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ANTIBACTERIAL, PLASMONIC AND TOXIC PROPERTIES OF ENGINEERED 

NANOPARTICLES  

Dieu-Trang Nguyen Ha 

Drs. Mengshi Lin, Azlin Mustapha Thesis Supervisors 

ABSTRACT 

There has been increasing application of novel nanomaterials in recent years in the area of 

agriculture and food science. This dissertation aims to study novel nanomaterials and 

investigate their applications in food safety, and to develop and use surface-enhanced 

Raman spectroscopy (SERS) as a rapid, simple, and sensitive analytical method to improve 

food safety. There have been increasing applications of nanomaterials in various areas, 

which may cause human exposure and environmental pollution. Therefore, it is important 

to study the toxicity of different nanomaterials against bacteria and human cells. The 

objectives of this study were to: (1) develop new types of substrate consisting of monolayer 

graphene, gold film, and/or gold nanorod structures; (2) detect and measure silver 

nanoparticles (Ag NPs) in consumer products using SERS and aminothiophenol as an 

indicator molecule; (3) investigate the effect of graphene oxide (GO) on human intestinal 

bacteria and human intestinal cells; (4) study the antimicrobial activity of selenium 

nanoparticles (Se NPs) against foodborne pathogens and the toxicity of Se NPs against 

Caco-2 cells. A simple, fast, and efficient method was developed to fabricate new SERS 

substrates by coating a gold nanorod-decorated graphene sheet on silicone substrate.  The 

results demonstrate that GO is biocompatible and has a potential to be used in agriculture 
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and food science, indicating that more studies are needed to exploit its potential 

applications. The data show that Se NPs can be used as an antimicrobial agent to inhibit 

the growth of Staphylococcus aureus in foods and can potentially be used as a 

chemopreventative and chemotherapeutic agent. More studies are needed to elucidate the 

mechanisms of Se NPs and GO’s cytotoxicity and their antibacterial properties. More 

research is also needed to improve the performance of SERS substrates using different 

materials and use them in improving food safety.   
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CHAPTER 1 

Introduction 

1.1 Background  

There have been a surge of food safety incidents and scandals in recent years, which have 

raised concerns from consumers about food safety issues. One of the most notorious food 

safety incident occurred in China about the contamination of melamine in milk in 2007 to 

2008 (Chan and others 2008). In 2010, cowpea contaminated with isocarbophos, a highly 

toxic pesticide, was found in Hainan Province. Clenbuterol, an illegal veterinary drug, was 

used to feed pigs and the consumption of the pork resulting in flustered, trembling, 

headache, nausea, and vomiting for humans (Xue and Zhang 2013).  The bacterium 

Escherichia coli O104:H4 was found in fenugreek seeds from Egypt and killed and 

sickened many people in the European Union (Jia and Jukes 2013). Furthermore, the 

United States Department of Agriculture (USTA) estimated that the increased consumption 

of fresh produce is responsible for 48% of all the reported food illnesses in the US (Painter 

and others 2013).  

To improve food safety and minimize food incidents, it is crucial to have suitable 

techniques to detect food contaminants that are usually present at low concentrations in 

foods and other consumer products. The method should be fast, cheap, and sensitive to 

quickly detect contaminated foods and prevent unsafe products from reaching consumers.  

Current analytical methods for the detection and quantification of food adulterants in 

commercial products include high performance liquid chromatography (HPLC), gas 
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chromatography mass spectroscopy (GC/MS), and other methods. These techniques have 

been widely used to analyze both chemical and biological contaminants in different food 

products. For example, Wahed and others (2016) employed HPLC to quantify 

formaldehyde in mango, fish, and milk. Solid phase extraction and HPLC or GC-MS can 

be used to detect ochratoxin A in Italian red wines (Giovannoli and others 2014), mineral 

oils in foods (Sharareh and others 2015), melamine and cyanuric acid in dairy products 

(Pan and others 2013). However, those methods are time-consuming and labor-intensive. 

They often require complicated procedures of sample pretreatment and well-trained 

personnel to operate the equipment. Although recent advance and developments in 

analytical techniques have been observed, there still exist many challenges and 

opportunities to improve the current technology and use simple, rapid, versatile, and 

inexpensive tools for the detection of food contaminants. 

With the increasing use of nanomaterials and nanotechnology in various areas over the 

last two decades, there have been more applications of nanotechnology in different areas. 

Nanomaterials are defined as materials with a size of at least one dimension from 1 to 100 

nm.  The nanoscale size and unique properties of nanomaterials render them to have 

different properties from their bulk materials. For example, silver nanoparticles (Ag NPs) 

can enhance the intensity of Raman signals by more than a thousand times, which will be 

used for SERS substrates. By choosing different types of nanomaterials and specific 

techniques, the development of fast, simple, and sensitive methods to measure food 

contaminants and improve food safety became possible. The aforementioned food safety 

incidents have driven the need to develop rapid, sensitive, and robust methods to detect 

such food adulterants. 
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The applications of engineered nanomaterials (ENMs) have received much attention in 

recent years due to their unique properties that can be used in the food industry, such as in 

nanosensors, pathogen detection, and antimicrobial applications (Duncan 2011). For 

example, metal oxide nanoparticles are antimicrobial agents that can inhibit the growth of 

foodborne pathogens (Marambio-Jones and Hoek 2010; Sirelkhatim and others 2015). 

Nanoparticle-based sensors can provide a platform to detect microbes, pesticides, or 

chemical contaminants in complex matrices (Arora and others 2011; Sharma and 

Mutharasan 2013; Duncan 2011). Carbon-based nanomaterials (carbon nanotubes, 

graphene, graphene oxide, etc.) have been used in food packaging because of their 

exceptional ability in serving as a graphene-based nanofiller to limit both oxygen 

permeation and light transmission in polymer films. However, the toxicity of these ENPs 

is still not fully understood and not much is known about the behavior of them upon 

ingestion and whether they inhibit natural gut microflora. Therefore, it is of critical 

importance to (1) develop suitable techniques to detect ENMs at low concentrations in 

foods and other consumer products; and (2) investigate antibacterial properties and toxicity 

of ENMs towards human.  

1.2 Objectives  

The objectives of this study were to: 

1. Develop new types of substrate consisting of monolayer graphene, gold film, and/or 

Au nanorod structure.  

- evaluate SERS measurement for detection of three types of pesticides: 

azinphos-methyl, carbaryl, and phosmet;  
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- quantify the analytes and the detection limit of the methods.  

2. Detect and measure silver nanoparticles (Ag NPs) in consumer products using 

surface enhanced Raman spectroscopy (SERS)  

- use SERS coupled with aminothiophenol (PATP) as an indicator for detecting 

Ag NPs in five commercial products;  

- evaluate the capacity of SERS method for Ag NP determination by using 

transmission electron microscopy (TEM) and inductively coupled plasma 

optical emission spectrometry (ICP-OES) as validation methods. 

3. Investigate the effect of graphene oxide (GO) on human intestinal bacteria and 

human intestinal cells 

- investigate the effects of GO on microbial proliferation of three strains of 

intestinal bacteria: Escherichia coli K12, Lactobacillus acidophilus ADH, and 

Bifidobacterium animalis Bif-6;  

- evaluate the morphology and viability of Caco-2 cells, a heterogeneous human 

epithelial colorectal adenocarcinoma cell line, after exposure to GO. 

4. Antimicrobial activity of selenium nanoparticles (Se NPs) against foodborne 

pathogens and the toxicity of Se NPs against human intestinal cells 

- study the growth of different strains of pathogenic bacteria (E. coli O157:H7, S. 

aureus, and Salmonella)  in the presence and absence of Se NPs; 

- evaluate the toxicity of Se NPs against Caco-2 cells, a heterogeneous human 

epithelial colorectal adenocarcinoma cell line, after exposure to Se NPs by 

using two proliferation assays, including MTT and WST-8. 
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CHAPTER 2 

Literature review  

2.1 Nanomaterials and current uses in foods and consumer products 

Engineer nanomaterials (ENMs) have many unique properties that make them suitable 

for use in various consumer goods and for applications in food production and packaging. 

According to the available inventory from the Woodrow Wilson Inventory (2016), a large 

number of nanoparticles have been used in medicine, foods, food packaging, dietary 

supplements, over-the-counter drugs, and many other consumer products ranging from 

cosmetics and toothpaste to paints and clothing (socks, T-shirts). The inventory also shows 

1814 consumer products containing nanoparticles has risen steadily over the past 5 years. 

The Food and Beverages category contains only 118 products (6.5% of the total) while the 

Health and Fitness category contains the most products (908, or 50% of the total). Silver is 

the most frequently used in food category (35.5%) that often claims to have antimicrobial 

properties.  

A list of food or consumer products that claim to contain nanoparticles has been compiled 

from available databases (Nanodatabase, Nanowek, Nanotechproject.org), literature, and 

the internet (Table 1). The nanomaterials can be found mostly in supplements, food 

packaging, and food additives. Besides inorganic ENPs (silver, gold, zinc oxide, carbon, 

etc.), organic ENMs that have been used in a vast majority of food supplements are organic 

micelles or nanocarriers including nanoencapsulates. These nano delivery systems often 

contain vitamins or functional bioactive compounds coated by a wall or barrier. In food 
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applications, three types of food-grade polymers consisting of lipid-based, protein-based, 

and polysaccharide nanoparticles (NPs) are usually used. Among them, lipid-based NPs 

are the most applied organic NPs due to their natural origin and capability of trapping 

compounds with different solubility. Table 1 shows that starch appears to be the most used 

polysaccharides for nano-carriers in food implications.  

ENPs used in the food packaging mostly contain silver and clay. Similar to food 

supplements, silver is mainly used as an antimicrobial agent in food packaging, food 

storage containers, and appliances. Currently, there is no direct addition of silver in foods 

while gold NPs has been used in a liquor from Taiwan. It is understandable since people 

have added gold in foods thousands of years ago. Nanoclay is mostly used to manufacture 

food packaging materials, especially for plastic/glass bottles to improve mechanical 

strength and gases/volatile components barrier.  

Table 1. Food and food-related products that claim to contain nanoparticles 

Category Nanoparticles Supplier  Label claims  References  

Dietary supplements 
 Ag NPs Natural-

Immunogenics 
Corp 

Nano colloid 10-50 ppm  [1]  

 Ag NPs Nature City Anti-Bacterial, Anti-
Viral, Non-Toxic, Non-
Pharmaceutical 

[2]  

 Ag NPs Activz Support the body's natural 
healing mechanisms. 

[3]  

 Ag NPs Fair vital 500 ppm, antibacterial 
effect  

[4]  

 Ag NPs American Biotech 
Labs 

10 ppm, help boost the 
immune system 

[5]  

 Ag NPs Silver Support Increase immune system 
immensely 

[6]  

 Ag NPs Silvix3-Natural 
Care Products 

10 ppm support arsenal 
and boost the immune 
defenses 

[7]  
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 Ag NPs Sovereign Silver 
Nano Hydrosol 

10 ppm, safely support the 
immune system 

[8]  

 Ag NPs Skybright Natural 
Health 

6-8 ppm, support the 
body’s immune system 
and natural healing ability 

[9]  

 Ag NPs MesoSilver-Purest 
Colloids Inc. 

0.65 nm or less in 
diameter, fortify the 
immune system 

[10] 

 Ag NPs ASAP Double 
strength- 
American Biotech 
Labs 

Immune system support  [11] 

 Ag NPs SilverBiotics- 
American Biotech 
Labs 

Immune system support [12] 

 Ag NPs MaatShop Immune system boost 
Helps support eye, nose, 
throat, ear and lung health 

[13] 

 Ag NPs  Allan Sutton Assist in eradication of 
bacteria. 

[14] 

 Ag NPs Skybright Natural 
Health 

Antimicrobial protection [15] 

 Ag NPs Galaxia Nano 
Technology 
Limited™ 

For high cholesterol, 
diabetes, gout, 
constipation, weight loss, 
beauty and other obvious 
effects 

[16] 

 Ag NPs NanoSil™-10 
Greenwood 
Consumer 
Products 

Used as an immune 
support system 

[17] 

 Nano-Sized Self-
assembled Liquid 
Structures 

NutraLease Ltd. Vehicles to targeted 
compounds (such as 
nutraceuticals and drugs) 

[18] 

 Nanocarrier/ingre
dients  

Nanotrim™ Dramatically improve 
cellular health and the 
burning of fat for energy 

[19] 

 Nanocarrier/ingre
dients 

Fohow  Natural regenerating 
healthcare food product. 

[20] 

 Nano 
encapsulation 

NanoSlim  NanoSLIM formula helps 
losing weight faster 

[21] 

 Nanopowder  Nanoceuticals™ 
Artichoke 
Nanoclusters- 
RBC Life 
Sciences®, Inc. 

Reduce the surface 
tension of foods and 
supplements to increase 
wetness and absorption of 
nutrients 

[22] 

 Nanopowder  Nanoceuticals™ 
Spirulina 

Reduce the surface 
tension of foods and 

[23] 
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Nanoclusters- 
RBC Life 
Sciences®, Inc 

supplements to increase 
wetness and absorption of 
nutrients 

 Nano 
encapsulation  

Iovate Health 
Sciences Research, 
Inc. 

Enhance compound 
absorption, giving the 
nanoparticulated particles 
the ability to easily enter 
the body 

[24] 

 Diatomaceous 
earth 

Bio-Sim-Nano 
Health Solutions 

Immune system support, 
anti-Candida and detox 

[25] 

 Silicon  Nanosiliceo 
Kapseln-  
Neosino 

 [26] 

 Au NPs Utopia Silver 
Supplements 
Colloidal Gold 8 

 [27] 

 Au NPs (0.65 nm 
in diameter) 

Mesogold - 
Colloids for Life 
LLC 

Improve mental acuity, 
brain function 

[28] 

 Au NPs Colloidial Gold-
MaatShop 

Remove blockages from 
the body and thereby 
enhance vital life force. 

[29] 

 Zinc  MesoZinc-Purest 
Colloids Inc. 

Promotes healthy skin, 
supports healthy cartilage 
regeneration. 

[30] 

 Copper  MesoCopper 
Purest Colloids 
Inc. 

Promotes healthy skin, 
supports healthy cartilage 
and tendon regeneration. 

[31] 

 Iridium Meso Iridium 
Purest Colloids 
Inc. 

Promotes improved 
cellular metabolism 

[32] 

 Platinum (10 pp) MesoPlatninum 
Purest Colloids 
Inc. 

Promotes increased 
mental focus and 
concentration 

[33] 

 Platinum, gold 
and silver 

Colloidial Golden 
Platinum-
MaatShop 

Optimizes DNA function 
and protects the body 
against degenerative 
disease 

[34] 

 Palladium Meso Palladium-
Purest Colloids 
Inc. 

Highest particle surface 
area for maximum 
effectiveness. 

[35] 

 Micelle Nutrition Centre 
Ltd 

Mimics the way fats are 
handled in the gut, 
enhances the absorption 
of nutrients by up to 300% 

[36] 

 A micelle, 30 nm 
in diameter 

CoQ Softgels -
Solgar 

Transforms fat-soluble 
nutrients into water-
soluble ones - 

[37] 
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significantly increasing 
absorption. 

 Nano-
encapsulation  

Muscletech sports 
nutrition 
supplements 

Rapid delivery of 
multivitamin complexes  

[38] 

 Lyposomal Nano-
spheres 

Vitamin C- 
LivOn Labs 

Encapsulate Vitamin C 
gently slip across the 
intestinal wall and into the 
blood 

[39] 

 Micelle  
30 nm diameter 

Aquanova Higher and faster 
intestinal and dermal 
resorption and penetration 
of active ingredients. 

[40] 

 Nano 
encapsulation 
natural lipids 

NanoResveratrol
™  
Life Enhancement  

Slip through tiny openings 
and gain access to the 
cells 

[41] 

 Unknown Life Enhancement  
(discontinued) 

Nourish and protect body 
cells, tissues, and organs, 
guarding against the 
effects of aging 

[42] 

 Curcuminoids Life Enhancement 
(discontinued) 

Requires low doses of 
curcumin to reach 
sustainable levels of 
curcumin in the blood 
plasma 

[43] 

 Nanoparticulated 
aminos 

Alpha Amino 
Prototype 
MuscleTech 

Build a massive amount of 
rock-hard muscle. 

[44] 

 Nanocarrier 
(mineral clusters) 

RBC Life 
Sciences®, Inc. 

Hydrate the cells and 
perform its many vital 
functions more effectively 

[45] 

 Silica MesoSilica™ - 
Purest Colloids 
Inc. 

Promotes healthy skin and 
rejuvenates collagen and 
elastin. 

[46] 

 Silicate mineral  
(300 mg/capsule) 

Microhydrin® -
RBC Life 
Sciences®, Inc. 

Supplies the body 
building blocks to help 
create energy, enhance 
endurance and speed 
recovery 

[47] 

 Calcium  Good State - 
Liquid Ionic 
Minerals Calcium 

0.1 nm in diameter, strong 
bones and teeth and for 
the maintenance of 
healthy gums 

[48] 

 Calcium and 
magnesium  

Good state Lower blood pressure and 
may prevent bone loss 
associated with brittle 
bones, keep the skin 
health 

[49] 
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 Calcium  Mag-I-Cal.com Absorb Nano Cal/Mag 
greater than with most 
competing products. 

[50] 

 CoQ10 and ß-
Cyclodextrin 

Genceutic 
Naturals 

More stable, retaining 
much greater stability 
against heat and light 

[51] 

 Zeolite crystals Vitality Products 
Co. Inc. 

Supports a healthy 
immune system, helps 
remove heavy metals, 
toxins and other 
substances from the body 

[52] 

Food storage containers 
 Ag NPs Kinetic Go Green  Keeps foods fresher up to 

3 times longer than 
conventional plastic food 
storage 

[53] 

 Ag NPs Basic Nanosilver 
Oso Fresh 

 [54] 

 Ag NPs FresherLonger™ 
Sharper Image® 

Antibacterial  [55] 

 Ag NPs Fresh 
Containers™ 
Always Fresh 

Remove damaging gases [56] 

 Ag NPs (20 ppm) A-DO Global Antibacterial, Antibiotic 
effect 

[57] 

 Ag NPs Quan Zhou Hu 
Zheng Nano 
Technology Co., 
Ltd 

Antimicrobial 
protection 

[58] 

 Clay  Top Nano 
Technology Co., 
Ltd. 

Reduce spiciness, brings 
more aroma to malt wine, 

[59] 

Coating  Nano film Constantia 
Multifilm 

Oxygen barrier, better 
than a metallized PET and 
PVdC coated PET film at 
a lower coating weight 
and cost. 

[60] 

Food 
coatings  

Monodisperse 
distribution of 
nano-particles 

TopScreen DS13 -
Topchim  

Water-based and bio-wax 
barrier, higher 
temperature resistance 
and less sticky 
 
 

[61] 

Mother's 
milk pack 

Ag NPs Jaco   [62] 

Water 
bottle  

Ag NPs Chronic Nano 
Technology 

Removes free radicals, 
enhance immunity 

[63] 
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Water 
bottle  

Ag NPs A-DO Global Antibacterial, antibiotic 
effect 

[64] 

Salad 
bowl  

Ag NPs Changmin 
Chemicals 

 [65] 

Pan  Carbon  Melitta Prepare foods quickly be 
hot (up to 30 percent of 
the normal cooking time) 

[66] 

Filter  Nano alumina NanoCeram-PAC 
Argonide 

High efficiency for 
capturing very fine 
particles 
 
 

[67] 

Water 
filter  

Ceramic  Eurodia Extract water at the same 
time as monovalent ions 

[68] 

Plastic 
wrap  

ZnO  SongSing Nano 
Technology Co., 
Ltd. 

Anti-UV, reflecting IR, 
sterilizing and anti-mold 

[69] 

Beer 
Bottle 
Plastics 
 

Clay  Voridian Keep the beer fresher and 
extend the shelf life. 

[70] 

Beer 
bottle  

Clay  Honeywell Zero oxygen transmission 
rates for extended periods 
of time 

[71] 

Foods  
Wine  Au NPs Taiwanese 

YuShanJin 
Increase sensory 
(reducing burning mouth 
feel) 

[72] 

Chocolat
e Syrup 

Titanium dioxide Albertsons 0.0025 μg Ti/mg [73] 

Chocolat
e Syrup 

Titanium dioxide The Hershey 
Company 

0.0026 μg Ti/mg [74] 

Canola 
oil  

Nanodrops 
(micelle) 

Shemen Industries Inhibit transportation of 
cholesterol from the 
digestive system into the 
bloodstream 

[75] 

Mineral 
water  

Ag NPs (100 pm) La Posta del 
Aguila 

For baby and mom in the 
gestation period, 
Antimicrobial protection 

[76] 

Chocolat
e  

Nanocarrier  Nanoceuticals™ 
Slim Shake 
Chocolate 

Enhance the taste and the 
benefits of food 

[77] 

Tea  Selenium 
nanoparticles  

Shenzhen Become 
Industry & Trade 
Co., Ltd. 

Annihilation of viruses [78] 

adhesives Biopolymer 
(starch) 

Ecosynthetix Instant tack and faster 
drying times than 
traditional starch 

[79] 
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Tooth 
powder  

Nanopowder 
(silicon) 

RBC Life 
Sciences®, Inc. 

Reduces the surface 
tension of foods and 
supplements to increase 
wetness and absorption of 
nutrients 

[80] 

Appliance  
Choppin
g board 

Ag NPs Husk's Kitchen Anti-bacteria 
Biodegradable  

[81] 

Cutting 
board  

Ag NPs A-DO Global Anti-bacteria  [82] 

Cutting 
board  

Ag NPs Pro-Idee GmbH & 
Co. KG 

Combat bacteria and kill 
99.9 % of all germs. 

[83] 

Frying 
pan 

Ag NPs Concord 
Cookware 

Nano Silver Marble 
Coating Inside and Out 

[84] 

 Ag NPs Korea King Sterilization and anti-
bacterial 

[85] 

 Ag NPs Amoré TM 
Kitchenware 

Inhibit growth of micro, 
mold, mildew 

[86] 

Water 
filter  

Ag NPs Katadyn Asia Inc. Hinders bacteria from 
growing through the pores 
of the ceramic tube, 
disinfects the ceramic 
body continuously 

[87] 

Convecti
on Oven 
with Wok 
Base 

Nano-Carbon 
Fiber 

Sunpentown Instant heating, save in 
cooking time and energy 
costs 

[88] 

Tea pot  Metals  Top Nano 
Technology Co., 
Ltd. 

Release tea flavor in 30 
seconds 

[89] 

Glass 
bakeware 

Nanofilms  Nanofilm Develop non-stick 
coatings for glass 

[90] 

 Ag NPs Westfalia 
Wergzeugcompan
y GmbH & CO KG 

Antibacterial and 
germfree cocking 

[91] 

Cookwar
e  

Glaze  Ceramcor LLC Retains and distributes 
heat perfectly 

 

Pan  Nano-ceramic Bialetti A water-based coating 
made of Ti and suspended 
silicate micro-particles 

[92] 

Kitchenw
are 

Ag NPs Nano Care 
Technology, Ltd. 

Kill the attached bacteria 
and microbial in ten 
minutes and the effect can 
last for a long time 

[93] 

Coffee 
maker  

Ag NPs Saeco United 
States Inc. 

Guarantee all components 
in contact with milk are 
perfectly clean 

[94] 
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Fruit & 
Vegetabl
e Cleaner 

Ag NPs Jiekang 
Technology(Shen
Zhen)Co.,Ltd. 

Suppresses bacteria 
growth 

[95] 

Fruit & 
Vegetabl
e Cleaner 

Ag NPs 3EVER Co.,Ltd Kill colon Bacillus, 
Salmonella and E. coli O-
157 

[96] 

Cooking 
spray 

Ag NPs SongSing Nano 
Technology Co., 
Ltd. 

Killing Staphyloccus. K. 
pneumoniae, E. coli, P. 
aeruginosa, etc 

[97] 

Baby stuffs 
Nursing 
bottle 

Ag NPs BabyDream Help protect babies with 
weak  
immunity from gems, the 
source of all diseases. 

[98] 

Mug cup Ag NPs BabyDream Help protect babies with 
weak  
immunity from gems, the 
source of all diseases. 

[99] 

Pacifier  Ag NPs BabyDream Help protect babies with 
weak  
immunity from gems, the 
source of all diseases. 

[100] 

 

2.2 Surface enhanced Raman spectroscopy (SERS) and its enhancement mechanisms 

SERS is a branch of Raman spectroscopy in which probed molecules are adsorbed onto 

the roughness surface of coinage metals. This results in significant enhancement of the 

Raman signals by many orders of magnitude in highly localized optical fields of these 

structures. There are two widely accepted mechanisms of SERS, namely electromagnetic 

and charge transfer mechanism (Shende and others 2010a; Lin 2010).  

Electromagnetic mechanism  

The enhancement factors (EF) at each molecule of this mechanism is given by 

� =  |�()|� |�(�)|� 

Where E() is the local electric-field enhancement factor at the incident frequency  and 

E (’) is the corresponding factor at the Stokes-shifted frequency ’. Below is the 
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schematic of a surface-enhanced light scattering process. The schematic shows the inelastic 

scattering process (Raman) (1  2) from an object (O) in the presence of a metal structure 

that acts as an optical antenna (A) (Fig. 2-1). Einc() denotes the incident field, EA() is 

the field directly radiated by the antenna, and EAOA() is the field radiated by the object 

via the antenna.  

 

Figure 2.2-1. Schematic of a surface-enhanced light scattering process, adapted from (Schatz and others 2006; 
Alonso-González and others 2012).   

Acting as an antenna, the metal nanostructure enhances the incoming field Einc of 

frequency 1 by a factor f1, generating a local field Eloc (hot spot) in its proximity:  

Eloc = f1Einc                                           (1) 

The metal nanostructure also enhances the scattering off the object (O) at the Raman-

shifted frequency 2 by an enhancement factor f2. The field EAOA scattered off the object 

via the antenna is thus given by 

EAOA  (proportional) f2 Eloc =f1f2 Einc       (2) 

The index AOA indicates the scattering path: the incoming light first polarizes the 

antenna A, the local field of the antenna polarizes the object O, and finally the local field 

of the object acts back on the antenna (A) which radiates as a result of this interaction. We 
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can approximate f1 = f2 = f when the difference between 1 and 2 is small and when 

illumination and detection direction are the same, the latter being a consequence of the 

reciprocity theorem. In this case, the antenna-enhanced field scattered off the object, EAOA, 

scales with the square the local field enhancement 

EAOA = f2                    (3) 

f is the complex nature of the field enhancement:  

f =|�|�
�Dj�                    (4) 

where |�| is the magnitude of the field enhancement and Dj
�
 the phase shift induced by 

the antenna relative to the incident field. Form (3) and (4), the scattered intensity IAOA   

|����|�  (typically measure in an experiment) scales with the fourth power of the 

magnitude of the local field enhancement 

IAOA  |�|�  (5) 

The equations (1-5) are used to highlight the electromagnetic mechanism of the 

enhancement 

Chemical or charge transfer mechanism  

Recently, some researchers argued that the EF required for single molecule surface 

enhanced Raman spectroscopy (SMSERS) and the role of electromagnetic mechanism 

enhancement may have been significant overestimated. They suggested that charge transfer 

(CT) for chemical enhancement mechanism may be important in SMSERS (Centeno and 

others 2006; Park and Kim 2010; Shende and others 2010a). This contribution arises either 

from electronic coupling between the adsorbate (molecules/object) and nanostructured 

features (nanoparticles) on the metal or from the fluctuations of molecule-surface charge-
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transfer interactions. Generally speaking, we assume that the CT mechanism of SERS is 

similar to a resonance Raman process and has only two steps: 

Step 1: laser photon (h) produces the resonant transfer of one electron from the metal 

(M) to vacant orbitals of the adsorbate (A) yielding the excited CT state (A M+) 

When the electron comes back to the metal in step 2, a Raman photon (h’) can be 

emitted if the molecule remains vibrationally excited (A*) 

Step 2: A - M+  A* - M + hv’ 

The enhanced vibrations in Raman are related to differences between the equilibrium 

geometry and gradients (vibrational wavenumbers) of the potential energy surfaces (PES) 

of the involved electronic states, and accounting for the Franck-Condon and Herzberg-

Teller contributions relevant in all electronic spectroscopies.  

Herein, we observe the contribution of the CT mechanism in the SERS signal of a single 

4-aminobenzenethiol (ABT) with EF of 106 – 108. The well-defined Au nanoparticle-ABT-

Au thin film (TF) junctions were used to illustrate how EM and CT mechanisms works. 

The ABT adsorbs onto the Au NP surface via the amino (-NH2) groups in contact with 

NPs, produce strong b2-band intensity. When the laser excitation energy is chosen to match 

an electronic transition energy (h = hie), the denominator of the first term becomes very 

small, and, consequently, the polarizability becomes very large. This is the resonance 

Raman condition. The electronic transitions can occur when a molecule (ABT) forms a 

bond with AuNPs. In this case, some of the Au plasmon electrons can escape from the 

surface, propagate through space (ballistic electrons), and couple to the molecular orbits of 

chemisorbed or even physisorbed molecules. The magnitude of the transfer is especially 
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large if the relative energies of the lowest unoccupied occupied molecular orbit (LUMO) 

and the highest occupied molecular orbit (HOMO) ae close in energy to the metal Fermi 

level. Different NPs have difference in Fermi energies (e.g. AgNP 5.0 eV vs. AuNP 5.5 

eV) may lead to different metal-molecule electronic coupling, producing different intensity 

of excited band modes. In conclusion, chemical enhancement = static enhancement (10 

times) + resonance enhancement (103 -104 times). 

2.3 Applications of SERS for Detection of Food Adulterants 

Over the last decade, SERS has rapidly developed. SERS is a branch of Raman 

spectroscopy in which probed molecules are adsorbed onto the roughened surface of 

coinage metals, resulting in significant enhancement of the Raman signals. SERS have 

been increasingly applied to detect chemical contaminants or adulterants in foods, such as 

melamine, antibiotics, veterinary drugs, and pesticides (Du and others 2010; Fan and others 

2011a; Shende and others 2010a; Liu and others 2012a; Saute and others 2012).   

In particular, the detection of pesticides by SERS has received much attention due to the 

toxicity of pesticides to humans, animals, and the environment. The Environmental 

Protection Agency (EPA) has set maximum residue levels (MRL) for various pesticide 

residues in different agricultural and processed foods (Gilden and others 2010). Recent 

examples of using SERS for pesticide detection in real foods include apple juices (Zhang 

and others 2015b), apple and tomato peels (Fan and others 2014a; Li and others 2014; 

Zhang and others 2014), and orange juice (Shende and others 2010b).  

One of most crucial components of SERS is an efficient substrate that can activate 

surface plasmons (Lin 2010). To date, various types of substrates have been developed. 



18 

 

Novel nanomaterials, particularly nanostructured metals enable SERS to be a sensitive, 

quick, and accurate method for food analysis. Two widely used nanomaterials for 

fabrication of SERS substrates are gold (Au) and silver (Ag).  

A strong enhancement of SERS largely depends on the performance of a good substrate. 

SERS coupled with Au NPs was applied for the detection of two organophosphates (OP) 

pesticides (azinphos-methyl and phosmet) and carbaryl pesticide extracted from fruits (Liu 

and others 2012a), chlorpyrifos-methyl in orange juice (Shende and others 2010), and 

melamine in milk and processed foods (He and others 2008; Lin and others 2008). Silver 

was used for qualitative and quantitative determination of melamine (Du and others 2010; 

Liu and others 2010a), food- and water-borne bacteria (Fan and others 2011), restricted 

antibiotics (He and others 2009). However, silver is expensive and can be easily oxidized. 

Besides, most noble metals have a poor biocompatibility and their fabrication methods are 

quite complex, difficult to control or keep clean. All the aforementioned disadvantages can 

decrease the enhancement of metal substrates. Therefore, it is necessary for us to develop 

a new substrate for SERS as well as an alternative material that meet further requirements 

such as cheap, easy to obtain, strong EM, and biocompatible. 

2.4 SERS substrates 

Graphene, a two-dimension nanomaterial composed of sp2 bonded carbon atoms, has a 

great potential in SERS applications due to its unique properties. The enhancement 

mechanism of graphene is believed to be from the partial contribution of the high thermal 

conductivity of graphene (Xu and others 2012). Graphene is the thinnest known material 

with a thickness of only one atom, and it is stronger than steel (Chen and others 2008a; 
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Geim and Novoselov 2007a; Kuila and others 2011; Lee and others 2008). Graphene can 

be made by mechanical exfoliation from graphite that is abundant on the earth and we can 

observe their unique physical and chemical properties through common and convenient 

methods/techniques for most laboratories (Castro and others 2010; Chen and others 2011; 

Loh et al. 2010; Neto et al. 2009; Wang et al. 2011). Also, it is biocompatible and a robust 

material (Wang et al. 2011). To date, great progress has been made in using graphene and 

their derivatives in various applications. For example, graphene and graphene oxide (GO) 

were investigated by Huang and Wan to design an electrochemical/electric biosensor for 

detecting virus and E. coli K12. The large-size graphene film was grown by chemical vapor 

deposition and functionalized with anti-E. coli antibodies and a passivation layer. 

Significant conductance increase of the graphene device was observed after exposure to E. 

coli at a concentration as low as 10 CFU/mL, while no significant response was triggered 

by a high concentration of P. aeruginosa (Huang and others 2011b). Therefore, graphene 

is a promising nanoscale material that can be used for supporting metal nanostructures 

(Applerot and others 2012; Liang and others 2012; Xu and others 2012). However, its 

potential as a substrate for SERS has not been investigated thoroughly, particularly in the 

area of detection of food contaminants. 

Currently, the main SERS enhancers are still relying on the EM of noble metal (Au or 

Ag) nanostructures. Gold nanorods (Au NRs), an anisotropic nanostructure, have gained 

much attention due to its unique ability to interact with light of varying wavelengths 

(Murphy and others 2005; Grzelczak and others 2010; Rycenga and others 2011). Au NRs 

display two separate surface plasmon resonance (SPR) bands known as transverse and 

longitudinal plasmon bands. The ability of tuning the SPR as a function of aspect ratio 
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enables Au NRs to become effective SERS substrates. By functionalizing the Au  NRs  

with  the target  antibodies  and  monitoring  the  change  of  longitudinal SPR,  Au NRs 

have been applied in the detection of food pathogens, pesticides residues, and 

environmental toxins  (Singh  and  others  2009; Wang  and  Irudayaraj 2010;  Wang  and  

Irudayaraj  2008;  Wang  and  others  2010).   

One of the challenges for most current commercial SERS substrates is that they are made 

of silicon-based chips that are thick, heavy, and non-flexible (Nanova 2014; Silmeco 2014). 

It is of paramount importance to find lightweight, flexible, and bendable materials to 

fabricate novel SERS substrates for versatile applications. Among all these reviewed 

materials, graphene is a promising and cost-effective nanoscale material that can be used 

for supporting metal nanostructures. In addition, by depositing Au NRs in the substrate, 

numerous hot-spots for SERS can be created and thus exhibit strong Raman enhancement 

due to unique properties of graphene and the deposited Au NRs. 

2.5 Antibacterial properties of inorganic ENPs  

Some ENPs have been shown to exhibit antimicrobial properties against a number of 

foodborne microorganisms, including pathogens. Table 2 summarizes recent published 

studies (2011 - 2016) on antimicrobial properties of inorganic ENPs ranging from metal, 

metal oxide, and carbon-based materials against pathogenic bacteria, viruses, and parasites. 

For example, most recent studies show that Se NPs have unique antibacterial properties to 

Trichophyton rubrum (Yip and others 2014), Candida albicans (Kheradmand and others 

2014), Pseudomonas aeruginosa, and Proteus mirabilis (Shakibaie and others 2015).  

Table 2. Antibacterial effect of inorganic ENPs against different microorganisms   
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Microorganisms  ENPs Effect References 
 Selenium NPs   
Bacteria and yeasts 
Trichophyton 
rubrum 

Padded onto fabric 
PSP–Se NPs 

Inhibited more than 
99.7% of growth 
over a testing period 
of 7 days 

(Yip and others 
2014) 

Candida albicans Produced from 
Lactobacillus species 

Enhanced antifungal 
activity against C. 
albicans.  

(Kheradmand 
and others 2014) 

Staphylococcus aureus 50–100 nm Totally inhibited 
bacterial growth in 
vitro 

(Chudobova and 
others 2014)  

S. aureus and Pseudomonas. 
aeruginosa   

50 nm  Inhibited the growth 
of S. aureus and P. 
aeruginosa by 
80%∼90% after 72 
hours on paper towel  

(Wang and 
Webster 2014) 

Escherichia coli (MTCC 433) 
and Bacillus subtilis (MTCC 
441)  

Ag–Se NP Displayed zone of 
inhibition in both 
cases on agar 
medium 

(Mittal and 
others 2014) 

Thirty strains of S. aureus, P. 
aeruginosa, and Proteus 
mirabilis  

80–220 nm Inhibited the biofilm 
of S. aureus, P. 
aeruginosa, and P. 
mirabilis by 42%, 
34.3%, and 53.4%, 
respectively 

(Shakibaie and 
others 2015) 

S. aureus 100 nm  Inhibited growth of 
S. aureus in broth 
after 3, 4, and 5 
hours at 7.8, 15.5, 
and 31 µg/mL 

(Tran and 
Webster 2011b) 

 Ag NPs   
Bacteria and Fungi 
S. aureus, E. coli, Klebsiella 
pneumoniae, B. subtilis, 
Enterococcus faecalis, 
P. aeruginosa 

 Showed significant 
antibacterial activity 
against all the 
pathogenic bacteria 

(Namasivayam 
and others 2011)  

S. aureus and Streptococcus 
mutans, C. albicans 

Ag NPs coated 
medical devices 

0·1% of Ag NPs 
combination showed 
bactericidal effect 
against two bacterial 
strains. 0·5% Ag 
NPs combination 
had fungicidal 
potential  

 (Nam 2011) 
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E. coli and S. aureus Bacterial cellulose- 
Ag NPs composite 

 (Barud and 
others 2011) 

S. aureus, methicillin-sensitive 
S. aureus (MSSA), and MRSA 

5–10 nm Showed both 
bacteriostatic and 
bactericidal effects 

(Ansari and 
others 2011) 

Salmonella Typhi, 
Staphylococcus epidermidis, 
S. aureus, P. aeruginosa, P. 
vulgaris, E. coli, 
K. pneumoniae 

Ag colloids 20–45 nm MIC was found to be 
2–4 μg ml−1 

(Lkhagvajav and 
others 2011)  

Bacteriophage     
MS2 Average 21 nm Facilitate MS2 to 

infect E. coli host in 
one-hour prior 
exposure 

(You and others 
2011) 

Parasites     
Hematophagous parasites 60–150 nm  (Jayaseelan and 

others 2012b) 
 ZnO NPs   
Parasites  
Blood feeding parasites 60–120-nm Mortality effects 

were 100% after 12 
h  

(Kirthi and 
others 2011) 

Bacteriophage  
MS2 Average 39 nm Facilitate MS2 to 

infect E. coli host in 
one-hour prior 
exposure 

(You and others 
2011) 

Bacteria, yeast and fungi 
Campylobacter jejuni Average ∼30 nm The action of ZnO 

nanoparticles 
against C. jejuni was 
determined to be 
bactericidal, not 
bacteriostatic 

(Xie and others 
2011) 

Botrytis cinerea and 
Penicillium expansum 

70 ± 15 nm At concentrations > 
3 mM can 
significantly inhibit 
the growth of two 
bacteria 

(He and others 
2011) 

Salmonella Typhimurium and 
S. aureus 

≤50 nm Reduced the cell 
number to zero 
within 8 h 

(Tayel and others 
2011) 

S. aureus 10–30 nm Showed a much 
stronger 
antibacterial effect 
on Gram-positive 

(Premanathan 
and others 
2011a) 
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bacteria than on 
Gram-negative ones 

E. coli, Bacillus subtilis, and S. 
aureus 

50–70 nm ZnO found to be the 
second toxic among 
the tested 
nanoparticles (CuO, 
NiO, and Sb2O3) 

(Baek and An 
2011) 

S. aureus proliferation and 
biofilm formation 

ZnO on PVC 
composite 

Presence of ZnO 
reduced active 
bacteria on samples 

(Seil and 
Webster 2011) 

P.aeruginosa and Aspergillus 
flavus  

Biosynthesis, average 
57.72 nm 

The maximum zone 
of inhibition was 
Pseudomonas 
aeruginosa (22 ± 1.8 
mm) and Aspergillus 
flavus (19 ± 1.0 
mm). 

(Jayaseelan and 
others 2012a) 

S. Typhimurium and S. aureus 
in ready-to-eat poultry meat 

On packaging 
materials 
Size ≤ 100 nm 

Reduced the number 
of inoculated target 
bacteria from log 
seven to zero within 
10 days at 8°C. 

(Akbar and Anal 
2014) 

Streptococcus mutans and 
Lactobacillus 

Powder with an 
average particle size 
of 50 nm 

Exhibited higher 
antibacterial activity 
against two bacteria 
compared to the 
control groups 

(Kasraei and 
others 2014) 

Salmonella in liquid egg 
albumen 

PLA coatings with 
250 mg or more ZnO  

The combinations 
effectively reduced 
pathogens or 
inhibited their 
growth 

(Jin and Gurtler 
2011) 

S. aureus and B. subtilis  Ag doped ZnO The changes in 
concentration of Ag 
affected the MIC 
value 

(Sharma and 
others 2013) 

Mesophilic and halophilic 
bacterial cells  

 100 nm Reduced the growth 
of Enterobacter sp. 
by 50%, while 80% 
reduction was 
observed in 
halophilic 
Marinobacter sp.  

(Sinha and others 
2011) 

Bacterial and fungal pathogens Biosynthesized  
40 nm 

More enhanced 
biocidal activity 
against various 
pathogens when 
compared to 

(Gunalan and 
others 2012) 
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chemical ZnO 
nanoparticles 

S. aureus and P. aeruginosa Combined with 
ultrasound and 
average size of 60 nm 
 

Providing over a 4-
log reduction 
(equivalent to 
antibiotics) 
compared to no 
treatment after just 8 
h. 

(Seil and 
Webster 2012) 

E. coli and Staphylococcus Green synthesis using 
Hibiscus subdariffa 
leaf extract 
12–46 nm 

Showed well 
bactericidal 
efficiency at 
concentration higher 
than that of 50 μg 
ml−1 

(Bala and others 
2015) 

Pathogenic strains (B. subtilus, 
Bacillus megaterium, S. aureus, 
Sarcina lutea, E. coli, P. 
aeruginosa, K. pneumoniae, P. 
vulgaris, C. albicans and 
Aspergillus niger ) 

 Exhibit a good 
bacteriostatic effect 
but poor bactericidal 
effect towards all 
pathogens tested 

(Yousef and 
Danial 2012) 

C. albicans  11.6 nm A concentration-
dependent effect of 
ZnO on the viability 
of C. albicans and 
MIC was 0.1 mg/ml 

(Lipovsky and 
others 2011) 

P. aeruginosa 20±3 nm Bacterial clearance 
in the liver but did 
not alter bacterial 
clearance from the 
blood 
 

(Watson and 
others 2015) 

 Graphene (G) and its 
derivatives  

  

Bacteria  
E. coli Graphene oxide (GO) 

membranes  
92% and 72% of E. 
coli remaining 1 
hour and 5 hours 
after deposited on 
the membrane 
surfaces 

(Schaepe 2015) 

E. coli  GO Bacteria reduce 
graphene oxide to 
bactericidal 
graphene in a self-
limiting manner 

(Akhavan and 
Ghaderi 2012b) 
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E. coli,  S. Typhimurium, E. 
faecalis, B. subtilis 

Synthesized by a 
hydrothermal 
approach  

Predominant 
antibacterial activity 
compared to the 
standard antibiotic, 
kanamycin 

(Krishnamoorthy 
and others 
2012b) 

S. aureus and E. coli G-Based 
photothermal agent 

Effective killing of 
up to 99% of both 
bacteria in 10 min 

 (Wu and others 
2013) 

 G Derivative–Poly-L-
Lysine Composites 

The most potent 
antibacterial agent 

(Some and others 
2012) 

 Graphene polymer 
(PVK-GO) 
nanocomposite films 

90% more effective 
in preventing 
bacterial 
colonization relative 
to the unmodified 
surface 

(Li and others 
2011b) 

E. coli and P. aeruginosa. Ag NP-GO hybrid 
materials 

Good antimicrobial 
activity against both 
bacteria  

(Fan and others 
2014b) 

 Ag/G polymer 
Hhdrogel 

 (Fan and others 
2014b) 

 P. aeruginosa and S. aureus  G nanofilms with 
different edge lengths 
and different angles 
of orientation 

Exhibited variable 
bactericidal 
efficiency toward 
ttwo pathogenic 
bacteria 

(Pham and others 
2015) 

E. coli O157:H7  Bio-Conjugated 
CNT-Bridged 3D 
Porous GO 
Membrane 

High efficient 
removal of E. coli 
O157:H7 bacteria 

(Nellore and 
others 2015b) 

Methicillin-resistant S.  aureus 
(MRSA) pathogens 

Peptide-conjugated 
GO membrane 

Almost 100% of 
MRSA can be 
removed and 
destroyed from the 
water sample 

(Nellore and 
others 2015a) 

P. syringae and X. campestris 
pv. undulosa) 
 
Fungal pathogens (F. 
graminearum and F. 
oxysporum 

GO Killed nearly 90% of 
the bacteria and 
repressed 80% 
macroconidia 
germination 

(Chen and others 
2014) 

Streptococcus mutans G nanoplatelets  Killed effect of 
GNPs on S. mutans 
cells and depended 
on lateral size and 
thickness. 

(Rago and others 
2015)  

E. coli,  S. Typhimurium, B. 
subtilis, and  E. faecalis 

GO-modified ZnO 
NPs 

Excellent 
antibacterial activity  

(Zhong and Yun 
2015)  
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2.6 Mechanisms of antimicrobial properties of inorganic ENPs 

Mechanisms of antibacterial properties of inorganic ENPs are still not well understood. 

The toxicity of ENPs to microbes is frequently attributed to the formation of reactive 

oxygen species (ROS), the release of toxic metal ions, the penetration into the cell, and cell 

membrane disruption (Fig. 2-2).  

 

Figure 2-2. The illustration of possible antimicrobial mechanisms of metal oxide NPs (adapted from Djurišić 
and others 2015).  

ROS formation 

ROS has been attributed to the cell damage in many studies (Sharma and others 2012; 

Gurunathan and others 2012; Fu and others 2014; Fu and others 2012; Li and others 2012; 

Shi and others 2012; Zhang and others 2013) while there have been a very few works 

showing non-ROS mediated toxicity of NPs (Lyon and others 2008) (Krishnamoorthy and 

others 2012a), (Leung and others 2014). Interactions between NPs and the cells result in 

ROS production, not NPs producing ROS spontaneously by themselves (Djurišić and 

others 2015). ROS generation has been linked to oxygen vacancies, free radicals, 

superoxide ions, and hydrogen peroxide. The formation of free radical is also a well-known 
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antibacterial mechanism of Ag NPs (Prabhu and Poulose 2012). When NPs attach to the 

bacterial cells, these radicals can damage the cell membrane and make it porous, which can 

lead to cell death (Danilczuk and others 2006; Kim and others 2007). Similar to metal and 

metal oxide, oxidative stress is a mechanism involved in the toxicity of carbon-based NMs 

(Seabra and others 2014). If ROS is not reduced or eliminated, cellular macromolecules, 

such as proteins, DNA, and lipids can be damaged (Sanchez and others 2011). 

Release of metal ions and toxicity 

The hypothesis of releasing of metal ions by NPs is usually tested by comparing the 

toxicity of metal NPs with the toxicity of different metal salts (chlorides, nitrates, etc.). 

These metal ions can interact with the thiol groups of many vital enzymes and inactivate 

them (Prabhu and Poulose 2012). The inhibition of a respiratory enzyme by silver ions can 

lead to the generation of ROS that then attack the cell itself. Moreover, the cells take up 

ions, which inhibit several functions in the cell and causes damage of the cells. Toxicity 

due to metal ion release has been reported for ZnO (Liu and others 2009; Sirelkhatim and 

others 2015), Ag (Ma and others 2011; Sondi and Salopek-Sondi 2004), CuO, NiO, MgO, 

WO3 (Horie and others 2012), and CeO2 (Thill and others 2006; Eom and Choi 2009; Park 

and others 2008). A study suggested that the mechanism involves the release of Ag+ ions 

since both Ag NPs and AgNO3 were deionized through ion exchange resin (Kim and others 

2009). The deficiency of free Ag+ ions existed in the Ag NP solutions, but an evident 

decrease in Ag+ ion concentration was observed in the solution of AgNO3. In case of ZnO 

NPs, there have been conflicting reports about the relationship between Zn+ release and 

antibacterial activity of ZnO NPs. For example, Cupriavidus necator cells were exposed 

to Zn2+ resulted in up-expression of proteins related to metabolic  processes, while the 
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exposure to ZnO NPs will lead to up-expression of proteins related to biosynthesis of 

membrane-associated proteins (Neal and others 2012). 

Other mechanisms  

Another mechanism of antimicrobial properties of ENPs is structural changes in the cell 

membrane. The toxicity of metal oxide NPs was attributed to the adhesion of NPs to the 

cell membrane, thus causing oxidative stress to the cell by changing cell membrane 

permeability, viscosity, transport exchanges, and eventually leading to cell death (Neal 

2008; Applerot and others 2012; Thill and others 2006). ENPS are able to interact with the 

cell membrane not only via electrostatic interaction but also other possible interactions, 

including van der Waals forces, hydrophobic interaction, and receptor-ligand interaction. 

These different types of physicochemical interactions between NPs and bacterial cells can 

explain why negatively charged NPs may easily attach to a Gram-negative cell.  Some 

studies verified the cell membrane disruption by metal oxide by proteomics assays that 

show cell membrane distortion upon exposure to NPs (Leung and others 2012; Neal and 

others 2012; Pagnout and others 2012; Gogniat and others 2006; Liu and others 2009). Ag 

NPs have the ability to attach to a bacterial cell wall and eventually penetrate it, form “pits” 

and accumulate on the cell surface (Sondi and Salopek-Sondi 2004). Zhang and others 

(2007) clearly showed that the presence of ZnO NPs led to the damage of the cell 

membrane of E. coli (Zhang and others 2007). Cell membrane damage through physical 

anchor of graphene possessing sharp edges was also investigated in a study of toxicity of 

graphene family materials (Akhavan and Ghaderi 2010; Gurunathan and others 2012). For 

example, Liu and other (2013) (Liu and others 2011c) demonstrated that the toxic 

mechanism of GO and reduced GO involved the material deposition on the cells and 
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membrane stress caused by direct contact with sharp sheets of the material. However, the 

direct contact mechanism should be carefully considered when studying the toxicity since 

the toxic effects still occur even if the NPs and bacteria are separated by a membrane and 

attachment without the cell damage can also occur for some types of NPs.  

Another proposed mechanism involves the interaction of NPs with sulfur and phosphorus 

of the bacterial DNA that results in cells being unable to replicate thus killing the microbes 

(Hatchett and White 1996). The dephosphorylation in tyrosine residues of Gram-negative 

bacteria was also observe as a potential mechanism of nanotoxicity (Kokubo and others 

2007). 

2.7 Physical and chemical properties of inorganic ENPS affect their antimicrobial 
activities 

The toxicity of NPs depends on the size, composition, surface modification, and intrinsic 

properties of the tested bacteria. These bacterial properties include the type of cell wall 

(Gram-positive vs. Gram-negative), growth rate, and biofilm formation (Hajipour and 

others 2012). However, in this review, only the physical and chemical properties of 

inorganic ENPs available in the literature are discussed as related to their antimicrobial 

activities.  

Sizes of NPs 

Many studies attributed the toxicity of TiO2 NPs to their small particle size (Jiang and 

others 2009; Kim and Kwak 2008; Kiser and others 2009; Park and others 2012; Tong and 

others 2013; Xiong and others 2013).  Lin and others (2014) studied the toxicities of five 

types of TiO2 NPs with different particle sizes (10 - 50 nm) and crystal phases against E. 

coli. The antibacterial effects of TiO2NPs as revealed by dose-effect experiments decreased 
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with increasing particle size and rutile content of the TiO2 NPs. The TiO2 NPs with anatase 

crystal structure and smaller particle size produced a higher content of intracellular ROS 

and thus greater antibacterial effect (Lin and others 2014). Similar to TiO2 NPs, many 

reports have showed that particle size can affect the antibacterial activity of ZnO NPs 

(Yamamoto 2001; Jones and others 2008; Padmavathy and Vijayaraghavan 2008). For 

example, Yamamoto (2001) investigated the effect of particle size of ZnO NPs over a range 

of 100–800 nm on S. aureus and E. coli. The authors found that the antibacterial activity 

of ZnO NPs increased with the decrease of particle size. The other results also showed that 

ZnO suspension with 12 nm particles was more effective than the suspension with large 

particle sizes (Padmavathy and Vijayaraghavan 2008). The reason may due to the fact that 

smaller size of ZnO NPs with higher surface areas have increased the amount of H2O2 

(Ohira and others 2008). 

Shape of NPs 

 ZnO spherical nanoparticles with ~ 30 nm of average diameter size showed the highest 

antibacterial activity. Yamamoto et al. (2004) concluded that antibacterial activity of ZnO 

powders was increased when the lattice constant value in the hexagonal structure of ZnO 

powders improved. For carbon-based NMs, a systematical study investigated the 

antibacterial effects of different GO suspensions with different lateral sizes (of more than 

100 times) and with distinct size distributions by (Liu and others 2012b). The antibacterial 

activities of GO sheets against E. coli cells were found to be stronger in larger GO sheets 

than in smaller sheets. The reason may be that the larger GO sheets likely cover cells more 

easily, which may block their active sites on the membrane. Whereas the smaller GO sheets 
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inefficiently attached to the bacterial surfaces, resulting a weaker antibacterial activity (Liu 

and others 2012c). 

Surface properties  

Doping is one of widely used methods for the modification of NPs (Yamamoto and 

others 2000; Lin and Haynes 2009; Manna and others 2012). The results indicated that Ag-

doped ZnO NPs had better antibacterial activity compared with ZnO NPs. Gordon et al. 

(2011) doped iron oxide onto ZnO NPs to produce magnetic nanoparticles with 

antibacterial activity which later was found to be dependent on the weight ratio [Zn]:[Fe]. 

The higher the ratio was, the higher the antibacterial activity. The antimicrobial activity of 

hydroxyapatite nanocomposite embedding Ag NPs  significantly inhibited the growth of 

E. coli JM110 and Micrococcus luteus (Miranda and others 2012).  

Liu and Kim applied nanocomposite consisting of genipin-crosslinked 

chitosan/poly(ethylene glycol)/ZnO/Ag as the wound-healing and burn dressing material. 

The results indicated that hydrogel patch doped with Ag NPs had higher antibacterial 

activity than hydrogel (Liu and Kim 2012). Similarly, these authors demonstrated that 

TiO2 nanotubes loaded with Ag NPs killed S. aureus bacteria during the first several days 

and prevented their adhesion for 30 days.  

Dimension and morphology  

Wang and others (2007) studied the relationship between antibacterial activity and 

various orientations of ZnO arrays (Wang and others 2007b). The results indicated that 

randomly oriented ZnO nano-arrays showed better antibacterial activity against E. coli 

compared with less or well-defined oriented ZnO nano-arrays. 
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2.8 Cytotoxicity of inorganic NPs to human cells 

Nanotechnology has skyrocketed in recent years and can provide multifunctional 

strategies such as nanostructured materials, pathogen detection, antimicrobial agents which 

offers many potential benefits to the consumers (Duncan 2011). Nanomaterials (NMs) are 

of great interest due to their unique properties at the nanoscale (< 100 nm) as compared to 

bulk materials. However, the development of nanotechnology has increased the likelihood 

of human expose to NMs and environmental pollution by NMs. Numerous studies have 

been published about the potential hazards of different NMs, including inorganic NPs 

(metal and metal oxide), carbon nanotubes, graphene and its derivatives.   For example, 

studies have shown the dose-dependent cytotoxicity of selenium (Se ) NPs in different 

cells, such as A375 human melanoma cells (Chen and others 2008b), HeLa cells (Luo and 

others 2012), HCT-8 tumor (Gao and others 2014), H22 hepatocarcinoma cells (Gao and 

others 2014), and human hepatoma HepG2 cells (Estevez and others 2014). On the other 

hand, some studies demonstrated that nanosized Se exhibit excellent in vitro and in 

vivo biological activities and low toxicity (Zhang and others 2001; Peng and others 2007; 

Pi and others 2013; Wang and others 2007a). Graphene oxide has been shown to have very 

mild or even no cytotoxicity in a variety of cells, such as PC12 cells (Zhang and others 

2010), HeLa cells, human fibroblasts (Liao and others 2011), A549 human lung cancer 

cells (Chang and others 2011), and human hepatoma HepG2 cells (Sasidharan and others 

2012). The toxicity of NMs has also been shown in different organisms including rodents, 

humans, and aquatic species (zebrafish, algae, etc.). In addition, despite great enthusiasm 

about the applications of NMs in food packaging and biomedicine, some concerns remain 

about the potential toxicity and biocompatibility of NMs. Therefore, it is of critical 



33 

 

importance to investigate the toxicity of these nanomaterials before applying them in 

various areas. Table 3 summarizes the in vitro cytotoxicity effects of graphene materials 

and selenium NPs.  

Table 3. In vitro cytotoxicity effects of graphene materials and Se NPs 

Cell line  Effect  References 
 Graphene family 

materials 
  

H22 hepatocarcinoma 
cells  

Layered Graphene 
nanoplatelets  

Not fully 
pahgocytosed 

(Song and others 
2014) 

HepG2 cells   (Chiang and 
others 2012)Yuan  

A549 Human Lung  
 

Graphene oxide films Promotes cell 
attachment an 
proliferation 

(Chang and others 
2011) 

HK-2 normal human 
kidney cells 

Reduced graphene 
oxide 

 (Compton and 
Nguyen 2010) 
 

HK-2, MDA-MB-231, 
and A549 cell 

Cu2O nanocrystal–
reduced graphene 
oxide hybrid 
∼4 nm 

The cell viability was 
dependent on the 
irradiation time, 
concentration, and the 
cell type 

(Hou and others 
2013)  

MCF-7/Hs-578T and 
PC-3 cells 

Functionalized 
graphene oxide  sheets 

> 50% decrease in 
metabolic activity 

(Yoon and others 
2013) 

Mouse  
pheochromocytoma 
(PC12) cells  

Graphene oxide   (Zhang and others 
2010) 

Adenocarcinomic 
human alveolar basal 
epithelial cells (A549 
cell) 
 Human lung epithelial 
cells (A549 cell) 

Graphene oxide 
nanosheets 

0% viability loss 
Around 50% decrease 
Around 1.5% 
viability loss 

(Chang and others 
2011) 

Human skin fibroblasts  Graphene oxide 
Graphene 

<20% viability loss (Liao and others 
2011) 

Murine mammary tumor 
line EMT6 cells 

PEGylated graphene 
oxide (NGO-PEG) 

NGO-PEG was non-
cytotoxic to EMT6 
cells after 24 h 
incubation. 

(Zhang and others 
2011b)  

HeLa, HepG 2, and 
HEP-2 cells 

PEI-Grafted Graphene 
Oxide (PEI-GO) 

Significantly low 
cytotoxicity  

(Zhang and others 
2011a)  

HA–GO/Ce6 
nanohybrids 

HA–GO/Ce6 
nanohybrid 

Showed without 
appreciable toxicity 

(Li and others 
2013)  
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Hela (FA receptor 
positive) and A549 (FA 
receptor negative) cells 

FA–NGO–PVP Low cytotoxic to Hela 
cells 

(Huang and others 
2011a)  

 Selenium NPs   
MCF-7 breast 
adenocarcinoma cells, 
Hep G2 hepatocellular 
carcinoma cells, 
Hela cells, 
and HK-2 normal human 
kidney cells 

AAs-modified 
selenium nanoparticles 
(SeNPs@AAs) 70-nm 

 Internalized by 
MCF-7 cells and 
lower cytotoxicity 
toward HK-2 cells 

(Feng and others 
2014) 

HCT-8 tumor Combined with 
irinotecan 

Dramatically 
inhibited tumor 
growth and 
significantly induced 
apoptosis of tumor 
cells  

(Gao and others 
2014) 

HepG2 cells Chitosan-stabilized 
selenium nanoparticles  
 

 Induced a certain 
degree of apoptosis 
and a drastic 
reduction of the level 
of expression of Cdk1 

 (Estevez and 
others 2014)  

 Dalton lymphoma (DL) 
cell lines 

Ag–Se NPs  Cytotoxic to the 
tumor cells at 50 
μg/mL and above 

(Mittal and others 
2014) 

H22 hepatocarcinoma 
cells 

 Cytotoxicity was 
associated with 
production of reactive 
oxygen species 

(Wang and 
Webster 2014) 

A549 Human Lung 
Adenocarcinoma Cells 

Soluble 
polysaccharide–
protein complexes 
(PRW-Se NPs) 

 Inhibited the growth 
of A549 cells  

(Pi and others 
2013) 

HepG2 human 
hepatocellular 
carcinoma cells  

 Dose dependent  (Zhang and others 
2008)Zhang et al. 
2012 
 

HK-2 normal human 
kidney cells 

 No effect  (Yip and others 
2014) 

MCF-7 human breast 
cacinoma cells  

Polysaccharides–
protein complexes 
(PSP)-Selenium NPs 

 Inhibited the growth 
and dose dependent  

(Pi and others 
2013)  

HeLa (human cervical 
carcinoma) cells and 
MDA-MB-231 (human 
breast carcinoma) cells 

NanoSe0, 10–
40 μmol/L) 

Inhibited the growth 
of cells in a dose-
dependent manner 

(Luo and others 
2012) 

HeLa human cervical 
carcinoma cells 

sSalic acid surface-
decorated selenium 

Induced dose-
dependent apoptosis  

(Feng and others 
2014) 
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nanoparticles (SA–Se–
NPs) 

2.9 Mechanisms of cytotoxicity of ENPS 

Several mechanisms of how NPs can cause toxicity to living cells have been proposed in 

recent studies. Figure 2-3 illustrates a systematic review of all possible mechanisms of 

ENPs. The formation of biological ROS, such as hydroxyl radical, hydrogen peroxide, 

singlet oxygen and superoxide radical is a predominant mechanism leading to nanotoxicity 

(Yin and others 2012). In addition to cellular oxidative stress, other biological reactions 

can generate ROS in vivo. For example, transition metals (copper or iron) can be involved 

in one-electron oxidation-reduction reactions, resulting in the formation of ROS (Halliwell 

and Gutteridge 2015; Meng and others 2009). ROS can cause a failure in cells to maintain 

normal physiological redox-regulated functions, leading to DNA-strand breaks (Nel and 

others 2006), nucleic acid modification (Evans and others 2004), and finally to cell death 

due to genotoxic effects (Chiang and others 2012; Fu and others 2012; Xia and others 

2011). Numerous studies have found the association between NM toxicity and ROS 

mediation in many biological systems, such as humans and mammalian cells. For example, 

the formation of ROS has been identified in toxicity studies of quantum dots (Winnik and 

Maysinger 2012), silica NPs, CuO (Akhtar and others 2010), ZnO NPs (Sharma and others 

2012), TiO2 (Chiang and others 2012; Yin and others 2012; Gurr and others 2005), Co3O4, 

Ag NPs [(Kim and Ryu 2013; Wang and others 2011b). Similar to metal oxide NPs, 

carbon-based NPs also induced ROS, lipid peroxide, oxidative stress, and mitochondrial 

dysfunction (Sanchez and others 2011; Zhang and others 2010; Chang and others 2011; 

Gurunathan and others 2012).  
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Figure 2-3. Nanomaterial-induced toxicity mediated by ROS generation (adapted from (Fu and others 

2014). 

Another mechanism of nanotoxicity is the release of ions from NMs (Lacerda and others 

2009; Navarro and others 2008). NMs have shown to be able to release toxic ions by 

corrosion or dissolution. The NPs firstly can internalize through the cell membrane and 

then release ion species once inside the cell. These toxic cations released from NPs are 

responsible for detrimental effects (Casals and others 2012). One of the most apparent 

examples is the case of Ag NPs where the bactericidal effect of Ag NPs has found to be 

associated with the number of released Ag+ ion. It was also found that these ions can cause 

an increase in ROS production (Zheng and others 2011). In conclusion, the formation of 

ROS, as a result of NP reactivity, and the speciation of the released ions play an important 

role in the potential toxicity of NPs.  

2.10 Physical and chemical properties of NMs associated with nanotoxicity  

The ROS formation from NMs is dependent on the physical and chemical properties of 

the NMs, biological testing systems, and different cell lines/organism (Shaligram and 
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Campbell 2013). The properties include size, shape, surface area, surface coating, stability, 

oxidation status, impurities, degree of aggregation and agglomeration (Ray and others 

2009; Nel and others 2006; Xia and others 2008; Lin and Wang 2005; Lu and others 

2010b). In addition to these critical factors, interactions between NMs and biological 

factors may affect the generation of ROS and resulting their toxicity. All these aspects 

should be accounted for in the toxicity of NPs when conducting the assessment.  

Size and shape 

As mention previously, the tiny NPs can penetrate cell membranes or barriers of living 

organisms and cause cell disruption. The smaller the particles are, the greater the potential 

to enter cellular organisms. Therefore, NPs with such a small size, can reach different 

body’s organs such as the lung (Akhtar and others 2010), and skin (Lu and others 2010b)]. 

Interestingly, antibacterial properties or toxic effects also increase as the size of NPs 

decrease (Auffan and others 2009). Li and others studied long wired NMs in cultured 

fibroblasts that caused the cell failure division, DNA damage, and an increase of ROS 

(Persson and others 2013). For example, Yin et al (Yin and others 2012) studied the 

photocytotoxicity of nano-TiO2 of four different sizes (<25 nm, 31 nm, <100 nm, and 325 

nm) and two different crystal forms (anatase and rutile) in human skin keratinocytes. 

However, there are some exceptions in the relationship between the size and cytotoxicity 

of NPs. For example, exposure of A549 cells to GO did not show cell uptake, although 

size-dependent cytotoxicity and dose-dependent oxidative stress were observed. 

In addition to the size, the shape may directly influence NM-induced toxicity. For ZnO 

NPs, the snowflake particles seem to be the most active in cytotoxicity among other 

morphologies including wishers, and spherical shapes. Hexangonal plate ZnO nanocrystals 



38 

 

were found to display significant higher activity than rod-shaped crystals (Mclaren and 

others 2009). External morphology can affect cell uptake in the following order: 

rods/spheres > cylinders > cubes (Qiu and others 2010; Gratton and others 2008; Chithrani 

and others 2006). Overall, the size and shape may make huge difference in interactions 

between respective NPs and biological systems. For the toxicity assessment, asymmetrical 

properties of NPs may provide crucial information for the interpretation the toxicity.  

Surface characteristics of NPs 

Cooper NPs modified with different surface ligands (8-mercaptooctanoic acid, 12-

mercaptododecanoic acid, and 16-mercaptohexadecanoic acid) exhibited different 

oxidation activity leading to different levels of ROS formation (Shi and others 2012). 

Similarly, different function groups attached to the surface of fullerenes are important 

determinant of their toxicity (Nel and others 2006). Another study shows that graphene 

oxide (GO) determined the correlation between the amounts of oxygen content/functional 

groups of GO and their toxicological behavior towards A549 cells (Das and others 2013). 

The study indicated that the reduction in the oxygen functional groups or the increase in 

the C:O ratio made reduced GO, more biologically inert and therefore less cytotoxic than 

graphene and GO. Recently, Liu et al. also concluded that by controlling the functional 

group density of graphene-based material, it is possible to minimize their environmental 

risks and increase their applications. Therefore, surface modifications have many potential 

applications based on their capabilities in antioxidative activities and free radicals 

generation.  

Liu and others functionalized rGO sheets (single-layered nano-rGO sheets∼20 nm in 

average lateral dimension) with PEG polymer chains through non-covalent bonding (Liu 
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and others 2008). A low level of toxicity of the functionalized rGO toward human epithelial 

breast cancer cells was observed (Liu and others 2008).  Similar results were obtained by 

Wojtoniszak and others, in which fibro blasts cells were exposed to GO and reduced GO 

functionalized with different dispersants (PEG, Pluronic P123, and sodium deoxycholate) 

(Wojtoniszak and others 2012). The authors concluded that the cell toxicity depends on the 

type of dispersant. Moreover, oxidized graphene nanoribbons were synthesized via 

longitudinal unzipping of multi-walled carbon nanotubes and the toxicity mechanism of 

the prepared materials on cells is highly dependent on the surface of the NMs (Chen and 

others 2012).  

These line of studies found that cells readily take up NPs via either active or passive 

mechanisms. However, particles of the same material can show completely different 

characteristics and toxicity with the slightest differences in surface coating, charge, shape 

or size (Li and others 2012). This makes it very difficult to define the behavior and toxicity 

of NPs when in contact with biological systems.  More research is needed to better 

understand the mechanisms and pathways of NPs in the body following their ingestion or 

exposure. Some NPs seem to be able to take a pre-existing transport mechanism through 

the body using endocytotic mechanisms that is the same method that viruses do (Elsaesser 

and Howard 2012). Therefore, if the body is exposed to NPs, people have to be aware of 

the toxicity of NPs. 

2.11 Toxicity Assessment of NPs 

In vitro techniques are useful in modeling the potential interactions between NPs and 

cells within in vivo environment of the body or the GI tract (Gamboa and Leong 2013). It 
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is known that altering the size of particles to within the nanometer range may cause them 

to behave differently within the human body by influencing their absorption, distribution, 

metabolism and excretion, thereby altering their potential toxicity. The in vitro methods 

used to assess NP toxicity can be divided into two categories: functional assays and 

viability assays (Palombo and Deshmukh 2014).  

2.11.1 Cell uptake  

Cell uptake measures a NP’s ability to penetrate cellular membrane; therefore it does not 

directly assess toxicity of NPs but links the NP’s capacity to induce toxic effects. One of 

common methods for assessing uptake is transmission electron microscope (TEM) that has 

the benefit of indicating the exact localization of particles within a cell. This technique has 

been used to examine the cell uptake of most studied NPs, including Ag, Au, SiO2, TiO2, 

etc. Besides, inductively coupled plasma atomic emission spectroscopy (ICP-AES), 

inductively coupled plasma mass spectrometry (ICP-MS), and fluorescence imaging are 

employed to compare the uptake differences from different physical/chemical properties 

of Au NPs [(Hauck and others 2008), Co NPs (Wu and others 2004), and TAT peptide-

quantum dots (Lu and others 2010a). 

Minimization of drawbacks when preparing samples for TEM measurement is essential. 

The fixation procedure has significant impact on the morphology of cells. For examples, 

osmium post-fixation blackens samples, and reacts with NMs (MgO, Ag NPs), resulting in 

mistakes of image interpretation. Therefore, the observation of NPs inside the cytoplasm 

is likely due to their infusion after the membrane disruption in sample preparation steps 

(Neal 2008). 
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2.11.2 Cell viability  

The most common cytotoxicity assays to assess the toxicity of NPs are metabolic activity 

assays and apoptosis assay. Among them, MTT seems to be the most popular assay that 

was used to characterize the toxicity NPs although it has been reported to be inappropriate 

assay in studies with carbon nanotubes (Seabra and others 2014; Horváth and others 2013; 

Zhang and others 2010). Several similar assays, for examples MST, MTS, XTT, WST-8 

have been employed in different manufactured NPs (Das and others 2013; Gao and others 

2014; Kim and Ryu 2013; Prabhu and Poulose 2012; Shaligram and Campbell 2013; Tong 

and others 2013). Another dye (alamar blue) which is reduced to the fluorescent products 

(resorufin) by living cells has also been used to assess toxicity of SiO2 coated CdSe QDs 

and functionalized Au NPs (Han and others 2008)  

2.11.3 Cell functions 

Commonly used functional assays are grouped by the cellular process, such as DNA 

synthesis and damage, altered gene expression, oxidative stress, cell proliferation, and 

exocytosis.  

DNA synthesis assay provides important information about the proliferation state and 

damage of cells. The comet assay or single-cell gel electrophoresis assay is the most 

common method to assess the cellular toxicity to detect any damage of DNA when NPs 

come in contact with human cells is. The assay measures the number of single-strand 

breaks in DNA and has been used to assess DNA damage after cells expose to Ag, SiO2, 

CeO2, Co, and MWCNTs (Chiang and others 2012; Evans and others 2004; Persson and 

others 2013; Sharma and others 2012; Eom and Choi 2009). Other methods are checking 



42 

 

for the presence of micronuclei or chromosomal aberrations and the expression of proteins 

implicated in DNA repair.  

An increase of ROS formation has been studied to understand the mechanisms of the 

toxicity of NPs. Generally, the presence of ROS in the cells can be directly or indirectly 

measured using a spectroflourimetry/flow cytometry and electron spin resonance 

spectroscopy. Both types of methods can be employedfor different ROS scavengers 

(DMSO, sodium azide, N-acetylcysteine, furfuryl alcohol, ethanol, mannitol, salicylic acid, 

etc.). However, most of ROS scavenger compounds, there is no strong evidence of 100% 

selectivity for a certain type of ROS. Another most common technique of ROS detection 

is the use of luminescent probes which is low cost, biocompatible and nontoxicity for in 

vivo measurements (Schäferling and others 2011). However, some NMs can affect the 

probes directly, causing false positive (Lyon and others 2008) and probes themselves could 

react with other chemicals (surfactants) which could lead in significant artifacts (Leung 

and others 2014). Therefore, careful interpretation of results is necessary.  

Exocytosis is single-cell measurement method that provides the effect of NMs on vital 

cellular processes, such as exocytosis, and quantifies the number of chemical messenger 

molecules released per vesicle, release kinetics, and the frequent of vesicle fusion. The 

method have been utilized to reveal changes of cells in response to SiO2, TiO2, Ag and Au 

(Love and Haynes 2010; Love and others 2012). 
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CHAPTER 3 

Use of Graphene and Gold Nanorods as Substrates for Detection of 

Pesticides by Surface Enhanced Raman Spectroscopy 

Abstract  

 

This study aimed to use gold nanorods and graphene as key materials to fabricate high-

performance substrates for the detection of pesticides by surface enhanced Raman 

spectroscopy (SERS). Three types of pesticides (azinphos-methyl, carbaryl, and phosmet) 

were selected. Gold nanorods have great potential to be used as a SERS substrate because 

it is easy to tune the surface plasmon resonance of the nanorods to the laser excitation 

wavelength of Raman spectroscopy. Graphene is a promising nanoscale material that can 

be used for supporting metal nanostructures. Three types of novel SERS substrates were 

fabricated, including graphene−gold film−gold nanorod (G-Au-AuNR) substrate, gold 

film−gold nanorod (Au-AuNR) substrate, and graphene coupled with gold nanorods (G-

AuNR). The results demonstrate that G-Au-AuNR substrates exhibited the strongest 
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Raman signals of the selected pesticides, followed by the Au-AuNR substrates. G-AuNR 

exhibited the weakest Raman signals, and no characteristic spectral features of the analytes 

were obtained. A partial least-squares method was used to develop quantitative models for 

the analysis of spectral data (R= 0.94, 0.87, and 0.86 for azinphos-methyl, carbaryl, and 

phosmet, respectively). The G-Au-AuNRs substrate was able to detect all three types of 

pesticides at the parts per million level with limits of detection at around 5, 5, and 9 ppm 

for azinphos-methyl, carbaryl, and phosmet, respectively. These results indicate that 

combining gold nanorods and graphene has great potential in the fabrication of sensitive, 

lightweight, and flexible substrates for SERS applications to improve food safety. 

Keywords: graphene, gold nanorods, pesticides, SERS, detection  
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3.1 Introduction 

Organophosphate (OP) and carbamate (CB) are pesticides that have been widely used 

for decades in agriculture around the world. These compounds can be used to kill insects, 

arthropods, and pests. However, there has been mounting concern about the residues of 

these pesticides in foods due to their widespread presence and negative effects on human 

health. They are highly toxic to humans via different routes of exposure. Residues of these 

contaminants in foods may cause serious health problems, such as asthma, mutagenic and 

teratogenic effects, birth defects, and even death (Cairns and Sherma 1992; Liu and others 

2012a).  

Current analytical methods for detection of pesticides in fruits and vegetables include 

liquid chromatography-mass spectrometry, fluorescence polarization immunoassay, and 

multienzyme inhibition assay (Liu and others 2012a). However, those methods are time-

consuming, expensive, and labor-intensive, often require complex procedures of sample 

pretreatment and well-trained technicians to operate the instruments (Lin 2010). Therefore, 

it is of critical importance to have rapid, sensitive, and accurate analytical methods to detect 

pesticide residues in foods. Despite recent advances and developments in analytical 

techniques, there still exist many challenges and opportunities to improve the current 

technology and use simple, rapid, versatile, and inexpensive tools for detection of 

contaminants. 

Over the last two decades, surface enhanced Raman spectroscopy (SERS) has received 

much attention in the analytical chemistry, food safety, and other areas. SERS is a branch 

of Raman spectroscopy in which probed molecules (e.g. pesticides, toxins, etc.) adsorbed 

onto the roughened surface of coinage metals, resulting in significant enhancement of the 
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Raman signals. SERS have been increasingly applied for the detection of chemical 

adulterants or contaminants (e.g. melamine, veterinary drugs, and pesticides) in foods, food 

ingredients, and animal feeds (Du and others 2010; Fan and others 2011a; He and others 

2009; Lin and others 2008; Shende and others 2004; Shende and others 2010b; Yakes and 

others 2008).  

One of the most crucial components for SERS is an efficient substrate that can activate 

surface plasmons (Lin 2010). Most SERS substrates consist of two essential elements: a 

thin layer of noble metal such as gold (Au) or silver (Ag), and a supporting material such 

as silicon. Gold nanorod (AuNRs), an anisotropic nanostructure, has gained much attention 

due to its unique ability to interact with light of varying wavelengths (Murphy and others 

2005; Grzelczak and others 2010; Rycenga and others 2011). AuNRs display two separate 

surface plasmon resonance (SPR) bands known as transverse and longitudinal plasmon 

bands. The ability of tuning the SPR as a function of aspect ratio enables gold nanorods to 

become effective SERS substrates. 

Most current commercial SERS substrates are silicon-based chips that are thick, heavy, 

and non-flexible (Nanova 2014; Silmeco 2014). There exists a need to use lightweight, 

flexible, and bendable materials to fabricate novel SERS substrates for versatile 

applications. Graphene, a two dimension nanomaterial composed of sp2 bonded carbon 

atoms, has a great potential in SERS applications due to its unique properties. It is the 

thinnest known material with a thickness of only one atom and it is stronger than steel 

(Chen and others 2008a; Geim and Novoselov 2007a; Kuila and others 2011; Lee and 

others 2008). Graphene is a promising nanoscale material that can be used for supporting 
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metal nanostructures (Applerot and others 2012; Liang and others 2012; Xu and others 

2012).  

In this study, we aimed to develop new types of substrate consisting of monolayer 

graphene, gold film, and/or AuNRs structure. The performance of these substrates was 

evaluated in SERS measurement for detection of three types of pesticides. Multivariate 

statistical analysis such as partial least squares (PLS) was used in data analysis for 

quantification of the analytes and the detection limits of the target analytes were obtained 

and evaluated.  

3.2 Materials and Methods 

3.2.1 Preparation of chemicals 

Cetyltrimethylammonium bromide (CTAB), silver nitrate, ascorbic acid, and HAuCl4 

were purchased from Sigma-Aldrich (St. Louis, MO, USA). Silicon wafer were purchased 

from Ted Pella (Redding, CA, USA). Two OP pesticides (azinphos-methyl and phosmet) 

and one CB pesticide (carbaryl) were purchased from Fisher Scientific (Pittsburgh, PA, 

USA). All the glassware was carefully washed with aqua regia freshly prepared before 

experiments.  

Pure pesticide solutions: 100 ppm (w/v) stock solutions of azinphos-methyl, phosmet, 

and carbaryl were prepared in volumetric flasks using a mixed solvent system 

(acetonitrile/H2O = 1:1, v/v). Solutions of 0.01, 0.1, 0.5, 1, 10, and 50 ppm pesticides were 

prepared by serial dilutions from the 100 ppm solution. The solvent without pesticides was 

used as the control. 
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3.2.2 Gold film silicon substrate 

A thin layer of gold was deposited on a silicon wafer or monolayer graphene substrate 

(Graphene Supermarket, NY, USA) in a desktop sputter coater (Quorum Technologies 

K650X, UK). Samples were grown with an argon pressure of 0.06 - 0.09 mBar. The 

thickness of gold film was measured by a quartz crystal microbalancer.   

3.2.3 Synthesis of gold nanorods  

AuNRs were synthesized using a seed-mediated method. Seed solution was prepared by 

adding 120 µL of a freshly prepared ice-cold solution of 10 mM sodium borohydride into 

0.1 mL of 0.1 M CTAB and 0.1 mL of 5 mM HAuCl4 aqueous solution at 25oC. The 

resulting pale brown solution was vortexed for 2 min and then stored at 25oC for 1 h in the 

dark.  Growth solution was prepared by mixing 42.5 mL of 0.1 M CTAB, 1.35 mL of 10 

mM HAuCl4, 0.27 mL of 10 mM silver nitrate, and 0.65 mL of 0.1 M ascorbic acid. The 

solution was homogenized by gentle stirring and in the resulting colorless solution, 0.075 

mL of freshly prepared seed solution was added followed by gently stirring for 20 s. The 

reaction mixture was set aside in the dark at 28oC for 24 h. The solution turned from 

colorless to greenish brown or reddish brown. Finally, the AuNR solution was centrifuged 

at 4293 g for 10 min (Eppendorf MiniSpin) to remove excess CTAB and redispersed in 

milliQ water (18.2 MΩ cm). The centrifugation procedure was repeated at 1073 g for 10 

min in order to get purified AuNRs. The purified AuNRs were dispersed in 100 µL milliQ 

water and sonicated (45 kHz) for 30 min.  



54 

 

3.2.4 Fabrication of SERS substrates 

Purified AuNRs were dispersed in milliQ water (1 mL AuNR solution pellet in 20 µL 

water). Then 10 μL of AuNR solution was casted on (1) a mono layer graphene silicon 

slide (G-AuNR); (2) a gold film (40 nm thickness)-mono layer graphene-silicon slide (G-

Au-AuNR); and (3) a gold film (40 nm thickness)-silicon (Au-AuNR). All the prepared 

substrates were placed in petri dishes that were sealed by adhesive tape and put in a 

humidity chamber (humidity of ~30%) at 25oC. The drops on the silicon surface were 

finally dried after 3 h of evaporation. Figure 3-1 describes the structure of each type of 

substrate.  

 

Figure 3-1. Structure of substrates: (a) graphene-Au-AuNR (G-Au-AuNR); (b) graphene-AuNR (G-AuN); 

(c) Au-AuNR. 
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3.2.5 SERS measurements 

A volume of 0.2 μL of the pure pesticide solution was transferred onto the surface of a 

substrate using a micropipette. The substrate, which was fixed on a glass slide, was then 

placed on a hot plate and heated at 40°C until the solvent completely evaporated. A 

Renishaw RM1000 Raman Spectrometer System (Gloucestershire, UK) equipped with a 

Leica DMLB microscope (Wetzlar, Germany) was used in this study. This system is 

equipped with a 785-nm near-infrared diode laser source. During the measurement, light 

from the high power (maximum at 300 mW) diode laser was directed and focused onto the 

sample on a microscope stage through a ×50 objective. Raman scattering signals were 

detected by a 578 × 385 pixels charge-coupled device array detector. The size of each pixel 

was 22 × 22 μm. Spectral data were collected by WiRE 3.2 software (Gloucestershire, UK). 

In this study, the spectra of samples were collected using a ×50 objective with 10-s 

exposure time, 0% focus, and ~20 mW laser power in the extended mode. Detection ranges 

for each pesticide were 500-1800 cm-1 for all the pesticides. The detection range was 

determined in a way that the range was as narrow as possible, but no obvious signals were 

missed. 

3.2.6 Data analysis  

The software Delight version 3.2.1 (D-Squared Inc., LaGrande, OR, USA) was used for 

data analysis. SERS spectral data were analyzed following our previously published 

methods (Liu and others 2012a).  Firstly, data pre-processing algorithms including 

polynomial subtract were employed to adjust the baseline shift. In this study, the 

chemometric analysis was performed using the partial least squares (PLS) method and 
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leave-one-out (LOO) cross-validation algorithm. The partial least squares (PLS) model, a 

multivariate statistical regression model, was constructed to predict analyte concentrations 

in tested samples. The number of PLS latent variables was optimized based on the lowest 

root mean square error of prediction (RMSEP) values to avoid overfitting of spectral data. 

In this study, spectral data were smoothed with a Gaussian function at 4 cm−1 followed by 

a second derivative transformation with a 12 cm−1 gap before PLS was conducted. 

                                 RMSEP=�∑ (�̂����)��
�

�
                                                                   (1) 

In this equation, n is the number of samples, ĉi is the predicted pesticide concentration 

(ppm), and ci is the actual pesticide concentration (ppm). The correlation coefficient (R) 

and RMSEP were used to evaluate the model. The higher the R value or the lower the 

RMSEP value is, the better predictability the model has. 

LOO cross-validation was used to evaluate the quality of the PLS model (Martens and 

Naes 1992; Lin and others 2003). Basically, (n-1) samples were used to build a calibration 

model. Each sample in the data set was the eventually used for this loop procedure. In this 

way, the cross-validation acts as LOO on the whole samples. The predicted analyte 

concentrations (pesticide) in test samples was calculated based on correlations between 

spectral features and chemical reference values and then compared with the reference 

values.  

The limit of detection (LOD) with 99.86% confidence interval can be calculated from 

the PLS calibration curve based on characteristic peaks in SERS spectra using the 

following formula [2]: 

                               LOD = 3σ/m                                                                                    (2) 
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in which σ is the standard error of predicted concentration, and m is the slope of the 

calibration curve. In a PLS model, σ equals to RMSEP.  

3.3 Results and Discussions 

 

Figure 3.3-2. Raman spectra of 100 ppm azinphos-methyl; (b) of 100 ppm carbaryl; (c) of 100 ppm phosmet 
on Au- G substrate with different thickness of the Au film. 

Three different thickness of the Au film (40, 50, and 60 nm) were used to assess the 

optimum thickness for SERS substrates. Overall, no significant difference between the 

thickness and the intensity of characteristic peaks of azinphos-methyl, carbaryl, and 

phosmet were observed (Fig. 3-2). Hence, an Au film with thickness of 40 nm was used 

for further experiments.  
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The SPR of synthesized AuNRs displays two adsorption features as shown in Fig. 3-3b. 

This result is in agreement with several previous reports (Murphy and others 2011; Saute 

and others 2012; Tong and others 2009) that showed a strong feature at 778 nm of AuNRs 

due to the resonant propagation of surface plasmons along the longitudinal axis. A weak 

peak at 540 nm is a characteristic peak of the impurities of spherical gold nanoparticles. 

Overall, the long AuNRs are dominant in the purified AuNR solution, which can be used 

for SERS measurement with a 785 nm excitation source. In addition, the UV-vis absorption 

spectrum in Fig. 6b shows a narrow absorption band, indicating a highly monodispersed 

substrate morphology. TEM imaging demonstrates that AuNRs are rod shaped with a width 

and length of 119.87 and 50.69 nm, respectively. The aspect ratio (length/width) of AuNRs 

is ~2.36 (Fig. 3-3a). The TEM image also shows that there was a small amount of cubic 

and spherical nanoparticles on the TEM grids.   

   

Figure 3.3-3.TEM image of AuNRs (a) and UV-vis spectrum of purified AuNRs (b). 
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To investigate whether G-Au-AuNR, G-AuNR, and Au-AuNR substrates can be used as 

effective SERS substrates in detection of pesticides, a droplet of each pesticide solution 

was deposited on the surface of the substrate. As shown in Fig. 3-4a, no visible Raman 

signals of azinphosmet were observed on the G-AuNR substrate, while obvious SERS 

peaks of azinphosmet were obtained on the G-Au-AuNR and Au-AuNR substrate. The 

same results were also obtained for carbaryl (Fig. 3-4b) and phosmet (data not shown). The 

band assignments of the peaks are consistent with previous studies (Liu and others 2012a). 

A strong peak at 1380 cm-1 is due to symmetric vibration of the naphthalene ring and a 

peak at 1440 cm-1 arises from an unspecified vibration of this ring. Interestingly, we found 

that Raman signals of all three types of pesticides on G-Au-AuNR substrate are much 

stronger than those on G-AuNR and Au-AuNR substrate. To calculate the contribution of 

enhancement from graphene, we chose the SERS intensity of carbaryl on these three 

substrates at two selected characteristic peaks (1380 and 1440 cm-1). As shown in Fig. 3-

4c, the SERS intensity of these two peaks of carbaryl on G-Au-AuNR substrate are two 

times higher than that of Au-AuNR and hundreds of times higher than that of G-AuNR 

substrate.  
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Figure 3.3-4. (a) Raman spectra of 100 ppm azinphos-methyl; (b) of 100 ppm carbaryl on Au-AuNR, G-
Au-AuNR, and G-AuNR substrate. The peaks marked by the star (*) are the characteristic band of 

pesticides; (c) Intensity of two character peaks of carbaryl on three kinds of substrate. 

There are two widely accepted mechanisms for SERS enhancement: electromagnetic 

mechanism (EM) and chemical mechanism (CM). EM is considered the main 

enhancement, resulting from the large increase of the local electric field caused by SPR on 

roughened metal surface, such as gold or silver. Several recent studies suggested that SERS 

enhancement can be not only from the gold nanostructure (AuNR and Au film), but also 
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from the monolayer graphene (Applerot and others 2012; Ling and others 2009; Schedin 

and others 2010; Yu and others 2012; Kim and others 2010b). The enhancement 

mechanism of graphene is believed to be from the partial contribution of high thermal 

conductivity of graphene. Xu et al. (2012) observed that the morphology of the metal film 

changed after a relatively large laser power exposure if there was no graphene layer present, 

while it remained stable for the G-Au film substrate (Xu and others 2012). Although SERS 

signals on Au-AuNR substrate were much stronger than that on G-AuNR, the Raman 

intensity of characteristic peaks of  azinphos-methyl was slightly weaker than that of G-

Au-AuNR.  

Schedin and others (2010) studied SERS measurement using graphene patterned with a 

square array of Au nanodisks on SiO2(300 nm)/Si and implied that both G and 2D bands 

of graphene at 633 nm were significantly enhanced (Schedin and others 2010). The authors 

found that the graphene scales combined with the nanoparticle cross section, the fourth 

power of the Mie enhancement, are inversely proportional to the tenth power of the 

separation between graphene and the nanoparticle. The grown AuNRs significantly 

enhanced Raman signals of reduced graphene oxide (rGO) by 34-fold at the tip of the long 

AuNRs, which is the highest Raman enhancement of rGO by gold nanostructures ever 

reported (Schedin and others 2010). Ling et al. (2009) used graphene as a substrate for 

Raman enhancement (Ling and others 2009). By coupling or not coupling with gold 

nanoparticles (AuNPs) or silver nanoparticles (AgNPs), the Raman signals of the 

molecules on monolayer graphene are clearer, stronger, and more reproducible than that 

on the SiO2/Si substrate, indicating a clear SERS effect on the atomically flat surface of 

monolayer graphene. Additionally, the authors also found that graphene makes the SERS 
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system more stable and graphene-SERS (G-SERS) process does not require special sample 

preparation. Their results showed that the enhancement factor of G-SERS was even slightly 

higher than those of normal SERS for most of bands and the presence of the graphene layer 

did not cause the localized EM field to decay observably in its vicinity and possibly led to 

additional chemical enhancement (Ling and others 2009).  

Kim and others (2010) obtained Raman spectra of a single layer graphene sheet placed 

in different gold substrates in the context of SERS. The difference in the enhancement 

factors among various gold substrates is explained with a model based on the spatial 

distribution and polarization of the local field and the orientation of inserted graphene sheet 

(Kim and others 2010b). Besides graphene, its other two derivatives, graphene oxide (GO) 

and rGO have also been studied as promising substrates for SERS. A study used GO-based 

SERS substrate to acquire Raman spectra of rodamine, melamine, and cephalexin (Liang 

and others 2012). But the results showed a weak enhancement of SERS due to CM of 

graphene (Liang and others 2012). This same conclusion was also reached in another study 

of Yu and others (Yu and others 2012).  In our study, we observed that the main SERS 

enhancer still relied on the EM of noble metal nanostructures. This is consistent with 

another study (Lu and others 2011) using fabricated Ag or AuNPs-decorated rGO on Si 

substrate as an efficient SERS substrate to detect aromatic molecules with a low detection 

limit at nM level. Due to the combination of AuNPs and graphene, the Raman signals of 

the dye were dramatically enhanced by this novel substrate (Lu and others 2011). In 

summary, this line of studies demonstrates that G-Au-AuNR substrate is a promising SERS 

substrate for detection of various analytes.  
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Most commercial SERS substrates are either in the form of a colloidal solution 

containing metal nanoparticles or are silicon chip-based flat substrates with a thin layer of 

metal deposited on top. The main drawback of colloidal SERS substrates is that a surfactant 

is needed to stabilize the solution and prevent or reduce the aggregation and precipitation 

of metallic nanoparticles. The surfactant may affect the SERS measurement and the 

reproducibility of colloidal SERS substrates is low (Aroca and others 2005; Fan and others 

2011b). In addition, target molecules have to be mixed with colloidal SERS nanoparticles, 

which complicates the sample preparation step and limits the application of colloidal SERS 

substrates. In contrast, chip-based SERS substrates are more stable and have good 

reproducibility. Sample solution can be easily transferred onto a substrate using a 

micropipette. 

In addition, we studied the reliability of G-Au-AuNRs substrate in characterization and 

quantification of pesticides. Fig. 3-5 shows the average SERS spectra of different 

concentrations of azinphos-methyl and a linear calibration curve was constructed by 

monitoring the intensity of the peaks in selected region (500 – 1800 cm-1). Similar results 

were provided for carbaryl (Fig. 3-6) and phosmet (Fig. 3-7). The band assignments are 

shown in Table 4.  

Table 4. Band assignment of major peak in SER spectra form three pesticides*  

Band (cm1) Assignment 
Azinphosmethyl 
585 (C=O) deformation vibration 
703 Benzene ring breathing 
778, 899 1,2,3-triazine ring breathing 
1026 Asymmetric P-O-C deformation vibration 
1224 (C-H) in P-O-CH3 

1260 (C-N) in S-CH2-N 
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1283 (C-N) in S-CH2-N 
1334 1,2,3-triazine ring breathing 
1364 O-H stretching 
1450 (N≡N) stretching 
1497 1,2,3-triazine ring breathing 
Carbaryl 
868 CH2  out of plane deformation vibration 
1340 NO2 symmetric stretching mode 
1380 Symmetric ring vibration 
1575 (C=C) phenyl stretch 
Phosmet 
607, 653 (P=S) stretch 
714 Benzene ring breathing 
1018 Asymmetric P-O-C deformation vibration 
1196 (C-H) in P-O-CH3 
1410 (C-H) in S-CH3-N 
1535 N=N stretching 

* References (2, 26-28) 

PLS analysis was conducted to obtain the RMSEP values from the PLS models of each 

pesticide. The lowest RMSEP value was achieved and used to construct the PLS prediction 

model. Fig. 3-5b illustrates the plot between the predicted concentration and actual 

concentration of pesticides (R = 0.87; RMSEP = 15.87 × 10-5). For carbaryl (Fig. 3-6) and 

phosmet (Fig. 3-7), R values are 0.87 and 0.84, and RMSEP values are 16.08×10-5 and 

21.21×10-5, respectively.  

Figures 3-5b, 3-6b, and 3-7b were plotted between actual concentrations and predicted 

concentrations. Actual concentrations (X-axis) were prepared solutions with known 

concentrations (0-100 ppm) of pesticides. Predicted concentrations (Y-axis) were 

calculated based on PLS model (between spectral features and pesticide concentration 

reference values) and validated based on LOO cross validation. For example, there are 

eight spectra collected from each concentration of pesticide, then seven spectra were used 

for running PLS model and one spectra in the dataset was used for validation of the model. 

Eventually, each sample in the whole data set was used for this loop procedure.   
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 These results demonstrate that the SERS method coupled with PLS can be used as a 

reliable method to quantify pesticides, despite large variation in SERS measurements, 

especially at 100 ppm concentration of three types of pesticide apparently occurs. These 

results show a limitation of SERS method. The reproducibility of results, particularly 

regarding the peak intensity, was low. The data variations mainly come from the non-

uniform substrates and the location of hot spots. Therefore, quantitative studies remain a 

challenge in SERS applications.  

 

 

Figure 3.3-5. (a) SERS spectra of azinphos-methyl on G-Au-AuNR substrate, (b) calibration curve of 
predicted azinphosmethyl concentration (ppm) vs. actual concentration (ppm) using the PLS models: 
smoothing at 4 cm−1, baseline adjustment by subtracting a first order polynomial function; six latent 

variables; spectral region, 500–1800 cm−1; spectral number (n=58). 
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Figure 3.3-6. (a) SERS spectra of Carbaryl on G-Au-AuNR substrate, (b) calibration curve of predicted 
carbaryl concentration (ppm) vs. actual concentration (ppm) using the PLS models: smoothing at 4 cm−1, 
baseline adjustment by subtracting a first order polynomial function; three latent variables; spectral region 

500–1800 cm-1  spectral number (n=52). 
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Figure 3.3-7. (a) SERS spectra of phosmet, (b) calibration curve of predicted phosmet concentration (ppm) 
vs. actual concentration (ppm) using the PLS models: smoothing at 4 cm−1, baseline adjustment by 
subtracting a first order polynomial function; five latent variables; spectral region, 500–1800 cm−1; 

spectral number (n=75). 

The LOD of azinphos-methyl, phosmet, and carbaryl of G-Au-AuNRs substrate was 

calculated by equation 2. The calibration curve of azinphos-methyl is shown in Fig. 3-8.  

 

Figure 3.3-8. Calibration curve of predicted azinphos-methyl concentration (ppm) vs. actual concentration 
(ppm) using the PLS models: smoothing at 4 cm−1, baseline adjustment by subtracting a first order 
polynomial function; five latent variables; spectral region, 500–1800 cm−1; spectral number (n=74). 
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As compared to the maximum residue limits of the three pesticides in fruits (apples) of 

FAO/WHO and England standard (Table 5), the LOD of the SERS method coupled with 

this substrate meets the requirement for carbaryl and phosmet. However, more studies are 

needed to improve the results of this method for testing azinphos-methyl. 

Table 5. Limit of detection of using G-Au-AuNRS substrate for detection of azinphos-

methyl, carbaryl, and phosmet  

   
Pesticides  R LOD (ppm) 70% 

recovery 
MRL 1 (ppm) MRL 2 (ppm) 

Carbaryl 0.915 5 3.647 6-10 5 

Phosmet  0.800 9 6.125 10 10* 
Azinphos-methyl 
 

0.914 5 3.598 1 
 

1 

 

1 Maximum residue limits in apple of FAO/WHO 

2 Maximum residue limits in apple of England 

* Codex Alimentarius Commission 

 
In summary, a simple, fast, and efficient method was developed to fabricate new SERS 

substrates by coating an AuNR-decorated graphene sheet on Si substrate. This substrate 

exhibits strong Raman enhancement due to unique properties of graphene and the deposited 

AuNRs. The performance of this G-Au-AuNRs substrate was evaluated using three types 

of pesticides (azinphos-methyl, carbaryl, and phosmet). The LOD of carbaryl and phosmet 

meet the maximum residue limits set by the FAO/WHO and EU. These results demonstrate 

that there is a great potential to use graphene and gold materials for food safety 

applications. More research is needed to improve the performance of SERS substrates 

using different materials and use them to test real food products.    
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CHAPTER 4 

Use of Aminothiophenol as an Indicator for the Analysis of Silver 

Nanoparticles in Consumer Products by Surface-Enhanced Raman 

Spectroscopy (SERS)  

Abstract  

Silver nanoparticles (Ag NPs) are one of the top five engineered nanoparticles that have 

been used in various products. Current methods for the measurement of Ag NPs are time 

consuming and expensive. Therefore, it is of critical importance to develop novel strategies 

to detect the presence of Ag NPs at low concentrations in different matrices. This study 

aimed to detect and measure Ag NPs in consumer products using surface-enhanced Raman 

spectroscopy (SERS) and aminothiophenol (PATP) as an indicator molecule that binds 

strongly with Ag NPs. Quantification and qualification of Ag NPs were achieved using this 

method of acquiring SERS signals from Ag NPs-PATP complexes. Four dietary 

supplement products and one nasal spray were selected to evaluate the performance of 

SERS in the detection of Ag NPs.  Inductively coupled plasma optical emission 

spectrometry (ICP-OES) and transmission electron microscopy (TEM) were utilized to 

measure the physical properties of Ag NPs in the samples. The results demonstrate that 

signature Raman peaks of PATP can be used to distinguish Ag NPs from silver bulk 

particles and silver nitrate. SERS is able to detect Ag particles with different sizes ranging 

from 20 to 100 nm, with the highest intensity for ~30 nm Ag NPs. Partial least squares 

method was used to develop quantitative models for the analysis of spectral data (R = 0.94). 
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These results indicate that the conjugation of Ag NPs with PATP can be measured by 

SERS. This technique is a simple and rapid method and has a great potential to detect Ag 

NPs in various products. 

Key words: PATP, silver nanoparticle, SERS. 
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4.1 Introduction  

Engineered nanoparticles (ENPs) have received much attention in recent years due to 

their unique properties that can be used in nanosensors, pathogen detection, and 

antimicrobial application (Yada and others 2014). For examples, metal oxide nanoparticles 

are antimicrobial agents that can inhibit the growth of foodborne pathogens (Marambio-

Jones and Hoek 2010; Sirelkhatim and others 2015). Nanoparticle-based sensors can 

provide a platform to detect microbes, pesticides, or chemical contaminants in complex 

matrices (Arora and others 2011; Sharma and Mutharasan 2013; Yada and others 2014). 

Among various ENPs, silver nanoparticles (Ag NPs) are one of the top five nanoparticles 

widely used in pharmaceutical products, building materials, and consumer products 

(Shukla and others 2011; Cho and others 2009; Park and others 2010; Asare and others 

2012). Around 24% of commercial nano-based products are claimed to contain Ag NPs 

(Nanotechnologies 2016). Ag NPs have been used in antimicrobial food packaging 

materials because of their exceptional ability to prevent bacterial growth. Ag NPs also have 

found in various areas, ranging from textiles, dietary supplements, cosmetics, household 

products, cleaning agents, and medical uses (nasal spray, top cream band aid, etc.) 

(Marambio-Jones and Hoek 2010; Wijnhoven and others 2009; Duncan 2011).  

Despite increasing applications of Ag NPs, some concerns have been raised about their 

safety and potential negative effects on human health (Vandebriel and De Jong 2012). 

Recent studies show that Ag NPs may enter the human body via different routes, potentially 

damaging the organs and cause serious human diseases (Sung and others 2011; Podila and 

Brown 2013). To fully understand the effects of NPs on human health, it is of critical 
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importance to have suitable techniques to detect Ag NPs that are usually present at low 

centrations in the foods and other consumer products. 

Current analytical methods for the detection, characterization and quantification Ag NPs 

in commercial products include scanning electron microscopy (SEM), transmission 

electron microscopy (TEM), and energy dispersive X-ray spectroscopy (EDS). These 

techniques have been widely used to characterize the size, shape, elemental composition, 

and surface morphology of NPs. For example, Lozano employed EDS to quantify 

engineered Ag NPs in coffee, milk, and water (Lozano and others 2012). In addition to the 

electron microscope, inductively coupled plasma optical emission spectrometry (ICP-

OES) or inductively coupled plasma mass spectrometry (ICP-MS) have been employed to 

determine metal NPs in agricultural and food samples (Falandysz and others 2001; Ikem 

and others 2002; Loeschner and others 2013). Single particle ICP-MS (SP-ICP-MS) can 

be used to differentiate between whole nanoparticles in matrices and their solvated residual 

ions (Singh and others 2014). Zhang used TEM, SEM, EDS, and ICP-OES for the detection 

of Ag NP contamination in fresh pears (Zhang and others 2012). However, ICP-OES or 

ICP-MS provides total silver content without information or very low resolution on particle 

size (Drescher and others 2012). There has also been success with the detection of 

inorganic engineered nanomaterials by dynamic light scattering (DLS) in orange juice 

(Gallego-Urrea and others 2011); or coupled matrix-assisted laser desorption/ionization—

time-of-flight spectrometry (MALDI-TOF) with hydrodynamic chromatography (HDC) to 

separate nanoscale liposomes from an orange-flavored beverage (Helsper and others 2013). 

However, those characterization methods are time-consuming and labor-intensive. They 

often require complicated procedures of sample pretreatment and well-trained personnel to 
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operate the equipment. Although recent advances and developments in analytical 

techniques have been observed, there still exist many challenges and opportunities to 

improve the current technology and use simple, rapid, versatile, and inexpensive tools for 

the detection of Ag NPs in commercial products. 

Surface-enhanced Raman spectroscopy (SERS) is a novel technique that has received 

much attention in the analytical chemistry, food safety, and other areas over the last two 

decades. SERS is a branch of Raman spectroscopy in which probed molecules adsorbed 

onto the roughened surface of noble metals, resulting in significant enhancement of the 

Raman signals. With the enhanced signals, SERS is able to detect trace amounts of analyte 

molecules with the potential to detect a single molecule (Ahmed and Gordon 2012; Kneipp 

and others 1998; Kneipp and others 1997). SERS have been increasingly applied for the 

detection of chemical adulterants or contaminants (e.g. melamine, veterinary drugs, and 

pesticides) in foods, food ingredients, and animal feeds (Zhang and others 2015a; Zhai and 

others 2011; Zhang and others 2015b; Song and others 2013).  

Most previous SERS studies were focused on using gold or silver as a substrate to detect 

various analytes. However, in this study we investigated the feasibility of using SERS to 

detect Ag NPs in complex matrices using 4-aminothiophenol (p-aminothiopheno, PATP) 

as a Raman reporter. PATP is an aromatic thiol that has been found to be an ideal molecule 

for SERS analysis. PATP can be strongly adsorbed onto most SERS substrate and can 

produce very strong SERS signals (Hu and others 2007; Huang and others 2012; Kim and 

others 2010a; Wang and others 2007c; Zheng and others 2003). Furthermore, PATP is very 

sensitive to the metal materials that can be a very good platform for identifying electronic 

SERS properties (Huang and others 2012). To the best of our knowledge, this is the first 
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study to use SERS coupled with PATP as an indicator for detecting Ag NPs in commercial 

products. Additionally, TEM and ICP-OES were used to evaluate the capacity of SERS 

method for the determination of Ag NPs.  

4.2 Materials and Methods 

4.2.1 Materials 

Ethanol (≥ 99.5%), AgNO3 (99.8%), and 4-aminothiophenol (PATP) were all purchased 

from Sigma-Aldrich (St. Louis, MO, USA). Methanol 99%) and nitric acid were from 

Fisher Scientific (Pittsburgh, PA). Spherical Ag powder with a diameter of 0.5 – 1 μm 

(99.9%) was purchased from Alfa Aesar (Ward Hill, MA, USA). Citrate-capped Ag NP 

colloids with a diameter of 20, 30, 60, or 100 nm and a mass concentration of 20 mg/L 

were purchased from NanoComposix (San Diego, CA, USA). Five commercial products 

that are claimed to contain Ag NPs were purchased from Walgreens and Amazon. 

Additional information about these products is listed below.  

(a) A dietary supplement whose label lists 96% positively charged silver particles (10 

ppm);  

(b) A nasal spray that is claimed to contain 30 ppm of pure colloidal silver; 

(c) A dietary supplement whose label lists pure nano silver particles suspended at 50 ppm 

in distilled water; 

(d) A mineral supplement which lists purified silver of 30 ppm and purified water as the 

ingredients; 

(e) A dietary supplement that claims to contain 10 ppm of nano colloidial sliver.  

We use “S1-S5” to represent these products according to the (a)-(e) order. 
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4.2.2 Characterization of Ag NPs in the products 

An aliquot of Ag NP suspension sample (10 μL) was directly placed onto the 

copper/carbon 200 mesh grids, air dried in a laminar flow hood for ~3 h, then analyzed by 

a JEOL 1400 (JEOL Ltd., Tokyo, Japan). 

4.2.3 Determine Ag NPs in tested products 

The total silver content in each product was measured by inductively coupled plasma 

optical emission spectrometry (Varian Vista-MPX CCD Simultaneous ICP-OES, Walnut 

Creek, CA, USA). Before measurement, a volume of 10 mL samples were acid-digested 

with 10 mL HNO3 (Fisher Scientific, ACS Reagent) in a microwave digester. The digested 

content was diluted with DI water to 50 mL, and then filtered before subjected to the ICP-

OES measurement. 

To determine Ag NPs, it is needed to separate Ag NPs and silver ion. All the samples 

were diluted 1:10 with Mill-Q water and went through 0.2 μm (25 mm diameter) sterile 

Millex® filters (Merck Millipore, Darmstadt, Germany) to separate particles smaller than 

200 nm from larger particles in select samples. A 3-KDa-cutoff centrifuge filtering unit 

(Millipore Amicon Ultra-15, at 3,578 × g, 30 min) was used to isolate Ag NPs from ionic 

silver. The filtrates were collected and digested using the aforementioned method before 

being subjected to the ICP-OES measurement.  

4.2.4 Conjugation of PATP onto Ag NPs  

Conjugations of Ag NPs and PATP were prepared via thiol groups of PATP and Ag NPs. 

Briefly, Ag NP solutions (20 mg/L) were mixed with 10 mg/L PATP (volume ratios of 

3:17). The mixture was incubated in a mixer (Max Mix II 37600, Thermolyne, Fisher 
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Scientific) for 1 h at room temperature. The solution was then centrifuged for 5 min at 

3,915 ×g to concentrate the Ag NPs-PATP complexes to the bottom of the centrifuge tube. 

The aggregation was then deposited onto a gold slide for air drying in a fume hood. PATP 

alone was used as a blank control while a mixture of PATP and AgNO3 (20 mg/L) were 

considered a negative and a positive control, respectively. In addition, the five commercial 

products were amended with PATP using the method described above.  

4.2.5 Detection of Ag NPs Using SERS and PATP-Ag NPs conjugation   

The samples on a gold slide were immediately analyzed by a Renishaw RM1000 Raman 

Spectrometer System (Gloucestershire, UK) equipped with a Leica DMLB microscope 

(Wetzlar, Germany) and a 785-nm near-infrared diode laser source. During the 

measurement, light from a high power diode laser was directed and focused onto the sample 

on a microscope stage through an objective. Raman scattering signals were detected by a 

578 × 385 pixels charge-coupled device array detector. The WiRE 3.4 software 

(Gloucestershire, UK) was used to collect spectral data. In this study, the spectra of samples 

were collected using a ×50 objective with 10-s exposure time, 0% focus, and ~20 mW laser 

power in the extended mode. Detection ranges for each pesticide were 400-1800 cm-1 for 

all the measurements.  

4.2.6 Data Analysis 

The software Delight version 3.2.1 (D-Squared Inc., LaGrande, OR, USA) was used for 

data analysis. Eight locations in each sample were randomly measured and averaged to get 

a final spectrum, which was then compared across all samples treatments. In this study, the 

analysis of SERS spectral data was similar to the method described in the chapter 3. Briefly, 
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polynomial subtract were employed to adjust the baseline shift. The chemometric analysis 

was performed using the partial least-squares (PLS) method and leave-one-out (LOO) 

cross-validation algorithm. The number of PLS latent variables was optimized based on 

the lowest root mean square error of prediction (RMSEP) values to avoid over-fitting of 

spectral data. Spectral data were smoothed with a Gaussian function at 4 cm−1 followed by 

a second derivative transformation with a 12 cm−1 gap before the PLS was conducted. The 

correlation coefficient (R) and RMSEP were used to evaluate the model based on the R 

value or the RMSEP value. Normally, the higher the R value is, the better predictability 

model has.  

4.3 Results and Discussion  

Effectiveness of SERS-Based Method to Characterize and Quantify Ag NPs 

Figure 4-1 shows the SERS spectra of PATP, PATP mixed with AgNO3 or silver powder, 

and PATP mixed with 30 nm Ag NP3. It can be observed that only PATP-Ag NPs generated 

significantly enhanced Raman signals, whereas PATP alone yielded no Raman signals. 

This was due to the electromagnetic enhancement and the chemical enhancement produced 

by the charge transfer between Ag NPs and PATP through the Ag-S groups. Several 

prominent peaks can be observed, such as υ(CS) at 1078 cm-1 (a1 mode), and b2 modes (in-

plane, out-of-phase modes) located at 1590, 1435 and 1143 cm-1. The apparent 

enhancement of the b2 modes has been ascribed to the charge transfer of the metal to the 

adsorbed molecules and demonstrates that PATP adopts a perpendicular orientation to the 

metal surface (Zheng and others 2003). A similar SERS characteristic pattern of PATP was 

also observed in other previous studies (Hu and others 2007; Huang and others 2012; Kim 
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and others 2010a; Zheng and others 2003). Interestingly, AgNO3 and silver bulk material 

provided no enhancement to the Raman signals of PATP, indicating that only nanoparticle-

specific reactions occurred between Ag NPs and PATP. This can be used to distinguish Ag 

NPs from other silver species.  

 

Figure 4-1. . SERS spectra of PATP, PATP mixed with AgNO3, PATP with 30 nm Ag NP3. 

Effect of different sizes of Ag NPs on the SERS enhancement 

Four different sizes of Ag NPs (20, 30, 60, and 100 nm) were used to evaluate the 

feasibility of SERS to detect Ag NPs. For 20, and 30 nm Ag NPs, strong and consistent 

SERS signals of PATP were obtained exhibiting the specific vibrational modes of PATP. 

However, signal intensity and sharpness of characteristic peaks began to decrease with the 

increase of particle size (Fig. 4-2). This phenomenon can be explained by the size and 

shape dependent excitation of Ag NPs (Yoon and others 2009). Furthermore, Ag NPs 

arranged closed to each other could produce more intensive electromagnetic enhancement 
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at the junction between them (Lu and others 2009; Orendorff and others 2005). Kelly et al. 

(2003) studied the face-averaged electric-field enhancement for the 30 and 60 nm spheres. 

It was suggested that with the larger sphere, it is possible for the largest SERS enhancement 

to be at a location on the surface that is not along the polarization direction (Kelly and 

others 2003). Njoki observed that the correlation of the SP band with the particle size of 

gold nanoparticles (10−100 nm diameters) is a key factor that are responsible for the SERS 

effect of the nanoparticles in solution (Njoki and others 2007). This is in general agreement 

with our result that the range of 20-100 nm seemed to be in the suitable size for SERS 

detection. 

 

Figure 4-2. Comparisons of enhancement effects from Ag NPs. 

 

Quantification of Ag NPs by SERS 

In addition, we studied the reliability of the SERS method in the characterization and 

quantification of Ag NPs. Figure 4-3A shows the average SERS spectra of samples with a 

concentration range of 0-20 ppm of 20 nm Ag NPs. A linear calibration curve was 
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constructed by monitoring the intensity of the peaks in a selected region (400−1800 cm−1). 

PLS analysis was conducted to obtain the RMSEP values from the PLS models. The lowest 

RMSEP value was achieved and used to construct the PLS prediction model. Figure 3B 

illustrates the plot between the predicted concentration and actual concentration of 

pesticides (R= 0.94). Higher initial concentrations of Ag NPs resulted in more Ag NPs in 

the Ag NPs-PATP complexes that were associated with additional PATP molecules. These 

results demonstrate that the SERS method coupled with PLS can be used as a reliable 

method to quantify Ag NPs.  

Figure 4-3. Concentration-dependent SERS spectra (part of full scale) of Ag NPs with PATP (10 mg/mL) as 

an indicator (A); the linear relation between Raman intensity and Ag NPs concentration (B). 
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To further evaluate the quantification of the SERS method, we established a linear 

calibration curve between the concentration of Ag NPs and the Raman intensity of a strong 

peak at 1079 cm-1. The linear relationship clearly demonstrates the potential of SERS in 

analysis Ag NPs in simple solutions (data not shown). However, it is likely that the Raman 

intensity of the conjugation of Ag NPs-PATP can be affected by the complex matrix of the 

commercial products. These thoughts led us to investigate the feasibility of this method for 

the detection of Ag NPs in five commercial products. Figure 4-4 shows that the spectra of 

negative controls (samples (S1 to S5) + solvent of PATP) were in low intensity and no 

distinctive peaks were observed. In contrast, prominent and distinctive peaks (1079, 1143, 

and 1430 cm-1) of Ag NP-PATP complexes were produced by the products (S2, S3, and 

S5) after interacting with 10 mg/L of PATP. Less prominent but still detectable peaks (1079 

and 1143 cm-1) were also observed for S1 and S4 as shown in the Table 8.  As compared 

to the spectra of Ag NPs-PATP complex, the spectra of nasal spray (S2) show similar 

features, indicating that food matrices may have influence on the Raman signals and thus 

on the detection of Ag NPs. While the spectra of dietary supplement were more affected 

by their natural matrices, the characteristic Raman signals of Ag NPs-PATP were still 

clearly observed. However, the order of advertised silver concentration as S3 > S2 = S4 > 

S1 = S5 was different from the total silver concentration measured based on the SERS 

intensity of the peaks at 1079 and 1143 cm-1 (S2 > S5 > S3 > S4 > S1). These discrepancies 

may come from the fact that not all silver in the products was nano-sized and those 

nanoparticles may not have the same size distribution.  
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Figure 4-4. SERS spectra four five Ag NPs-containing dietary and antimicrobial products. Negative 
controls were prepared using the solvent of PATP (methanol). 
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TEM and ICP-OES analysis were conducted to analyze the size and concentration of Ag 

NPs in the samples, which can be used to validate the SERS method. The total silver 

concentration in five commercial products was determined by ICP-OES (Table 6). The 

measured results were different from the claimed concentrations on the label, except for 

the sample S5. The total silver concentration of sample S3 was ~121 ppm that was higher 

than the claimed concentration on the label. The order of claimed silver concentration as 

S3 > S2 = S4 > S1 = S5 was different from the total silver concentration measured by ICP-

OES of the products (S3 > S2 > S5 > S1 > S4).  

 

Figure 4-5. Characterization of Ag NPs in the dietary supplements and antimicrobial products. (A) Dietary 
supplement; (B) nasal spray; (C) dietary supplement; (D) dietary supplement; (E) dietary supplement.  

 

As noted in Table 6, the concentrations of Ag NPs (< 3 kDa) in the products were not in 

the same order as the SERS signal intensity, but the concentrations of S2, S3, and S5 
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remained the top three versus S1 and S4 based on SER intensity and ICP-OES method. 

TEM was used to analyze the size distribution of Ag NPs (Figure 4-5 and Table 6) to 

determine the potential effect of particle size on the SERS intensity. The average size of 

Ag NPs in S1, S2 and S3 were 54.6, 47.2, and 54.8 nm respectively, which is larger than 

those in S4 (30.8 nm) and S5 (34.3 nm). The size range of Ag NPs in the products (20-100 

nm) is often suitable size for SERS signals enhancement. It was observed that the closer 

the particle size to the optimum range (30 - 40 nm), the higher the signal intensity. Thus, it 

is speculated that S2 and S5 would produce stronger SERS intensity than S1 and S3 at the 

same concentrations of Ag NPs. Interestingly, the sample S4 had a significant lower 

concentration of Ag NPs (0.1 mg/L) than the rest of samples and thus its SERS signals 

were low as well, even though its size was very close to the optimum range. Overall, TEM 

and ICP-OES can be used to validate the SERS measurements that can reflect the size and 

concentration of Ag NPs in commercial available products. 

  

Table 6. Total concentration of silver and Ag NPs, average size, and the intensity of SERS 
spectra acquired from five commercial products 

Product Claimed 
concentration of 
Ag (ppm) on the 
label 

Total silver 
concentration 
(ppm) 

Silver nanoparticles 
concentration (ppm) 
(< 3 kDa) 

SERS 
intensity at 

SERS 
intensity at 

Average 
size 
measured 
by TEM 
(nm) 

1079 cm-1 1143.9 cm-1  

S1 10 5 4.6 161 194 54.6 
S2 30 17 16.2 101,061 100,277 47.2 
S3 50 121 120 9,545 8,332 54.8 
S4 30 0.4 0.1 260 259 30.8 
S5 10 10 8.2 61,855 32,835 34.3 
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In summary, a simple, fast, and effect method was developed to detect and measure Ag 

NPs in commercial products using SERS method. PATP can be used as a Raman indicator 

that binds strongly with Ag NPs. In this study, the feasibility of SERS method was 

evaluated by measuring Ag NPs in four dietary supplements and one nasal spray with a 

minimum sample preparation. The findings were validated by a combination of ICP-OES 

and TEM methods. These results demonstrate that there is a great potential to use SERS 

for food safety applications. More research is needed to enhance the conjugation between 

Ag NPs and PATP as well as other promising indicators.   
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CHAPTER 5 

Toxicity of Graphene Oxide on Intestinal Bacteria, and Caco-2 Cells 

Abstract 

In recent years, novel nanomaterials have received much attention due to their great 

potential in agriculture, food safety, and food packaging. Among them, graphene and 

graphene oxide (GO) are emerging as promising nanomaterials that may have a profound 

impact on food packaging. However, there are some concerns from consumers and the 

scientific community about the potential toxicity and biocompatibility of nanomaterials. In 

this study, we investigated the antibacterial properties of GO against human intestinal 

bacteria. The cytotoxicity of GO was also studied in vitro using the Caco-2 cell line derived 

from a colon carcinoma. Electron microscopy was used to investigate the morphology of 

GO and the interaction between GO flakes and Caco-2 cells. GO at different concentrations 

(10 - 500 µg/mL) exhibited no toxicity against the selected bacteria and a mild cytotoxic 

action on Caco-2 cells after 24 h of exposure. The results show that weak adsorption of 

medium nutrients may contribute to GO’s low toxicity. This study suggests that GO is 

biocompatible and has a potential to be used in agriculture and food science, indicating that 

more studies are needed to exploit its potential applications.  

Keywords:  graphene oxide, toxicity, intestinal bacteria, Caco-2 cells 
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5.1 Introduction 

 Graphene is firstly defined by Geim and Novoselov as a flat monolayer of carbon atoms 

tightly packed into a two-dimensional honeycomb lattice (Geim and Novoselov 2007b). 

Later, graphene oxide (GO) is synthesized using flake graphite as a starting material and 

chemically functionalized to build a range of reactive oxygen functional groups on the 

surface (Dreyer and others 2009). Owing to their unique properties, graphene and its 

derivatives emerge as a new class of nanomaterials that are only one atom thick, but offer 

new insights for many applications. In recent years, graphene has been investigated for 

applications in food packaging because of their exceptional ability in serving as a graphene-

based nanofiller to limit both oxygen permeation and light transmission in polymer films. 

For example, Compton et al. (Compton and others 2010) demonstrated that polystyrene-

graphene nanocomposites (PGN) have more potential than polystyrene as a packaging 

material that can greatly increase the shelf life of perishable goods. In addition to PGN, 

GO-reinforced starch films exhibited higher thermal stability, better moisture barrier 

property, and can effectively protect against UV light (Li and others 2011b). These results 

suggest that starch-GO biocomposites have promising applications as UV-shielding 

packing materials (Li and others 2011b). Another type of carbon-based nanocomposite is 

graphene nanoplates that can form a heat-resistant, high-barrier nanocomposite which is 

promising in food packaging applications (Ramanathan and others 2008).   

Recent observations that graphene and GO are biocompatible with bacterial and cellular 

growth further support their promise for the aforementioned applications. Most previous 

studies indicated very mild or even no cytotoxicity of GO in a variety of cells, such as 

PC12 cells (Zhang and others 2010), HeLa cells, human fibroblasts (Liao and others 2011), 
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A549 human lung cancer cells (Chang and others 2011), and human hepatoma HepG2 cells 

(Sasidharan and others 2012). Ruiz and others (2011) conclusively demonstrated that GO 

does not have intrinsic antibacterial, bacteriostatic, and cytotoxic properties in both 

bacterial and mammalian cells. Moreover, GO has been proven as a general enhancer of 

cellular growth by increasing cell attachment and proliferation capabilities (Ruiz and others 

2011). However, numerous conflicting studies about the antimicrobial properties of GO 

have been reported. Some studies demonstrated that graphene and its derivatives induced 

cellular toxicity (Vallabani and others 2011) and possess antibacterial properties (Sekhon 

2010; Liu and others 2011a; Liu and others 2011b; Pandey and others 2011). Despite great 

enthusiasm about applications of graphene-based nanomaterials in food packaging and 

biomedicine, some concerns remain about the potential toxicity and biocompatibility of 

graphene and its derived materials. Therefore, it is of critical importance to investigate the 

toxicity of these nanomaterials before applying them in food packaging.  

This study aimed to investigate the effect of GO on human intestinal bacteria and human 

intestinal cells. We investigated the effects of GO on microbial proliferation of three strains 

of intestinal bacteria, including Escherichia coli K12, Lactobacillus acidophilus ADH, and 

Bifidobacterium animalis Bif-6. Additionally, a systematic study on the toxicity of GO was 

performed by evaluating the morphology and viability of Caco-2 cells, a heterogeneous 

human epithelial colorectal adenocarcinoma cell line, after exposure to GO.  
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5.2 Materials and Methods 

5.2.1 Characterization of GO  

Characterization of GO was conducted by Fourier transform infrared (FTIR) 

spectroscopy, UV−vis absorption spectroscopy, dynamic light scattering (DLS), and 

transmission electron microscopy (TEM). FTIR spectra were acquired using a Nicolet 8700 

spectrometer (Thermo Scientific) with a dried GO sample prepared by the evaporation of 

the original GO dispersion.  The acquired spectra of each sample were the average result 

of 128 interferogram scans with a resolution of 4 cm−1. UV−vis absorption spectra were 

recorded in a double-beam Varian spectrophotometer. The average particle diameter and 

electrical charge (zeta potential) of GO were measured by a Zetasizer Nano ZS (Malvern 

Instruments, Worcestershire, U.K.) equipped with a red laser (633 nm). Samples were 

diluted with Milli-Q water/TSB/cell medium at ambient temperature for particle size and 

zeta potential measurements. For each sample, two DLS measurements were conducted 

with at least 12 runs with each run lasting 10 s. During the measurements, light from the 

laser was directed and focused on the cuvette containing 1.2 mL sample solution. The 

particle size was reported as the Z-average mean diameter. The zeta-potential values were 

reported as the average of measurements obtained from three prepared samples with three 

readings made per sample. An aliquot of GO sample (0.1 mg/mL) was directly placed on 

the copper/carbon 200 mesh grids and dried at 45oC for characterization by TEM. The 

TEM images were taken by a FEI Tecnai F30 Twin (Oregon, USA) operated at an 

accelerating voltage of 200 kV. 
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5.2.2 Preparation of Bacterial strains 

Three bacterial strains (E.coli K-12, L. acidophilus ADH, and B. animalis Bif-6) were 

obtained from the Food Microbiology Laboratory at University of Missouri, Columbia, 

MO. E. coli K 12 was grown in tryptic soy broth supplemented with 0.5% yeast extract 

(TSBY; Difco Labs., BD Diagnostics Systems, Sparks, MD, USA). L. acidophilus ADH, 

and B. animalis Bif-6 were grown in Lactobacilli MRS broth (Difco Labs.) Before the 

treatments, bacterial strains were freshly prepared by transferring 100 µL of each culture 

into separate tubes containing 10 mL of respective broth media. Tubes were incubated 

aerobically for E. coli K12 and anaerobically for L. acidophilus ADH and B. animalis Bif-

6 overnight at 37oC to reach ~108 CFU/mL.  

5.2.3 Effect of GO on the growth of E. coli, L. acidophilus, and B. animalis 

An aqueous dispersion of single-layer GO with an average flake particle size of 500 nm 

was purchased from ACS (ACS Material, MA, USA). The concentration of the original 

suspensions was 10 mg/mL. The GO-free solution was prepared by filtering GO 

suspensions through an Anodisc membrane with a pore size of 20 nm (Whatman Inc., 

Clifton, NJ, USA). 

All the strains, incubated overnight in TSB were inoculated (100 µL) into broth media 

containing different concentrations (100, 200, 300, and 400 µg/mL) of GO suspensions, 

and 400 µg/mL of GO-free solution. Both GO suspensions and the GO-free solution were 

added to the broth media before autoclaving. To increase the solubility of GO in the broth 

media, all GO suspensions were sonicated for 3 h (Cole-Parmer 42 kHz). After inoculating 

the cultures to TSBY or MRS broth containing GO dispersions and GO-free solution, 
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samples were incubated at 37oC in a shaking incubator. The purpose of using a shaking 

incubator was to minimize the aggregation of GO in the broth and to allow for a consistent 

contact between bacterial cells and GO. The samples were diluted with peptone water in a 

series of concentrations from 10-1 to 10-9 CFU/mL, then 100 µL was spread on TSBY for 

E. coli K12 at 0, 4, 10, and 24 h, and Lactobacilli MRS agar for L. acidophilus ADH and 

B. animalis Bif-6, at 0, 4, 10, and 24 h.   

5.2.4 Mammalian cell study  

 Caco-2 cells (ATCC, Rockville, MD) were cultured in T75 flasks at 37°C in an 

atmosphere with 5% CO2. The medium was Eagle’s minimum essential medium (MEM, 

GIBCO, NY, USA) supplemented with 20% fetal bovine serum (FBS, Hyclone, GE 

Healthcare, UT, USA) and 1% antibiotic antimycotic solution (containing 10,000 units/mL 

penicillin G, 10 mg/mL streptomycin sulfate and 25 μg/mL amphotericin B, GIBCO). The 

cells were cultivated for 3-4 days and then seeded at densities of 104 - 105 cells/mL (0.1 

mL/well) in a 96-well plate by trypsinizing and centrifuging at 8.4 ×g for 5 min. After 24 

h, cells were incubated with 150 μL of GO solutions at different concentrations (10, 100, 

200, 500, and 1500 μg/mL) that were previously mixed with the media (1:2 ratio). All GO 

solutions were sonicated for 3 h (Cole-Parmer 42 kHz) before mixing with the media. After 

a 24-h exposure, cell viability was measured by the conventional MTT reduction assay and 

WST-8 proliferation assay.  

In a separate experiment, to test the effect of the nutrient depletion by GO on the toxicity, 

the GO samples (10, 100, 200, 500, and 1500 μg/mL) were incubated in culture medium 

(cell-free) at 37°C under 5% CO2 for 24 h. Then, the mixtures were centrifuged at 5000 xg 
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for 10 min to remove the precipitate (GO). The GO free supernatants were collected and 

introduced to Caco-2 cells. After 24-h exposure, cell viability was measured by the 

conventional MTT reduction assay and WST-8 proliferation assay.  

5.2.5 MTT reduction assay  

 The colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, 

ATCC) test assesses cell metabolic activity by measuring the ability of the mitochondrial 

succinate-tetrazolium reductase system to convert the yellow dye (MTT) to a purple-

colored formazan in living cells. Briefly, Caco-2 cells were incubated with 150 μL of 

different concentrations of GO in the media. After 24 h incubation, the cells were washed 

with phosphate buffered saline (PBS, 1×) three times and incubated again in 100 μL of the 

media. Into each well was added 10 μL of an MTT stock solution, followed by incubation 

at 37°C for 4 h under 5% CO2. The dark blue formazan crystals formed in intact cells were 

solubilized with 100 μL of detergent reagent and left in the dark overnight. Absorbance 

was recorded at 570 nm using a microplate reader (Biotek, VT, USA) and 655 nm as 

reference. Cells without GO exposure were used as a negative control and cell-free 

experiments were also performed as a positive control. The cell viability (% of control) is 

modified following the equation by previous published papers (Chang and others 2011; 

Liao and others 2011). 

Cell viability (%)  =
�������� �������

��������� � �������
 × 100% 

Where ODtreat is the optical density of the cells exposed to the GO sample, ODcontrol is 

the optical density of the negative control sample and ODblank is the optical density of the 

wells at 655 nm.  
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5.2.6 WST-8 proliferation assay 

 Briefly, Caco-2 cells were incubated with 150 μL of different concentrations of GO in 

the media. After 24 h, the cells were washed with PBS (1×) three times and incubated again 

with 100 μL of media. Into each well was added 10 μL of WST-8 stock solution (Cayman 

Chemical, MI, USA), followed by incubation for 4 h at 37°C under 5% CO2. A volume of 

80 μL of the mixture was transferred to another 96-well plate. Absorbance was recorded at 

450 nm using a microplate reader (Biotek, VT, USA) and 655 nm as reference. Cells 

without GO exposure were used as a negative control and cell-free samples were also used 

as a positive control. The cell viability (% of control) is modified following the equation 

by previous published papers (Chang and others 2011; Liao and others 2011).  

Cell viability (%)  =
�������� �������

��������� � �������
 ×100% 

where ODtest is the optical density of the cells exposed to the GO sample, ODcontrol is the 

optical density of the negative control sample and ODblank is the optical density of the wells 

at 655 nm. 

5.2.7 Scanning electron microscopy (SEM) analysis 

The three bacterial strains treated or untreated with GO were fixed with a primary 

fixative (2.5 glutaraldehyde, 2% paraformaldehyde in 0.1 M Na-Cacodylate buffer, pH 

7.4). Samples were then rinsed three times with ultrapure water, followed by dehydration 

with a series of ethanol solutions (10, 30, 50, 70, 90, and 100%). The dehydrated samples 

were immediately dried by a critical point dryer (Auto-Samdri 815 Automatic Critical 

Point Dryer; Tousimis, Rockville, MD, USA), mounted on SEM stubs and coated with a 

thin layer of carbon using a sputter coater (K575X Turbo Sputter Coater; Emitech, Ltd, 
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Kent, UK). The coated samples were observed under a Hitachi S-4700 Field Emission 

Scanning Electron Microscope (Hitachi High Technologies America, USA). 

5.2.8 Transmission electron microscopy (TEM) analysis 

Samples treated with GO were fixed with a primary fixative (2% paraformaldehyde, 2% 

glutaraldehyde in 0.1 Na-cacodylate) and microwaved under vacuum conditions at 120 W. 

The samples were rinsed with 0.1 M cacodylate buffer and embedded in HistoGel, followed 

by buffer rinsing using 2-mercaptoethanol solution for 3 times. The samples were treated 

by a secondary microwave fixation with 1% osmium tetroxide. The samples were placed 

in 4oC for 1 h, then quickly rinsed three times with 0.1 M 2-mercaptoethanol, then rinsed 

three times with ultrapure water. The samples were dehydrated with ethanol solutions (20, 

50, 70, 90, and 100%) and 100% acetone solution. They were then infiltrated with 

Epon/Spurr’s resin and polymerized at 60oC for 24 h. The sample blocks were processed 

in 85 nm thin sections with a Leica Ultracut UCT Ultramicrotome (Leica Microsystems 

GmbH, Wetzlar, Germany). The sections were placed on carbon coated grids and the 

samples were then analyzed by JEOL 1400 (JEOL, Ltd, Tokyo, Japan). 

5.2.9 Statistical analysis 

Mean values for CFU cell counts and percent viability for each GO concentration were 

calculated and the significant differences (P ≤ 0.05) determined using SAS Program (SAS 

9.3, SAS Institute, Cary, NC). When significant differences were found, multiple 

comparisons were performed using Tukey's Studentized Range HSD test at P ≤ 0.05 level 

of significance.  
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5.3 Results and Discussion   

To characterize the GO used in this study, UV–vis absorption, FTIR, DLS measurement, 

and TEM were employed. The sample of diluted GO aqueous dispersion (20 μg/mL) was 

examined by a UV–vis absorption spectrum. As shown in Figure 5-1A, an UV-vis 

spectrum of GO displays a maximum absorption at 230 nm due to the π–π* transition of 

aromatic C═C bonds and a shoulder around 300 nm due to the n−π* transition of C═O 

bonds. Both were consistent with previous reports (Akhavan and Ghaderi 2010; Chen and 

others 2012; Compton and Nguyen 2010; Dreyer and others 2009; Liu and others 2008; 

Stankovich and others 2007).   Figure 5-1B shows a typical FTIR spectrum obtained for 

dried GO powders, exhibiting some characteristic features, including intense band at 3430 

cm−1 (O−H stretching vibrations), the bands at 1726 cm−1 (C═O stretching vibrations from 

carbonyl and carboxylic groups), 1588 cm−1 (skeletal vibrations from unoxidized graphitic 

domains), and 1226 cm−1 (C−OH stretching vibrations). In additional to the UV-vis and 

FTIR data, TEM images clearly show the single layer of GO (Figure 5-2). These results 

prove the presence of different types of oxygen functionalities on the GO and confirmed 

that the GO used in our study was a single-layer sheet. 
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Figure 5-1. UV–vis absorption spectrum of GO aqueous dispersion (A). FTIR spectrum of dried graphite 
oxide sample (B). 

 

Figure 5-2. TEM images of GO aqueous dispersion. 

The surface charge and aggregation state of nanomaterials critically influence their in 

vitro cytotoxicity. Particularly, the surface charges of nanoparticles play an important role 

in cell-nanoparticle interactions because cell membranes themselves are charged (Arvizo 

and others 2010; Liu and others 2010). As shown in Table 7, the zeta (ζ)-potentials GO 

used in this study were negative. The GO samples had the highest negative ζ-potential in 

MilliQ water, followed by the cell culture medium and TSB. The results demonstrate the 

different oxygen amount on the surface of GO and poor aqueous dispersity of GO in TSB 

and cell culture medium. We also employed DLS to obtain a rough measure of the lateral 
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size distributions of the GO in aqueous dispersion (Table 7). The GO flakes are more 

accurately described as 2-D objects, and the average flake diameter obtained from DLS 

(589 ± 90 nm) is not their real average dimension. However, such apparent values might 

exhibit close correlation to the relative physical sizes of the GO in different solvents 

(Chang and others 2011). We observed that the size of the resulting GO aggregates in water 

was the highest, followed by those in the cell medium and TSB. The size of GO is similar 

to other GO materials in previous studies (Akhavan and Ghaderi 2010; Chang and others 

2011; Chen and others 2012; Dikin and others 2007; Liu and others 2008; Tayel and others 

2011; Ruiz and others 2011), except for the abnormal size in TSB and cell media. This can 

be explained by the fact that GO tends to aggregates in high salted environments (Liao and 

others 2011). 

 

Table 7. GO characteristics, values presented means ± SD from triplicate measurements.  

Samples measured at 10 µg/mL.  

Characteristicq Valueb 

-Potential in Milli-Q water - 32.7 ± 0.9 mV 

-Potential in TSB - 10 ± 0.14  mV 

-Potential in cell culture medium - 10.5 ± 0.3 mV 
Average diameter in Milli-Q water  589.7 ± 94 nm 
Average diameter in TSB  3658.3 ± 31 nm 
Average diameter in cell culture medium  229.5 ± 100 nm 

a Samples measured at 10 μg/mL. 

b-Values are means ± SD from triplicate measurement 

 

Initially, different concentrations (0, 10, 200 μg/mL) of GO were used to assess their 

effects on intestinal Gram negative (E. coli K-12) and Gram positive (L. acidophilus ADH 
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and B. animalis Bif-6) bacteria. The results show that there were no significant differences 

(P ≥ 0.05) between the control and treated samples (data not shown). Therefore, higher 

concentrations (100, 200, 300, and 400 μg/mL) of GO were employed for further studies. 

Figure 5-3 shows the growth curves of three different strains of bacteria incubated with 

different concentrations of GO and GO-free solution. At the highest concentration of GO 

(400 μg/mL), no significant effect on E. coli K-12 (P ≥ 0.05) was observed between the 

control, the GO-free, and all the treatments. At the 10 h of incubation, the numbers of 

treated cells (100 and 300 μg/mL) slightly decreased but by much less than 1 log CFU/mL 

as compared to that of the control, indicating no significant differences between these GO 

treatments and the control. The same results were observed for experiments using L. 

acidophilus and B. animalis. Figure 5-4 shows the SEM images of the intact morphology 

of treated bacterial cells.  
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Figure 5-3. Effect of GO on the growth of E. coli (a), L. acidophilus (b), and B. animalis (c). 
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Previous studies (Akhavan and Ghaderi 2012a; Wang and others 2011a; Ruiz and others 

2011; Liu and others 2011a) found that the precipitation of GO in the culture media may 

act as a scaffold for bacterial attachment, proliferation, and biofilm formation. Our results 

are in accord with these findings. The same conclusion was reached in a study about using 

graphene as an anodic catalyst of microbial fuel cells. A large number of E. coli cells 

accumulated on the electrode surface and successfully adhered to one another with no 

inhibition of bacterial growth. Recently, the E. coli biocompatibility of GO sheets was 

proven through Akhavan and Ghaderi’s study (Akhavan and Ghaderi 2012a). Based on the 

results acquired by X-ray photoelectron spectroscopy, the authors concluded that E. coli 

cells were adsorbed and proliferated on GO sites. Further, Wang et al. demonstrated the 

lack of toxicity of GO to Shewanella sp. that are an important family of dissimilatory metal-

reducing bacteria. These bacteria’s metabolism is via generating electrons from a cell 

interior to external electron acceptors. Therefore, by investigating the extracellular electron 

transfer pathways at the cell/GO interface, both direct electron transfer and electron 

mediators were displayed in GO reduction (Wang and others 2011a). 
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Figure 5-4. SEM images of E. coli, L. acidophilus, and B. animalis without (A, C, E) and with (B ,D, F) 
GO treatment. 

Both MTT and WST-8 proliferation assays are based on measuring the mitochondrial 

activity of human colon cells but using different dyes. The MTT test assesses cell metabolic 

activity by measuring the ability of the mitochondrial succinate-tetrazolium reductase 

system to convert positively charged yellow dye to purple-colored formazan in living cells. 

The WST-8 assay operates on the same MTT assay principle but uses a negatively charged, 

water-soluble tetrazolium dye. Our results demonstrate that adherent Caco-2 cells were 
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unaffected at all selected GO concentrations for 24 h, and the dose-dependent cytotoxicity 

of GO was not observed (Figure 5-5). Even at the highest GO concentrations (500 μg/mL), 

more than 99% of the cell viability still remained. There was no significant difference in 

cell viability between the control and samples treated with different concentrations of GO. 

The cytotoxicity of GO tested by two assays was very mild with approximately 1-5% 

decrease in percentage of viability. As compared to the MTT results, WST-8 data showed 

a reduction in cell viability at the highest GO concentration (500μg/mL) (Figure 5-6). 

However, there was no significant difference in the cell viability between the control and 

treatments. Therefore, both MTT and WST-8 results show no dose-dependent effects of 

GO on the mitochondrial activity of Caco-2 cells. 

 

Figure 5-5. Cell viability of Caco-2 cells determined by the MTT assay after 24 h exposure to different 
concentrations of GO. Data represent means ± SD. Means with the same letters are not significantly 

different (P > 0.05). 

GO concentration (µg/mL) 

0

20

40

60

80

100

120

Control GO-free 3.33 33.33 66.66 133.33 166.66 500

a
a

a
a

a
a a

a

%
 V

ia
bi

li
ty



103 

 

 

Figure 5-6.  Cell viability of Caco-2 cells determined by the WST-8 assay after 24 h exposure to different 
concentrations of GO. Data represent means ± SD. Means with the same letters are not significantly 

different (P > 0.05). 

 

TEM images clearly illustrate a few changes in the microvilli of treated Caco-2 cells as 

compared to the control (Figure 5-7).  

Nutrient depletion induced by nanomaterial adsorption is a well-recognized reason for 

the nanotoxicity (Chang and others 2011). In addition, even though there was no 

statistically significant difference in viability loss between the control and the treatments, 

the viability reduction apparently occurs. These results led us to test a hypothesis that 

nutrient depletion could be a reason for the toxicity induced by GO adsorption. Therefore, 

the influence of culture medium adsorption on the toxicity of GO was investigated. Eagle’s 

medium was pre-treated with GO samples separately for 24 h and the supernatants were 

collected and introduced into Caco-2 cells. If the cells did not survive in the GO-pretreated 

culture medium, it was concluded that the adsorption of nutrients on GO contributes to the 
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toxicity. The same patterns of cell viability of pre-treated medium were observed as 

compared to the non-treated medium. The two assays, MTT and WST-8, were employed 

to test the viability of Caco-2 cells. All the treatments were not significantly different from 

the control and the GO-free samples (Figure 5-8). These results demonstrate that the 

adsorption of nutrients on GO sheets from the medium did not affect the cells. This is in 

agreement with a previous study (Chang and others 2011) in which cells grew just as well 

as the control cells. In addition, similar results were reported in other studies that showed 

very mild cytotoxicity of GO on mammalian cells (Chang and others 2011; Zhang and 

others 2010; Liao and others 2011). The mild cytotoxicity of GO can be explained by the 

fact that the presence of GO nanosheets in phago-endosomes did not cause any apparent 

adverse changes in the cellular morphology and ultrastructure (Horváth and others 2013). 

Some studies investigated graphene in the form of film that can exhibit excellent 

biocompatibility with no viability inhibition of mammalian cells. Li et al observed good 

biocompatibility of graphene films toward mouse neuronal cells. Cell numbers and average 

neurite length on graphene films were significantly enhanced during 2-7 days following 

cell seeding. GO films on HT-29 cells were proved to promote cell enhancement and 

proliferation (Li and others 2011a). 
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Figure 5-7. TEM images of Caco-2 cells (A, C) control and (B, D) treated with GO. 

Several recent studies investigated the differences in biocompatibility of GO films and 

GO dispersions (Chang and others 2011; Chen and others 2012; Liu and others 2008; Ruiz 

and others 2011). Some studies showed that GO is toxic while others do not show any or 

very mild toxicity of GO. One of the reasons for these contradicting resultsis probably due 

to the differences in the cell lines used in each study. Another reason may be the correlation 

between the amounts of oxygen content/functional groups of GO and their toxicological 

behavior towards A549 cells (Das and others 2013). These observations indicate that the 

reduction in the oxygen functional groups or the increase in the C:O ratio made graphene 

derivatives, such as reduced GO, more biologically inert and therefore less cytotoxic than 
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others (graphene and GO). Recently, Liu et al. also concluded that by controlling the 

functional group density, size and conductivity of graphene-based material, it is possible 

to minimize their environmental risks and increase their application potential (Liu and 

others 2011b). In this study, we used the single-layer GO water dispersion with the C:O 

ratio of about 1.67. Collectively, our results indicate that GO exhibited a mild cytotoxic 

activity on Caco-2 cells, as shown by the MTT and WST-8 cell viability tests.  

 

 

 

 

 

 

 

 

 

Figure 5-8. Cell viability of Caco-2 cells determined by MTT and WST-8 assays after a 24-h exposure to 
GO-pretreated media. Data represent means ± SD. Means with the same letters are not significantly 

different (P > 0.05). 
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biocompatible and has a potential to be used for various purposes. However, the tendency 

for GO to agglomerate in cell culture and bacteria broth, makes it difficult for assessments 

of its health risks. More effort is required to further investigate their cytotoxicity and 

elucidate mechanisms of how the unique properties (e.g., shape, surface properties, 

dispersibility) of GO affect human health at hierarchical levels from cellular to the whole 

organism.  
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CHAPTER 6 

Antibacterial Properties of Selenium Nanoparticles and Their Toxicity 

on Caco-2 Cells 

Abstract 

Selenium nanoparticles (Se NPs) are emerging as a promising nanomaterial that can 

potentially be used for a wide range of applications. However, little is known about their 

antimicrobial activities to microorganism or potential toxicity to humans. In this study, we 

investigated the antibacterial properties of Se NPs against four important foodborne 

pathogens (Escherichia coli O157:H7, Staphylococcus aureus, Salmonella, and Listeria 

monocytogenes). The cytotoxicity of Se NPs was also studied in vitro using the Caco-2 cell 

line. Bacterial counts were determined by agar plate counting. Scanning and transmission 

electron microscopies (SEM and TEM, respectively) were utilized to determine changes in 

cell morphology during exposure to Se NPs. Se NPs at concentrations of 20 µg/mL or 

higher exhibited antimicrobial properties against S. aureus, but not on the other three 

pathogens. Se NPs also exhibited various degrees of toxicity on Caco-2 cells after 24 h of 

exposure. The results of this study show that Se NPs can be used as an antimicrobial agent 

to inhibit the growth of S. aureus and potentially be used as in food safety applications. 

More studies are needed to fully elucidate the mechanisms of Se NPs’ cytotoxicity and 

antibacterial properties. 

Keywords: selenium nanoparticles, toxicity, foodborne pathogen, Caco-2 cells 
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6.1 Introduction 

In recent years, various novel nanomaterials have received much attention due to their 

great potential in biomedical sciences, engineering, agriculture, and food safety. Among 

them, selenium nanoparticles (Se NPs) are emerging as promising nanomaterials that can 

be potentially used for a wide range of applications. Selenium is an important trace element 

for animal and human health. Normal selenium levels in adults are around 81 μg and the 

dietary requirement is ~55 μg per day with an upper limit of ~400 μg (Monsen 2000). Se 

NPs have been sold on the market as a food additive in a tea product that claims to possess 

a number of health benefits (Huang 2012).  

Some studies show that Se NPs have unique antibacterial activities against Trichophyton 

rubrum (Yip and others 2014), Candida albicans (Kheradmand and others 

2014), Pseudomonas aeruginosa, and Proteus mirabilis (Shakibaie and others 2015). Se 

NPs can be used for food safety applications, including as antibacterial nano-coatings, in 

food packaging, and in functional foods (Khiralla and El-Deeb 2015; Vale and others 

2010). For example, nano-coatings containing Se NPs have been used to inhibit bacterial 

growth (Wang and Webster 2014). Other studies have shown the dose-dependent 

cytotoxicity of Se NPs in different cells, such as A375 human melanoma cells (Chen and 

others 2008b), HeLa cells (Luo and others 2012), HCT-8 tumor (Gao and others 2014), 

H22 hepatocarcinoma cells (Gao and others 2014), and human hepatoma HepG2 cells 

(Estevez and others 2014). Novotny et al. (2010) found that seleno-compounds can be used 

as a chemopreventative and chemotherapeutic agents (Novotny and others 2010). Some 

studies demonstrated that nanosized Se exhibit excellent in vitro and in vivo biological 
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activities and low toxicity (Zhang and others 2001; Peng and others 2007; Pi and others 

2013; Wang and others 2007a).  

However, very few studies have been conducted on the antimicrobial properties of Se 

NPs against foodborne pathogens and little is known about the antiproliferative activity of 

nanosized Se and their underlying mechanisms. The objective of this study was to 

investigate the antimicrobial activity of Se NPs against foodborne pathogens by studying 

the growth of different strains of pathogenic bacteria in the presence and absence of Se 

NPs. Bacterial counts were determined by the plate cell growth counting, and scanning 

electron microscopy (SEM) and transmission electron microscopy (TEM) were employed 

to accurately determine the changes in cell morphology after their exposure to Se NPs. 

Additionally, two proliferation assays, including MTT and WST-8 were performed to 

evaluate the toxicity of Se NPs against Caco-2 cells, a heterogeneous human epithelial 

colorectal adenocarcinoma cell line, after exposure to Se NPs.  

6.2 Materials and Methods 

6.2.1 Chemicals, bacterial strains mammalian cells  

Sodium selenite, L-glutathione (reduced form, GSH), and bovine serum albumin (BSA) 

were purchased from Sigma-Aldrich (St. Louis, MO, USA).  Escherichia coli O157:H7 

(strains MF1847, 505b, 3178-85, C7927), Staphylococcus aureus (strains 183B, beta-

hemolytic, DLV1, FRI), Salmonella (Salmonella Typhimurium 788, Salmonella 

Enteritidis B&B3, Salmonella Thompson I4-1), and Listeria monocytogenes (strains 

ScottA, Brie, 7644, Murray) were obtained from the Food Microbiology Laboratory, 

University of Missouri, Columbia, MO. All strains, except L. monocytogenes, were grown 
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in tryptic soy broth (TSBY; Difco Labs., BD Diagnostics Systems, Sparks, MD, USA). L. 

monocytogenes was grown in brain heart infusion broth (BHI, Difco Labs). Caco-2 cells 

were procured from ATCC (Rockville, MD). Eagle’s minimum essential medium and 

phosphate-buffered saline (PBS 10×) (MEM, GIBCO, NY, USA) were used for cultivating 

and washing cells, respectively.  

6.2.2 Characterization of Se NPs 

Fourier transform infrared (FTIR) spectroscopy, UV-vis absorption spectroscopy, 

dynamic light scattering (DLS), and transmission electron microscopy (TEM) were utilized 

to characterize the synthesized Se NPs. FTIR spectra were acquired using a Nicolet 380 

spectrometer (Thermo Scientific) to observe the chemical composition of Se NP.  The 

acquired spectra of each sample were the average result of a resolution of 4 cm−1 and 128 

interferogram scans. The UV-vis absorption spectra of diluted Se NPs dispersion in Milli-

Q water (100 μg/mL) was measured by a double-beam Varian spectrophotometer (Varian 

Inc., Palo Alto, CA, USA). The average particle diameter and electrical charge (zeta 

potential) of Se NPs were measured by a Zetasizer Nano ZS (Malvern Instruments, 

Worcestershire, U.K.) equipped with a red laser (633 nm). Samples were diluted with Milli-

Q water at ambient temperature to a final Se NPs concentration of 100 μg/mL for particle 

size and zeta potential measurements. For each sample, two DLS measurements were 

conducted with at least 12 runs with each run lasting 10 s. During the measurements, light 

from the laser was directed and focused on the cuvette containing 1.2 mL sample solution. 

The particle size was reported as the Z-average mean diameter. The zeta-potential values 

were reported as the average of measurements obtained from three prepared samples with 
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three readings made per sample. An aliquot of Se NP sample (100 μg/mL) was directly 

placed on the copper/carbon 200 mesh grids and air dried for characterization by TEM 

(JEOL 1400, JEOL Ltd., Tokyo, Japan). 

6.2.3 Preparation of bacterial strains  

Bacterial strains were freshly prepared by transferring 100 µL of each culture into 

separate tubes containing 10 mL of respective broth media. Tubes were incubated 

aerobically at 37oC overnight to reach ~108 CFU/mL. The cocktail strains were prepared 

by adding 1 mL of each strain into 10 mL of TSBY or BHI broth.  

6.2.4 Synthesis of Se NPs 

Se NPs were prepared via a reduction of sodium selenite by L-glutathione based on a 

previously described method (Tran and Webster 2011a). Briefly, 3 mL of 25 mM Na2SeO3, 

3 mL of 100 mM GSH, and 0.15 g BSA were added to 9 mL of Milli-Q water (18.2 MΩcm). 

A volume of 1 M NaOH was added to the reactant solution to bring the pH of the solution 

to the alkaline range (~7.4), at which point the solution immediately turned from colorless 

to a clear red color. The Se NP solution was centrifuged at 4,830×g for 10 min (Eppendorf 

MiniSpin, NY, USA) to remove excess BSA and re-dispersed in Milli-Q water. The 

purified Se NPs were dispersed five times in Milli-Q water and sterilized by filtering the 

suspension through a membrane with a pore size of 450 nm (Thermo Fisher, PA, USA). 

The Se NP-free solution was prepared by filtering Se NP suspensions through an Anodisc 

membrane with a pore size of 20 nm (Whatman Inc., Clifton, NJ, USA).  
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6.2.5 Effect of Se NPs on the growth of bacterial strains  

All cocktail strains were incubated overnight in TSBY or BHI at 37oC and then 

inoculated (100 µL) into broth media containing different concentrations (10, 20, 30, 40, 

and 50 µg/mL) of Se NPs and 40 µg/mL of Se NP-free solution. A shaking incubator was 

used during bacterial incubation at 37oC. Using a shaking incubator helped to minimize the 

aggregation of Se NPs in the broth and to allow for a consistent contact between Se NPs 

and bacterial cells. After 0, 4, 10, 15, and 20 h of incubation, the samples were diluted with 

peptone water in a series of concentrations from 10-1 to 10-8 CFU/mL, and then 1 mL was 

pour-plated on BHI agar for L. monocytogenes, and on TSBY for E. coli O157:H7, S. 

aureus, Salmonella. 

6.2.6 Mammalian cell study 

 Caco-2 cells were cultured and harvested following our previously described method 

(Nguyen and others 2015). Caco-2 cells (ATCC, Rockville, MD) were cultured in T75 

flasks at 37°C in an atmosphere with 5% CO2. The medium was Eagle’s minimum essential 

medium (MEM, GIBCO, NY, USA) supplemented with 20% fetal bovine serum (FBS, 

Hyclone, GE Healthcare, UT, USA) and 1% antibiotic solution (containing 10,000 

units/mL penicillin G, 10 mg/mL streptomycin sulfate and 25 μg/mL amphotericin B, 

GIBCO). Cells were cultivated for 3 to 4 days and then seeded at densities of 104- 05 

cells/mL (100 μL/well) in a 96-well plate by trypsinizing and centrifuging for 5 min at 

8.4×g. After 24 h, cells were incubated with different concentrations of Se NPs (10, 20, 30, 

and 40 µg/mL). Cell viability after a 24-h exposure was measured by the MTT reduction 

assay and the WST-8 proliferation assay.  
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6.2.7 MTT reduction assay 

MTT assay (ATCC) assesses the cell metabolic activity by measuring the ability of the 

mitochondrial succinate-tetrazolium reductase system to convert the yellow dye (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) to a purple-colored formazan in 

living cells. A volume of 150 μL of different concentrations of Se NPs diluted in the media 

was added to Caco-2 cells. After 24 h of exposure, cells were washed three times with 

phosphate buffered saline PBS (1×) and then freshly incubated again in 100 μL of the 

media. MTT stock solution (10 μL) was added into each well and the cells incubated for 

an additional 4 h under 5% CO2 at 37°C. A volume of 100 μL of detergent reagent was 

added to solubilize the dark blue formazan crystals formed in intact cells under dark 

conditions overnight.  A microplate reader (Biotek, VT, USA) was employed to record 

absorbance at 570 nm (655 nm as reference). Negative control and positive control 

experiments were cells without Se NPs exposure and cell-free treatments, respectively. The 

cell viability (% of control) was calculated following the equation: 

Cell viability (%)  =
�������� �������

��������� � �������
 × 100% 

Where ODblank is the optical density of the wells at 655 nm, ODcontrol is the optical density 

of the negative control sample, and ODtreat is the optical density of the cells treated with Se 

NPs at 570 nm. 

6.2.8 WST-8 proliferation assay   

Similar to the MTT assay, Caco-2 cells also incubated for 24 h with different 

concentrations of Se NPs in the media. Then the cells were washed with PBS (1×) three 

times and incubated again with 100 μL of media. Into each well was added 10 μL of WST-



115 

 

8 stock solution (Cayman Chemical, MI, USA), followed by incubation at 37°C under 5% 

CO2 for 4 h. A volume of 80 μL of the mixture was transferred to another 96-well plate. A 

microplate reader (Biotek, VT, USA) was employed to record the absorbance at 450 nm 

(655 nm as reference). Negative control and positive control experiments were cells 

without Se NPs exposure and cell-free treatments, respectively. The cell viability was 

calculated according to the aforementioned equation. 

6.2.9 Scanning electron microscopy (SEM) 

A primary fixative (2.5 glutaraldehyde, 2% paraformaldehyde in 0.1 M Na-Cacodylate 

buffer, pH 7.4) prepared by the Electron Microscope Core of the University of Missouri, 

Columbia, MO was used to fix four cocktail bacterial strains treated or untreated with Se 

NPs. Samples were then rinsed with ultrapure water three times, followed by dehydration 

with a series of ethanol solutions (10, 30, 50, 70, 90, and 100%). Then, they were 

immediately placed in a critical point dryer (Auto-Samdri 815 Automatic Critical Point 

Dryer; Tousimis, Rockville, MD, USA) to dry. Dried samples were mounted on SEM stubs 

and coated with a thin layer of carbon using a sputter coater (K575X Turbo Sputter Coater; 

Emitech, Ltd, Kent, UK).  A Hitachi S-4700 Field Emission Scanning Electron Microscope 

(Hitachi High Technologies America, USA) was used to observe the morphological 

changes in the bacterial cells.   

6.2.10 Transmission electron microscopy (TEM)  

A primary fixative (2% paraformaldehyde, 2% glutaraldehyde in 0.1 Na-cacodylate) 

prepared by the Electron Microscope Core of the University of Missouri, Columbia, MO 

was used to fix samples treated with Se NPs. Sample were microwaved under vacuum 
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conditions at 120 W, then rinsed with 0.1 M cacodylate buffer, embedded in HistoGel, and 

buffer rinsed for 3 times with 2-mercaptoethanol solution. A solution of 1% osmium 

tetroxide was used as a secondary microwave fixation of treated samples. The samples 

were placed in a fridge at 4oC for 1 h, then quickly rinsed with 0.1 M 2-mercaptoethanol 

three times, followed by an ultrapure water rinse for three times. The samples were 

dehydrated with ethanol solutions (20, 50, 70, 90, and 100%) and 100% acetone solution. 

Finally, they were infiltrated with Epon/Spurr’s resin and polymerized at 60oC for 24 h. A 

Leica Ultracut UCT Ultramicrotome (Leica Microsystems GmbH, Wetzlar, Germany) was 

used to process samples in 85 nm thin sections. The prepared sections were placed on 

carbon coated grids and observed by a JEOL 1400 (JEOL, Ltd, Tokyo, Japan). 

6.2.11 Statistical analysis 

SAS (SAS 9.3, SAS Institute, Cary, NC) was used to calculate the mean values of cell 

counts and percent viability for each Se NP concentration, and to determine the significant 

differences (P ≤ 0.05) between the treatments and control (Proc GLM). When significant 

differences were found, multiple comparisons were performed by using the Tukey's 

Studentized Range HSD test at a level of significance of P ≤ 0.05.  

6.3 Results and Discussion  

6.3.1 Characterization of Se NPs  

As shown in Figure 6-1A, an UV-vis spectrum of Se NPs exhibits a maximum absorption 

at 220 nm with another peak at 250 nm. These results are in agreement with previous 

reports (Singh and others 2010; Lin and Wang 2005; Zhang and others 2008; Oluwafemi 

and others 2008). The peak at 220 nm is a characteristic peak of the small size of Se NPs 
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with a mean diameter of 20 nm (Lin and Wang 2005). The peak at 250 nm was due to the 

formation of Se NPs during reduction of selenium ions (Fesharaki and others 2010; Patil 

and Yamamoto 2008). Figure 6-2B shows a typical FTIR spectrum obtained from the Se 

NP solution, which exhibits some characteristic features, including an absorption peak of 

the hydroxyl group (-OH) of Se NPs at 3389 cm-1, a band at 1650 cm-1 (C=O stretching 

vibrations of the peptide bond), and a peak near 1400 cm-1 from the carboxyl group COO-

. These results indicate that the Se surface was strongly adsorbed and passivated with 

protein molecules (BSA), resulting in the formation of a uniform and spherical 

morphology. 

 

Figure 6-1. An UV-vis absorbance spectrum of Se NPs solution (A) and a FTIR spectrum of condensed Se 
NPs (B). 

TEM images show that Se NPs had a spherical shape with an average diameter of 50 nm 

(Figure 6-2). The average hydrodynamic diameter of Se NPs measured by DLS was ~40 

nm, which was smaller than that shown in TEM images. These results demonstrate that Se 

NPs are in the nanoscale size. The surface charges and aggregation state of nanomaterials 

critically influence their in vitro cytotoxicity. Particularly, the surface charges of 
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nanoparticles play an important role in cell-nanoparticle interactions because cell 

membranes themselves are charged (Arvizo and others 2010; Liu and others 2010). Zeta 

potential is an important property to assess the actual state of the nanoparticles and their 

stability in the solutions. Nanoparticles with a relatively high zeta potential could exhibit a 

strong stability in aqueous solutions. As shown in Table 8, the zeta (ζ)-potentials of Se NPs 

were negative (~-32 mV), which enables a strong dispersibility of Se NPs.    

 

Figure 6-2. TEM image of Se NPs. 

 

Table 8. The zeta-potential values of selenium nanoparticles.  

Characteristics Valuea 

-Potential in Milli-Q water  
Average diameter in Milli-Q water  

- 31.9 ± 1.7 mV 
40.1 ± 2.3  nm 

          aValues presented means ± SD. 

6.3.2 Antibacterial effects of Se NPs on pathogenic bacteria 

Figure 6-3 shows the growth curves of four different cocktail strains of bacteria incubated 

with different concentrations of Se NPs. The culture tubes containing Se NPs did not show 
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any apparent reduction in bacterial growth (Figure 6-3A, B, and C). At the highest 

concentration of Se NPs (50 μg/mL), numbers of treated cells slightly decreased after 10 h 

of incubation, but by less than 1 log CFU/mL as compared to that of the control, indicating 

no significant effects (P ≥ 0.05) of Se NPs on E. coli O157:H7. The same results were 

observed for experiments using Salmonella and L. monocytogenes. However, significant 

inhibitory effects of Se NPs were observed (P  0.05) on S. aureus at concentrations of 10-

50 μg/mL (Figure 6-3D). Se NPs at the concentration of 10 μg/mL initially showed 

inhibitory effects from 10 to 15 h, but the effects diminished at 20 h of treatment. At the 

15 h of incubation, the numbers of cells treated by Se NPs were more than 1 log CFU/mL 

lower than the control, indicating a dose-dependent toxicity effect of Se NPs on S. aureus 

(Figure 6-4). However, there were no significant differences between the treatments (10-

50 μg/mL). The results demonstrate that Se NPs are antimicrobial at a concentration of 10 

μg/mL or higher and can inhibit the growth of S. aureus. SEM images clearly show some 

abnormal changes in the membrane of treated bacterial cells (Figure 6-5). The cellular 

shrinkage and irregular shape were apparent as compared to the control. Although cell 

viability decreased after 10 and 15 h of exposure, the cells revived back up as shown in 

Fig. 6-4. This helped to explain why the TEM images illustrate a very slight change in the 

morphology of treated cells as compared to the control (Figure 6-6). These results show 

that the antimicrobial effects of Se NPs are bacteriostatic and not bactericidal.  
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Figure 6-3. Effect of Se NP on the growth of E. coli O157:H7 (A), L. monocytogenes (B), Salmonella (C), 
and S. aureus (D). 
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Figure 6-4. Microbial counts (CFU/mL) of S. aureus after 15 h of exposure to different concentrations of 
Se NPs. Data with the same letter are not significantly different (P ˃ 0.05). 

 

Figure 6-5. SEM images of S. aureus without (left) and with (right) Se NP treatment. 
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Figure 6-6. TEM images of S. aureus without (left) and with (right) Se NP treatment. 

 
Some previous studies found that Se NPs may inhibit the growth of S. aureus by up to 

60 times compared with the control (Chudobova and others 2014; Wang and Webster 2014; 

Tran and Webster 2011a). Another study used Se NPs (80–220 nm) in an antibacterial 

coating to inhibit the growth of this pathogen. Inhibitory effects were observed at early 

time points (up to 5 h) using Se NPs-coated biofilms as compared to the uncoated 

counterpart (Tran and Webster 2011a). Although our results are in agreement with these 

findings, showing the antimicrobial effect of Se NPs to S. aureus, we show that Se NPs are 
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not a potent antibacterial agent to S. aureus as compared to previous studies. The most 

interesting finding of our study is that the total inhibition concentration of Se NPs should 

be at least 10 μg/mL, which is higher than results published by Chudobova and others. The 

reasons may come from the differences in the size, the shape, and the purity of Se NPs used 

in the study.  In addition, our approach was based on the microbial plate counting method 

that is more accurate than the optical density approach that was used in some previous 

studies. 

Our results show no significant differences between the other three bacterial samples (E. 

coli O157:H7, L. monocytogenes, and Salmonella) treated by Se NPs and the control, which 

indicates that Se NPs does not have antimicrobial effects on these three pathogenic 

bacterial strains. Since bacterial surface is negatively charged while the synthesized Se NPs 

also have negatively surface potential, there would be a relatively repulsive interaction 

between them (Arakha, Saleem, Mallick, & Jha, 2015). As a result, it is difficult for Se NPs 

to attach onto or penetrate the cell membrane and cause damages. In addition, it may need 

a higher concentration of NPs to have significant effects on these bacteria. Previous studies 

showed that S. aureus is a Gram-positive bacterium with relatively less negative surface 

potential among the studied bacteria. The bacteria exhibited inhibitory activity at same 

concentration NPs that found against other Gram-negative bacteria. However, our study 

shows that S. aureus is the most negatively charged as compared to other bacteria (Table 

9) and thus it is most susceptible to Se NPs. These results highlight the difficulty in 

understanding the characteristics of bacterial cell surface and their resistance to the 

antimicrobial agents. Although it is reported that interfacial potential at the ZnO NP-



124 

 

bacteria interface is largely responsible for the antimicrobial propensity of ZnO NPs 

(Arakha and others 2015).  

Moreover, our data show that the coccus shape of S. aureus may make it more vulnerable 

than others bacteria in the presence of Se NPs. This result is in agreement with previous 

studies (Premanathan and others 2011b; Reddy and others 2007. However, some studies 

demonstratedthat rod-shaped bacteria tend to be more susceptible than coccus-shaped 

bacteria (Rahman 2007; Kim and others 2007). Therefore, further studies are needed to 

elucidate the potential interaction of bacteria cells with NPs.  

Table 9. Zeta potential values of bacteria strains  

 

 

 

6.3.3 Cytotoxic effect of Se NPs on Caco-2 cells  

The MTT test results demonstrate that adherent Caco-2 cells were slightly affected by 

Se NPs at 20, and 40 μg/mL for 24 h, but a dose-dependent cytotoxicity of Se NPs was not 

observed (Figure 6-7A). There was no significant difference in cell viability between the 

control and samples treated with different concentrations of Se NPs.  Even a reduction in 

cell viability at the high Se NP concentration (40 μg/mL) was only about 20%. Compared 

to the MTT results, the WST-8 data show a reduction in cell viability at every Se NPs 

concentration (Figure 6-7B). In addition, there was significant difference in the cell 

viability between the control and treatments. Therefore, based on WST-8 results, there was 

an effect of Se NPs on Caco-2 cells but no dose-dependent effect on the mitochondrial 

Bacteria  Zeta potential (mV) 

E. coli O157:H7 -9.05 
Salmonella  -7.12 
Staphylococcus aureus -10.73 
Listeria monocytogenes -7.77 
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activities of these cells. However, the viability reduction apparently occurs in both assays 

as compared between the control and some concentrations of the treatments. This is in 

agreement with a previous study (Feng and others 2014) in which cells were affected by 

70-nm FA–Se NPs that were internalized in the MCF-7 cells through folate receptor-

mediated endocytosis and targeted mitochondrial located regions through endocytic 

vesicles transporting. In addition, similar results were reported in other studies that show 

the cytotoxicity of Se NPs on mammalian cells. The cytotoxicity of Se NPs can be 

explained by the fact that the nanosized Se inhibited growth of HCT-8 tumor cells partially 

through caspases mediated apoptosis (Gao and others 2014). However, the mechanism of 

the cytotoxicity of Se NPs has remained unclear. Mittal et al. (2014) observed that Ag–Se 

NPs are cytotoxic to Dalton lymphoma cells but the dose-dependent cytotoxicity depends 

on silver nanoparticles against DLA cells, and not on activities of Se NPs. Moreover, at the 

present time, data related to selenium or Se NPs are not convincing enough to allow general 

recommendation for using Se NPs as an effective agent for chemoprevention of cancer 

(Novotny and others 2010). Collectively, our results indicate that Se NPs exhibit a mild 

cytotoxic activity on Caco-2 cells, as shown by the MTT and WST-8 cell viability tests.  
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Figure 6-7. Cell viability of Caco-2 cells determined by MTT assay (A) and WST-8 assay (B) after a 24-h 
exposure to different concentration of Se NPs. Data represent mean ± SD. Means with the same letters are 

not significant different (P ˃ 0.05). 

In summary, the toxicity of Se NPs on pathogenic bacterial cocktail strains and Caco-2 

cells was investigated via in vitro studies. This study also compared a widely used chemical 

cytotoxicity MTT assay with a new WST-8 assay. Our results demonstrate that Se NPs has 
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antibacterial activity against S. aureus, but not on E. coli, Salmonella, and L. 

monocytogenes. SEM and TEM results show cellular shrinkage and irregular shape of 

treated bacterial cells, indicating that the antimicrobial effects of Se NPs are bacteriostatic 

and not bactericidal. Se NPs can be used as an antimicrobial agent to inhibit the growth 

of S. aureus and can be potentially used for food safety or biomedical applications. More 

studies are needed to fully elucidate the mechanism and effects of cytotoxicity and 

antibacterial properties of Se NPs and investigate their application in the industry.  
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CHAPTER 7 

Conclusions and Future Plans   

This dissertation is a comprehensive study involving multiple projects about using 

various nanomaterials and nanotechnologies to improve food safety. The results are 

summarized as below:  

First, a simple, fast, and efficient method was developed to fabricate new SERS 

substrates by coating an AuNR-decorated graphene sheet on Si substrate. This substrate 

exhibits strong Raman enhancement due to unique properties of graphene and the deposited 

AuNRs. The limit of detection of carbaryl and phosmet meet the maximum residue limits 

set by the FAO/WHO and EU. These results demonstrate that there is a great potential to 

use graphene and gold materials for food safety applications. 

Second, the feasibility of SERS method was evaluated by measuring Ag NPs in four 

dietary supplements and one nasal spray with a minimum sample preparation. PATP can 

be used as a Raman indicator that binds strongly with Ag NPs. The results demonstrate that 

distinctive Raman peaks of PATP can be used to distinguish Ag NPs from silver bulk 

particles and silver nitrate. SERS is able to detect Ag particles with different sizes ranging 

from 20 to 100 nm, with the highest intensity for ~30 nm Ag NPs. The findings were 

validated by a combination of ICP-OES and TEM methods. These results demonstrate that 

there is a great potential to use SERS for food safety applications.    

Third, in addition to the study the application of nanomaterials, we investigated the 

antibacterial properties of GO against human intestinal bacteria (E. coli K-12, L. 
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acidophilus ADH, and B. animalis Bif-6). The cytotoxicity of GO was also studied in vitro 

using the Caco-2 cell line derived from a colon carcinoma. GO at different concentrations 

(10 - 500 g/mL) exhibited no toxicity against the selected bacteria and a mild cytotoxic 

action on Caco-2 cells after 24 h of exposure. The results show that weak adsorption of 

medium nutrients may contribute to GO’s low toxicity. This study suggests that GO is 

biocompatible and has a potential to be used in agriculture and food science. Nevertheless, 

more studies are needed to exploit its potential applications.  

Last, we studied the antibacterial properties of Se NPs against four important foodborne 

pathogens (E. coli O157:H7, S. aureus, Salmonella, and L. monocytogenes). The 

cytotoxicity of Se NPs was also studied in vitro using the Caco-2 cell line. Se NPs at 

concentrations of 10 g/mL or higher exhibited antimicrobial properties against S. aureus, 

but not on the other three pathogens. Se NPs also exhibited various degrees of toxicity on 

Caco-2 cells after 24 h of exposure. The results demonstrate that Se NPs can be used as an 

antimicrobial agent to inhibit the growth of S. aureus, and can potentially be used in food 

safety and biomedical applications. 

However, further studies are needed to explore potential applications of novel 

nanomaterials. We foresee that more research is needed to improve the performance of 

SERS substrates using different materials and use them to test real food products. 

Enhancement of the conjugation between Ag NPs and PATP as well as other promising 

indicators will be an interesting topic for research. More effort is required to further 

investigate the cytotoxicity of GO and Se NPs and elucidate the mechanism of how their 
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unique properties (shape, surface properties, and dispersibility, etc.) affect human health at 

hierarchical levels from cellular to the whole organism.  

The antibacterial and cytotoxic effects of NPs on Caco-2 cells in our study occurred at 

very high levels, which are above those already documented in other in vivo and in vitro 

studies. Therefore, the amount of NP exposure should be carefully considered in future in 

vivo and human studies.   

In addition, our studies show that MTT and WST assays have some limitations such as 

the interference from chemicals and cell medium. Another assay for studying nanotoxicity 

(sulforhodamine B (SRB) assay) will be considered in our future studies. On the other 

hand, 96 AQ is also a good assay for the measurement of toxicity of carbon-based 

nanomaterials.  
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Appendix  

1. Abbreviations   

Au: Gold  

Ag: Silver  

DLS: Dynamic light scattering  

G: Graphene 

GO: Graphene oxide 

LOD: Limit of Detection  

LSPR: Localized surface plasmon resonance  

NP: Nanoparticle  

NR: Nanorod  

rGO: reduced graphene oxide 

Se: Selenium 

SERS: Surface enhanced Raman spectroscopy  

2. Unit conversions   

ppm:  part per million (mg/kg)  

ppb: part per billion (μg/kg) 

 

.  
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