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ABSTRACT 

 

Nanotechnology involves the synthesis and characterization of materials at the 

atomic, molecular and macromolecular scales, which results in a controlled manipulation 

of structures and devices that have at least one dimension that is approximately 1-100 

nm in length. Objects at this scale, referred to as “nanoparticles” (NPs), exhibit physical 

properties differing from that of their bulk or micron scale counterparts. Unique 

properties such as small size, improved solubility, surface tailorability and large surface-

to-volume ratio open up many research and application avenues for the materials 

scientist, the biologist and the engineer. These novel properties enable cross-disciplinary 

researchers the opportunity to improve existing products and to design and develop new 

products.  

The primary aim of this work was to design studies and formulate methodologies 

that offer valuable insight into the complexities that are often encountered with 

understanding environmental/human health impacts of a nanotechnology. This 

dissertation investigates two scenarios of a nanotechnological application. First, a 

current nanotechnology-based consumer application was considered. Specifically, the 

incorporation of titanium dioxide NPs into paints and lacquers was studied. A valuable 

way to gather information critical to the development of safe nanomaterial-containing 

consumer products is by employing a product life cycle approach. The primary focus 

here was to formulate methodologies to produce nano-enabled coatings in-house and 

assess the impacts/benefits of a nanotechnological application that is currently in the 
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marketplace using a life cycle approach. Material characterization and toxicological 

evaluations of NPs in their pristine and end-of-life stages were assessed. Next, a 

potential nanotechnological application was explored. Specifically, the modification of 

silver NPs for insect vector control was investigated. The research developed here was 

the first of its kind in engineering a novel silver NP-pesticide conjugate. The efficacy of 

the newly developed conjugate and the cellular effects in model cell culture systems 

were evaluated. The findings of this work will provide a useful initial framework in 

prioritizing future nanotechnological research needs and have a significant impact on 

material scientists, toxicologists and engineers alike. 
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1. INTRODUCTION  

 

Nanotechnology is defined as the ability to fabricate materials at the atomic, 

molecular and macromolecular scale, which results in a controlled manipulation of 

structures and devices that have at least one dimension that is approximately 1-100 nm 

in length [1]. Objects at this scale, referred to as “nanoparticles” (NPs), exhibit 

fundamentally new properties and functions differing from that of their bulk or micron 

scale counterparts. Unique properties such as small size, improved solubility, surface 

tailorability and large surface-to-volume ratio have resulted in the creation of one of the 

most dynamic science and engineering domains. This opens up many research and 

application avenues for the materials scientist, the biologist and the engineer. Thus, such 

a rapidly growing field allows cross-disciplinary researchers the opportunity to improve 

existing products and to design and develop new products.  

The rise in popularity of nanoscale science and engineering stems from 

nanotechnology being an effective route to alter and enhance properties. Consequently, 

NPs have been incorporated into hundreds of different types of products and offer great 

promise in providing new technological breakthroughs. For example, titanium dioxide 

NPs are produced in high tonnage volumes for use in paints and coatings (as a UV 

absorber to help prevent UV degradation), cosmetics (in sunscreens to prevent UV 

damage to skin), and packaging applications [2-4]. Silver NPs have been cited as the 

most commonly used nano-object in a wide range of consumer products.  An increasing 

number of nano-silver containing products are available, including cosmetics and 
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personal care products, food and health-food, antimicrobial paints and coatings, hygienic 

surfaces and packaging materials, and medical applications [5-7]. Zinc oxide NPs find 

wide applications in cosmetics and personal care products, but other applications such as 

antimicrobial packaging have also emerged recently [8]. To list the entire spectrum of all 

the currently used NPs for consumer and industrial applications would require hundreds 

of entries. The Project on Emerging Nanotechnologies (PEN) is the first publicly 

available on-line inventory of nanotechnology-based consumer products [9]. When the 

PEN inventory was first released in March 2006, it listed 212 products, and three years 

later, the list skyrocketed to 1015 products– an increase of almost 400%, indicating how 

rapidly this field is progressing. It is estimated that by 2020 nanotechnologies will 

impact at least $3 trillion across the global economy, and nanotechnology industries 

worldwide may require at least 6 million workers to support them [10]. 

While the remarkable properties of these nano-enabled products have the 

potential to revolutionize several industries and many aspects of human life, human 

exposure to NPs is inevitable. Public exposures could be due to intentional 

administration or inadvertent contact. Questions regarding toxicological and 

environmental/human impact of nanomaterials and concerns regarding the safety of 

these materials are subjects of considerable debate.  

According to the National Institute of Standards and Technology, NIST, 3 or 4 

emerging nanotechnology-based consumer products are entering the market per week, 

with an estimated $2.6 trillion in NP-containing manufactured goods by 2014 [11]. The 

incorporation of NPs into products causes increased exposure to the workers producing 
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the materials, the consumer utilizing the product, and eventually the environment in 

which the product is disposed. The overall safety of NP-exposures arising from 

widespread use of nano-enabled products remains relatively unknown. In order to 

develop a successful risk analysis framework, the research and development centered on 

nanomaterial production should be balanced with its corresponding toxicological 

information.  

The evaluation of the safety of nanomaterials will likely involve a multi-

disciplinary approach with communication among several disciplines such as material 

science, chemistry, physics and engineering in addition to an emerging field known as 

“nanotoxicology”, i.e., studying the toxicological potential of nanomaterials. The 

potential adverse effects of NPs on biological systems are a major concern. Some studies 

suggest that NPs can affect biological behavior at both the cellular and sub-cellular 

levels by systemically being distributed in tissues or organs [12]. There is also some 

evidence that some NPs may readily travel within the human body and penetrate cell 

membranes triggering a variety of damaging responses such as the generation of reactive 

oxygen species or inflammation [12, 13]. Therefore, there is an overwhelming need to 

evaluate the toxicity of NPs in the cellular environment.  

In vitro NP toxicity evaluations could provide some answers critical to evaluating 

the safety of a nano-enabled product or the bare NP itself. In comparison to in vivo or 

animal testing, in vitro cellular models are easy to control, less expensive, more 

reproducible and more importantly ethically accepted as a testing method. In vitro 

techniques are rapid, cost effective and reduce the use of live animal models in research. 
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Cell lines selected for in vitro assays are intended to represent a response likely to be 

observed in vivo. Controlled conditions facilitate the study of a specific biological 

pathway or a particular toxicological endpoint. Hence, the choice of cell lines, endpoints, 

incubation times and realistic dosing concentrations are pivotal experimental design 

considerations, to name a few. Additionally, appropriate controls need to be included in 

the study before drawing conclusions [13]. Toxicological evaluations are therefore 

necessary and an integral component in prioritizing the safety of current and newly 

developed nano-enabled products. This screening methodology can be used to rank 

potential toxicities of a host of nanomaterials.   

The following section expands on the NPs of interest in this work.  

1.1.  NP of interest  

1.1.1. Titanium dioxide NPs 

Titanium dioxide (TiO2) NPs are manufactured worldwide for use in a range of 

applications, and hence listed in the top five NPs used in consumer products [14]. It is 

well documented that the physical and chemical properties of nanosized matter differ 

substantially from the properties of the same material in its bulk form, because a smaller 

size ensures a larger portion of atoms on the particle surface [13, 15, 16]. For example, 

particles on the nanometer size scale can increase resistance to ultraviolet damage, 

prevent wear and fouling, and improve the rheology, hardness and strength of 

construction materials [17]. These particles have been shown to replace toxic organic 

biocides and can be used for air purification, thermal insulation and self cleaning [17].   
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The paint and lacquer industry, in particular, is a high tonnage user of engineered 

nanomaterials. Vast amounts of particulates, pigments, binders and fillers are used in 

paints and lacquers. TiO2 NPs have traditionally been incorporated into these paint and 

lacquer formulations as a whitening agent because of its brightness and very high 

refractive index and to impart special properties such as improved durability, water 

repellence and scratch resistance [18]. The global use of TiO2 for paint and surface 

applications alone exceeds 2.5 million tons annually [19, 20].  

The incorporation of NPs into paint and lacquer formulations is a consumer 

application already in the marketplace. As a result, human exposure to these engineered 

NPs is inevitable. The route and extent of exposure is heavily dependent on the 

application of the nano-enabled product in a real world scenario [21]. While several 

studies have investigated the physiochemical characteristics and material toxicity of 

pristine TiO2 NPs [22], little is known about the effects of TiO2 NPs incorporated into 

complex matrices such as paint and lacquer formulations. More importantly, changes in 

physiochemical characteristics and material toxicity during product end-of-life scenarios, 

i.e. potential release of NPs from the matrices, are unknown and need research emphasis. 

The development of engineered nanomaterials can develop dynamically only if the 

safety of humans and the environment is known or, at a minimum, the risk can be 

assessed [23, 24]. In other words, the identification and characterization of engineered 

NPs in complex matrices is a prerequisite in order to fill in data gaps in safety 

assessments. Thus, one valuable way to gather information critical to the development of 

safe nanomaterials is using a product life cycle approach [25-28].  
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A product life cycle approach integrates product development with 

manufacturing, consumer and occupational exposure, enabling an opportunity to 

elucidate the human and environmental impacts of a technology.  Exposure scenarios of 

bare as well as commercial NPs throughout their life cycle must be considered. This 

approach provides an opportunity to elucidate the human and environmental safety of a 

technology by assessing toxicological impact throughout the product life cycle. 

1.1.2. Silver NPs  

Silver NPs (AgNPs) have been gaining increasing attention over the past few 

years because of their unique electronic and optical properties; hence, they find wide 

applications in various fields such as environmental, biomedicine, catalysis, optics and 

electronics. Several methods are employed in the production of AgNPs, but the biggest 

challenge of synthesizing uniform and stable AgNPs with a controllable size remains. It 

is crucial to control the size and shape of AgNPs as the optical properties are dictated by 

these parameters [29].  

Generally speaking, the synthesis of AgNPs can be categorized as a top-down or 

a bottom-up approach [30]. In the top-down approach, specialized methods such as 

milling, grinding, etching and pyrolysis are employed to mechanically reduce the silver 

in its bulk form into the nano-scale regime. Examples of the top-down approach to 

synthesize AgNPs include gamma radiation, laser ablation, photochemical reduction, 

electrochemical reduction, and sputtering [31-35]. The top-down approach is often 

employed for large scale production of NPs, however, the main disadvantage of this 

approach is the limited control on AgNP formation which results in imperfections in the 
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crystals. Furthermore, this synthesis scheme is time consuming and often yields a broad 

distribution of NP sizes, which impacts the applicability of the newly generated NPs for 

any real world application [36, 37] . The bottom-up strategy, on the other hand, often 

employs wet chemical methods such as organic synthesis, self assembly approach or 

colloidal aggregation to generate AgNPs [37].  

The simplest and the most commonly used bottom-up technique to synthesize 

metal NPs in the bulk phase is the chemical reduction of metal salts [38]. Synthesis 

involves the use of a soluble metal salt, a reducing agent, and sometimes a capping or 

stabilizing agent to prevent aggregation [30]. Careful selection of reducing agents and 

colloidal stabilizers allows for successful synthesis of NPs. Commonly used stabilizing 

agents include polymers and surfactants [39]. Although this preparation is simple, great 

care must be taken to make sure that the NPs produced are stable. Controlling the size 

and shape of NPs is a challenge. Factors such as solution concentrations, reaction 

temperature, reaction time, and reducing agent greatly influence the particle size [34]. 

Other factors such as rate of mixing, purity of water/reagents, and cleanliness of 

glassware are also known to play an important role during the synthesis scheme.  

One of the most attractive properties of AgNPs is their high surface-to-volume 

ratio which results in high surface reactivity [40-44].  Indeed, if the surface of the NP is 

not protected with a capping or stabilizing agent, interactions between particles occur 

thereby reducing the high surface energy and resulting in aggregation [29, 45-48]. For 

this purpose, polymers, surfactants and inorganic capping materials are often introduced 

during the NP synthesis schemes [49]. The mode of action in preventing aggregation is 
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by electrostatic repulsion, steric hindrance or both [37]. In addition to stabilization, these 

capping agents can also be carriers of specific functionalities for novel applications [37, 

50]. Thus, the ultimate goal of nanosilver synthesis for real world applications is to 

achieve NPs with the following characteristics: (1) narrow size distribution, (2) well 

defined shape, (3) known chemical composition with no impurities, and (4) no 

aggregation or agglomeration [29]. By utilizing a capping agent that acts as a colloidal 

stabilizer and enhances water suspendability, these highly desirable characteristics can 

be achieved for AgNPs [51, 52].  

 The high surface-to-volume ratio of AgNPs also results in improved 

antimicrobial properties and hence AgNPs have been widely used for the production of 

nano-enabled packaging [53]. AgNPs have also been postulated as ideal candidates for 

antimicrobial surface coatings, antimicrobial paints and even food and drink additives. 

The proposed mechanism of action of Ag is thought to arise from leaked Ag ions which 

causes damages on bacterial cell walls upon binding with cellular proteins or DNA, and 

thereby inactivating the enzyme phosphomannose isomerase [6, 7, 54]. 

 The use of these NP-enabled products in their intended (and potentially 

unintended) manner would result in either individual colloids or NPs incorporated into 

larger composites entering into the human body [55, 56].  Furthermore, the physical and 

chemical properties and observed antimicrobial effects of AgNPs can also influence their 

reaction with commensal microbial populations within the gastrointestinal tract. Some of 

these responses could be detrimental to surrounding tissues by causing inflammation and 

alterations in the immune response depending on the physicochemical nature of the NP, 
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the target microbial populations and the physiological conditions existing within specific 

locations of the gastrointestinal tract [57].  The microbial populations within the 

gastrointestinal tract have coevolved with us and it directly influences gastrointestinal 

tract form, function, and stability. The microbial consortia within the intestines are vital 

to many aspects of normal host physiology, immune development, and in controlling 

infections.  When NP-containing food products are ingested, these particles are exposed 

to the spectrum of pH levels that exist from the stomach to the large intestines. These 

conditions could facilitate the release of NPs from the food matrix and/or metal ions 

from the particle core. Food-incorporated, aggregated, or free particles could get 

disseminated within the gastrointestinal tract. Changes in the pH of the surrounding 

environment will modify the particles’ size, increase the amount of leached metal ions, 

and influence the production of reactive oxygen species (ROS) from the surface of the 

colloid  [6, 58-61]. Perturbations in the microbial communities could be expected when 

there are changes associated with the NP surface or, as has previously been reported, 

when a digestion procedure is incorporated into the experimental design [62-65]. 

1.2. Overview of the dissertation  

The primary aim of this dissertation was to design studies and formulate 

methodologies that offer valuable insight into the complexities that are often 

encountered with understanding environmental/human health impacts of a 

nanotechnology. A current and novel nano-technological application was studied in this 

work.  
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Section 2 employs a life cycle assessment for a current nanotechnology-based 

consumer application, specifically the incorporation of TiO2 NPs in paints and lacquers. 

Methodologies were formulated to produce the nano-enabled products in-house. 

Simulated wear-and-tear scenarios were performed on the nano-enabled products to 

mimic real world end-of-life scenarios. The pristine NPs and the worn-and-torn powders 

were analyzed via material characterization techniques and toxicity evaluations. A 

product life cycle approach such as this provides a rich framework for assessing the 

benefits and risks of nanotechnologies and possibly aid in identification of the risk 

triggers. 

Section 3 of the dissertation utilizes cutting-edge nanoscience methodologies to 

effectively address the shortcomings of current pesticides by engineering a novel 

pesticide encapsulated NP. First, chemical reduction methods to produce monodisperse 

AgNPs were investigated. The lab-synthesized AgNPs was then surface modified with 

deltamethrin, a nonionic surfactant as the capping agent. The resultant aqueous 

suspension termed as a pesticide encapsulated nanosilver particle was thoroughly 

characterized. Furthermore, the effects of the newly developed NP-pesticide conjugate in 

killing mosquitoes were compared to its active ingredient deltamethin in a time-course 

and dose-dependent manner.  

Section 4 investigates in vitro effects of the pesticide encapsulated NP. Even 

though cellular effects of the individual components i.e., deltamethrin and AgNPs are 

well-characterized, any modifications of those effects due to the conjugation process 

have not been previously studied. Therefore, the effects of the newly created AgNP-
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pesticide conjugate on basic cellular responses were assessed utilizing an in vitro cellular 

model.  The long-term goal of this interdisciplinary research was to develop efficacious 

pesticides with minimal toxicity in mammals. A paradigm-shifting technology such as 

this offers new possibilities for vector and pathogen control. This example of a potential 

NP-based technology will have a significant impact on basic understanding of synthesis, 

characterization, and toxicology, as well as in the application of such technologies 

towards vector control. 

Section 5 explores the physicochemical changes and possible perturbations to 

microbial communities within the gastrointestinal tract upon AgNP exposure. A 

simulated digestion protocol was designed to evaluate the effect of colloidal silver 

particles when exposed to planktonic bacterial cultures and biofilms.  The model system 

included four precursor steps in which the silver was exposed to varying pH conditions 

and incubation times. Such an in vitro digestion model will aid to a more accurate hazard 

assessment strategy of ingested NPs.   

Conclusions and future research directions are presented in Section 6. 

 

 

  

 



 

12 

 

2. A LIFE CYCLE APPROACH FOR TWO PROTOTYPICAL HOME-USE 

CONSUMER PRODUCTS CONTAINING ENGINEERED NANOMATERIALS  

 

2.1. Introduction  

Engineered nanomaterials offer great advantages to the building industry with 

regard to sustainable development. It is well documented that the physical and chemical 

properties of nanometer sized matter offer specific benefits over the same material in 

bulk form [13, 15]. For example, in the building industry, NPs can increase resistance to 

ultraviolet damage, prevent wear and fouling, and improve the rheology, hardness, and 

strength of construction materials [17]. In many cases, individual engineered NPs are 

incorporated into larger composite products which provide the benefits of 

nanotechnology but with a generally regarded decreased risk of direct particle exposure 

[66, 67]. To date, a total of 250 products produced by over 100 companies incorporate 

nanocomposites into building or renovation plans with estimated revenues surpassing $1 

billion [68]. Although nanocomposites have been hypothesized to substantially decrease 

the potential for direct exposure to NPs [66, 67], the potential for human and 

environmental risk throughout the product life cycle is uncertain. Only a few laboratory 

studies have been designed and performed to test this concept, though in many cases, a 

decrease in exposure through the inhalation route has been concluded [69]. 

The paint and lacquer industry, in particular, uses many tons of TiO2 NPs as a 

whitening agent and to provide properties such as improved durability, water repellence, 

and scratch resistance [18]. The global use of TiO2 for paint and surface applications 
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alone exceeds 2.5 million tons annually with the specific use of nanoscale TiO2 is 

conservatively estimated around 30,000 tons [19, 20, 70]. As a result, human exposure to 

these engineered NPs is inevitable. The route and extent of particle exposure, however, 

is dependent upon the application and use of the nano-enabled product in real world 

scenarios [21].  

The identification and characterization of engineered NPs in complex matrices is 

a prerequisite to fill data gaps in assessments of human and environmental safety as 

nano-enabled products are developed. Little is known about the effects of TiO2 NPs 

incorporated into complex matrices such as paint and lacquer formulations. More 

importantly, changes in physiochemical characteristics and material toxicity during 

product end of life scenarios, i.e. potential release of NPs from the matrices, are 

unknown and need research emphasis. One way to gather information critical to the 

development of safe nanomaterials is employing a product life cycle approach [25-28] 

which integrates product development with manufacturing and consumer/occupational 

exposure. This approach provides an opportunity to elucidate the human and 

environmental safety of a technology by assessing toxicological impact throughout the 

product life cycle.  

The product life cycle should include an evaluation of not only the production, 

distribution, formulation, and use of nano-enabled goods, but also an account of 

potential exposures to humans and the environment. Exposures in the form of 

precipitated particles from water waste or airborne particles from aerosolization 
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processes are examples of by-products from nano-enabled goods that could cause 

potential adverse health effects. 

This section characterizes pristine bulk material and degraded NP-enabled 

products and investigates the toxicological response of human pulmonary cells to these 

materials. Three commercially available TiO2 NPs were incorporated into paint and 

lacquer formulations and simulated wear-and-tear scenarios were performed on the 

nano-enabled products. Pristine and worn-and-town powders were then exposed to 

immortalized human lung epithelial cells (A549) to investigate the effect on cellular 

viability and ROS generation. This product life cycle approach provides a rich 

framework for assessing the benefits and risks of emerging nanotechnologies. The 

impact of this research will help enable sustainable opportunities of nanotechnology in 

the built environment.  

2.2. Methods 

2.2.1.  NPs used in the study 

Three commercially available TiO2 NPs currently used for applications in 

industrial coatings were used in this study. These pristine NPs differed in surface 

treatment and were designated as TiO2-1, a silica/alumina-treated rutile pigment, TiO2-2, 

a zirconia/alumina-treated rutile pigment, and TiO2-3, an aluminum hydroxide/silica-

treated rutile pigment. Materials TiO2-1 and TiO2-2 were obtained from Tronox Limited 

with trade names CR-826 and CR-828, respectively. The third material, TiO2-3, was 

acquired from Cristal Global with trade name Tiona 596. All TiO2 NPs were 

multipurpose grade rutile pigments having excellent optical properties and high 
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durability. The properties of the three focal TiO2 NPs used in this study are listed in 

Table 2.1. 

 

Table 2.1. Material properties of the three pristine TiO2 NPs used in the study. 
 

Property TiO2-1 TiO2-2 TiO2-3 

Applications 

 Interior and exterior industrial coatings 
 Interior and exterior architectural coatings 
 Marine finishes coatings 
 Water and solvent-based industrial coatings 
 Powder coatings 
 General industrial coatings 

Surface 
treatment 

(as specified by 
supplier) 

Dense 
silica/alumina-
treated rutile 

pigment 

Zirconia/alumina-
treated rutile 

pigment 

Aluminum 
hydroxide/silica 

treated 
rutile pigment 

TiO2 content 
(as specified by 

supplier) 
93% 95% 94% 

Durability 
(as specified by 

supplier) 
Very high High - 

Average particle 
size 

(as specified by 
supplier) 

200 nm 190 nm - 

pH 8.0 8.0 8.0 

Zeta potential 
(mV) 

(measured in-
house) 

21.2 ± 0.20 31.1 ± 0.72 19.2 ± 0.62 

 

2.2.2. Nano-enabled products 

To mimic real word applications, the three TiO2 NPs were incorporated into paint 

and wood coatings. The laboratory-formulated paint and wood coatings were prepared as 

described below.  
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Paint on drywall. The paint formulation used included base paint (with and 

without TiO2) mixed via commercial specifications[11]. EcoVAE Interior Quality Flat 

formulation was used as a reference for base paint without TiO2 (Celanese Corp., Irving, 

TX).  Per the specifications, water, latex, and thickener were mixed using an air mixer 

and Cowles blade for 30 minutes. While mixing, other additives i.e. defoamer, 

dispersant, surfactant, fillers, and pigment extenders (except TiO2) were added to the 

mixture and well blended. Finally, 16 wt% pristine TiO2 NPs were added to the base 

paint formulation. Base paint without TiO2 served as a control.  

In an effort to validate this laboratory-formulated paint, a commercial water-

based interior flat paint sample was included in this study (Olympic, PPG Industries, 

Pittsburgh, PA). This commercial paint sample was mixed using the air mixer and 

Cowles blade described above to ensure a well-blended material with no settling.  

As a final step, paint formulations were poured into cast as a 25 mil (mil is an 

industry specific term where 1 mil is equivalent to 0.0254 mm) wet film using a Gardco 

8-path slot coater to achieve uniform paint thickness on the dry walls. This coated 

surface was then air-dried at room temperature for 2 days. An average paint thickness of 

0.20 mm, equivalent to ~8 mils was observed. 

Wood coatings. Wood coatings were prepared by the addition of 1 wt% of DPT 

(diphenyl (2,4,6-trimethylbenzoyl)phoshpine oxide) to a polyester based resin (polyester 

tetraacrylate, also known as acrylic ester). To this resin, 2 wt% TiO2 was incorporated. 

Resin without TiO2 served as a control.  A clean dry wood surface was coated with 

polyester resin and laminated to a polyethylene terephthalate (PET) film. The wood 
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surface was then cured for 180 seconds at λ=365 nm. Once cured, the PET film could be 

easily stripped off leaving the final product coated and completely dry.  A second coat 

was applied to ensure adequate coating thickness.  The 16 wt% TiO2 addition in paints 

and the 2 wt% TiO2 addition in wood coatings were based on industrial specifications 

[71-73].  

2.2.3. Wear-and-tear process 

The nano-enabled paint on drywall and wood coatings were subjected to wear-

and-tear scenarios to mimic real world end-of-life stages. The Taber test is one of the 

most commonly employed techniques for simulating the abrasive damage to surfaces[74, 

75]. The surfaces of formulated TiO2-enabled paint on drywall and TiO2 in wood 

coatings were abraded by attaching a jumbo collet to a Taber Abraser 5900 

Reciprocating machine (Testing Machines Inc., New Castle, Delaware). Ten abrasive 

cycles with a rotation speed of 60 cycles per minute and a normal force of 10 N were 

employed for each sample. Abrasion was caused by friction at the contact line between 

the sample surface and the jumbo collet. Powders from each sample, representative of an 

end-of-life scenario, were collected in vials.  
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The steps involved in the paint formulation and subsequent wear-and-tear 

process on the drywalls are depicted in Figure 2.1. The worn-and-torn paint powders 

were designated as base paint (i.e., no TiO2), base paint plus TiO2-1, base paint plus 

TiO2-2, and base paint plus TiO2-3.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. Paint formulation on dry wall. Steps involved in the paint formulations 
on the dry wall are depicted: (A) Prepare and mix base paint, (B) pour formulated 
paint into slot coater, (C) draw down the paint, (D) allow paint to dry, (E) simulate 
wear-and-tear scenario using taber abrasion apparatus and (F) collect powders for 
further analyses. 
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The steps involved in the wood coating and subsequent wear-and-tear processes 

are depicted in Figure 2.2. The worn-and-torn wood powders were designated as 

uncoated wood (i.e., no TiO2), wood plus TiO2-1, wood plus TiO2-2 and wood plus 

TiO2-3. 

 

 

 

Figure 2.2. Wood coating process. Steps involved in the wood coating process are 
depicted: (A) Coat clean wood surface with polyester and cover with PET film, (B) 
UV-curation for 180 sec, (C) peel off the PET film, (D) final coated wood product, 
(E) simulate wear-and-tear scenario using taber abrasion apparatus and (F) collect 
powders for further analyses. 
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2.2.4. Material characterization 

The following material characterization techniques were employed to analyze the 

pristine TiO2 NPs (as described in Section 2.2.1) as well as the worn-and-torn nano-

embedded paint and wood powders (as described in Section 2.2.3).  

Transmission electron microscopy (TEM). Samples were suspended in ultra-pure 

water in preparation of TEM analysis. Grids were prepared by dropping 3 µL of each 

suspended sample on to a 200 mesh copper grid (Ted Pella, Inc., Redding, CA) and dried 

overnight. Transmission electron micrographs were imaged using Hitachi H-7000 

electron microscope operated at an accelerating voltage of 100 kV. Images were 

recorded using Gatan CCD camera and 4pi Revolution® software.  

Scanning electron microscopy (SEM). Samples for SEM analysis were deposited 

onto a carbon adhesive surface affixed to SEM stubs and coated with gold/palladium for 

2 minutes using a Hummer® sputtering system (Anatech, Ltd., Battle Creek, MI). 

Scanning electron micrographs were obtained using a FEI Quanta 200 environmental 

scanning electron microscope. Images were recorded using high vacuum mode, typically 

15kV, spot size 2.5, and a working distance of 10 mm.  Elemental analysis was 

performed for each sample using the attached x-ray detector and Inca® x-sight software 

(Oxford Instruments X-ray Technology) was used to process the energy dispersive X-ray 

spectroscopy (EDX) spectra. 

Fourier transform infrared spectroscopy (FTIR). Chemical compositions of 

samples were probed using a Thermo-Fischer Smart Orbit-Single Bounce ATR (Thermo 

Scientific, Madison, WI) using a Nicolet 6700 FTIR in the 400–4000 cm-1 range. Spectra 
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were recorded in transmission mode with a resolution of 4 cm-1. Thirty-two scans were 

collected and averaged for each spectrum. 

2.2.5. Toxicological responses 

Cell cultures. Initial cytotoxicity was probed using immortalized human lung 

epithelial (A549) cells (ATCC, Manassas, VA). Cells were maintained in F-12K 

medium supplemented with 10% fetal bovine serum and 1% penicillin and streptomycin. 

Cells were cultured at 37 °C in a humidified atmosphere with 5% CO2 and passaged 

every 3 days. Passage numbers 2–10 were used in the experiments. 

Cell viability. Exposure to toxic agents can compromise cell membranes, thereby 

allowing cellular contents to leak out [12]. Cell viability was assessed using trypan blue, 

a diazo dye, which is only permeable to cells with compromised membranes. Thus, dead 

cells are stained blue while live cells are colorless. Percentage viability was measured 

via the Countess® Automated Cell Counter.  

A549 cells were seeded with 1 x 104 cells/cm2 in 24 well plates in complete 

growth medium and allowed to proliferate for 48 hours until 80% confluent. Cells were 

gently washed with phosphate buffered saline (HyClone, Logan, UT), followed by 

exposure to increasing concentrations (0, 0.1, 1, 10, 100, and 1000 ppm) of the three 

pristine TiO2 NPs in complete medium and incubated for 24 hours. Cell viability was 

assessed using trypan blue exclusion assay via the Countess® Automated Cell Counter 

(Invitrogen) as per the manufacturer's instructions. The purpose of performing a dose-

response cytotoxicity study using the pristine TiO2 samples was to determine a relevant 

concentration to subsequently perform reactive oxygen species measurements. 
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Intracellular ROS measurement. The DCFH-DA (2′,7′-dichlorofluorescein 

diacetate) assay was used to measure the levels of intracellular ROS. This is a cell-based 

assay for measuring hydroxyl, peroxyl, or other ROS activity within a cell. DCFH-DA is 

cell-permeable fluorogenic probe which is diffused into cells and deacetylated by 

cellular esterases to non-fluorescent 2’, 7’-dichlorodihydrofluorescin (DCFH). In the 

presence of ROS, DCFH is rapidly oxidized to highly fluorescent 2’, 7’-

dichlorodihydrofluorescein (DCF). Consequently, the fluorescence intensity is directly 

proportional to the ROS levels within the cell cytosol and can be measured using a 

fluorescence plate reader.   

DCFH-DA (Cell Biolabs, Inc.) was used to measure the levels of ROS after 

exposure to TiO2 in pristine and incorporated form. A549 cells were seeded with 1 x 104 

cell/cm2 in a 96 well plate in complete growth medium. Upon reaching 80% confluency, 

cells were gently washed with PBS followed by treatment with 100 µM DCFH-DA and 

incubated at 37°C for 30 min. Cells were then exposed to pristine TiO2 NPs, worn-and-

torn paint samples, or worn-and-torn wood samples and incubated for 24 hours. 

Hydrogen peroxide (1000 µM) was used as the positive control. Unexposed cells in 

complete medium served as a negative control. After the 24 hour incubation, 

fluorescence was measured at 480 and 530 nm (excitation and emission, respectively) 

using a fluorescence plate reader (Synergy Mx Multi-Mode Microplate Reader, BioTek 

Instruments, Inc., Winooski, VT).  The study was designed for an n=8 replicates per 

treatment and each experiment were performed twice. 

 



 

23 

 

2.2.6. Statistical analysis 

Each value represents the mean of at least three separate analyses plus or minus 

the standard error of the mean (SEM). Multiple comparisons were performed using 

analysis of variance (ANOVA) followed by post-hoc testing if p<0.05.  Differences 

between treatment groups were analyzed via the Turkey-Kramer Multiple Comparisons 

test or the Kruskal Wallis test comparing all pairs of columns to untreated cells.  

Probability values of p < 0.05 were considered to be statistically significant. Statistical 

analyses were performed using INSTAT software v 3.0 (GraphPad, Inc., San Diego, 

CA). 

2.3. Results, discussion and data interpretation   

2.3.1. Life cycle approach to TiO2-embedded products 

TiO2 pigments exists in two morphological crystalline forms, rutile and anatase, 

with each phase possessing a unique crystal structure [2, 76]. The structures can be 

described in terms of (TiO2
6-) octahedron: octahedrons connected by their vertices form 

anatase while octahedrons connected at their edges gives rise to rutile. These differences 

in crystal structures cause differences in the mass densities and electronic band structure, 

and consequently affect their photoactivity [2]. In general, rutile is claimed to be less 

photoactive than anatase due to surface defects and thus commonly used as a white 

pigment in the coating industry [76, 77].  

To further improve pigment dispersion, the surface of TiO2 is treated with 

alumina, silica, zirconia, aluminum phosphates of other metals or often a combination of 

these [78]. Surface modifications with inorganic hydrates decreases the photoactivity of 
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titania pigments by increasing electron-hole recombination sites [79].  Hence, the surface 

treatment techniques dictate the photoactivity of titania pigments and the effectiveness of 

the coating determines the degree of photoactivity [80]. From a toxicological point of 

view, surface modifications physically inhibit the diffusion of oxygen and thereby 

reduce the generation of free radicals. Other advantages of surface treatments include 

improved wetting ability in different media (water, solvent, and polymer), and improved 

compatibility with binder and color stability [81]. 

The unique physiochemical properties associated with individual nanomaterials 

are expected to result in different human and environmental impacts between various 

nanomaterials. Additionally, particles from different stages throughout the product-life 

cycle of the same nanomaterial are expected to have differential risk associations. To 

investigate the risk of various form factors a product life-cycle approach can be 

implemented to assess pristine, formulated, and worn-and-torn NPs.  

The life cycle approach for engineered nanomaterials incorporated into paints 

and coatings has four main stages in which exposure may occur. These four main stages 

are: (1) raw material production, (2) product manufacturing, (3) consumer use scenarios, 

and (4) product end-of-life disposal.  Environmental release or hazards to humans are the 

two main exposure risks.  The release of pristine particles or formulated composites as 

industrial air emissions, industrial wastewater processes, or trash produced by consumers 

are major sources of environmental concern. With human exposure, release from worn-

and-torn formulated composites, as in the case of weathered products or during “do-it-

yourself” home  projects, into aerosolized particulate matter in the air or solid 
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particulates that deposit on surfaces are major sources of concern. Further identification 

of potential hazards from such sources requires toxicity testing using appropriate model 

test systems depending on the type of exposure.  

The three pristine TiO2 NPs chosen for this study are currently used in the 

manufacturing of paint products and were designated TiO2-1, TiO2-2, and TiO2-3. These 

pristine particles are then incorporated into paint and lacquer formulations, applied to 

drywall and wood, respectively, and subjected to simulated wear-and-tear scenarios. 

This wear-and-tear simulation, designed to mimic a consumer sanding a surface, results 

in powders representing end-of-life-cycle particles (Stage 4), which are analyzed and 

compared to the pristine particles (Stage 1). Here we compare the physiochemical 

properties of the pristine and end-of-life cycle properties. 

2.3.2. Material characterization 

TEM and SEM reveal critical information about the particle size, shape, 

aggregation states and morphology. EDX confirms the elemental composition of a given 

sample. Figure 2.3 shows the transmission and scanning electron micrographs of the 

three pristine TiO2 samples. These micrographs confirm primary particle size to be 200 

nm for all three TiO2 NP types. 
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Figure 2.4 shows the transmission electron micrographs of the worn-and-torn 

paint powders. Micrographs of the base paint formulations mixed with TiO2 NPs (i.e., 

base paint plus TiO2) clearly indicate TiO2 NPs embedded in the matrix. The 

micrographs also show the reference material (i.e., base paint without TiO2) is devoid of 

TiO2 particles. Micrographs suggest aggregate particle size to be approximately 600 nm 

for all three TiO2 nano-enabled paint products. 

 

Figure 2.3. Transmission electron micrographs (top) and scanning electron 
micrographs (bottom) of the pristine TiO2 NPs. Three different TiO2 NPs were used 
in the study, and designated as TiO2-1, TiO2-2 and TiO2-3. (A) TEM of TiO2-1, (B) 
TEM of TiO2-2, (C) TEM of TiO2-3, (D) SEM of TiO2-1, (E) SEM of TiO2-2 and (F) 
SEM of TiO2-3. 
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Scanning electron micrographs and elemental analysis further confirm the 

presence of TiO2 in the worn-and-torn paint surfaces (Figure 2.5). The micrograph of the 

reference sample does not contain any TiO2. Additionally in Figure 2.5, the EDX spectra 

confirm the absence of TiO2 in the reference material and the presence of TiO2 in other 

samples with characteristic peaks of Ti (0.45, 4.5 and 4.9 keV). The background material 

also shows representative peaks for carbon and oxygen. The strong Si peak in samples 

can be attributed to the paint ingredient Diafil 525, which contains amorphous Si. The 

calcium (Ca) peak is present in native drywall in the form of calcium carbonate. 

Figure 2.4. TEM of worn-and-torn paint surfaces. Transmission electron 
micrographs of (A) worn-and-torn reference material, (B) base paint plus TiO2-1, 
(C) base paint plus TiO2-2 and (D) base paint plus TiO2-3. 
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Figure 2.5. SEM and EDX spectra of worn-and-torn paint surfaces. Scanning 
electron micrographs and corresponding elemental analyses of worn-and-torn 
paint surfaces. (A) SEM of worn-and-torn reference material, (B) EDX of worn-
and-torn reference material, (C) SEM of base paint plus TiO2-1, (D) EDX of base 
paint plus TiO2-1, (E) SEM of base paint plus TiO2-2, (F) EDX of base paint plus 
TiO2-2, (G) SEM of base paint plus TiO2-3 and (H) EDX of base paint plus TiO2-3.  
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 Figure 2.6 shows the transmission electron micrographs of the worn-and-torn 

wood samples. As shown in the micrographs, the reference sample (i.e., uncoated wood) 

does not have any characteristic TiO2 particles while all the other samples (wood coating 

with TiO2) show TiO2 NPs embedded in the complex wood matrix. Micrographs suggest 

that a bimodal particle size population exists in each sample.  Aggregate particle sizes 

are approximately 200 nm and approximately 600 nm for all three TiO2 nano-enabled 

wood samples. 

 

Figure 2.6. TEM of worn-and-torn wood surfaces. Transmission electron 
micrographs of (A) worn-and-torn reference material, (B) wood plus TiO2-1, (C) 
wood plus TiO2-2 and (D) wood plus TiO2-3. 
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Figure 2.7 shows the scanning electron micrographs and elemental analysis of 

the worn-and-torn wood surfaces. The reference material does not show any 

characteristic Ti peak in the EDX spectra and no TiO2 was seen in the micrographs. On 

the other hand, samples with incorporated NPs clearly indicate the presence of TiO2 NPs 

in both the EDX spectra as well as the SEM images. Because only 2 wt% TiO2 was 

included in the resin matrix, the EDX peaks are not as strong as the paint samples (16 

wt%), but the micrographs confirm the presence of the NPs. 

Taken together, these microscopy and elemental analyses techniques confirm the 

presence of TiO2 embedded in the complex paint formulations on the drywall and wood 

coatings after the wear-and-tear process. In both microscopy techniques, the individual 

primary particles are clearly distinguishable, thus providing motivation to understand the 

potential impacts of exposure to nano-enabled products. NPs incorporated into 

composites can be abraded and dislodged from the parent material. These individual 

NPs, while not identical to the engineered particles added into the product during the 

enabling phase, are still reactive on their surface and free to react with surrounding 

matrices independent of the composite.  

In addition to electron microscopy, pristine and worn-and-torn samples were also 

analyzed using FTIR. The fundamental vibrations of TiO2 appear in the in the low 

energy region of the infrared spectra. A peak in the 500-520 cm-1 range can be attributed 

to the presence of TiO2 in samples [82-85]. Additionally, bands in the low energy region 

between 340 cm-1 and 520 cm-1 can be assigned to the stretching vibrations of the Ti-O-

Ti bonds [82, 86, 87].   
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Figure 2.7. SEM and EDX spectra of worn-and-torn wood surfaces. 
Scanning electron micrographs and corresponding elemental analyses of 
worn-and-torn wood surfaces. (A) SEM of worn-and-torn reference 
material, (B) EDX of worn-and-torn reference material, (C) SEM of wood 
plus TiO2-1, (D) EDX of wood plus TiO2-1, (E) SEM of wood plus TiO2-2, 
(F) EDX of wood plus TiO2-2, (G) SEM of wood plus TiO2-3 and (H) EDX 
of wood plus TiO2-3.  
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Figures 2.8A, 2.8B and 2.8C show the FTIR spectra of the pristine TiO2 NPs, the 

worn-and-torn paint samples and the worn-and-torn wood samples, respectively. On 

analyzing the spectral peak positions, the characteristic structure of TiO2 in the 340-520 

cm-1 range is observed in all three pristine TiO2 samples (Figure 2.8A).  

Figure 2.8B shows the FTIR spectra of the worn-and-torn paint samples. The 

FTIR spectrum of the base paint with no TiO2 is also shown. As seen from the spectra, 

the characteristic structure of TiO2 in the 340-520 cm-1 range is present in all three worn-

and-torn paint samples but absent in the base paint spectrum. In order to further quantify 

this TiO2 peak, the worn-and-torn paint samples were corrected for background using the 

base paint sample as the reference spectra. Figure 2.9 overlays the FTIR spectra of the 

three pristine TiO2 NPs to the corresponding worn-and-torn paint plus TiO2 samples. 

The structure at approximately 500 cm-1 is clearly visible in all three worn-and-torn paint 

samples and matches well with the pristine sample spectra. Therefore, in addition to 

microscopy techniques such as TEM and SEM, and elemental analysis via SEM-EDX, 

these FTIR spectra further confirm the presence of TiO2 in the complex worn-and-torn 

paint matrix. At 16 wt% of TiO2 included in the paint formulations, FTIR is able to 

detect the presence of the characteristic TiO2 peaks in all the worn-and-torn paint 

samples. 

 

 

 



 

33 

 

 

Figure 2.8. FTIR spectra. (A) Pristine TiO2, (B) worn-and-torn paint surfaces and 
(C) worn-and-torn wood surfaces. 
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Figure 2.9. FTIR spectra comparing pristine TiO2 to worn-and-torn paint surfaces. 
The blue spectra represent the pristine sample while the red spectra represent the 
worn-and-torn paint samples. The worn-and-torn paint samples were corrected for 
background using the paint without TiO2 sample as the reference spectra. (A) 
Pristine TiO2-1 and paint plus TiO2-1, (B) pristine TiO2-2 and paint plus TiO2-2 
and (C) pristine TiO2-3 and paint plus TiO2-3. 
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Figure 2.8C shows the FTIR spectra of the worn-and-torn wood samples. The 

FTIR spectrum of the wood with no TiO2 is also shown. From these spectra it is evident 

that the characteristic structure of Ti at 520 cm-1 is not prominent in all three worn-and-

torn wood samples. Similar to the paint samples, the worn-and-torn wood samples were 

also corrected for background using the wood with no TiO2 sample as the reference 

spectra to quantify the presence of TiO2. Figure 2.10 overlays the FTIR spectra of the 

three pristine TiO2 NPs to the corresponding worn-and-torn wood plus TiO2 samples. 

After correcting for background, the characteristic peak of Ti at 520 cm-1 is still not 

prominent in any of the worn-and-torn wood samples. Because the samples contain only 

2 wt% TiO2 in the wood resin matrix formulation, the signal appears to be below the 

detection limit of the FTIR system used in this work. As a result, the signal from the 

TiO2 in the worn-and-torn wood matrix is not visible by FTIR but is detectable by other 

material characterization techniques such as TEM, SEM and SEM-EDX which 

confirmed the presence of TiO2 in the complex worn-and-torn wood matrix.  
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Figure 2.10. FTIR spectra comparing pristine TiO2 to worn-and-torn wood 
surfaces. The blue spectra represent the pristine sample while the green spectra 
represent the worn-and-torn wood samples. The worn-and-torn wood samples were 
corrected for background using the wood without TiO2 sample as the reference 
spectra.  (A) Pristine TiO2-1 and wood plus TiO2-1, (B) pristine TiO2-2 and wood 
plus TiO2-2 and (C) pristine TiO2-3 and wood plus TiO2-3. 
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2.3.3. Toxicological responses 

As with any new technology, the identification of potential health risks is a 

prerequisite for a proper assessment of the usefulness and safety of the nanomaterials 

and new products that may be developed. Studies suggest some nanomaterials can affect 

biological behaviors at the cellular (e.g., viability) and sub cellular (e.g., ROS 

generation) levels. Human and environmental health risks can only be determined 

through assessment of the hazards posed and the potential for exposure to the 

nanomaterials in various life-cycle stages. The most likely route of occupational 

exposure to nanomaterials used in consumer products is inhalation [11, 88].  

Additionally, as the wear-and-tear simulation of this study produced air-borne powders, 

inhalation is the most likely route of consumer exposure at the end-of-life cycle stage. 

Therefore, a model lung system consisting of A549 cells was chosen for use in this 

study.  

A549 cells were exposed for 24 hours to increasing concentrations (0, 0.1, 1, 10, 

100, and 1000 ppm) of all three pristine TiO2 NPs. Based on the cellular response to 

these low, medium, and high ranges of doses, a “medium dose” was chosen as the 

primary dosing concentration for subsequent toxicological endpoint evaluation. The 

results of the trypan blue exclusion assay are summarized in Figure 2.11. A549 cells 

exhibit a fairly monotonic dose-response relationship (i.e., cell viability decreases with 

increase in dose) upon exposures to all three NP types. Cellular viability is significantly 

reduced (p<0.01) as compared to untreated cells at the highest dose of 1000 ppm for all 

three TiO2  NP types. Since cellular viability was unaltered at the lower doses of 0.1, 1 
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and 10 ppm, and significantly altered at the highest dose of 1000 ppm, the 100 ppm dose 

was selected as the primary dosing concentration. Thus, for the subsequent toxicity 

endpoint measurement, the A549 cells were exposed to a dosing concentration of 100 

ppm as this dose showed decreased viability without complete cell death.  

 

A central hypothesis in the field of nanotoxicology is that NPs are able to induce 

cellular dysfunction as a result of oxidative stress. The presence of excessive ROS can 

cause cellular oxidative stress, which in turn leads to DNA damage and lipid 

degradation. Recent evidence indicates that the possible mechanism of TiO2 NP-induced 

toxicity involves DNA damage via oxidative stress [89]. Thus, ROS production of TiO2 

NPs in their pristine and end-of-life stages was tested in vitro.  

Figure 2.11. Toxicological response. Cell viability as measured using trypan 
blue exclusion assay. A549 cells were incubated with increasing concentrations 
of the three pristine TiO2 NPs for 24 hours. Data were normalized to the 
control values and are represented as the mean ± SEM (**, P<0.01). 
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Cellular generation of ROS was measured in A549 cells after a 24 hour exposure 

to pristine TiO2, worn-and-torn paint samples and worn-and-torn wood samples. Data 

were normalized to the appropriate control values and these results are summarized in 

Figure 2.12. Statistically significant increase in oxidant production as measured via 

increased DCF fluorescence was observed with all three pristine TiO2 NPs (Figure 

2.12A). The ROS generation in the TiO2-1, TiO2-2 and TiO2-3 samples was 1.72, 1.96 

and 1.65 fold greater than the unexposed control, respectively. This differential effect of 

the three pristine particles supports the idea that surface treatment is an important factor 

in toxicity of nanomaterials. 

The results of the ROS production from the worn-and-torn paint and wood 

samples are shown in Figures 2.12B and 2.12C, respectively. Only two out of the three 

worn-and-torn paint samples containing TiO2 (i.e., base paint plus TiO2-2 and base paint 

plus TiO2-3) exhibited significant increase in intracellular oxidants compared to the 

control (Figure 2.12B). This may be due to differential adhesion, chemical attraction, or 

wetting of the paint matrix to the TiO2 NP surface.  The water based paint emulsion wets 

particles differently based on surface chemistries, thus the different particle types may 

reside in different phases of the emulsion.  When the paint dries, one particle type may 

be “coated” with organic phases and thus not cause ROS generation while other particles 

may have simply dried as a mixture and still have active sites.  In contrast, the worn-and-

torn wood samples containing TiO2 did not cause any significant ROS generation in 

comparison to the control; however there was a significant difference among the three 

NP types (Figure 2.12C).  
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Figure 2.12. Intracellular ROS generation as measured using DCFH-DA. 
Cells were exposed to 100ppm of (A) pristine TiO2, (B) worn-and-torn 
paint samples and (C) worn-and-torn wood samples, and incubated for 24 
hours. Data were normalized to the control values and are represented as 
the mean ± SEM (*, P<0.05; **, P<0.01; ***, P<0.001). 
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2.3.4. Commercial paint 

An off-the-shelf commercial paint was purchased and used in this study.  This 

product was a water-based interior flat paint and served as a comparison to our 

formulated nano-enabled paints. Paint-on-drywall samples were made, allowed to cure, 

and underwent the wear-and-tear simulation in the same fashion as the laboratory-

formulated versions. The transmission electron micrograph, scanning electron 

micrograph and elemental analysis confirm the presence of TiO2 in the worn-and-torn 

commercial paint particles (Figure 2.13).  

Figure 2.13. Worn-and-torn commercial paint. Material characterization and 
ROS production of worn-and-torn commercial paint sample. (A) TEM, (B) SEM, 
(C) SEM-EDX spectra and (D) ROS generation. 
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The TiO2 NPs were also of a similar particle size as compared to the nano-

enabled paint formulated products in Figure 2.4 and Figure 2.5. Furthermore, the ROS 

generation in A549 cells upon exposure to this commercial paint sample exhibited a 

statistically significant intracellular oxidant increase as compared to the control cells. 

These results indicate that our formulated paint products are representative of typical 

consumer products. 

2.4. Summary 

In summary, electron microscopy and elemental analysis as material 

characterization tools were able to detect the NPs in the worn-and-torn matrices. FTIR, 

on the other hand, proved to be a useful tool for the nano-enabled paint samples, but the 

nano-enabled wood samples warrant further investigation. These results validate the 

usefulness of TEM, SEM and EDX as a predictive tool for analyzing worn-and-torn 

nano-enabled products. FTIR as a material characterization technique, however, is only 

valid when relatively high concentrations of the NPs are incorporated into the products. 

Furthermore, in vitro toxicological assessments of both of pristine and worn-and-torn 

powders provide a more realistic platform for data interpretation and the identification of 

risk triggers. Thus, the application of a life cycle approach will help provide critical 

information to evaluate potential health and environmental risks and benefits of a nano-

scale technology.  
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3. SYNTHESIS AND CHARACTERIZATION OF A NOVEL AGNP-PESTICIDE 

CONJUGATE* 

 

3.1. Introduction  

Every day, people and animals contract debilitating and life threatening diseases 

due to bites from infected flies, ticks, and mosquitoes.  Not only do diseases such as 

malaria, West Nile virus, and Dengue Fever cause physical suffering but they also result 

in severe economic losses.  Additionally, animals become reservoirs for arthropod borne 

diseases which increase the livestock morbidity and mortality and decreases 

reproductive capacity.  This leads to a perpetual cycle of infectivity and loss. 

When it comes to arthropod vector control, a conceptual paradigm shift is 

urgently needed. Strategies are being developed which aim to control vector populations 

by killing the larval stages.  Biopesticides such as the Cry and Cyt toxins produced by 

the bacterium Bacillus thuringiensis (Bt) and insect growth regulators (IGRs) such as 

methoprene and novaluron are effective larvacides.  Bt toxins have been incorporated 

into transgenic crops to combat agricultural insect pests. However, both Bt toxins and 

IGRs currently have limited use as sprays since they do not kill the adult stage and 

widespread coverage of breeding areas in remote locations is logistically challenging 

[90, 91]. Current chemical vector control strategies are limited to the same four classes 

of synthetic insecticides (organochlorine, organophosphate, pyrethroid, and carbamate) 
                                                 

* Reprinted with permission from Sooresh, A., et al., Surface Functionalization of Silver 

Nanoparticles: Novel Applications for Insect Vector Control. ACS Applied Materials 
and Interfaces, 2011. 3(10): p. 3779-3787. Copyright 2011 American Chemical Society.  
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that have been used for over 30 years [92].  In this period, no new chemicals or classes 

of insecticides have been successfully incorporated into vector control programs against 

adult mosquitoes.  One major problem with using traditional insecticides for vector 

control is that, over time, the insects develop resistance.  Because insecticides either 

inhibit acetylcholinesterase (organophosphates and carbamates) or modulate the voltage 

gated sodium channels (pyrethroids and DDT), the development of resistance to one 

molecular target means many insecticides are rendered ineffective.     

  The research presented here is a first of its kind testing the efficacy of a novel 

nanoconjugate in a miniature biological model system. This biological model is the 

mosquito, an insect with an open circulatory system and a hydrophobic, porous external 

surface.  This waxy cuticular surface has orifices ranging 0.5 to 2 µm, much larger than 

the nanometer size scale. The model nanoconjugate, termed pesticide encapsulated 

nanosilver (PENS), is 20 nm in diameter. It is made of deltamethrin molecules tethered 

to the surface of nanosilver particles and designed to be a new tool to fight disease 

carrying insect vectors.   

For many different NP-types their high surface area to volume ratio results in 

high surface reactivity [40-44]. AgNPs offer the possibility of altering their surfaces in 

order to introduce specific functionalities for environmental applications [29, 45-47]. In 

addition, because silver is an electron dense metal, the PENS nanoconjugate can be 

traced in vectors, in the environment, and in animals. Lastly, by employing a metal NP 

as the core of the conjugate, the risk of inactivating the primary function of the pesticide 

(e.g. deltamethrin) by forming covalent bonds is eliminated.  
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In this section, a novel synthetic scheme to produce a NP-pesticide core-shell 

nanoconjugate to be used as an active agent against insect vectors, such as mosquitoes is 

presented. Lab synthesized 15 nm stable AgNPs were surface functionalized with 

deltamethrin as the capping agent resulting in a stable colloidal suspension. The 

physiochemical properties of both the pristine nanosilver particles and the PENS 

conjugate were characterized. These properties include size, size distribution, chemical 

composition, agglomeration states and stability of particles. Two mosquito bioassays 

were also conducted to quantify the uptake of PENS via silver metal detection and to 

assess the mortality of mosquitoes. The act of tethering a synthetic organic molecule 

such as deltamethrin to a nanosilver core allows for effective tracking of organics in 

complex biological matrices such as mosquitoes. This is a paradigm-shifting technology 

and offers new possibilities for vector and pathogen control.   

3.2. Materials and methods  

3.2.1. Synthesis of AgNPs and PENS  

AgNPs were synthesized by reducing silver nitrate salt solution (AgNO3, 1×10-3 

M) with 1% (w/w) sodium citrate (Na3C6H5O7). In a typical experiment, the AgNO3 

solution was heated to boiling with vigorous stirring; Na3C6H5O7 was mixed with a 30 

µM tannic acid solution and heated separately [38].  The citrate-tannic acid solution was 

added drop-wise to the silver salt solution. The color of the mixture slowly turned from 

colorless to yellow indicating the reduction of Ag+ ions [34]. The solutions were 

removed from the heating mantle and allowed to cool.  
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Conjugation of the nanosilver core particle with deltamethrin. Deltamethrin 

((S)a-cyano3-phenoxybenzyl-(1R)-cis-3-(2,2-dibromovinyl)-2,2-dimethylcyclopropane 

carboxylate), 90 ppm (180 µM)) was then tethered to the surface of the resultant 

nanosilver particle suspension via a heating gradient and vigorous stirring. The color of 

the mixture slowly turned from yellow to orange, indicative of the surface 

functionalization. The suspension was monitored at 420 nm using Ultraviolet Visible 

spectroscopy for absorbance peaks. The resultant aqueous suspension is the pesticide 

encapsulated nanosilver particle, termed PENS. Deltamethrin is a synthetic pyrethroid 

pesticide and a nonionic surfactant that serves as a colloidal stabilizer during synthesis. 

3.2.2. Characterization of AgNPs and PENS  

The size, morphology, crystallinity, absorbance, and zeta potential of the pristine 

nanosilver particles and the pesticide encapsulated nanosilver particles were measured.    

Transmission electron microscopy and energy dispersive X-ray spectroscopy. 

Electron microscopy grids were glow-discharged using PELCO easiGlow (Ted Pella, 

Inc., Redding, CA) to make the grid surface hydrophilic. One micro liter of the 

nanosilver particle or PENS suspension was deposited onto a 400 mesh carbon grid. 

Each grid was analyzed on a JEOL 2010 transmission electron microscope at an 

accelerating voltage of 200 kV. These grid samples were also probed for elemental 

analyses using energy dispersive X-ray spectroscopy.  

UV-visible absorption spectroscopy. UV-Visible absorption spectra were 

collected over a wavelength range of 200 to 700 nm using a Synergy Mx Multi-Mode 

Microplate Reader (BioTek Instruments, Inc., Winooski, VT).  
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Particle charge. Particle charge or zeta potential of the nanosilver particle and 

PENS suspension were also measured using a Zeta Sizer Nano Series ZEN 3600 

Spectrometer (Malvern Instruments Ltd, Malvern, Worcestershire, United Kingdom). 

Fourier transform infrared spectroscopy. Solutions of deltamethrin, AgNP and 

PENS were dried on a polished 25 x 2 mm ZnS disc (ClearTran, Internation Crystal 

Labs, Garfield, New Jersey) and analyzed using FTIR System 2000 and Spectrum 100 

infrared spectrometers (Perkin-Elmer). Spectra were recorded in transmission mode with 

a resolution of 4 cm-1. Thirty-two scans were collected and averaged for each spectrum. 

3.2.3. Mosquito bioassays  

Experiments were conducted using adult female mosquitoes of Aedes aegypti 

(L.). The mosquitoes were fed with 10% glucose in distilled water. Two mosquito 

bioassays were conducted. First, a mosquito bioassay was conducted to evaluate the 

uptake of nanosilver particles in the mosquito hemolymph. Second, a mosquito bioassay 

to compare viability of mosquitoes on exposure to deltamethrin and PENS was carried 

out. For both the mosquito bioassays, i.e., the hemolymph analysis and the viability tests, 

clear borosilicate glass vials (maximum capacity of 75 mL) were coated with 15 mLs of 

solutions (deltamethrin, AgNPs, or PENS) using a Roller Culture Apparatus (Wheaton 

Industries Inc., Millville, NJ). For the hemolymph analysis, vials were coated with high 

concentrations of solutions to ensure easy detection of silver uptake. For the viability 

tests, vials were coated with varying concentrations of deltamethrin and PENS.  The 

roller action ensured uniform coating of suspensions on the walls of the vials. The 

experimenter was blinded to the treatment groups; and on the day of the experiment, 20 
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non blood-fed mosquitoes (5 days old) were placed into each of the coated glass vials 

and observed at specified intervals as described. Additionally, an uncoated vial served as 

the “negative control”.  

Mosquito bioassay #1: hemolymph collection and total silver content analysis.  

Four clear borosilicate glass vials were used in these studies: vial 1 was uncoated, vial 2 

was coated with nanosilver, vial 3 was coated with deltamethrin, and vial 4 was coated 

with PENS. Vials 2 and 4 were each coated with 90 ppm solutions of nanosilver (in 

water) or PENS (in water). The uncoated vial served as the “negative control” and a 90 

ppm deltamethrin coated vial served as the “positive control”.  The mosquitoes were 

exposed to each treatment and were observed continuously for the first four hours and 

the bioassay finalized at 24 hours when survivorship was recorded. The experiment was 

repeated four times.  

Mosquitoes from the bioassay described above were utilized to analyze their 

silver content in hemolymph.  Mosquitoes from the negative control vials, vial 1 

(uncoated) and vial 2 (nanosilver), were alive after 24 hours (Figure 3A and C) and their 

hemolymph was collected at that time. The mosquitoes in the vials 3 (deltamethrin) and 

4 (PENS) were observed knocked down 5 min after bioassay initiation, however, they 

were still moving. At 15 min from bioassay initiation, the mosquitoes were completely 

immobile and presumed dead.  They were continuously observed for the next 4 hours to 

determine if there was recovery from knock down, but they were scored as dead at 4 

hours.   
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All mosquitoes were then chilled on ice for 15 min after which each was 

carefully placed on a clean microscope slide under a dissecting microscope.  A 10 µL  

anticoagulant citrate buffered solution (98 mM NaOH, 186 mM NaCl, 1.7 mM EDTA, 

and 41 mM citric acid, pH 4) was then injected into the thorax using sterile glass needles 

(Femtotips™; Eppendorf, Hamburg, Germany) connected to a FemtoJet®pump 

(Eppendorf, Hamburg, Germany) [93]. After 15 min on ice, hemolymph was collected 

by capillary action using new Femtotips™ through a perforation made between the last 

two abdominal sclerites of each of the 20 mosquitoes exposed per treatment.  

Hemolymph was collected by ejecting it from the tips with the aid of the pump and 

approximately 25 µL of hemolymph was obtained from each group of mosquitoes. 

The collected hemolymph was then qualitatively analyzed to measure the total 

silver content via inductively coupled plasma-mass spectrometry (ICP-MS, Perkin Elmer 

DRC 2 spectrometer, Waltham, MA). Each sample was diluted by a factor of 100 using 

a calibration blank solution (5% hydrochloric acid and 1% nitric acid by volume). The 

resultant solution was heated at 60˚C for 2 hours to dissolve the residual silver particles. 

The citrate buffer solution was also analyzed to establish background silver 

concentration levels.  

Mosquito bioassay #2: viability tests comparing deltamethrin and PENS. For 

these studies, mosquitoes were introduced into vials coated with varying concentrations 

of either deltamethrin or PENS and observed every hour for the first 12 hours.  The 

bioassay was finalized at 24 hours when survivorship was recorded. Both knockdown 

and death were recorded. 
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3.2.4. Statistical analysis 

Hemolymph values are expressed as the mean plus or minus standard error of the 

mean (± SEM).  Differences between treatment groups were analyzed by a one way 

analysis of variance (ANOVA) followed by post-hoc testing using the Tukey-Kramer 

multiple comparison test.  Probability values of p < 0.05 were considered to be 

statistically significant.  The IBM PC programs INSTAT v3.0 and PRISM v5.0 software 

(GraphPad, San Diego, CA) were used to calculate and graph results. 

3.3. Results  

3.3.1. Synthesis and characterization of AgNPs and PENS 

A primary goal of nanosilver synthesis for practical applications is to produce 

monodispersed NPs with a well-defined shape. Therefore, careful selection of the 

reducing agent and stabilizer are critical steps which can be more easily controlled when 

the NPs are synthesized “in-house”.  Hence, we were able to successfully synthesize 

water soluble, highly monodispersed, and spherical nanosilver particles with a known 

chemical composition. For these experiments, sodium citrate served the dual role of both 

a reducing agent and a stabilizer. The well-defined nanosilver core particles were then 

conjugated with deltamethrin, resulting in PENS, which was also produced in water as 

opposed to harsh non-polar solvents.  

Transmission electron microscopy and energy dispersive X-ray spectroscopy. 

Figures 3.1 and 3.2 show the transmission electron micrographs and the EDX spectra of 

the pristine AgNPs and PENS respectively. Electron micrographs of pristine AgNPs 

show 15 nm monodispersed spherical NPs. Electron micrographs of the PENS clearly 
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show a nanosilver core encircled by organic molecules. This organic molecule is the 

deltamethrin that was added during the conjugation reaction. Hence, these transmission 

electron micrographs confirm conjugation. Furthermore, the EDX of nanosilver shows 

only silver signature peaks, whereas the EDX of PENS shows the presence of both silver 

and bromine.  These two elements are indicative of silver particles and the deltamethrin 

(C22H19Br2NO3). These results further confirm the conjugation. 

 

 

Figure 3.1. TEM and elemental analysis of pristine AgNPs.  
 

 

Figure 3.2. TEM and elemental analysis of PENS. 
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UV-Visible absorption spectroscopy. Figure 3.3 shows the measurements from 

the UV-Visible absorption spectroscopy. During the synthesis of nanosilver and on 

conjugating deltamethrin to the nanosilver core, the solution mixture turned from 

colorless to yellow. This color change is indicative of the reduction of Ag+ ions as 

revealed by the peak at 420 nm [35]. It is important to note that the overall spectral 

shape of the plasmon absorption remained the same for both pristine nanosilver particles 

and PENS. The λmax was observed at 400nm for both particles – this is characteristic of 

15nm AgNPs.  

 

 

Figure 3.3. UV-Visible spectra of pristine AgNPs and PENS.  
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leading to a non-aggregated solution with high stability. Conversely, low zeta potential 

values result in the tendency of NPs to flocculate, or coagulate loosely thereby causing 

agglomeration [94]. The zeta potential of pristine AgNP and PENS were found to be 

around -40 mV verifying that both the nanosilver and PENS particles were charged and 

stable. A high zeta potential value of -40 mV also suggests that both the nanosilver 

particles and PENS particles are not likely to aggregate. Since deltamethrin was a 

nonionic surfactant that serves as a colloidal stabilizer during synthesis, it does not affect 

the charge of the final AgNP solution. 

Fourier transform infrared spectroscopy. The molecule of deltamethrin can be 

divided into two characteristic parts - Wedge 1 and Wedge 2 as shown in Figure 3.4. 

Wedge 1 is the proposed "active site" of the molecule that aids in conjugation because it 

contains ester groups (CO), the cyanide group (CN), active dimethyl groups (CH3) and 

electronegative Br atoms [95]. Thus, in the vicinity of interacting atoms such as a 

nanosilver core, Wedge 1 offers a relatively flexible structure thereby permitting the 

reactive CO, CN, CH3 or the Br groups to aid conjugation [96, 97]. Wedge 2, on the 

other hand, is relatively rigid and provides support for such interaction to occur [96, 97]. 
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Figure 3.4. Structure of deltamethrin (C22H19Br2NO3). Wedge 1 is the proposed 
"active site" of the molecule, while wedge 2 is relatively rigid and provides support 
for any interaction to occur. 

 

Figure 3.5 shows the FTIR spectrum of deltamethrin, AgNP and PENS deposited 

as a thin film on the ZnS disc. The FTIR spectrum shown for deltamethrin includes only 

the fingerprint region between 1800 and 600 cm-1. In this region, the main absorption 

bands of deltamethrin are assigned to the C=O carbonyl asymmetric stretching (ν = 1734 

cm-1), C=C stretching of the aromatic rings (ν = 1488 cm-1), CH2 deformation in R-CH2-

CN structure (ν  = 1459 cm-1) and the deformation vibrations of the cyclopropane rings 

(ν = 884 cm-1). The band represented at 1122 cm-1 can be related to the C-O stretching 

of the cyanate group (-O-CN) [98-100]. It is interesting to note a clear shift in these 

bands for the PENS spectra. These shifts in the bands indicate that the reactive groups 

such as CO, CN and CH3 of the deltamethrin molecule permit interaction with other 

molecules in its vicinity. Since the nanoconjugate PENS was created by tethering 

deltamethrin molecules to a nanosilver core, this shift in the bands for PENS can be 

attributed to the interaction of the CO, CN and CH3 groups of the deltamethrin with the 

nanosilver particle core. Furthermore, the band observed at 1250 cm-1 (for both 

Wedge 1 Wedge 2 
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deltamethrin and PENS) can be assigned to the aryl-O of diphenyl ether which involves 

aryl-O stretching, out-of-phase C-O-C stretching and ring vibrations. This band 

corresponds to rigid portion or Wedge 2 of the schematic which does not participate in 

bonding [96-100]. Additionally, the band at 922 cm-1 for deltamethrin was assigned to 

the asymmetric wagging vibrations of the terminal (C=C)Br2  group [98-100]. Stretching 

characteristic peaks of carboxlyate C=O were found in 1583 cm-1 (asymmetry flex 

vibration of C=O) and 1393 cm-1 in the PENS spectra. These two bands confirm the 

presence of the nanosilver particles in the PENS sample [101]. Specifically, these 

carboxylate peaks are indicative of citrate-stabilized nanosilver particles. These results 

clearly show the interaction of the deltamethrin molecule with the nanosilver particles 

and further confirm conjugation in PENS.  Taken together, these characterization 

techniques confirm the presence of 15 nm stable nanosilver and the conjugation of 

deltamethrin to the nanosilver core.  
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Figure 3.5. FTIR spectra. FTIR spectrum of deltamethrin, AgNP and PENS at the 
spectral signature region between 1800 and 600 cm-1. 

 

3.3.2. Mosquito bioassays  

Mosquito bioassay #1: hemolymph collection and total silver content analysis. 

Figure 3.6 shows the results from the first mosquito bioassay. i.e., hemolymph collection 

and evaluation of total silver content. The mosquito bioassay was performed in coated 

vials: vial 1 was the “negative” control (uncoated); vial 2 was coated with 90 ppm 

nanosilver particles; vial 3 was the “positive” control (coated with 90 ppm deltamethrin), 

and vial 4 was coated with PENS (90 ppm deltamethrin and 90 ppm nanosilver 

particles). All mosquitoes in vials 3 and 4 were completely knocked down within 15 

minutes of exposure; the mosquitoes in vial 2 were alive and had a 10% knockdown (i.e. 
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only 2 out of the 20 exposed mosquitoes were knocked down); and the mosquitoes in 

vial 1 survived through the 24 hours exposure time period. 

 

 

Figure 3.6. The effects on mosquitoes. (A) Schematic diagram of mosquito bioassay, 
(B) percentage knock down in vials after 15 min, (C) photograph of vials after 15 
min of exposure (vial 1 was the “negative” control (uncoated); vial 2 was coated 
with 90 ppm nanosilver particles; vial 3 was the “positive” control (coated with 90 
ppm deltamethrin), and vial 4 was coated with 90 ppm PENS), and (D) ICP-MS 
analyses of total silver content in mosquito hemolymph. 
 

ICP-MS analysis revealed that the mosquitoes exposed to the uncoated 

“negative” control vial and the deltamethrin coated vial had virtually undetectable levels 

of silver (0.04 ng and 0.041 ng of silver, respectively).  Therefore, the silver 

concentration in mosquitoes from the uncoated vials was set at 100% and the levels of 

Ag from mosquitoes exposed to deltamethrin, nanosilver and PENS were compared to 

the control. Hemolymph collected from mosquitoes in the nanosilver and PENS coated 
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vials had silver levels that were higher than those of controls or those in the deltamethrin 

coated vial by a factor of six and seven, respectively (p < 0.01). The citrate buffer 

solution was also analyzed for total silver content. No significant amount of silver was 

detected. Thus, these results show that tethering a synthetic organic molecule to a 

nanosilver particle core enabled the detection of silver metal and facilitated the uptake of 

the pesticide into the mosquito hemolymph. 

In an effort to evaluate the magnitude of exogenous silver potentially introduced 

via the mosquito hemolymph extraction procedure, we compared the number of AgNPs 

in the collected hemolymph to the maximum number of silver particles possibly on the 

surface of the femtotip (i.e. mosquito injection needle) during collection. The following 

reasoning was used: transmission electron micrographs verified the spherical and 

monodispersed nature of AgNPs and confirmed the size as 15 nm (Figure 3.1A). On the 

basis of this size, the total silver content measured from ICP-MS (2.11 ng) and the 

density of metallic silver (10.5 g/cm3), the number of nanosilver particles in the collected 

hemolymph from 20 mosquitoes was calculated as 1.14 x 108 [102].  Therefore, the 

average number of particles per mosquito was 5.76 x 106.   

The ratio of the cross-sectional area of the femtotip to that of nanosilver particles 

yields the maximum number of particles that are potentially on the tip of the needle as it 

is injected into the mosquito.  This ratio was calculated to be 1.11 x 103.  Hence, the 

amount of nanosilver particles measured from ICP-MS analysis (5.76 x 106) is over three 

orders of magnitude higher than the amount of silver potentially introduced to 

hemolymph via needle puncture (1.11 x 103).  These two calculations confirm that the 
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silver content measured via ICP-MS was indeed from the collected hemolymph and not 

due to exogenous silver introduced during sample collection.  

 Mosquito bioassay #2: viability tests comparing deltamethrin and PENS. Figure 

3.7 and Figure 3.8 show the effects of deltamethrin or PENS on mosquito viability over 

time and dose, respectively. Mosquitoes that remained alive are represented by the blue 

bars, mosquitoes that were knocked down are represented by the red bars, and the green 

bars represent the mosquitoes that were scored as dead. Mosquito viability (i.e., % alive, 

% knock down and % dead) was recorded every hour for the first 12 hours and again at 

24 hours when the bioassay was finalized. The figures show the mosquito viability at the 

1st, 2nd, 3rd, 4th, 12th and 24 hour time point (data from 5th through 11th hour not 

shown). The doses used in the bioassay were: (a) 9x10-3 ppm, (b) 9x10-3 ppm, (c) 9x10-5 

ppm, and (d) 9x10-6 ppm of deltamethrin or PENS. 

 The results from this mosquito bioassay show that mosquitoes exposed to both 

deltamethrin and PENS at 9 x10-3 ppm resulted in 100% death after 24 hours (Figures 

3.7A and 3.8A respectively). Four hours of mosquito exposure to 9 x 10-4 ppm 

deltamethrin resulted in 5% knockdown and 95% death; while 4 hours of mosquito 

exposure to 9 x 10-4 ppm PENS resulted in 15% knockdown and 85% death. At this 

concentration, 100% mosquito death was observed in deltamethrin vial while 95% death 

(with 5% knockdown) was observed after PENS exposure at the end of the 24 hour 

period (Figures 3.7B and 3.8B). These results prove the effectiveness of the 

nanoconjugate in comparison to deltamethrin over time and dose.  
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 Exposure to 9 x10-5 ppm deltamethrin resulted in 90% mosquito death (Figure 

3.7C); however, exposure to the PENS had no effect at this concentration (Figure 3.8C). 

The mosquitoes exposed to 9 x 10-6 ppm deltamethrin had a 15% knockdown rate with 

85% staying alive (Figure 3.7D), whereas, the mosquitoes exposed to 9 x 10-6 ppm 

PENS had a 100% survival rate through the 24 hours exposure time period (Figure 

3.8D). All the mosquitoes survived the entire 24 hour period in the uncoated "negative 

control" vial (data not shown). Hence, both PENS and deltamethrin were shown to be 

completely effective after 24 hours of exposure to 9 x 10-3 ppm. Additionally, even 

though exposure to the deltamethrin resulted in 100% mosquito mortality at the 9 x 10-4 

ppm concentration, the PENS exposure also resulted in 95% mosquito death and the 

remaining 5% were knocked down proving its effectiveness. These results show that the 

newly developed nanoconjugate PENS did not inactivate the primary function of the 

pesticide and was able to kill mosquitoes even at low concentrations.  
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Figure 3.7. The effects of deltamethrin in the mosquito bioassay over time and 
dose.  The blue bars represent mosquitoes that remained alive, the red bars 
represent the mosquitoes that were knocked down, and the green bars 
represent the mosquitoes that died.  Mosquitoes were counted over the 
following time points: 1, 2, 3, 4, 12, and 24 hours.  The doses used in the 
bioassay were: (a) 9x10-6 ppm, (B) 9x10-5 ppm, (C) 9x10-4 ppm, and (D) 9x10-3 
ppm of deltamethrin. 
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Figure 3.8. The effects of PENS in the mosquito bioassay over time and 
dose.  The blue bars represent mosquitoes that remained alive, the red 
bars represent the mosquitoes that were knocked down, and the green 
bars represent the mosquitoes that died.  Mosquitoes were counted over 
the following time points: 1, 2, 3, 4, 12, and 24 hours.  The doses used in 
the bioassay were: (A) 9x10-6 ppm, (B) 9x10-5 ppm, (C) 9x10-4 ppm, and 
(D) 9x10-3 ppm of PENS.  
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3.4. Discussion and data interpretation  

The research presented here showcases the conjugation of monodispersed, stable 

AgNPs to the insecticide deltamethrin. It also explores the possibilities of using the 

newly created and effective PENS in the fight against disease carrying insects. Effective 

insect vector control is essential to prevention of vector-borne infectious diseases.  Every 

day flies, ticks, and mosquitoes infect humans and animals around the world with life 

threatening pathogens causative of diseases for which there are currently no vaccines or 

effective treatments. Therefore, alternate methods to combat infectious diseases are 

needed. 

Current vector control strategies that target the adult insect or arthropod are 

limited to the same four classes of synthetic insecticides (organochlorine, 

organophosphate, pyrethroid, and carbamate) that have been used for over 30 years 

[103].  Introduction of insect growth regulators (IGRs) such as methoprene and 

novaluron as well as biopesticides such as the Cry and Cyt toxins produced by the 

bacterium Bacillus thuringiensis (Bt) have been shown to be effective larvacides.  Bt 

toxins have been incorporated into transgenic crops to combat agricultural insect pests. 

However, both Bt toxins and IGRs currently have limited use as sprays since they do not 

kill the adult stage and widespread coverage of breeding areas in remote locations is 

logistically challenging [90]. Therefore, the development of new and/or improved vector 

control strategies is paramount in the fight against the irrepressible spread of disease. 

Many countries continue to extensively utilize the organochlorine pesticide 

dichlorodiphenyltrichloroethane, better known as DDT, as well as the pyrethroid 



 

64 

 

pesticide deltamethrin to control mosquitoes that carry malaria [94]. Even though the 

pyrethroids are safer than many of the other insecticides, they are neurotoxic to people, 

and human exposure needs to be effectively and accurately monitored. The structural 

diversity of the synthetic pyrethroids presents a challenge for the development and 

analysis of human exposure biomarkers [104].  

Another factor complicating biomonitoring of pyrethroids is that many of the 

metabolites are nonspecific and are derived from the breakdown of multiple pyrethroids.  

Only cyfluthrin and deltamethrin yield compound specific metabolites [104].  However, 

several of the common metabolites (specific and nonspecific) also occur naturally in the 

environment due to microbial transformation and photolysis [105]. Therefore, 

measurement of urinary metabolites may not accurately depict pyrethroid exposure.  The 

successful conjugation of a pesticide to a NP surface allows for effective tracking of 

organics in complex biological matrices. The presence of noble metals in biological 

fluids and other complex matrices allows for ease in detection of organometallic 

substances, such as PENS describes herein.  Analytical methods such as mass 

spectroscopy, emission spectroscopy, and electron microscopy are all better suited to 

detect and characterize biological substances that contain elements of high electron 

density, such as elemental or particulate silver. 

Lab synthesized NPs offer several advantages in comparison to purchased NPs. 

When NPs are prepared from scratch, a well-known chemical composition offers the 

possibility of altering their surfaces to introduce specific functionalities. While 

purchased NPs tend to aggregate or agglomerate more easily when suspended in water 
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affecting the particle size, the primary particle size of homemade NPs can be controlled 

to a great deal due to  the synthesis scheme employed. These pristine (i.e., impurity free) 

"home-made" NPs have a well-defined size and a uniform shape. Furthermore, since 

these NPs were created in the lab using chemical reduction methods, laboratory 

synthesis offers the additional advantage of calculating the resulting concentration of the 

AgNP and PENS solutions via reaction stoichiometry. Based on the average diameter of 

AgNP as observed via TEM (i.e., 15 nm), the weight of silver salt used in reaction (i.e., 

8.45 mg) and the total reaction volume (i.e., 60 mLs), the concentration of the final 

solutions (as total atoms/L or number of moles/L) were calculated.  

When conjugating an organic molecule to the surface of a NP, an "active site" of 

the molecule must be identified.  In this case, it is deltamethrin is conjugated to the 

surface of a AgNP. Based on the evidence provided by the FTIR spectroscopy studies, 

wedge 1 (which contains an ester group, a cyanide group, dimethyl groups, and bromine 

atoms) is the “active site”.  Further evidence is observed in the transmission electron 

micrographs showing pristine nanosilver particles before conjugation and an organic 

corona surrounding the nanosilver particles after conjugation with deltamethrin.  When 

considering the effects of the PENS conjugate to mosquitoes, the bioassay resulted in 

mosquito knockdown and subsequent death.  PENS was comparable to deltamethrin in 

killing mosquitoes at a low concentration (9x10-4 ppm). Measurable levels of nanosilver 

particles were detected in mosquito hemolymph following exposure to either the silver 

particle or to PENS. Even though deltamethrin resulted in mosquito mortality at 9x10-5 
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ppm concentrations while PENS did not, we have clearly demonstrated that the 

conjugation process does not inactivate the insecticide.     

3.5. Summary  

In summary, tethering a synthetic organic molecule to an engineered metal-based 

NP allows for the detection of the metal conjugate in complex matrices, such as 

mosquito hemolymph. The novel synthetic scheme, material characterization techniques, 

and in vivo mosquito bioassays described here is a refreshing concept for the exploitation 

of a core-shell nanoconjugate that can be used as an active agent against insect vectors. 

By simply altering the chemistry of the synthesis scheme, we describe new possibilities 

of creating several NP-pesticide core-shell conjugate models that can be tested in other 

biological systems. This example of a NP-based technology will have a significant 

impact on both basic understanding of synthesis, characterization, and toxicology as well 

as having an impact in the application of such technologies towards vector control.   
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4. EFFECTS OF PENS ON VIABILITY AND REACTIVE OXYGEN SPECIES 

GENERATION IN NEURONAL (PC12) CELLS   

 

4.1. Introduction  

Improvement of existing compounds and the development of new methods to 

eradicate insect vectors that carry infectious diseases is an ongoing process that 

continues to be of extreme importance to human health. While there are many ways to 

approach the need for development of effective, safe insect vector control agents, our 

research team has utilized nanoscience to modify an existing insecticide. We previously 

described the synthesis and extensive characterization of a novel conjugate comprised of 

a AgNP core encapsulated by the pyrethroid pesticide, deltamethrin. Size, size 

distribution, chemical composition, agglomeration states and stability of the conjugate 

were thoroughly analyzed. Most importantly, exposure to low concentrations of PENS 

resulted in mosquito knockdown and mortality [106].  

 The rationalization for utilizing AgNPs to modify a currently utilized insecticide 

is that these particles have unique antimicrobial and optical properties at the nanometer 

size scale [107, 108]. This results in specific physicochemical characteristics that may 

differ from those of conventional particles (i.e. ionic, bulk, particulate, or micronized). 

For instance, the high surface area to volume ratio in nanomaterials results in high 

surface reactivity [37, 50, 109-113]. AgNP disinfectant sprays exhibit antiviral 

properties and also serve as broad-spectrum fungicides [114, 115]. AgNPs can also be 

deposited on natural and synthetic textiles which can be useful in hospitals to control 
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infection [116]. Thus, AgNPs are unique in that they offer the possibility of altering their 

surfaces to introduce specific functionalities for a host of environmental and biomedical 

applications [37, 113, 117].   

Ultimately, insecticides should not only be effective against the targeted pest, but 

they should also be safe for people to use. Currently, pesticides are not species- specific, 

and humans can also be poisoned by exposure to these chemicals. The World Health 

Organization  underscores the lack of alternative, cost-effective and safe insecticides and 

emphasizes the need for new, alternative insecticides [118]. Hence, the development of 

new methods and compounds to eradicate insect vectors that result in low to little 

mammalian toxicity are urgently needed. The ultimate long-term goal of this 

interdisciplinary research was to eventually develop efficacious insecticides with 

minimal toxicity in mammals. 

Even though cellular effects of the individual components of PENS (i.e., AgNPs 

and deltamethrin) are well-characterized, any modifications of those effects due to the 

conjugation process have not been previously studied. Therefore, in this section, the 

primary goal was to assess the effects of our newly created pesticide-particle conjugate 

on basic cellular responses utilizing an in vitro model. The assays chosen to evaluate 

cellular responses, cellular viability and ROS production, were based on known 

characteristics of the individual components of PENS.  

AgNPs have been shown to induce the generation of ROS [119] followed by  

both apoptosis and necrotic cell death in several cell lines [119-121]. For this study, 

pristine AgNPs were synthesized in-house using tannic acid as the capping agent. We 
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therefore hypothesize that the use of a polyphenolic antioxidant such as tannic acid as 

the capping agent would actually suppress ROS production instead of increase it.    

It is well established that deltamethrin exposure results in increased ROS 

generation and eventually neuronal cell death via apoptosis in PC12 (neural) cells [122, 

123]. Similarly, accumulation of ROS coupled with the induction of oxidative stress in 

rats has been well documented following pyrethroid insecticide exposure [122, 124-

126]. PC12 cells (pheochromocytoma of the rat adrenal medulla), a well-defined 

neurodevelopment model has served as the standard cell line in studies assessing 

exposures to neurotoxins [127, 128]. In contrast to primary neuronal cultures, the PC12 

cells provide a homogeneous population that continues to divide unless differentiation is 

triggered by the addition of nerve growth factor. Therefore, the PC12 cell line was 

chosen as the model culture system for all experiments.   

In the previous section, a novel synthesis scheme to produce the pesticide 

encapsulated nanosilver was described. Material characterization techniques confirmed 

that the PENS molecule consisted of deltamethrin molecules forming a thin shield-like 

adsorptive layer around the AgNP core. Furthermore, the efficacy of the conjugate was 

tested using a dose-dependent and time-course mosquito bioassay. Our results indicated 

that this newly developed nanoconjugate did not inactivate the primary function of the 

pesticide and was effective in killing mosquitoes at low concentrations [106]. In this 

section, the PENS conjugate was tested in neuronal cultured cells to compare the 

cytotoxic responses to the unconjugated pesticide deltamethrin and pristine AgNPs. The 

following results describe the in vitro effects of exposure to PENS.   
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4.2. Materials and methods 

4.2.1. Dosing solutions and particle characterization 

 AgNPs were synthesized by reducing silver nitrate salt (99.9999% metal basis, 

Sigma-Aldrich, St. Louis, MO) using sodium citrate dihydrate and tannic acid solutions 

(Sigma-Aldrich, St. Louis, MO) as the reducing and capping agents respectively. 

Deltamethrin was also purchased from Sigma-Aldrich. Conjugation of the AgNP core 

particles with deltamethrin was carried out as reported previously [106]. The resultant 

aqueous suspension is referred to as PENS. Thus, the dosing solutions for all 

experiments included PENS, deltamethrin, and lab-synthesized pristine AgNP.  

Molar concentrations of the PENS and AgNPs were calculated based on 

stoichiometry as previously described [106]. All suspensions were diluted in phenol red-

free cell culture media to make up a 90 µM stock solution. Actual dosing concentrations 

were 5 µM, 10 µM, and 45 µM. The AgNPs and the PENS suspension in cell culture 

media were characterized via transmission electron microscopy. For TEM analyses, one 

micro liter of the AgNP or PENS suspension was deposited onto a 400 mesh carbon 

grid. Each grid was analyzed on a JEOL 2010 transmission electron microscope at an 

accelerating voltage of 200 kV.  

4.2.2. Cell cultures 

  PC12 cells were maintained in Dulbecco's Modification of Eagles Media 

(DMEM) F-12 medium (Kaighn’s modification of Ham’s F-12 medium, HyClone, 

Logan, UT) supplemented with 10% fetal bovine serum (FBS) (Atlanta Biologicals, 

Norcross, GA) and Normocin Antibiotic Solution (Invivogen, San Diego, CA). Cells 
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were grown in T75 culture flasks at 37 °C in a humidified atmosphere of 5% CO2 and 

95% O2 until 80% confluent. Cells were harvested via trypsinization (MP Biomedical, 

Solon, OH).   

4.2.3. Cell viability  

Cells were seeded at a concentration of 1 x 105 cells per well in 12 well plates in 

growth medium and allowed to proliferate for 72 hours until they reached 80% 

confluency. Cells were gently washed with phosphate buffer saline (HyClone, Logan, 

UT), followed by exposure to PENS, deltamethrin and lab-synthesized AgNPs as 

outlined in section 4.2.1 in serum free and phenol red free medium and incubated for 24 

hours.  Cell viability was assessed using trypan blue via the Countess® Automated Cell 

Counter (Invitrogen) as per the manufacturer's instructions. N=3 wells per treatment and 

each experiment was performed in triplicate. 

4.2.4. Bright field microscopy  

Bright field microscopy was employed to assess morphological changes on PC12 

cells upon exposure to dosing solutions. Cells were cultured in 6 well plates and exposed 

for 24 hours to the high dose of 45 µM of PENS, deltamethrin, or lab-synthesized 

AgNPs. Following exposure, cells were washed with PBS and the medium was changed 

to phenol red-free DMEM only. Cells were immediately imaged at a total magnification 

of 20X with an Olympus IX71 inverted fluorescence microscope (Center Valley, PA). 

Images were processed with Olympus CellSens software.   
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4.2.5. Intracellular ROS measurement  

DCFH-DA (2′,7′-dichlorofluorescein diacetate) was used to measure the levels of 

intracellular reactive oxygen species (Cell Biolabs, Inc.). The PC12 cells were seeded at 

a cellular density of 105 cells per well in a 96 well plate in growth medium. Upon 

reaching 80% confluency, cells were gently washed with PBS followed by treatment 

with 100 µM DCFH-DA and incubated at 37°C for 30 min. Cells were then exposed to 

dosing solutions in phenol red free medium with 10% charcoal-stripped FBS and 

incubated for 24 hours. Hydrogen peroxide (1000 µM) was used as the positive control. 

Fluorescence was measured at 480 and 530 nm (excitation and emission, respectively) 

using a fluorescence plate reader (Synergy Mx Multi-Mode Microplate Reader, BioTek 

Instruments, Inc., Winooski, VT).  N= 8 wells per treatment and each experiment was 

performed in duplicate. 

4.2.6. Statistical analysis 

 Each value is the mean of at least three separate analyses plus or minus the 

standard error of the mean (SEM). Data were normalized to the control values and are 

represented as the mean ± SEM. Multiple comparisons were performed using analysis of 

variance (ANOVA) followed by post-hoc testing if P<0.05. For the viability assays as 

well as reactive oxygen species data, PENS, deltamethrin and AgNP were analyzed via 

the Kruskal Wallis test followed by a Dunn post-test comparing all pairs of columns. 

Statistical analyses were performed using INSTAT software v 3.0 (GraphPad, Inc., San 

Diego, CA). 
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4.3. Results 

4.3.1. PC12 cell viability following exposure to PENS, deltamethrin, or AgNPs 

The PC12 cells were exposed for 24 hours to PENS, deltamethrin, or lab-

synthesized AgNPs. The primary goal was to study the cellular effects of PENS (via 

viability and ROS measurements) and compare the effects to the individual components 

i.e., deltamethrin and AgNPs.  

 Transmission electron microscopy (TEM) reveals critical information about the 

particle size, shape, aggregation states and morphology. TEM was previously employed 

to characterize the pristine AgNPs and the PENS conjugate suspended in  water [106]. 

TEM revealed monodispersed, spherical 15nm particles with no visible aggregation. 

TEM was once again employed to characterize physicochemical properties of the 

particles suspended in physiologically relevant media - i.e., cell culture media. 

Transmission electron micrographs of the lab-synthesized AgNPs and the PENS 

conjugate in cell culture media are shown in Figures 4.1A and 4.1B, respectively. These 

micrographs confirm that the particles remained spherical and non-aggregated upon 

suspension into cell culture media.  
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Figure 4.1. Transmission electron micrographs. (A) lab-synthesized AgNPs and (B) 
PENS suspended in cell culture media.  
 

Figure 4.2 shows the effects on cell viability upon exposure to PENS 

deltamethrin, or lab-synthesized silver as compared to untreated cells at 5, 10, or 45 µM. 

PC12 cells exposed to deltamethrin exhibit a fairly monotonic dose-response 

relationship (i.e., cell viability decreases with increase in dose). Cells exposed to the 

conjugate PENS follow a similar trend to that of cells exposed to deltamethrin.  Cells 

exposed to silver caused a caused a sharp decline in viability as compared to undosed 

cells at the 45 µM.  

The cell viability remains higher following PENS treatment at the highest 

concentrations when compared to cells treated with either deltamethrin or AgNPs.   

Exposure to PENS resulted in a 17% decline in viability at the highest concentration of 

45 µM while exposure to deltamethrin caused a 47% decrease and to silver caused 57% 

decline. Similarly, exposure to 10 µM deltamethrin reduced viability by 14% while 

viability of PENS treated cells remained unchanged. Thus, viability was significantly 
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higher in cells exposed to PENS as compared to deltamethrin and AgNP at the 45 µM 

concentration. These results suggest that cellular viability was less adversely affected by 

PENS than by the deltamethrin and AgNP at the highest concentration of 45 µM 

concentration.  

 

 

Figure 4.2. Comparison of effects following PENS, deltamethrin, and AgNP 
exposures on cell viability data at 5, 10 and 45 µM concentrations.  Viability was 
higher in cells exposed to PENS as compared to deltamethrin at the highest 
concentration of 45 µM. Data were normalized to the control values and are 
represented as the mean ± SEM (*, P<0.05; **, P<0.01). 
 

4.3.2. Morphological assessment via bright field microscopy 

 Cell morphological changes were assessed using bright field microscopy 

following 24 hour exposure to the highest dose (45 µM) of PENS, deltamethrin, or 

AgNPs as shown in Figure 4.3. While exposure to lab-synthesized AgNPs resulted in 

cell shrinkage as compared to media alone, cell exposure to deltamethrin resulted in cells  
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with irregular membrane borders. It is interesting to note that the cells exposed to the 

PENS conjugate resulted in no obvious morphological changes. This would suggest that 

the PC12 cells are less adversely affected by the PENS conjugate in comparison to both 

deltamethrin and AgNPs.  

 

 

Figure 4.3. Bright field microscopy of PC12 cells. PC12 cells were exposed to the 
highest dose of 45 µM of PENS, deltamethrin or lab-synthesized AgNPs and 
incubated for 24 hours to assess morphological changes. The images include: (A) 
unexposed control cells, (B) cells exposed to PENS, (C) cells exposed to 
deltamethrin and  (D) cells exposed to AgNPs. 
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4.3.3. Intracellular ROS measurement 

 Both deltamethrin and silver particles have been shown to increase production of 

reactive oxygen species in vitro [119, 129-133]. Therefore, we wanted to determine if 

our novel pesticide-particle conjugate, PENS, induced similar effects as deltamethrin or 

AgNP on cellular production of ROS. Cellular generation of ROS was measured in 

PC12 cells 24 hours after PENS, deltamethrin, or lab-synthesized AgNP exposures and 

the results are shown in Figure 4.4. 

 

 

Figure 4.4. ROS production by PC12 cells following 24 hour exposure to PENS, 
deltamethrin, or AgNPs. Intracellular reactive oxygen species production was 
measured using DCFH-DA. Cells were exposed to 5, 10 and 45 µM concentrations 
of PENS, deltamethrin or lab-synthesized AgNPs and incubated for 24 hours. Data 
were normalized to the control values and are represented as the mean ± SEM (**, 
P<0.01; ***, P<0.001). 
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As seen from the figure, PENS and deltamethrin were not statistically significant 

from each other with regards to the ROS at all exposure concentrations. This suggests 

that the cells exposed to the PENS conjugate are responding in a manner similar to those 

exposed to the deltamethrin. On the other hand, ROS production upon comparing PENS 

to lab synthesized AgNPs, and deltamethrin to lab synthesized AgNPs were statistically 

significant at all concentrations. 

4.4. Discussion and data interpretation  

 Development of new insect vector control agents that are safe, effective, and 

affordable is a high priority, especially in areas where humans are suffering from 

diseases spread by infected mosquitoes, ticks, and flies. There is an urgent need to 

engineer highly specific and targeted products that are safer than conventionally used 

pesticides. As described in Section 3, the physiochemical properties of PENS were 

extensively characterized (size, chemical composition, agglomeration state, and particle 

stability), and most importantly, mosquitoes exposed to PENS were knocked down and 

killed.  

In an attempt to further explore these “next generation pesticides”, this section 

evaluated the safety of the conjugate. The overall aim was to develop a tool in the fight 

against insect vectors that was effective and at least as safe, if not safer than, currently 

used insecticides. The in vitro effects following exposure to the newly created PENS 

conjugate on cellular viability and oxidative stress response in the mammalian neuronal 

cell line-PC12 were assessed.  Specifically, we were interested in studying the cellular 

effects of PENS via cell viability and ROS measurements. The effects due to exposure to 



 

79 

 

the conjugate were then compared to those induced by the individual components (i.e., 

deltamethrin and AgNPs). 

PC12 cells are a widely used neuronal model system that readily recapitulates 

key events in neuronal cell development [128]. Deltamethrin is known to increase ROS 

generation and eventually lead to neuronal cell death via apoptosis in PC12 (neural) cells 

[122, 123]. Other pyrethroids such as cypermethrin have also been reported to produce 

oxidative stress in vitro [125]. Li et al have also shown that deltamethrin treatment 

induces oxidative stress in the brain, including increased levels of lipid peroxidation 

products and decreased activities of enzymes such as superoxide dismutase (SOD) and 

glutathione reductase [122]. A recent study by the same group provides evidence that 

deltamethrin exposure promoted free radical formation in rat brain (in vivo) and further 

validated reactive oxygen species generation in PC12 cells in vitro [134]. Furthermore, 

deltamethrin-treated PC12 cells also induced the expression of the transcription factor 

NF-E2-related factor 2 (Nrf2) and heme oxygenase-1 (HO-1), a Nrf2-regulted gene 

[133]. Hence, several studies have reported deltamethrin-mediated oxidative stress in 

PC12 cells and shown that ROS is one of the mediators of this process [123, 135-137].  

Exposure to AgNPs cause both apoptosis and necrotic cell death due to increased 

cellular ROS levels in several cell lines [119-121].  However, our results show a 

significant suppression of intracellular ROS in PC12 cells after exposure to known 

concentrations of our lab-synthesized silver particles. The majority of AgNPs that are 

reported to cause cell death due to ROS production are heavily coated to improve 

stability. Specifically, the coatings used for this purpose include: citrate coated AgNPs 
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[138], PVP coated AgNPs [119], hydrocarbon coated AgNPs [139] or peptide coated 

AgNPs [140]. In addition to surface coating, AgNP toxicity is also dependent to a great 

extent upon the NP size [120, 139, 141-143].   In our study, however, stable, spherical, 

monodispersed AgNPs were synthesized in-house using sodium citrate as the reducing 

agent and tannic acid, a polyphenol, as the capping agent to achieve particle stability [38, 

144, 145]. Moreover, it is well established that polyphenolic compounds exert protective 

effects against glutamate cytotoxicity [146]. Furthermore, the ability of poylphenols to 

chelate metal ions is also well documented [147]. Thus our results demonstrate that the 

use of a polyphenolic antioxidant capping agent such as tannic acid will suppress ROS 

production in this particular cell line. These findings emphasize the importance NP 

coating and composition has on cellular viability and ROS production. 

Another important point to be noted here is that when the PENS conjugate and 

the home-made AgNPs were re-suspended in cell culture media, the particles did not 

aggregate and instead stayed monodispersed, stable and spherical as shown by the 

transmission electron micrographs (Figure 1). Hence, dosing PC12 cells with the PENS 

conjugate and lab-synthesized AgNPs suspended in cell culture media is not only 

physiologically relevant but also a true representation of the biological effects to the 

newly developed nanoconjugate as well as the pristine AgNPs. 

4.5. Summary 

In summary, our current study was a first step towards evaluating the safety of 

our newly developed conjugate, PENS. Assessment of the in vitro effects following 

exposure of the PENS conjugate on cellular viability and oxidative stress response in the 
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mammalian neuronal cell line-PC12 was imperative before utilizing such a novel 

conjugate for any real world applications. Our results suggest that cellular viability was 

less adversely affected by PENS than by the deltamethrin. Also, ROS production 

following PENS exposure indicated that the newly developed conjugate was responding 

in a similar manner as that of cells treated with deltamethrin only.  
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5. A PHYSIOLOGICALLY RELEVANT APPROACH TO CHARACTERIZE THE 

MICROBIAL RESPONSE TO COLLOIDAL PARTICLES IN FOOD MATRICES 

WITHIN A SIMULATED GASTROINTESTINAL TRACT* 

 

5.1. Introduction  

 Recent advances in colloid science have availed new technologies in diverse 

areas of our lives.  Many research groups have postulated the use of small particles in a 

variety of consumer products including cosmetics and topical creams, drugs, and food 

packaging.  [148-154]. The use of these particle-enabled products in their intended (and 

potentially unintended) manner would result in either individual colloids or particles 

incorporated into larger composites entering into the human body [55, 56]. This is 

especially relevant for colloidal silver particles. For these materials, the physical 

properties (e.g. size) influence the chemical properties (e.g. the production of 

bioavailable metals and redox surface chemistry). Colloidal silver is unique due to its 

high surface area to volume ratio, which is the main reason for the reportedly enhanced 

antimicrobial activity [7, 155-158]. 

 These particles, because of their supposed antimicrobial properties, have been 

postulated as ideal candidates for antimicrobial surface coatings, antimicrobial paints 

and even food and drink additives. The demand for natural orange juice with high 
                                                 

*Reprinted with permission from Sooresh, A., et al., A Physiologically Relevant 

Approach to Characterize the Microbial Response to Colloidal Particles in Food 

Matrices within a Simulated Gastrointestinal Tract. Food and Chemical Toxicology, 
2012. 50(9): p. 2971-2977. Copyright 2012 Elsevier. 
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nutritional value and sensory characteristics with minimum heat treatment is on the rise 

[159, 160]. Non-thermal processing techniques (such as IR and UV) as a substitute for 

thermal processing have been extensively studied in order to extend the shelf life and 

maintain the freshness of the juice [161]. However, these techniques are not only energy-

intensive but also require costly equipment for processing. Moreover, orange juice even 

if properly refrigerated has a short shelf life due to microbial spoilage [160, 162]. Hence, 

colloid science (such as nanotechnology) can potentially provide answers to some of the 

challenges facing food processing [150].    

 The physical and chemical properties and observed antimicrobial effects of 

colloidal silver can also influence their reaction with commensal microbial populations 

within the gastrointestinal tract. Some of these responses could be detrimental to 

surrounding tissues by causing inflammation and alterations in the immune response 

depending on the physicochemical nature of the colloid, the target microbial populations 

and the physiological conditions existing within specific locations of the gastrointestinal 

tract. The microbial populations within the gastrointestinal tract have coevolved with us 

and it directly influences gastrointestinal tract form, function, and stability. The 

microbial consortia within the intestines are vital to many aspects of normal host 

physiology, immune development, and in controlling infections.  When colloid-

containing foods are ingested, these particles are exposed to the spectrum of pH levels 

that exist from the stomach to the large intestines. These conditions could facilitate the 

release of colloids from the food matrix and/or metal ions from the particle core.  Food-

incorporated, aggregated, or free particles could get disseminated within the 
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gastrointestinal tract. Changes in the pH of the surrounding environment will modify the 

particles’ size, increase the amount of leached metal ions, and influence the production 

of reactive oxygen species from the surface of the colloid  [6, 58-61]. Perturbations in 

the microbial communities could be expected when there are changes associated with the 

colloid’s surface or, as has previously been reported, when a digestion procedure is 

incorporated into the experimental design [62-65]. 

 In this section, silver particles suspended in orange juice were investigated over 

dose-response and time course experimental designs.  The focus was on relating the 

physicochemical properties of colloidal silver particles (e.g. size, size distribution, the 

production of bioavailable metals, particle surface charge and solution pH) to its 

influence on microbial cells within the small intestines of the gastrointestinal tract.  First, 

the differences between planktonic bacterial cultures versus bacterial biofilms were 

analyzed using “digested” and “undigested” colloidal silver particles and silver nitrate 

salt solution. By systematically analyzing bacterial responses and changes in size, pH, 

surface charge and bioavailable ionic silver from the particles before, during, and after 

the study, physicochemical properties to ecological effects can be related. 

5.2. Materials and methods 

5.2.1. Experimental design  

 Silver particles (<100nm, 99.5% metal basis) and silver nitrate (99.9999% metal 

basis) were purchased commercially (from Sigma-Aldrich, St. Louis, MO). Pulp-free 

orange juice was purchased from a retail store (Tropicana Manufacturing Company, Inc, 

Bradenton, FL, USA). The orange juice was filtered using a 0.2 µm target syringe filter 
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to remove residual pulp prior to use (Thermo Fischer Scientific, Beverly, MA, USA).  

Three sample concentrations of 10, 50, and 100 mg/L of the colloidal silver particles 

suspended in orange juice were prepared. Experimental control samples of 10, 50, and 

100 mg/L of the silver nitrate salt suspended in orange juice were also prepared.  

 To study the interaction between colloidal suspensions and the microbial 

populations within the gastrointestinal tract, it was essential that the test materials 

(colloidal silver and silver nitrate) be incorporated in a food matrix (orange juice) and 

subsequently exposed to the pH changes postulated to occur within the gastrointestinal 

tract. Figure 1 outlines the experimental design of exposing the colloidal silver in juice 

and silver nitrate in juice samples to fluctuating pH conditions to simulate the 

gastrointestinal tract. The protocol of Glahn et al was used with slight modification and 

described in 4 steps [163]. Step 1: the pH of the starting material (colloidal silver in juice 

and silver nitrate in juice) was determined to be pH 4.0.  Step 2: the pH of the colloidal 

silver in juice and silver nitrate in juice was adjusted to pH 2.0 using 5M HCl and 5% of 

pepsin solution (pepsin obtained from porcine gastric mucosa, Sigma-Aldrich, St. Louis, 

MO). This mixture was then placed in a water bath with shaking at 37°C for 1 hr. Step 3: 

the pH of each of these samples was raised to 6.0 with 1 M NaHCO3. 25% of pancreatic-

bile solution was added. Step 4: The pH was adjusted to 7 with 1 M NaOH.  The volume 

was raised to 7.5 mL with 120 mM NaCl and 5 mM KCl.   

5.2.2. Survival and growth patterns of E. coli ATCC 25922 strain 

 E. coli ATCC strain 25922 (American Type Culture Collection, Manassas, VA), 

a prototypical E. coli strain that is present in the gastrointestinal tract was used in this 
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study. Luria-Bertani (LB) broth and Tryptic Soy Agar (TSA) (Difco, Lawrence, KS) 

were used for culturing and plating purposes. The starting concentrations of colloidal 

silver in juice and silver nitrate in juice were 10, 50, and 100 mg/L. After the digestion 

and incubation with E. coli 25922, the samples were eventually diluted 10X in LB broth 

to yield final dosing concentrations of 7, 33, and 67 mg/L. As experimental controls, 

colloidal silver and silver nitrate were also suspended in phosphate buffer saline (PBS) 

solution. In this control study, the final concentration after 10X dilution in LB broth was 

also 7, 33, and 67 mg/L.   

 An overnight culture of E. coli was centrifuged to pellet the cells.  The cell pellet 

was washed with PBS and its concentration was adjusted to approximately 107 CFU/mL 

(OD600=0.1). An aliquot (7.5 µL) containing approximately 105 CFU was added to 50 

mL tubes containing 7.5 mL of colloidal silver in juice or silver nitrate in juice. The 

experimental treatments were filtered orange juice (control), colloidal silver in juice, and 

silver nitrate in juice.  The samples were incubated at 37°C in a water bath with shaking. 

Samples were removed at 0, 2 and 4 hours and the size of the surviving E. coli 

population was determined using TSA plates. The plates were incubated at 37°C for up 

to 48 hours prior to enumeration.  

5.2.3. Biofilm inhibition assay 

 Biofilm assays were performed in 96-well round-bottomed polystyrene plates. 

The biofilm assay was described by Jesudhasan et al [164]. Briefly, an overnight culture 

of E. coli was adjusted to OD600=1.30, washed in PBS, and diluted (20X) in LB broth, 

LB containing colloidal silver, and LB containing silver nitrate. After exposure for 1 
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hour, 100 µL aliquots from each experimental treatment were added to 8 replicate wells. 

The plates were incubated at 37°C for 4 d without shaking. After incubation, the samples 

were removed using a pipette, and the plates were washed with distilled water. The wells 

were stained with 0.1% crystal violet (Fisher, Hanover Park, IL) for 15 min. The excess 

dye was removed by washing with distilled water. The dye associated with the attached 

biofilms was dissolved in 200μL of 95% ethanol for 10 min.  An aliquot (125 μL) was 

transferred to an optically clear flat-bottom 96-well plate (Corning, Lowell, MA) and 

OD590 was measured.  

5.2.4. Cell membrane integrity  

 The integrity of the bacterial cell membranes after exposure to the experimental 

treatments was confirmed using the LIVE/DEAD BacLight™ Bacterial Viability kit 

(L7012, Molecular Probes Inc., Eugene, OR). The LIVE/DEAD BacLight™ assay was 

used per the manufacturer’s instructions. Live cells are supposed to have intact 

membranes and are impermeable to propidium iodide (PI), which only influxes into cells 

with disrupted membranes. Syto-9 is a membrane-permeable dye that can enter all cells. 

The combination of these two dyes provides a rapid and reliable method for 

discriminating live (fluorescence green) and dead bacteria (fluorescence red). Staining 

protocol was followed as proposed by the manufacturer. The fluorescence was measured 

in a micro plate reader. Each experiment was repeated 9 times.  Analyses of viable E. 

coli cells after exposures to either colloidal silver in juice or silver nitrate in juice  - i.e., 

percentages of viable and culturable cells and percentages of viable but nonculturable 

cell state (VBNC) was determined using conventional plate count procedures [165]. 
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5.2.5. Particle characterization   

 The colloidal silver in juice sample was characterized for size (i.e., 

hydrodynamic diameter), zeta potential (i.e., surface charge) and dissociated silver ion 

content (i.e. Ag+) at specific time points in the experimental design. The hydrodynamic 

diameter and zeta potential of samples was measured using a Zeta Sizer Nano Series 

ZEN 3600 Spectrometer (Malvern Instruments Ltd, Malvern, Worcestershire, UK). The 

dissociated silver ions (Ag+) in the particle suspensions were measured using a 

silver/sulfide ion selective half-cell electrode (ISE) and a silver/silver chloride 

(Ag/AgCl) reference electrode (Thermo Fisher Scientific, Beverly, MA, USA).   

5.2.6. Statistical analysis 

 Each experiment described was replicated at least three times and repeated at 

least three times on different days.  The data from each of the independently replicated 

experiments was statistically analyzed using the Student’s t test for pair comparison. 

Probabilities less than 0.05 were considered significant at p < 0.05. 

5.3. Results 

 This study investigated the interaction between particles (i.e. colloidal silver) 

incorporated in a food matrix (i.e. orange juice) and candidate microbial population 

found within the gastrointestinal tract  (namely E. coli ATCC strain 25922) using an in 

vitro simulation of the pH changes occurring during digestion.  
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5.3.1. Experimental design  

 Figure 5.1 outlines the  methodology used in this study that more accurately 

represents the state that the colloidal silver would be if ingested with a food matrix such 

as orange juice (i.e., the gastrointestinal tract  would not be exposed to “undigested” 

colloidal silver, but rather exposed to “digested” silver).  

The systematic scheme showcases a simulated “digestion” protocol integrated 

with bacterial bioassays and particle characterization. The bacterial bioassays include 

growth curves, biofilm formation, and viable but not culturable (VBNC) cell status. The 

particle characterization includes analyses of particle size, zeta potential, and free silver 

metal ion at different time points at each step of the digestion protocol. These time 

points correspond to locations of the gastrointestinal tract where a significant pH change 

is observed (i.e., Step 1 = pH 4.0, Step 2 = pH 2.0, Step 3 = pH 6.0, and Step 4 = pH 7.0).  
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Figure 5.1. Experimental design. The response of colloidal silver in juice and silver 
nitrate in juice to microbial populations via bacterial bioassays was investigated in 
a simulated digestion protocol that mimics the conditions within the 
gastrointestinal tract. 
 

5.3.2. Survival and growth patterns of E. coli ATCC 25922 strain 

 Figure 5.2 shows the survival of E. coli ATCC strain 25922 on exposure to 

digested orange juice (control), colloidal silver in orange juice, and silver nitrate in 
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orange juice. For all experiments, the exposure time points are on par for the time of 

digestion after ingestion, i.e. 4 hours is the average residence time of foods in the 

gastrointestinal tract  [166]. The experiments were performed over dose (7, 33, and 67 

mg/L) and time (0, 2, and 4 hr). The results show that the growth of E. coli was 

completely inhibited by the silver nitrate in orange juice over concentration and over 

time. However, neither the orange juice nor the colloidal silver in orange juice showed 

any effect on the growth rate of E. coli even after 4 hours of incubation time. This 

reduced toxicity effect may be attributed to the fact that the colloidal particles in the 

juice suspension stay intact as particles and do not leach silver ions from the particle 

surface during the digestion process. The silver nitrate, on the other hand, contains more 

bioavailable silver ions as compared to silver particles and therefore decreased E. coli 

cell growth rates.  
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Figure 5.2. Survival and growth patterns of E. coli ATCC 25922 strain in orange 
juice with digestion. The survival of E. coli ATCC strain 25922 on exposure to) 
digested orange juice (control), colloidal silver in orange juice, and silver nitrate in 
orange juice over doses of (A) 7 mg/L, (B) 33 mg/L and (C) 67 mg/L.  
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As experimental controls, colloidal silver and silver nitrate were also suspended 

in phosphate buffer saline (PBS) solution. Figure 5.3 shows the survival and growth 

patterns of E. coli ATCC 25922 strain in PBS with digestion. 

 

Figure 5.3. Survival and growth patterns of E. coli ATCC 25922 strain in PBS with 
digestion. The survival of E. coli ATCC strain 25922 on exposure to PBS (control), 
colloidal silver in PBS, and silver nitrate in PBS over doses of (A) 7 mg/L, (B) 33 
mg/L and (C) 67 mg/L. 
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5.3.3. Biofilm inhibition assay 

 Though studying the effects of particles on unattached (planktonic) bacterial cells 

in suspension is both critical and traditional to evaluate toxicity, the effects on bacterial 

cells in biofilms may, however, be more realistic.  Results of colloidal silver in juice and 

silver nitrate in juice are shown in Figure 5.4.  Using data from Figure 5.2, we proceeded 

to re-evaluate the effects of “digested” versus “undigested” colloidal silver and silver 

nitrate in orange juice on biofilm formation.  For this study, we only investigated effects 

at the high dose, i.e., 67 mg/L. These results showed that unlike the previous data set 

(Figure 5.2), the colloidal silver inhibited biofilm formation significantly when 

compared to (1) "undigested" colloidal silver particles, (2) "digested" silver nitrate, and 

sample while the white bars represent the effects of the "undigested" samples.

(3) "undigested" silver nitrate.   

 

Figure 5.4. Biofilm inhibition assay. Biofilm inhibition after exposure to colloidal 
silver in orange juice and silver nitrate in orange juice were evaluated at 67 mg/L. 

Data is represented as biofilm inhibition vs. sample concentration. The black bars 

     represent the effect of "digested" colloidal silver in juice and silver nitrate in juice    
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5.3.4. Cell membrane integrity 

 The inhibition on E. coli growth was observed by using the plate count assays in 

which E. coli was incubated in the presence of colloidal silver particles and silver nitrate. 

A LIVE/DEAD BacLight™ Bacterial Viability kit was used to evaluate the membrane 

integrity of the bacterial cells as depicted in Figure 5.5. As shown in the micrographs, 

colloidal silver and silver nitrate caused fairly high percentages of compromised cells at 

the dose of 33 and 7 mg/L, respectively. Dose-response relationships were plotted for 

silver colloids/salt versus the growth of E. coli. When the dosages of colloidal silver 

were raised from 7 to 67 mg/L, the percentages of “dead” cells (lacking membrane 

integrity) increased from 0% to 95%. Although the digested silver nitrate had a greater 

viable but not culturable (VBNC) state on the cells at a lower concentrations in 

comparison to digested colloidal silver particles, both the silver colloids and silver 

nitrate created a completely VBNC state. Specifically, the percent VBNC after exposure 

to silver colloids at the 7 mg/L dose was 15%; at 33 mg/L dose was 39%; and 67 mg/L 

was 3%.  For the silver nitrate exposure, only the lowest dose (7 mg/L) resulted in any 

type of viable cell population.  The percent VBNC for this exposure group was 34%.  

Information reported in the Figure 5.5 is the average of all cells counted in 

approximately 10 images per concentration per replicate.   
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Figure 5.5. Cell membrane integrity. Fluorescent microscopic images of E. coli 
ATCC 25922 after exposure to colloidal silver in juice and silver nitrate in juice 
after incubation for 4 hours. 
 

5.3.5. Particle characterization  

 Silver ion concentration is frequently reported as “total silver” measured in ppm 

measurements. In our study, for the colloidal silver in juice samples, total silver consists 

of silver in two distinct forms – silver particles and silver ions. While the dynamic light 

scattering technique measures the hydrodynamic diameter and surface charge of silver 

particles, the ISE (ion selective electrode) probe detects the silver ion content in the 

suspensions. Hence the colloidal silver in juice samples were characterized for size 

distribution, zeta potential, and dissociated silver ion concentration over the four steps in 

the digestion protocol to study the effects of silver particle characteristics in the 

digestion process.  Figure 5.6 shows the size distribution profile of the silver particles in 

orange juice at the 3 specific dosing concentrations used in this study: 7, 33, and 67 

mg/L.  
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Changes in size distribution over time and concentration. The changes in the size 

and size distribution of the colloidal silver suspensions at each step of the digestion 

protocol are shown in Figure 5.6. At the lowest pH of the digestion protocol, i.e., pH 2.0, 

the size profile of the particles exhibited a bimodal distribution for each concentration 

used in the study. On the other hand, at the highest pH of the digestion protocol, i.e., pH 

7.0 the size profile of the particles exhibited a unimodal distribution for each 

concentration used in the study. Also, at pH 7.0, the width of the size peak is the 

narrowest and the height of the peak is at its maximum for each concentration. Hence, 

the average hydrodynamic diameter of the silver particles at the final step in the 

digestion protocol (pH 7.0) was less than 200 nm at every concentration providing 

evidence that the particles in suspension were indeed in the nanometer scale. 

Changes in zeta potential over time and concentration. For the zeta potential 

measurements, the colloidal silver in juice suspension consistently measured slightly 

negative as shown in table 5.1. There was little fluctuation in the measured zeta potential 

value over the digestions steps and among the concentrations used in the study, implying 

that the surface charge of the particles were unaffected before and after digestion. 
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Figure 5.6. Changes in size distribution over time and concentration. The dynamic 
light scattering profile of colloidal silver particles in orange juice at each step of the 
digestion protocol was plotted. Data is represented as % intensity vs. hydrodynamic 
diameter of colloidal silver in juice at (A) 7 mg/L, (B) 33 mg/L, and (C) 67 mg/L. 
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Table 5.1. Colloidal silver particle surface charge over time and concentration.  The 
table includes the zeta potential values of the colloidal silver particles.  Step 1 = 
analysis at pH 4.0, Step 2 = analysis at pH 2.0, Step 3 = analysis at pH 6.0, and Step 
4 = analysis at pH 7.0. 
 

Steps in Digestion 
Process 

Zeta Potential (mV) 
7 mg/L 33 mg/L 67 mg/L 

Step 1 = pH 4 -6.07 -6.69 -2.32 
Step 2 = pH 2 -0.838 -0.526 -0.731 
Step 3 = pH 6 -6.77 -6.05 -0.749 
Step 4 = pH 7 -6.77 -7.01 -5.91 
 

Changes in dissociated silver ion concentration over time and concentration. For 

the dissociated silver (Ag+) ion measurements, the iso-electric probes were calibrated 

using standard AgNO3 salt solutions. The probe measures the electric potential as a 

“mV” reading over concentration. The literature suggests a 58 mV per decade increase 

in concentration is needed to ensure calibration [167]. In order to effectively translate the 

probe’s readings to a concentration of Ag+ ions for the colloidal silver juice samples, 

another calibration graph was plotted. This time, however, silver nitrate in orange juice 

suspensions was used. Again, the 58 mV per decade increase in concentration was 

observed. The results are represented in Table 5.2. The table shows the dissociated Ag+ 

ion concentration decreasing over the steps in the digestion protocol for all concentration 

ranges. We conclude that the simulated digestion procedure contributed towards 

quenching the toxicity of colloidal silver because there are significantly less bioavailable 

Ag+ ions after digestion when compared to the sample before digestion.  
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Table 5.2. Colloidal silver particle and bioavailable silver metal ion detection over 
time and concentration.  The table shows the dissociated Ag+ concentration over 
the steps in the digestion process for the 7 mg/L, 33 mg/L and 67 mg/L 
concentrations. Step 1 = analysis at pH 4.0, Step 2 = analysis at pH 2.0, Step 3 = 
analysis at pH 6.0, and Step 4 = analysis at pH 7.0. 
 

Steps in the 
Digestion Process 

7 mg/L 

Actual ISE 
reading (mV) 

Dissociated 
Ag+ ion 
(mg/L) 

Step 1 = pH 4 31.8 6.84 x 10-4 
Step 2 = pH 2 14.2 3.63 x 10-4 
Step 3 = pH 6 -90.2 8.48 x 10-6 
Step 4 = pH 7 -125.3 2.40 x 10-6 

Steps in the 
Digestion Process 

33 mg/L 

Actual ISE 
reading (mV) 

Dissociated 
Ag+ ion 
(mg/L) 

Step 1 = pH 4 21.5 4.72 x 10-4 
Step 2 = pH 2 6.6 2.76 x 10-4 
Step 3 = pH 6 -112.6 3.79 x 10-6 
Step 4 = pH 7 -150.3 9.75 x 10-7 

Steps in the 
Digestion Process 

67 mg/L 

Actual ISE 
reading (mV) 

Dissociated 
Ag+ ion 
(mg/L) 

Step 1 = pH 4 10.5 3.18 x 10-4 
Step 2 = pH 2 -8.4 1.61 x 10-4 
Step 3 = pH 6 -152.1 9.14 x 10-7 
Step 4 = pH 7 -167.4 5.27 x 10-7 

 

There were little changes in colloidal silver in juice size distributions, zeta 

potential measurements, and leaching of bioavailable silver ions over the steps in the 

digestion protocol.  Therefore, we conclude that the effects observed in bacterial growth 

and the ability to form a biofilm were due to the exposure to intact silver particles and 
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not to leaching silver ions from the particle surface. Hence, this study has provided us 

with a physiological-relevant approach to characterize microbial responses to colloidal 

particles that would be applicable for a variety of safety assessments. 

5.4. Discussion  

Colloidal silver has been regarded as an inert suspension of particles and used 

regularly throughout the 19th and 20th centuries as a therapy to illness.  In addition, 

colloidal silver is believed to be antimicrobial to a variety of microbes.  These more 

“traditional” colloidal suspensions of silver particles include a polydisperse size 

population with a polymer or acidic surface capping agent as well as residual ions from 

the starting material such as Ag+, SO4
-, or NO3

-.  When the entire population of silver 

particles is on the size scale of 20-30 nanometers, the effects of the particles are different 

than free ionic silver [168]. The toxicity of silver particles to bacteria has been 

previously examined [169-171], and the possible mechanism of silver particle toxicity is 

that the particles adsorb onto the surface of the cell, damage bacterial membrane, and 

cause death [169, 170].  Another possible mechanism of silver particle toxicity is the 

leaching of silver metal ion from the particle surface that crosses the cell wall and 

membrane and participate in mimicry, thus interfering with normal protein function.  

The toxicity of colloidal silver particles to bacteria in culture medium is well studied [6, 

59, 172-174]; however, the physicochemical properties of silver particles when present 

in foods or drinks and subsequent behavior in the gastrointestinal tract  have not been 

reported.  
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This research is significant because it addresses a contemporary issue namely, 

colloidal particles and their potential human health impacts that arise due to the 

emerging applications of particles in foods. Colloidal-induced toxicological pathways 

are not well understood.  Questions such as: Are there direct interferences?  Are there 

indirect consequences? are still unanswered. There are also not many methods available 

to gauge colloidal particle toxicity in complex matrices like food in order to assess the 

risk of use. 

5.5. Summary  

The results from the bacterial viability assays and physicochemical 

characterization studies confirm that the colloidal silver in the juice suspension stay 

intact as particles and do not leach silver ions from the particle surface during the 

“digestion” process.  “Digested” particles have little effect on planktonic bacteria 

colonies, but do inhibit biofilm formation.  Hence, we conclude that the state in which 

bacterial cells are and gastrointestinal digestion both play a significant role in quenching 

the potential toxicity of silver particles towards commensal bacteria in the 

gastrointestinal tract. This study provides a framework for a physiological relevant 

approach to characterize microbial responses to colloidal particles that would be 

applicable to safety and toxicity assessments.  The experimental design of the colloidal 

silver in juice and silver nitrate in juice samples subjected to a simulated digestion 

protocol that mimics the conditions within the gastrointestinal tract allows for a more 

representative study of the species response to Ag in the gastrointestinal tract.  
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6. SUMMARY AND FUTURE RESEARCH DIRECTIONS  

 

6.1. Summary  

The unique properties of nanomaterials are being exploited by various academic 

laboratories, commercial sectors, as well as government agencies, in order to add value 

to existing products and enable new product development. These technical advances in 

the rapidly growing field of nanotechnology must be balanced with detailed toxicity 

assessments to assess the benefits and risks of such emerging technology. If the risks are 

considered earlier in the stage of a new technology, then the costs of identifying the 

important environmental and/or health impacts once that technology has been widely 

diffused can be minimized.  

The research objectives described in this dissertation are novel and relevant, 

given this explosive nature of the nanotechnology sector. There is an urgent need to 

responsibly design products and develop new technologies with adequate attention 

devoted to understanding the risks. This was achieved via material characterization 

techniques, predictive toxicity assays and hazard identification capabilities. The findings 

of this work will help the scientific community make more informed decisions about the 

design features and steps that should be taken for the safe use of nanotechnology. 

The overall aim of this study was to investigate two scenarios of a nano-enabled 

product: 

1. A nano-enabled product that is beyond scientific journal phase and currently in 

the market place (i.e., a current nanotechnology), and  
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2. A nano-enabled product that is still in the basic science phase (i.e., a novel 

nanotechnology).  

The extensive utilization of nanomaterials for new products for the building 

envelope is expected to expand rapidly; however, the uncertainly regarding safety of 

these novel materials to humans and the environment requires study in parallel to their 

incorporation into consumer products. One way to gather information critical to the 

development of safe nanomaterials is a product life cycle approach. Three brands of 

commercially-available TiO2 NPs were incorporated into lab-formulated paint and 

lacquer products. This specific research investigated a nano-enabled white paint product 

and a lacquer formulation as a case study, with TiO2 NP as a “model” NP. Real world 

end-of-life stages were mimicked by subjecting the nano-enabled products to wear-and-

tear scenarios. The pristine and end-of-life powders were analyzed via material 

characterization techniques and toxicity assessments. Electron microscopy and elemental 

analysis confirmed the presence of TiO2 NPs in the worn-and-torn paint and wood 

matrices for all three NP types. FTIR, on the other hand, proved to be a useful 

characterization tool for the nano-enabled paint samples, but the nano-enabled wood 

samples warrant further investigation. These results validate the usefulness of TEM, 

SEM and EDX as a predictive tool for analyzing worn-and-torn nano-enabled products. 

FTIR as a characterization technique, however, is only valid when relatively high 

concentrations of the NPs are incorporated into the products. 

While there is a vast body of nanotoxicology literature on pristine, as produced 

NPs, studies that test a nano-enabled product or the end-of-life stages of a nano-enabled 
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product is scare. To address this gap in the literature, toxicity of the nano-enabled 

products in their pristine and end-of-life stage was assessed in vitro using immortalized 

human lung epithelial cells, A549. Results from cell viability and reactive oxygen 

species generation assays showed differential toxicological responses between pristine 

and worn-and-torn powders, and among the three NP types. Thus, a life cycle approach 

will help provide methodologies for understanding nanomaterial properties in the 

context of developed consumer products. A proactive approach such as the application 

of a life cycle coupled with in vitro toxicity testing for a current nano-based application 

will provide critical information that will help evaluate potential health and 

environmental risks and benefits of a nano-scale technology. Furthermore, mimicking 

real world scenarios and developing products “in-house” provides a more realistic 

platform for data interpretation and the identification of risk triggers.  

The novel synthetic scheme presented for the creation of a nanosilver core-

deltamethrin shell conjugate to be used as an active agent against insect vectors is a 

refreshing concept. This nanoconjugate and miniature biological system has the potential 

to effectively address many of the shortcomings of traditionally utilized pesticides such 

as inconsistent reapplication. Every day, people and animals contract debilitating and life 

threatening diseases due to bites from infected flies, ticks, and mosquitoes. The current 

methods utilized to fight against these diseases are only partially effective or safe for 

humans and animals.  When it comes to insect vector control, a conceptual paradigm 

shift is urgently needed. As a proof of concept, we conjugated nanosilver to the 

pyrethroid pesticide deltamethrin. Firstly, electron microscopy and FTIR verified the 
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presence of a 15 nm nanosilver core surrounded by deltamethrin. Secondly, when the 

conjugate was exposed to mosquitoes for a 24-hour bioassay, mortality was observed at 

9x10-4 ppm. Silver was detected in the hemolymph of mosquitoes exposed to the 

conjugate.  We concluded that the newly developed nanoconjugate did not inactivate the 

primary function of the pesticide and was effective in killing mosquitoes at low 

concentrations. By simply altering the nano-biochemistry of the synthesis scheme, we 

open up the possibilities of creating several other NP-pesticide core-shell nanoconjugate 

models that can be tested in other biological systems. This is a paradigm-shifting 

technology and will have a significant impact on both basic understanding of nano-

chemistry as well as application of such novel technology towards vector control.  

In an effort to evaluate the safety of our newly developed conjugate, PENS was 

tested in neuronal cultured cells to compare the cytotoxic responses to the unconjugated 

pesticide deltamethrin – a known neurotoxic agent and pristine silver NPs. The 

pheochromocytoma of the rat adrenal medulla, PC12 cell line was chosen as a model 

neuronal culture system. After 24 hours of incubation, cell viability and intracellular 

reactive oxygen species (ROS) were measured. Bright field images of high dose 

exposures to dosing solutions were also acquired to evaluate cell morphology. Exposure 

to PENS resulted in a 17% decline in viability at the highest concentration of 45 µM 

while exposure to deltamethrin caused a 47% decrease. These results suggest that 

cellular viability was less adversely affected by PENS than by the deltamethrin. Also, 

ROS production following PENS exposure indicated that the newly developed conjugate 

was responding in a similar manner as that of cells treated with deltamethrin only. Thus, 
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the promise of nanotechnology to improve the everyday activities of our life seems 

unlimited.    

The synthesis, characterization, efficacy studies, and in vitro toxicity of the novel 

nanoconjugate not only opens up research avenues for new technological breakthroughs 

towards vector control but also enhances the collaborations over cross-disciplinary 

fields. The findings of this work will provide a useful initial framework in prioritizing 

future nanotechnological research needs and have a significant impact on material 

scientists, toxicologists and engineers alike.  

Lastly, designing an in vitro digestion model to explore the effect of orally 

ingested AgNPs is significant because it addresses a contemporary issue namely, NPs 

and their potential human health impacts that arise due to the emerging applications of 

particles in foods. There are also not many methods available to gauge NP toxicity 

within the gastrointestinal tract in order to assess the risk of intended and unintended 

use. Furthermore, simulating human digestion scenarios is physiologically relevant and 

provides a more realistic platform for interpretation, validation and correlation of results. 

6.2. Future research directions  

Due to practical limitations such as resources, several research opportunities 

could not be pursued in great detail in this current work. The following section outlines 

some interesting directions for future research.  
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6.2.1. Aerosol detection and characterization during TiO2 sanding process 

  As mentioned in Section 2, the Taber test is one of the most commonly used test 

for simulating the abrasive damage during the service life of a product. As a result of 

sanding the surface of the nano-enabled product, NPs are released into the air. The 

uncertainties concerning possible hazard to health, safety and the environment due to NP 

release from a surface are unknown. Measuring and quantifying this airborne particle 

concentration could be a noteworthy future research direction. The development of an 

exposure chamber system coupled with an aerosol generator methodology would prove 

to be a robust aerosolized particle characterization system. The released particles can be 

analyzed using an aerodynamic particle sizer to measure the particle size distribution in 

the micrometer size range (0.5 – 20 µm) and a scanning mobility particle sizer for the 

determination of the number size distribution can be employed to measure relatively 

smaller particles, in the range of 10 - 800 nm. A battery of other useful characterization 

techniques such as a hand-held aerosol monitor, membrane filter elements for 

determining the dust concentration or a condensation particle counter for measuring the 

particle concentration can be built into the chamber.  

6.2.2. Characterization of AgNPs in digestive fluids  

Engineered NPs are being explored to improve current technologies, and AgNPs, 

in particular, are being incorporated for innovative food packaging applications to 

provide longer shelf-life for foods, better barrier properties, improved heat resistance and 

temperature control, among other advantages [153, 175]. The anti-microbial and anti-

fungal protections offered by AgNPs make these NPs ideal candidates not only in food 
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packaging and processing applications (such as antimicrobial kitchenware coatings), but 

also in food itself [6, 7, 150, 161]. However, in order to increase the safety of nano-

enabled food product while decreasing the uncertainty surrounding its exposures, 

research in developing a physiologically relevant model to assess the safety of 

engineered nanomaterials is needed. If these NPs are used in food/food packaging 

applications without fully understanding the consequences, then we threaten the security 

of our food supply chain and increase our susceptibility of pathogenic microbes, such as 

Clostridium spp., and the onset of autoimmune diseases, like Celiac disease [175, 176]. 

Section 5 investigated the physicochemical changes and possible perturbations to 

microbial communities within the gastrointestinal tract. However, electron microscopy 

studies were not included to visually analyze changes in the particle sizes and 

morphology. Additionally NP in the mouth (i.e., in artificial saliva) wasn’t included in 

the digestion model. In order to address this gap, the introduction and characterization of 

NPs within this digestive model is a novel and powerful approach to assess 

physicochemical changes that AgNPs undergo during digestion. This information is 

critical in identifying hazards within a risk assessment framework. An in vitro digestion 

model is a three step procedure that simulates the digestion process in the 

gastrointestinal tract of humans i.e., the conditions in the mouth, the stomach and the 

small intestine. The model mimics the human system by applying physiologically 

relevant conditions, such as chemical composition of digestive fluids, pH and residence 

time of food within each compartment [177]. The large intestine is not taken into 
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consideration in this model because in vivo food absorption and digestion are known to 

occur in the small intestine. 

Preliminary results. The digestive fluids, i.e., artificial saliva, gastric juice, 

duodenal juice and bile juice were prepared in the laboratory using milli-Q ultrapure 

water (18.2 mΩ) as previously published  [177]. Before incubations, the digestive fluids 

are heated to 37˚C. The digestion experiment is started with the introduction of 6 mL of 

artificial saliva into 1 ml of 10 μg/mL AgNP solution. The mixture is rotated head-over-

heels for 5 min. Subsequently, 12 mL of gastric juice is added and this mixture is rotated 

head-over-heeds for 2 hours. Finally, 12 mL of duodenal juice, 6 mL of bile juice and 2 

mL of NaHCO3 solution are added. The mixture is rotated head-over-heels for 2 hours. 

The pH of the samples after every step is continuously monitored. 

Samples at the end of every digestion step – i.e., AgNP + salvia, AgNP + saliva + 

gastric juice, AgNP + saliva + gastric juice + duodenal and bile juice were characterized 

for size, shape, aggregation states and topography using transmission and scanning 

electron microscopy. Chemical compositions were confirmed using energy dispersive X-

ray spectroscopy. 

Figure 6.1 shows the SEM, TEM and EDX of undigested and digested AgNPs. 

Figure 6.1A and Figure 6.1B are the SEM and TEM of undigested AgNPs i.e., AgNPs 

suspended in milli-Q water, respectively. The micrographs reveal fairly aggregated, 

200nm sized AgNPs. EDX confirms these electron dense particles to be silver. Figure 

6.1D through Figure 6.1L are the SEM, TEM and EDX spectra of the AgNPs in the 

digestive fluids. Since the digestive fluids are made up of both inorganic as well as 
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organic compounds, imaging the AgNPs in the digestive fluids becomes challenging. 

However, EDX spectra confirmed the presence of silver at each stage of the digestion 

implying that human gut epithelium is likely to be exposed to AgNPs if ingested (Figure 

6.1F, Figure 6.1I and Figure 6.1L).  

Figure 6.1D and Figure 6.1E are SEM and TEM of the AgNP in stage 1 of the 

digestion model, i.e., in the artificial saliva (pH 6.8), respectively. SEM reveals the 

presence of AgNPs embedded within a matrix (Figure 6.1D). In addition to inorganic 

salts, the artificial saliva consisted of organics such as urea, amylase, uric acid and 

mucin. This matrix was therefore formed as a result of these organic compounds in the 

simulated saliva preparation. The electron dense portions of the TEM (Figure 6.1E) and 

Ag peaks in the EDX spectra (Figure 6.1F) confirm the presence of AgNPs in stage 1 of 

the digestion model.  

Figure 6.1G and Figure 6.1H are SEM and TEM of the AgNP in stage 2 of the 

digestion model, i.e., in the stomach (pH 2-3), respectively. The significant decrease in 

pH from a neutral regime to a highly acidic environment resulted in micron-sized Ag 

aggregates. Similar to stage 1, both SEM and TEM reveal silver-embedded in a complex 

organic matrix. EDX confirms the presence of silver (Figure 6.1I). Additionally, EDX 

revealed a chlorine peak. This chlorine peak is due to the addition of hydrochloric acid 

during the gastric juice preparation. The role of the hydrochloric acid was to lower the 

pH from 6.8 to 2 in order to mimic conditions in the stomach. Figure 6.1J and Figure 

6.1K are SEM and TEM of the AgNP in stage 3 of the digestion model, i.e., in the small 

intestine (pH 8.1-8.2), respectively. The small intestine is made up of duodenal and bile 
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juice. Yet again, microscopy reveals AgNPs to be embedded within an organic matrix 

and EDX confirms the presence of silver within this dense organic matrix.  

6.2.3. Use of co-culture models 

  Although in vitro cultures provide an easier, cheaper, and more ethical alternative 

to in vivo studies, many limitations exist. The relevance of isolated cells in petri dishes to 

communicative tissues in the body is often questioned. Though it is widely agreed in 

vitro studies have their limitations, the benefits, such as reduced cost and reproducibility, 

win out. There is currently a large global effort to improve in vitro systems by making 

them more representatives of in vivo conditions. One such improvement is seen in the 

use of co-culture systems (cultures containing more than one cell type) over 

monocultures (cultures consisting of one cell line).  In vivo organs and tissues consist of 

multiple cell types. Communication between cells is known to have large impacts on 

cellular function. Therefore, in comparing in vitro cultures to biological systems, it 

stands to reason that including as many components of the respective tissue will increase 

biological relevance. For example, human colorectal epithelial cells (Caco-2) are often 

used in “gut” cultures for investigation of digestion, disease, or drug development. This 

single system, though relevant as a human derived cell line largely referenced in the 

literature, can be improved upon by addition of mucous producing cells of the intestine 

and/or bacteria of the micro biome. In co-cultures, a cellular response of one cell type 

may trigger in a response in a second cell type that would not be seen in monocultures. 

Thus, in vitro co-culture models are more sophisticated and better representative of 

conditions than monocultures. 
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Figure 6.1. Material characterization via SEM, TEM and EDX of undigested and 
digested AgNPs. 
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