic-resistant bacteria (Shrivastava, 

Upreti et al. 2004). For instance, sewage treatment facilities using chlorine may have the 

unintended consequences of encouraging the formation of other antibiotics in the 

discharged water drinking water, by selectively supporting the survival of antibiotic-

resistant bacteria. Since the problem of antibiotic resistance in water is being worsened 
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worldwide, and superbugs have been found in water treatment plants (Ahmed, Zhou et al. 

2015), there is a need to come up with alternative disinfectants to provide safe and clean 

water.  

Nanomaterials can be incorporated to develop small scale cost-effective pathogenic 

bacteria control systems due to their antibacterial properties (i.e., large surface area and 

ROS generation) even in a small amount of NPs. Thus, NPs require less processing, no 

DBPs, and reusable materials. Among many NMs, ZnO NPs show strong antibacterial 

effect with other chemical stability properties and high surface area; thus it is inexpensive 

and easy to prepare. However, the use of NPs for the removal of bacteria has not been 

studied well enough because it is related to retention of particles and reusability of NPs for 

application. Therefore, the use of polymers where the NPs can be contained can be 

considered because adding NPs in a polymeric matrix can immobilize NPs and be utilized 

for controlling microbial activity.  

In this chapter 7, the application of NPs was developed by using a polymeric material to 

immobilize NPs, and utilized as a water treatment material to inactivate antibiotic-resistant 

bacteria in water. Among many different types of NPs, ZnO NPs were selected to 

synthesize nanocomposite-alginate beads based on chapter 3-6 studies because they have 

great antibacterial properties in small quantities and are inexpensive. Thus, sodium alginate 

was selected as coating materials to encapsulate and disperse ZnO NPs in the 

nanocomposite beads.  
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7.2. Novel treatment of antibiotic-resistant bacteria by encapsulation of ZnO 

nanoparticles in an alginate biopolymer: Insights into treatment 

mechanisms   

7.2.1. Background 

The presence of antibiotic-resistant bacteria in water is a major concern worldwide 

because of its negative health effects. Recently, antibiotic-resistant bacteria, otherwise 

known as superbugs, have been detected in drinking water across many nations (Ahmed, 

Zhou et al. 2015). Superbugs are known to cause serious illness and are responsible for at 

least 2 million infections and 23,000 deaths each year in the United States (CDC 2013). 

Conventional disinfection technologies, such as ultraviolet, ozone, and chlorine 

disinfection, are currently used to inactivate the antibiotic-resistant bacteria in water(Öncü, 

Menceloğlu et al. 2011). However, these processes are not very effective for the removal 

of antibiotic-resistant bacteria present in water because they not only require high dosages 

and long contact time to inactivate the antibiotic-resistant bacteria but also produce 

byproducts (Shrivastava, Upreti et al. 2004).  

Several studies applied conventional treatment processes for the removal of antibiotic-

resistant bacteria (Johnson 2010, Öncü, Menceloğlu et al. 2011, Jager, Alexander et al. 

2018). Among chlorine, ozone, and TiO2 photocatalytic processes, TiO2 nanoparticles 

(NPs) induced more damage than chlorine in cell DNA(Öncü, Menceloğlu et al. 2011). 

NPs, even in a small number, have potential benefits as novel materials in terms of 

inactivating pathogenic bacteria due to their strong antibacterial effect (Batley 2012, Lin, 

Li et al. 2014, Baek, Joo et al. 2017, Baek, Joo et al. 2018). NPs are considered to be 

relatively more efficient, more affordable (if reusable), and free from any toxic disinfection 
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byproducts compared to conventional disinfectants(Rasalingam, Peng et al. 2014, 

Karaolia, Michael-Kordatou et al. 2018, Sarkar, Mandal et al. 2018). However, the use of 

NPs for the removal of bacteria has not been studied well enough because of concerns 

about leaching of NPs into water, which results in the difficulty of water reuse (Dimapilis, 

Hsu et al. 2018). Overcoming these obstacles could make NPs an affordable alternative 

material. Therefore, the current study investigated the application of ZnO NPs encapsulated 

in an alginate biopolymer solution, resulting in the production of ZnO–alginate beads that 

prevent leaching of NPs and reuse of beads.  

Recently, polymeric materials such as alginate and chitosan have been used as a host for 

impregnation of NPs (Motshekga, Ray et al. 2015, Chatterjee, Ghangrekar et al. 2017, 

Motshekga, Sinha Ray et al. 2018, Salama, Diab et al. 2018), particularly alginate 

composite beads, for increasing adsorption capacity for the removal of contaminants. 

Having NPs (especially those with antibacterial properties) encapsulated in alginate could 

offer increasing surface area through dispersion and immobilization of NPs. Lin et al. (Lin, 

Huang et al. 2013) investigated the antibacterial effect of silver NP–alginate beads using 

various filter materials for point-of-use drinking water disinfection. A recent study that 

applied chitosan nanocomposites with silver and ZnO NPs to inactivate bacteria in water 

(Motshekga, Sinha Ray et al. 2018) indicated that the antibacterial effect was improved 

with a large number of nanocomposites and longer contact time at a low concentration of 

bacteria (200 CFU mL-1), while the inactivation at high concentrations of bacteria exhibited 

less efficiency. Other researchers demonstrated the efficient removal of E. coli, P. 

aeruginosa, and S. aureus using silver NP–coated beads and observed no 
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adsorption/adhesion of bacterial cells on the synthesized beads (Gangadharan, 

Harshvardan et al. 2010).   

Despite ongoing development of water treatment methods using nanocomposite beads, 

little is known regarding disinfection mechanisms of nanocomposite beads, reusability of 

spent nanocomposite beads, and the application of nanocomposite beads for treating high 

concentrations of antibiotic-resistant bacteria. This study aims to (1) explore the 

antibacterial effect of ZnO NP–alginate beads on two model antibiotic-resistant bacteria 

(E. coli DH-5α and P. aeruginosa), (2) identify antibacterial mechanisms and reusability 

of the beads, and (3) recommend optimum conditions in a more cost-effective manner 

compared to conventional disinfectants along with future research directions.  

7.2.2. Materials and methods 

7.2.2.1. Materials  

Industrial ZnO NPs (>97% purity, <50 ± 5 nm nominal size, and >10.8 m2/g surface 

area) and sodium alginate powder (medium viscosity: 600–900 cps) were purchased from 

Sigma-Aldrich (St. Louis, MO). The antibiotic-resistant bacteria strains used to investigate 

the antibacterial activity were E. coli with MAX Efficiency DH5α Competent Cells 

(Invitrogen, CA) and P. aeruginosa (Schroeter) Migula (ATCC®, VA, USA).    

7.2.2.2. Synthesis of nanocomposite–alginate beads  

The sodium alginate solution was prepared by dissolving 10 g of sodium alginate 

powder in 1 L deionized (DI) water and stirred until a clear solution was obtained. A 

calcium chloride (CaCl2) solution (2%) was dissolved in DI water, and this mixture was 

purged with N2 gas for 20 min to remove air bubbles. To create the beads, 50 mL of the 
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sodium alginate solution was mixed with different amounts of ZnO NPs (0.2, 0.5, and 1 g) 

under a stirrer at 600 rpm to get a homogenous mixture. The ZnO NP–alginate mixture was 

pumped dropwise using a peristaltic pump (model Easy-load® II, Cole-Parmer Instrument 

Co., USA) and tubing (Masterflex Tygon Lab tubing, L/S 13). The mixture drop through 

tubing was added into 50 mL of deoxygenated CaCl2 solution from 12 cm above the 

surface. Upon the mixture touching the CaCl2 solution under the stirrer, ZnO NP–alginate 

beads were formed and left in the solution for 24 h to harden. Afterwards, the CaCl2 

solution was decanted, and the beads were washed several times with DI water.  

7.2.2.3. Characterization of ZnO NP–alginate beads    

The morphologies and elemental analysis of synthesized ZnO NP–alginate beads were 

characterized with Field Emission Scanning Electron Microscopy (SEM, Philips XL-30 

FEG) and Energy Dispersive Spectroscopy (EDS). During their SEM analysis, the beads 

were coated with a thin (20 nm) coating of Pd in a Cressington Sputter coater. The samples 

were then placed in an FEI XL-30 Field Emission SEM and imaged at several 

magnifications. EDS in SEM particulate samples was examined at various magnifications, 

and X rays were collected at a scan speed of 2 and a working distance of 10 mm.  

7.2.2.4. Inactivation of E. coli and P. aeruginosa  

To determine the inactivating effect of the synthesized beads, model bacteria (i.e. E. 

coli and P. aeruginosa) were cultured, and a batch test was conducted. Incubated E. coli 

and P. aeruginosa were spread on Luria-Bertani (LB) agar plates containing ampicillin and 

incubated overnight at 37 °C. The colonies from each agar plate were cultured in an LB 

broth (3 mL) for 12–14 h in an incubator (MaxQ 4000, Thermo Scientific, NY) at 37 °C 
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under continuous shaking at 225 rpm. A 100 μL of cultures was incubated in 100 mL of 

the LB broth in a sterilized flask, and the cultivation of bacteria was performed for 12–16 

h until the absorbance value reached 0.09 (108 cells mL-1) by OD600. The cultivated cells 

were exposed to different ZnO NP dosages of alginate beads under 37 °C for 6 h under 

room light. The concentrations of bacterial cells mixed with ZnO NP–alginate beads were 

measured using OD600 every 2 h, and all reported values were averaged from duplicate 

experiments.  

7.2.2.5. ROS detection from ZnO NP–alginate beads  

The generation of reactive oxygen species (ROS) from bacteria cells exposed to ZnO 

NP–alginate beads was measured by fluorescence intensity with Spectramax Gemini EM 

Microplate Reader (Molecular Devices, CA). The DCF-DA (2',7'–dichlorofluorescin 

diacetate) cellular ROS detection assay kit (Abcam Inc, Toronto, ON, Canada) was used 

to dye ROS such as hydroxyl and peroxyl radicals within E. coli and P. aeruginosa cells. 

After cells were exposed to ZnO NP–alginate beads (initial, 2 h, 4 h, and 6 h), cells were 

collected in a conical tube and washed by centrifugation in phosphate buffered saline (PBS). 

Washed cells were suspended in the DCF-DA solution and incubated at 37 °C for 30 min 

in the dark. Then, cells were transferred into a clear bottom black 96-well microplate after 

being washed through centrifugation with the PBS buffer. The DCF was detected by 

fluorescence spectroscopy with maximum excitation and emission spectra of 485 nm and 

535 nm in the presence of the buffer. The photocatalytic activity of NPs was examined 

with antioxidant N-acetyl cysteine (NAC) (Sarkar, Mandal et al. 2018). The NAC, a ROS 

scavenger, was used to verify the antibacterial effect of ROS, since NAC prevents toxicity 

caused by ROS through directly scavenging ROS or promoting production of antioxidant 
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enzymes (Schrand, Rahman et al. 2010). As such, cells were pretreated with 0.5 and 2 mM 

of NAC, and fluorescence intensity was measured at 6 h in duplicate.    

7.2.2.6. Leaching analysis  

The release of Zn ions from the ZnO NP–alginate beads was quantified. Monitoring 

and quantification of the release of Zn ions involved mixing 10 g of beads with 100 mL of 

DI water, shaking at 37 ℃ for 6 h at 225 rpm, taking samples every 2 h and measuring the 

leaching amount of ZnO NPs from the beads using ICP-OES (Perkin Elmer Optima 5300 

DV ICP‐OES, Waltham, MA, USA). 

7.2.3. Results and discussion 

7.2.3.1. Characterization of ZnO NPs-alginate beads 

The morphology of ZnO NP-alginate beads, dispersion of ZnO NPs on the beads, and 

surface characteristics of synthesized ZnO NP–alginate beads were examined using an 

SEM analysis. Fig. 7.1 presents SEM images of a half-cut section of alginate beads 

(control) and ZnO NP–alginate beads. The microscopic analysis revealed that diameters of 

alginate beads were around 2 mm. The SEM images of control beads exhibited a uniform 

plain morphology (Fig. 7.1A). The surface of the half-cut section of the ZnO NP–alginate 

beads appears irregular and bumpy because of ZnO NPs attached or coated on the alginate 

beads (Fig. 7.1B). Thus, ZnO NPs attached on the surface of beads aggregated with one 

another. These images indicate that ZnO NPs were coated not only on the surface of the 

beads but also inside the beads. The uneven distribution of metal-oxide NPs on polymer 

beads could be due to the chemical reduction route employed to have metal-oxide NPs on 

the beads (Gangadharan, Harshvardan et al. 2010).   
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Similar surface morphology of ZnO NP–chitosan beads was reported in a recent study 

(Chatterjee, Ghangrekar et al. 2017). In this study, some wrinkles and many irregularities 

on the surface of the ZnO NP–chitosan beads were observed, and a laminar morphology 

was observed on the chitosan beads that did not contain ZnO NPs. The elemental 

composition of ZnO NP–alginate beads was determined using EDS (Fig. 7.1A). The EDS 

analysis confirmed clear peaks of Zn as the primary element, and other compounds, such 

as Ca and Cl, presented by the beads during synthesis. The size of aggregated ZnO NPs on 

the surface of the ZnO NP–alginate beads indicates an irregular spherical shape of ZnO 

NPs, with sizes ranging from 120 to 236 nm, coated on the surface of alginate beads (Fig. 

7.1B). The agglomeration of the particles may be attributed to the aggregation behavior of 

NPs or the viscosities of the solutions (Motshekga, Ray et al. 2015). The sizes of the NPs 

have a considerable effect on their antibacterial activity, as they determine the surface area 

of NPs, which is important for NPs’ reactivity (Barnes, Molina et al. 2013, Jahani, Saeidi 

et al. 2016).  
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                                                                        (A) 

(B)                                                                           (C) 

Figure 7.1. SEM images of (A) half cut section of alginate beads (control) and ZnO-
alginate bead, (B) the size measurement of ZnO NPs on the surface of ZnO-alginate 
beads, and (C) EDS analysis of ZnO NP–alginate beads.  
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7.2.3.2. Antibacterial effect of ZnO NPs-alginate beads on antibiotic-resistant 

bacteria  

The antibacterial effect of ZnO NP–alginate beads was investigated on antibiotic-

resistant bacteria (E. coli and P. aeruginosa). A batch test was conducted against antibiotic-

resistant bacteria with different concentrations of ZnO NPs-alginate beads (control without 

ZnO NPs and ZnO NPs at 0.2, 0.5, and 1 g in 50 mL of alginate mixture) at the initial 

bacteria concentration of 108 cells mL-1. Fig. 7.2A illustrates the growth curve and growth 

inhibition rate of E. coli after exposure to different concentrations of ZnO NP–alginate 

beads. It was observed that bacterial growth inhibition increased with an increase in contact 

time and the amount of ZnO NPs present in ZnO NP–alginate beads (96.8 % at 0.5 g ZnO 

NPs to 97.4 % at 1 g ZnO NPs). The initial rapid growth inhibition of the antibiotic-resistant 

bacteria at 0.5 g ZnO NPs appears to depend on the type of bacteria. For instance, the 

growth curve and growth inhibition rate of P. aeruginosa bacteria exposed to 0.5 g of ZnO 

NPs present in ZnO NP–alginate beads exhibited only 25.3 % growth inhibition of P. 

aeruginosa. However, the growth inhibition rate abruptly increased to 88% when the 

concentration of ZnO NPs in the alginate solution increased to 1 g (Fig. 7.2B). Several 

studies suggested that P. aeruginosa are more resistant to antibiotics than E. coli because 

of P. aeruginosa’s extracellular polymeric substance (also sometimes abbreviated EPS) 

which has high-molecular-weight polymers surrounding microorganisms (Kumar, Pandey 

et al. 2011, Xue, Hessler et al. 2013). EPSs produced by P. aeruginosa provide a protective 

role for bacterial cells against disinfectant or limit access to reactive sites on a cell 

membrane (Jiang, Zhang et al. 2016).  
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Figure 7.2C illustrates the growth and the growth inhibition rate of different concentrations 

of ZnO NP–alginate beads on mixed-species antibiotic-resistant bacteria (P. aeruginosa 

and E. coli). The inhibition rate of mixed bacteria in water was 38.5% for 0.2 g, 93.3% for 

0.5 g, and 97.7% for 1 g of ZnO NPs in ZnO NP–alginate beads, respectively. The data 

exhibits the enhanced inhibition rate of P. aeruginosa when P. aeruginosa was mixed with 

E. coli, whereas a decreasing inhibition rate of E. coli was found when E. coli was treated 

with P. aeruginosa, suggesting synergistic effects when mixed bacteria are treated with 

ZnO NP–alginate beads in water. Given that the occurrence and the spread of antibiotic-

resistant bacteria in water are pressing public health problems worldwide, the application 

of ZnO NP–alginate beads seems to be highly effective in the inactivation of mixed 

antibiotic-resistant bacteria in water.  Overall, the inactivation of bacteria by ZnO NP–

alginate beads increased with an increasing amount of ZnO NPs, which is due to more 

active sites and larger surface area for the antibacterial effect on bacteria on increasing 

concentrations of NPs (Suganthi and Rajan 2012, Venkatesan, Lee et al. 2017).  

While the inactivation kinetics may depend on the concentration of NPs, the initial bacterial 

concentration and contact time also influence the antibacterial effect of ZnO NP–alginate 

beads on bacteria as demonstrated in a study where no bacteria were present in water after 

70 min of contact time with initial bacteria (S. aureus) concentration of 200 CFU mL-1 

(Motshekga, Sinha Ray et al. 2018). Similarly, another study found the inactivation of E. 

coli and S. aureus by chitosan–alginate biosynthesized silver, and the extent of antibacterial 

effect due to the addition of silver NPs to the biopolymer was significant (Fatehah, Aziz et 

al. 2014). Chatterjee et al. (Chatterjee, Ghangrekar et al. 2017) revealed that treating total 

suspended solid concentrations (50–100 mg L-1) in the sewage by ZnO–Ag NPs in chitosan 
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beads resulted in a 10–20 % disinfection efficiency decrease through the mechanism of 

ROS generation. In the combined ZnO and Ag NPs in chitosan beads, bacterial inactivation 

was influenced by factors including pH, particle size and surface area (Motshekga, Ray et 

al. 2015).  

There are four possible antibacterial mechanisms that could contribute to the inactivation 

of hazardous bacteria. Specifically, bacterial cells can be damaged through the release of 

metal ions, injury to the cell membrane by direct contact, or the generation of ROS. Given 

that ZnO NPs are encapsulated in an alginate solution, direct interaction between ZnO NPs 

and cells may be excluded as one of the antibacterial mechanisms. However, the generation 

of ROS can likely be one of the mechanisms, since the ROS can destroy bacterial cells, as 

illustrated in our previous studies (Baek, Joo et al. 2017, Baek, Joo et al. 2018). In addition, 

the electro-steric effect by dispersants used to coat NPs may be involved, especially when 

coating materials are present where molecular weight or viscosity of the polymer 

influences the antibacterial effect of nanocomposite–alginate beads. 

Regiel et al. (Padmavathy and Vijayaraghavan 2016) evaluated the antibacterial effect of a 

silver NP–chitosan nanocomposite film. The study revealed the antibacterial effect 

influenced by the polymer molecular weight at a medium molecular weight of chitosan in 

which a larger surface area was prone to oxidation with optimum viscosity. The electro-

steric repulsion effect from dispersants (polymer coating materials) may prevent 

aggregation of NPs and maintain or increase the surface area of NPs, thereby enhancing 

their antibacterial effect. The release of metal ions could also influence the antibacterial 

effect. However, in the present study, pH levels of cell suspension with ZnO NP–alginate 
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beads remained 7.2–7.4, suggesting the release of Zn ion is unlikely to happen since the 

point of zero charge (PZC) of ZnO NPs occurs at pH 7.1–9.4 (Tso, Zhung et al. 2010, 

WHO 2011, Leung, Xu et al. 2016). Thus, the primary antibacterial mechanism of ZnO 

NP–alginate beads could be linked to ROS generation, which results in more rapid growth 

inhibition of cells (Barnes, Molina et al. 2013, Regiel, Irusta et al. 2013).   

(A) 

 

(B)                                              



136 
 

 
 

(C)  
 

 
 
Figure 7.2. Growth rate and growth inhibition rate of antibiotic-resistant bacteria of (A) E. 
coli, (B) P. aeruginosa, and (C) mixed bacteria with E. coli and P. aeruginosa after being 
exposed for 6 h to different concentrations of ZnO NP–alginate beads.  

 

7.2.3.3. Release behavior and antibacterial activity of ZnO NPs-alginate beads 

Zinc is known to be toxic on cells at elevated concentrations, and this has limited the 

concentration allowable for safe use in water to 3–5 mg L-1 Zn2+ in drinking water (Wong, 

Leung et al. 2010, Motshekga, Ray et al. 2015). The release of metal ions from NPs could 

have adverse effects when their concentration is above the standard levels (Motshekga, 

Ray et al. 2015). Moreover, the release of metal ions could lead to the perforation of the 

bacteria cells, resulting in cell death (Li, Lin et al. 2013, Baker, Tyler et al. 2014). As one 

of potential antibacterial mechanisms, the release of Zn2+ from ZnO NP–alginate beads 

was measured through an ICP-AES analysis. As illustrated in Fig. 7.3, the amount of Zn 

ions released from ZnO NP–alginate beads was ≤ 0.4 mg L-1 over 6 h, which is significantly 

less than the maximum allowable Zn2+ concentration in water. Given that the pH level of 
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the water solution was around PZC of ZnO NPs, dissolved Zn2+ effects might not be 

significant, and particles would be present with aggregation or partial disaggregation 

(Godymchuk, Karepina et al. 2015). Thus, the amount of released zinc ions from ZnO NP–

alginate beads had not increased after 2 h exposure, indicating the least antibacterial effect 

by the release of zinc ions. 

At the neutral pH level (7.2–7.4) maintained throughout the experiments, the maximum 

amount of released Zn2+ from the ZnO NP–alginate beads were 0.4 mg L-1. The released 

amount of Zn2+ remained stable within the alginate matrix, which is even within acceptable 

limits for drinking water. A similar observation was made in another study (Padmavathy 

and Vijayaraghavan 2016), in which the strong attachment of NPs on chitosan reduced 

leaching rate of NPs, which was related to the molecular mass of the chitosan. A study by 

Motshekga et al.  (Motshekga, Ray et al. 2015, Motshekga, Sinha Ray et al. 2018)suggested 

that zinc-ion leaching may be attributed to the quantity of NPs within beads or partially 

exposed NPs on the surface of beads. Another study by Li et al. (Song, Zhang et al. 2010) 

reported that the toxicity of ZnO NPs to E. coli depended on zinc-ion concentration, 

demonstrating that 0.4–0.8 mg/L of Zn2+ on bacteria was in accordance with 10–40% of 

bacterial mortality. The Zn ions have been found to associate with damaged cells and 

stimulate oxygen radical generation by cells (Shalumon, Anulekha et al. 2011, Mohd Omar, 

Abdul Aziz et al. 2014). Thus, the toxicity of Zn2+ is a dose-dependent response, indicating 

that increasing the ZnO dissolution rate could increase the toxicity of ZnO NPs on cells. 

However, given that the release of metal ions is also influenced by pH, an increase in zinc 

ions could cause higher toxicity by attaching ions onto the surface of bacterial cells (Jassby, 

Farner Budarz et al. 2012). Nonetheless, in the present study, the antibacterial effect by the 
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release of Zn ions is unlikely because of the pH within the PZC ranges.  

Figure 7.3. The amount of zinc-ion release from synthesized ZnO NP–alginate beads 
(1 g of ZnO NPs in 50 ml of alginate solution) over 6 h  
 

The ROS generation of ZnO NPs has played an important role in many types of bacterial 

cell damage, which can result in cell death and DNA damage (Sharma, Anderson et al. 

2012, Dasari, Pathakoti et al. 2013, Regiel, Irusta et al. 2013). ROS, such as H2O2, •OH, 

and O2•
-, from ZnO NP suspensions are formed through the following processes (Xue, Liu 

et al. 2011, Avalos, Haza et al. 2014): 

ZnO NPs ●                e-          O2 + e-  O2•
-                                    

O2•
- + H2O   •HO2 + OH-  •HO2 + •HO2  H2O2 + O2                      

H2O2 + O2•
-   O2 + •OH + OH-         

When ZnO NPs are excited by light energy, the electrons and holes react with adjacent 

molecules (O2, H2O, and OH−) and result in the formation of ROS. To understand the effect 

of ZnO NP–alginate beads on oxidative stress to antibiotic-resistant bacterial cells, ROS 

generation was evaluated using the DCF-DA assay. Fig. 7.4 illustrates fluorescence 
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intensity of ZnO NP–alginate beads after exposure over 6 hours to E. coli and P. 

aeruginosa. To probe the antibacterial mechanism by the generation of ROS, N-acetyl-L-

cysteine (NAC), which is known as a scavenger of ROS, was pretreated with cells at 

concentrations of 0.5 and 2 mM.  

As illustrated in Fig. 7.4, no significant difference in the ROS generation was observed 

during the initial exposure to E. coli cells (Fig. 7.4A). However, as time passed, the 

bacterial cells exposed to the ZnO NP–alginate beads exhibited higher ROS generation 

than those exposed to control alginate beads. The control beads and ZnO NP–alginate 

beads containing less than 1 g of ZnO NPs exhibited similar ROS generations in cells, 

whereas alginate beads with 1 g of ZnO NPs produced relatively high ROS generation. The 

results indicate increasing generation of ROS with the increasing amount of ZnO NPs in 

alginate beads, but upon the addition of NAC, the amount of ROS generation decreased, in 

which the extent of decrease depended on the concentration of NAC (0.5 and 2 mM). For 

instance, when E. coli cells were pre-treated with 0.5 mM of NAC after exposure to 1 g of 

ZnO NP–alginate beads, they produced less ROS compared to cells without NAC. Further, 

cells with a higher concentration of NAC at 2 mM produced much lower fluorescence 

intensity compared to cells without NAC. As NAC concentration increased, ROS 

generation from cells pre-treated with NAC decreased. This suggests the maximum 

capacity of NAC as a ROS scavenger was limited as the amount of NAC decreased 

(Schrand, Rahman et al. 2010).  

Fig. 7.4B illustrates fluorescence intensity of P. aeruginosa after exposure to ZnO NP–

alginate beads. A similar observation was made in that fluorescence intensity was increased 

as exposure time and the amount of ZnO NPs in alginate beads were increased. The ROS 
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levels increased significantly with respect to control after a 6 h treatment at the highest 

concentration (1 g of ZnO NPs in alginate beads), indicating the generation of ROS 

dependent on the amount of ZnO NPs after 6 h. Similarly, to the E. coli cells, the addition 

of ZnO NP–alginate beads to P. aeruginosa cells that were pre-treated with NAC indicated 

a reduction in the fluorescence intensity compared to cells without NAC. In both antibiotic-

resistant cells, ROS generation was largely prevented by NAC. These results suggest that 

oxidative stress is primarily responsible for the antibacterial effect of ZnO NP–alginate 

beads. Several studies suggest that since NAC has the ability to directly decrease cell 

oxidative stress, ROS levels and cell damage are reduced after NAC treatment (Adams, 

Lyon et al. 2006, Farzana and Meenakshi 2015).  

A study by Chatterjee et al. (Chatterjee, Ghangrekar et al. 2017) reported that ROS 

generation from Ag- and ZnO NP-coated chitosan beads was a primary bacterial 

inactivation mechanism. In this study, while the role of silver ions was suggested, 

negligible release of silver ions was observed in which ROS was concluded to be a main 

antibacterial mechanism. Farzana and Meenakshi (Hirota, Sugimoto et al. 2010) found that 

ZnO NP-impregnated biopolymer (chitosan) beads used to decompose textile dyes took the 

photocatalytic activity of ZnO NPs that oxidized dye molecules with enhanced treatment 

effectiveness under UV-vis. In the study, a polymer solution, such as chitosan, was 

suggested to make the surface modification of ZnO NPs promote more photocatalytic 

activity by absorbing visible light.  
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Since UV-vis excites more electron–hole pairs in ZnO, ZnO NP–alginate beads under UV-

vis may cause more ROS generation for the inactivation of bacteria. Several studies have 

reported that the creation of ROS including superoxide species can occur under room light 

or even at dark condition (Heinlaan, Ivask et al. 2008, Jones, Ray et al. 2008, Brayner, 

Dahoumane et al. 2010), which is a consistent observation with the present study. As stated 

earlier, the bacterial inactivation may occur through the release of metal ions, damage of 

cell membrane with direct contact, or the generation of ROS from NPs. In the following 

section, another possible mechanism, other than the generation of ROS and the release of 

Zn ions, is explored. 

                                      (A)                                                                   (B) 
Figure 7.4. ROS generation of ZnO NP–alginate beads after exposure to (A) E. coli and 
(B) P. aeruginosa over 6 hours. NAC treated bacterial cells were pre-treated with 0.5 and 
2 mM NAC for 2 hours. The results were analyzed using the two-way ANOVA. 
*Significantly different as compared to control at p<0.05.  
 

7.2.3.4. Cell morphology after exposure to ZnO NP–alginate beads 

The interaction between bacteria cells after exposure to ZnO NP–alginate beads 

was examined using SEM analysis to probe one of the antibacterial mechanisms. As 

indicated by the SEM images, the ZnO NPs were completely encapsulated in alginate beads 
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and dispersed or attached inside the beads. Fig. 7.5A presents SEM images of E. coli cells 

that were exposed to alginate control beads and ZnO NP–alginate beads for 6 h. Compared 

to the cells exposed to alginate control beads (beads without ZnO NPs), more significant 

deformation and morphological changes of bacterial cells were observed after exposure to 

ZnO NPs (1 g) –alginate beads. The majority of bacterial cells were not in contact with 

ZnO NPs; however, a few bacterial cells were in contact with ZnO NPs or were surrounded 

by aggregated ZnO NPs. These aggregated NPs may be leached from ZnO NP–alginate 

beads and attached on the cell surface.  

Figure 7.5B presented SEM images of P. aeruginosa cells after exposure to ZnO NP–

alginate beads for 6 h. Similarly, to the images for E. coli exposed to ZnO NP–alginate 

beads, cell disruption of P. aeruginosa was found, but fewer cell damages were observed 

in P. aeruginosa compared to E. coli cells when they were exposed to the same amount of 

ZnO NP–alginate beads; this is in agreement with results of antibacterial activity. SEM 

images indicate that cells treated with ZnO NP–alginate beads were damaged without 

direct interaction with the particles. These observations may suggest that the inactivation 

of bacterial cells does not occur through direct contact with ZnO NPs, rather cell damages 

still arise from ROS generation irrespective of direct contact with NPs (Wang, Lin et al. 

2016). In the perspectives of proposed antibacterial mechanisms , antibacterial mechanisms 

of NPs seem to be related with their high surface-to-volume ratio and unique 

physicochemical properties (Barnes, Molina et al. 2013, Tan and Wang 2017). These 

antibacterial mechanisms are related factors including but not limited to particle sizes, NP 

concentrations, bacterial species, coating materials, pH, and surface charges. As an 

example, when the solution pH increases, more negative surface charge becomes available 
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as zinc ions are released (Kao, Chen et al. 2012). As negative surface charge increases in 

NPs, the electrostatic repulsion between metal cations and particles increases, causing the 

dispersion of NPs.  

As per the electro-steric effect, alginate beads may serve as a platform for dispersion of 

NPs, resulting in steric effects that enhance the antibacterial effects of ZnO NPs on bacteria. 

The carboxylic group present in the alginate polymer (Fig, 7.5B) can enhance the 

adsorption of metal ions released from NPs, and the free carboxylic functional groups are 

also available as metal-binding sites when the alginate solution combines with metal oxide 

NPs (Kao, Chen et al. 2012). When the carboxylate group of alginate induces the 

electrostatic interaction with metal oxide NPs, NPs can be dispersed or distributed on the 

alginate beads (Fatehah, Aziz et al. 2014), and this stabilizing function of the carboxyl 

group on particles depends on the pH of suspensions (Cabral 2010). This binding may 

induce the dispersion of ZnO NPs on alginate composites and increase NPs’ surface area, 

which enhances the photocatalytic activity (Daemi and Barikani 2012). Similarly, several 

studies (Kao, Chen et al. 2012, Fatehah, Aziz et al. 2014, Motshekga, Ray et al. 2015, 

Motshekga, Sinha Ray et al. 2018) reported that synthesis of polymer beads, such as 

chitosan and alginate with metal-oxide NPs, is stable because of their high percentage of 

cross-linking. Such an example includes ZnO incorporated into alginate fibers in which the 

formation of covalent bonds and carboxylate bonds was found between ZnO NPs and 

alginate composites (Liu, Hu et al. 2012).  
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Figure 7.5. SEM images of (A) E. coli and (B) P. aeruginosa after being exposed to control 
alginate beads and ZnO NP (1 g)–alginate beads for 6 h 
 

(A) 

 
(B) 
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Figure 7.6. A: Schematics for the antibacterial mechanisms of ZnO NPs on bacteria cells; 
B: Chemical structure of alginate  
 

7.2.3.5. Reusability of the ZnO NP–alginate beads 

The reusability of ZnO NP–alginate beads was measured by sequential batch 

experiments. Subsequent to each batch test, 50 ZnO NP–alginate beads (concentration: 1 g 

of ZnO NPs in 50 mL of alginate solution) were exposed to 108 cells (E. coli and P. 

aeruginosa) for 6 h. The reusability of spent ZnO NP–alginate beads was examined through 

continuous treatment of incoming water contaminated with the model bacteria (E. coli 

DH5-α and P. aeruginosa) under five consecutive cycles. Fig. 7.7A indicates almost 99.7% 

inactivation rate of E. coli at the first operation cycle and similar inactivation rate as 97.5% 

until the third operational cycle, indicating efficacy of the used ZnO NP–alginate beads, 

although the efficiency gradually decreased to approximately 60% and further to 27%.  

However, although the overall inactivation rate of P. aeruginosa by the spent ZnO NP–

alginate beads was lower compared to that of E. coli, an inactivation rate higher than 50% 

was observed in four operation cycles. Considering the significantly large accumulated 

amount of bacterial cells (CFU mL-1), the used ZnO NP–alginate beads were reusable 

without replacement with new beads or addition of additional beads into the treatment 

system (Fig. 7.7B). Overall, for treating 108 cells per milliliter of antibiotic-resistant 

bacteria, only 50 beads (ZnO NP–alginate beads) were used. Given that typical 

concentrations of bacteria in raw and treated domestic wastewater are approximately 101–

104 cells mL-1, the application of ZnO NP–alginate beads for treating water contaminated 

with antibiotic-resistant bacteria is promising in terms of cost-effectiveness, rapid 



146 
 

 
 

treatment, being an environmentally friendly method, no byproducts formed after being 

used in treatment systems and ease of operation for field applications.  

 
(A) 

 
(B) 

Figure 7.7. Reusability of ZnO NP–alginate beads for antibiotic-resistant bacteria over the 
accumulated amount of inactivated cells (CFU mL-1): (A) E. coli and (B) P. aeruginosa 
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7.2.3.6. Comparison of the effectiveness of the chlorine and ZnO NP–alginate 

beads for the removal of antibiotic-resistant bacteria  

The effectiveness of the chlorine and ZnO NPs-alginate beads was compared for 

the removal of antibiotic-resistant bacteria. Figure 7.8(A) show the antibacterial effects of 

chlorine and on P.aeruginosa and E.coli during repeated batch test with 5 consecutive 

cycles under same conditions. Subsequent to each batch test, chlorine (conc.:5 ml/L (10-

15%)) were exposed to 108 cells of mixed bacteria which consist of P.aeruginosa and E.coli 

for 6 h. When antibiotic-resistant bacteria cells were treated with 5 ml/L of chlorine, 

bacteria inactivation rate showed 100% for both P.aeruginosa and E.coli. Then, effect of 

chlorine for bacteria inactivation gradually decreased for 5 continuous batch test, and 

inactivation of P.aeruginosa cells were not as effective as E.coli cells.  

The comparison of the effectiveness of chlorine and ZnO NPs-alginate on antibiotic-

resistant bacteria is shown in Figure 7.8(B) and revealsthe antibacterial effects of ZnO NPs-

alginate beads on antibiotic-resistant bacteria for 5 consecutive cycles. It shows that 

bacterial inactivation rate of chlorine is higher than that of ZnO NPs-alginate beads at first 

operation, showing that 100 % of inactivation rate for both bacterial cells, while ZnO NPs-

alginate beads showed 99.1% and 91.3% for E.coli and P.aeruginosa respectively. 

However, the inactivation effect of ZnO NPs-alginate beads is higher than that of chlorine 

from 2nd operation cycle, showing that 98.0% and 85.5% of inactivation rate on E.coli and 

P.aeruginosa respectively. This results indicate that ZnO NPs-alginate beads are more 

reusable compared to chlorine, although the inactivation rate of chlorine at first batch 

operation was 100 %. Thus, ZnO NPs-alginate beads are more stable than chlorine because 

there is no release any byproduct from ZnO NPs-alginate beads while chlorine produce 



148 
 

 
 

byproducts, such as Halogenated trihalomethanes (THMs) and haloacetic acids (HAAs), 

which are harmful to human health.  

 
(A) 

 

(B) 

Figure 7.8. Antibacterial effect of (A) chlorine (conc.:5 ml/L) and (B) ZnO NPs-alginate 

beads for antibiotic-resistant bacteria inactivation 
 

Table 2 shows the cost analysis of chlorine and ZnO NPs-alginate beads for the inactivation 

of antibiotic-resistant bacteria. The reusability of ZnO NP–alginate beads was measured 
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by sequential batch experiments. Subsequent to each batch test, 50 ZnO NP–alginate beads 

(concentration: 1 g of ZnO NPs in 50 mL of alginate solution) and chlorine (conc.:5 ml/L 

(10-15%)) were exposed to 108 cells (E. coli and P. aeruginosa) for 6 h. The reusability of 

spent ZnO NP–alginate beads was examined through continuous treatment of incoming 

water contaminated with the model bacteria (E. coli DH5-α and P. aeruginosa) under five 

consecutive cycles as shown in Figure 7.8. The operational cost analysis is one of the very 

important parameters for water treatment study. It is a combination of direct cost items 

(cost of the used materials and electrical energy) and indirect cost items (labor, 

maintenance etc.). As later cost items are independent of direct cost items, only direct cost 

items were considered.  

C=𝐶𝐶𝑚𝑚𝑎𝑎𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑎𝑎𝑚𝑚𝑎𝑎 + 𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚𝑒𝑒𝑚𝑚𝑚𝑚𝑚𝑚𝑒𝑒𝑎𝑎𝑚𝑚 

Costs per batch test by using chlorine and ZnO NPs-alginate beads were 0.185US$ for 

chlorine and 0.0638US$ for ZnO NPs-alginate beads. This indicates that using ZnO NPs-

alginate beads were economical for the removal of antibiotic-resistant bacteria from water. 

The application of ZnO NP–alginate beads for treating water contaminated with antibiotic-

resistant bacteria is promising in terms of cost-effectiveness, rapid treatment, being an 

environmentally friendly method, no byproducts formed.  
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Table 2. Cost analysis of chlorine and ZnO NPs-alginate beads for the inactivation of 
antibiotic-resistant bacteria 

 Method 
Removal efficiency (%) 

Reusability 

Removal 
capacity 

5 consecutive 
cycles 

By 
products 

Removal 
cost ($) E.coli P.aeruginosa 

Chlorine 
Batch test 
for 6 h at 

37 ℃ 
(Initial 

bacteria 
concentration: 

108 cells/ml) 

100 100 Y 3.8×108 

(cells/ml) Y 0.185 

ZnO NPs-
alginate 
beads 

99.1 91.3 Y 3.59×108 

(cells/ml) N 0.0638 

 

 

7.2.4. Conclusions 

In this work, alginate nanocomposites were prepared and characterized to develop a 

new antibacterial material for bacteria contaminated water. The application of synthesized 

ZnO NP–alginate beads for the inactivation of antibiotic-resistant bacteria revealed 

efficacy with no products formed in the treatment process and proved cost-effectiveness 

and reusability of the spent beads for continuous treatment of incoming water contaminated 

with antibiotic-resistant bacteria. While the use of NPs for environmental remediation has 

been widely investigated, few studies have addressed issues of nanoparticle leaching and 

the resultant mobility. In the present study, possible antibacterial mechanisms were 

unveiled with experimental approaches. In general, the antibacterial effects of ZnO NP–

alginate beads were dependent on factors including but not limited to initial bacterial 

concentration, exposure time, solution pH, dispersant, and the amount of ZnO NP–alginate 

beads. Among four possible antibacterial mechanisms (ROS, electrostatic repulsion, 

changes in physicochemical properties, and release of Zn ions), the generation of ROS and 

resultant cell-membrane damage by extracellular ROS primarily contributed to the 

inactivation of the two model antibiotic bacteria (E. coli and P. aeruginosa). It is well 
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known that the generation of ROS by NPs is influenced by UV light. Thus, the antibacterial 

effect of ZnO NP–alginate beads could be enhanced under UV with increasing generation 

of ROS from ZnO NPs.  

The release of Zn2+ ions from NPs examined indicated minimum leaching with relatively 

low levels (below the accepted WaHO standards), which was then excluded from four 

potential antibacterial mechanisms. The role of the alginate biopolymer acting as a 

dispersant led to inactivation of the bacteria to some degree since the dispersant can 

enhance electro-steric repulsion, thereby preventing aggregation of NPs and maintaining 

large surface area (small particle size). As illustrated in the SEM images and the 

corresponding inactivation rate of bacteria, NPs do not necessarily appear to enter or 

interact with cells to cause toxicity. Rather, the ROS generation causes cell damage 

regardless of contact between bacterial cells and NPs.  

As demonstrated in the reusability investigation of the used beads, even a difficult-to-treat 

contaminant of concern (P. aeruginosa) was easily treatable over continuously incoming 

water contaminated with antibiotic-resistant bacteria. The encapsulation of ZnO NPs into 

alginate beads serves as a promising antibacterial material without NP leaching into water 

and resultant environmental impacts. Considering the conventional chlorine disinfectant, 

which has recently been reported to be ineffective and to even promote antibiotic 

resistance, our results are significant in terms of water treatment, especially the inactivation 

of antibiotic-resistant bacteria to protect the environment and public health, and its 

effectiveness in terms of combined filtration and disinfection in a given condition on 

antibiotic-resistant bacteria. 
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8.1. Conclusions  

The prime goals of the present work were to examine the antibacterial effect and 

toxicity mechanisms of different types of NPs and to develop the applications of NPs for 

the removal of antibiotic-resistant bacteria in water. To sum up, the following conclusions 

are derived.   

1. The physical and chemical characteristics of NPs extracted from a consumer product 

were different from the industrial-grade NPs. The presence of coating materials such as 

CMC, PVP, and silica was found to change NPs’ physicochemical properties resulting in 

different aggregation sizes.  The aggregation size and surface area of particle affected ROS 

generation of NPs, and ROS generation was the primary factor in causing the antibacterial 

effect on microorganisms other than metal ion release and physical contact. TiO2 NPs 

extracted from sunscreen products were coated with silica, and the presence of silica 

increased the reactivity of TiO2 NPs due to stabilization by increased hydrophobic 

properties of NPs. This hydrophobic property is considered from the strong repulsive force 

by coating media around the NPs. 

•    Different physicochemical properties of ZnO influenced on antibacterial effect. 

•    Toxicity effect of ZnO enhanced through ROS generation and smaller particle sizes. 

•    The coating with CMC, PVP, or SiO2 enhanced toxicity of TiO2 NPs on E. coli. 

•    Toxicity of CMC or PVP coating linked to size reduction of TiO2 NPs. 

•    The presence of silica increased the generation of ROS from TiO2 NPs. 

•    More ROS generation by silica correlated with TiO2 NP toxicity. 
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2. The presence of other NPs such as GO and CNT increased the dispersion of 

metal-oxide NPs through increasing ROS generation by suppressing the recombination of 

electron-hole pairs. Among four synthesized nanohybrids (i.e. ZnO-conjugated graphene 

oxide (GO), ZnO-conjugated carbon nanotubes (CNTs), TiO2-conjugated GO and TiO2-

conjugated CNT, ZnO-GO exhibited significant toxicity effects on bacteria and algae cells 

because of the high solubility of ZnO NPs in water and the hydrophilic affinity of GO, 

which increase dispersions of metal oxide NPs on their surface. A significant dispersion of 

metal-oxide NPs GO induces not only higher oxidation but also prevention of NPs 

aggregation. Thus, NHs induced the shading effect on algae by preventing the 

photosynthesis of algae which results in limited growth.  

•    The ZnO–GO NHs exhibited the most effective antibacterial effect on E. coli and 

inhibited algae cells.  

•    The GO-based NHs increased the generation of reactive oxygen species and the shading 

effects. 

•    Toxicity of NHs was significant with ZnO-conjugated nanohybrids.  

•    CNT-based NHs revealed unstable and deficient structures.  

 

3. The antibacterial properties of NPs were developed to test the inactivation of 

antibiotic-resistant bacteria by encapsulating ZnO NPs in alginate beads. The generation 

of ROS and resultant cell-membrane damages by extracellular ROS primarily contributed 

to the inactivation of the two model antibiotic-resistant bacteria (E. coli and P. aeruginosa), 

regardless of contact between bacterial cells and NPs. This developed ZnO NPs-alginate 

beads revealed efficacy with no byproducts formed in the treatment process, while 
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conventional disinfectants produce byproduct formation (e.g. THMs, HAAs, etc). Thus, it 

proved cost-effectiveness and reusability of the spent beads for continuous treatment of 

water, which is contaminated with antibiotic-resistant bacteria. Only 50 beads (ZnO NP–

alginate beads) were used for treating 108 cells/mL of antibiotic-resistant bacteria (with 

99.1% of removal efficiency), which were reusable to remove high concentration of 

bacteria in water. Given that typical concentrations of bacteria in raw and treated domestic 

wastewater are approximately 101–104 cells mL-1, the application of ZnO NP–alginate 

beads for treating water contaminated with antibiotic-resistant bacteria is promising. Thus, 

ZnO NPs-alginate beads represent a novel alternative antibacterial treatment offering 

multiple benefits. They are not only cost-effective, reusable, and efficient, but also 

environmental-friendly with no byproducts formation and easy to use in field applications, 

while conventional methods are requiring high doses, forming byproducts, and not-

reusable. 

•  ZnO NP–alginate beads revealed significant antibacterial effects with 99.1% of removal 

efficiency without byproduct formation. 

•  The antibacterial mechanism involved the generation of reactive oxygen species. 

•  The beads exhibited inactivation of bacteria in several consecutive cycles (reusable up 

to 3rd cycle).  

•  ZnO NP–alginate beads resulted in the least leaching of zinc ions in water. 

 

These findings and discovery of primary antibacterial mechanisms may contribute to 

defining the antibacterial effect of consumer products derived NPs and toxicity 

mechanisms for different types of NPs, and these results expanded the antibacterial 
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mechanisms of NPs. Also, these results will be useful for environment policymakers and 

regulation of the nanotechnology industry. Furthermore, the application of NPs as an 

antibacterial material offers new opportunities of NPs for the removal of antibiotic-resistant 

bacteria in the environment. 

8.2. Future research directions 

The results are significant regarding the design of new antibacterial treatment methods 

by using NPs, especially for the purpose of removing antibiotic-resistant bacteria detected 

in water which contribute to environmental protection and public health. The overall 

performance of the nanocomposite beads in this study showed that the ZnO NPs-alginate 

beads are promising as an alternative method for treating bacteria-contaminated water. The 

NPs-alginate beads could also be applied as an alternative or additional method to 

conventional chlorine disinfection technology, especially for controlling regrowth of 

persistent microorganisms in water. However, this technology needs to be further explored 

to enhance the performance of NPs as antimicrobial materials.  

First, given that ROS generation was a primary mechanism of antibacterial effect on 

bacteria, further study should consider the use of light energy to maximize the performance 

of NPs. Since the photo activities of NPs are promoted under light condition, 

nanocomposites can perform better on their antibacterial effect.  

Second, optimization studies for nanocomposites use (quantities of beads, coated amounts 

of NPs, optimized ratios between the contaminants and quantities of beads) are also 

necessary to achieve cost-effective operation. Thus, the application of nanocomposites 

beads needs to be examined while treating real wastewater in order to test the long-term 
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performance of NP-alginate beads. Based on the results obtained from the effect of NP-

alginate beads on inactivating of the model bacteria, the ideal optimization of NPs should 

be examined through bead column test. For example, column experiments can be set up 

and performed. NPs-alginate beads can be filled in a column reactor, and bacteria-

contaminated water can be passed through the column. Cost-effective preparation of 

nanocomposite beads and beads-column may allow for a large-scale production which 

could potentially be useful for point-of-use.  

Lastly, other contaminants present in the untreated water (e.g., nitrate and perchlorate) can 

be treated by this NPs-alginate bead. Because NP’s large surface area and high adsorbent 

qualities have thus been widely regarded as a possible solution to small-scale water 

treatment applications. To overcome technical, economic, and social barriers, NPs-alginate 

beads filtration prototypes need to be manufactured for a low cost and easy use, for the 

purposes of scaling-up and testing the efficiency of point-of-use systems.  
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