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ABSTRACT 

 

Due to the high reactivity and antibacterial properties of silver nanoparticles, 

they are increasingly being added to consumer products and appliances. With this 

increased use, however, there will be a resultant increase in the amount released to the 

environment in one form or another. Studies that describe the environmental fate of 

silver nanoparticles are lacking, especially in terrestrial systems.  

A series of experiments were devised in order to determine which soil 

properties and which nanoparticle characteristics had the most significant impact on 

bioavailability to plants and insects. Plants and invertebrates make up the base of all 

terrestrial food webs, so two species of each were chosen to examine: the plants 

Helianthus annuus and Sorghum vulgare and the insects Acheta domesticus and 

Tenebrio molitor. Nanoparticle size, concentration, and surface coating were 

examined in addition to soil pH, humic content, and clay content.  

All insects in treatment groups with a soil concentration of 25 ppm or higher 

were found to contain at least trace amounts of silver. Root samples of both plant 

species were found to contain more silver than the other plant tissues analyzed. By 

comparing the results from all the various investigations it was found that nanoparticle 

concentration was the most important nanoparticle characteristic and clay content was 

the most significant soil property.   
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I. INTRODUCTION 

 
1.1 A Brief History of Silver 

 Although a rare metal, silver (Ag) has been industriously mined since the dawn 

of civilization due to its many attractive qualities. As time has progressed, societies 

have continued to find more and more uses for this metal. In its long and varied past, 

silver has been used for as currency, as decoration, and as medicine. One can only 

imagine what silver will be used for next.  

 

1.1.1 Ancient Uses 

Silver, element number 47, derives its elemental symbol “Ag” from the Latin 

argentum (Behra et al. 2013) (Latin: money/silver). It is a relatively rare heavy metal 

(density= 10.5 g/cm
3
) that can be found throughout the earth in both its pure elemental 

form (Ag
0
) and as a component of various compounds. It is most commonly found in 

the minerals argentite (Ag2S) or cerargyrite (AgCl) (Purcell and Peters 1998; EPA 

2010). Other silver containing mineral include proustite (Ag3AsS), stephanite 

(Ag5SbS4), and pyrargyrite (Ag3SbS3) (EPA 2010; VandeVoort, Arai, and Sparks 

2012). Environmental concentrations outside of natural deposits are low. Soils 

typically contain less than 0.5 mg/kg, whereas freshwater sources and oceans can 

contain up to 0.2 μg/L (VandeVoort, Arai, and Sparks 2012; EPA 2010).  

 Due to its luster and malleability, silver deposits and ores have been mined for 

millennia, dating back at least to 4000 B.C.E. (Alexander 2009), when it was used by 

the Caldeans, an ancient civilization who once inhabited the modern day countries of 
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Iraq and Kuwait (EPA 2010; Alexander 2009). However, in addition to being a 

popular medium from which coins and jewelry were cast, silver has had a long, varied 

history in the field of medicine.  

 

1.1.2 Uses in Medicine 

 It was discovered early on that silver had antibacterial properties. It is now 

known that silver and silver ions react with thiol groups (-SH) which interferes with 

electron transport thus killing a bacterium (Sawosz et al. 2007). It was common 

practice to store wine and water in silver containers to keep them fresh and to prevent 

spoilage (Rai, Yadav, and Gade 2009; Yu, Yin, and Liu 2013; Khaydarov et al. 2009; 

Behra et al. 2013).  Herodotus, “The Father of History” even recorded an account 

regarding a Persian king, Cyrus the Great, who insisted on traveling everywhere with 

carts of boiled water, stored in silver containers (Alexander 2009; EPA 2010). 

Additionally, Hippocrates, “The Father of Medicine”, proclaimed that silver had 

medicinal properties and promoted the use of the metal in wound treatment 

(Alexander 2009; Luoma 2008). Paracelsus, “The Father of Toxicology” would 

continue to tout the benefits of silver (Alexander 2009). 

 In 1613, John Woodhall published The Surgeon’s Mate and proclaimed that 

silver was a vital medicinal product to have on hand introducing silver into the history 

of modern medicine. During the 17
th

 and 18
th

 centuries silver was widely used to treat 

an extensive range of ailments. Angelus Sola prescribed silver nitrate (AgNO3) to treat 

epilepsy and cholera (Edwards‐Jones 2009; Alexander 2009). As time progressed, it 
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also became common practice for utensils used during food preparation, eating, and 

drinking to be cast from silver since it was believed that silver could prevent the decay 

of food (Luoma 2008). By the 18
th

 century the majority of drinking goblets, plates, 

and flatware were fashioned from silver, hence the modern term “silverware” 

(Bystrzejewska-Piotrowska, Golimowski, and Urban 2009; Luoma 2008). And 

AgNO3, referred to as lunar caustic, was used well into the 19
th

 century for many 

ailments, including brain infections and venereal diseases. In the 1880s, a German 

obstetrician named Carl Sigmund Franz Crede started using eye drops containing a 1% 

solution of AgNO3 to prevent newborns from becoming infected with gonorrhea  as 

they passed through the birth canal of infected women (EPA 2010; Alexander 2009; 

Rai, Yadav, and Gade 2009; Yu, Yin, and Liu 2013; Edwards‐Jones 2009; Luoma 

2008). In point of fact, this practice is still used today in some less-developed areas.  

 Metallic silver was also used for a variety of ailments. Metallic silver itself is 

inert, but when it reacts with water or other fluids, it becomes ionized. Silver ions are 

extremely reactive, and are a highly effective antibacterial agent (Rai, Yadav, and 

Gade 2009). For this reason, silver wire was commonly used as surgery sutures 

because it had a much lower infection rate when compared to silk sutures. 

Additionally, silver foil was used as a burn and wound dressing (Alexander 2009; 

EPA 2010; Khaydarov et al. 2009) because it reduced infection. However, by World 

War II, the use of silver in medicine had declined as other more effective treatments, 

like penicillin and sulfa-based drugs, were introduced (Luoma 2008; Rai, Yadav, and 

Gade 2009; Yu, Yin, and Liu 2013). But as the use of silver in medicine declined, 
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another application for the metal was discovered, in the blossoming field of 

photography.  

 

1.1.3 Photography 

 In 1839 a new photographic technique using a silver coated sheet of copper 

was introduced by Louis-Jacques Mandé. The method capitalized on silver’s 

photoreactivity in order to produce images. The copper sheets were treated with iodide 

vapors which caused the silver coating to react with light. A salt solution was used to 

fix the image onto the sheet, thus creating a photograph (EPA 2010). The field of 

photography was a major use of silver in industry (Wijnhoven et al. 2009; Nowack, 

Krug, and Height 2011; Purcell and Peters 1998; EPA 2010; Luoma 2008). Until the 

1970s, with the introduction of the Clean Water Act, effluent from industrial processes 

associated with photography drastically increased the amount of silver released into 

the environment. It was estimated that in 1978, roughly 250 tons of silver was released 

into aquatic environments each year as a result of various manufacturing processes, 

including photography (Luoma 2008). However, with the advent of digital 

photography, the amount of silver released due to photography has gradually declined. 

Approximately 39% of all silver used in 1979 was used for photography, compared 

with only 13% in 2008 (EPA 2010).  
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1.2 Nanotechnology and a Return to Medicine 

 Although traditional film photography has basically become obsolete, silver is 

still an extremely important component of many other industries. Most recently, silver 

nanoparticles have become one of the most popular classes of nanomaterials in the 

growing field of nanotechnology.  

 

1.2.1 Nanotechnology: Definition 

Nanotechnology is the creation, manipulation, and use of materials on a nano 

scale; the prefix nano-, of course, refers to one billionth (10
-9

) (Rai, Yadav, and Gade 

2009); in fact, nano- is derived from the Greek work nanos, meaning dwarf 

(Bystrzejewska-Piotrowska, Golimowski, and Urban 2009). By definition, 

nanomaterials are generally considered to be naturally occurring or artificially 

manufactured substances that contain at least one dimension in the nano range, one to 

100 nm (Nel et al. 2006; Lowry et al. 2010; Bernhardt et al. 2010; Peralta-Videa et al. 

2011; Grassian 2008; Nowack and Bucheli 2007; Handy, Owen, and Valsami-Jones 

2008; Nowack, Krug, and Height 2011; Wijnhoven et al. 2009; MALINA, 

SOBCZAK-KUPIEC, and WZOREK 2010; Khaydarov et al. 2009; VandeVoort, Arai, 

and Sparks 2012; Rai, Yadav, and Gade 2009; Navarro et al. 2008; H. Zhu et al. 2008; 

Miralles, Church, and Harris 2012; Yin et al. 2011; X. Ma et al. 2010; Z.-J. Zhu et al. 

2012; Behra et al. 2013; Maneewattanapinyo et al. 2011; Visai et al. 2013; W. Aaron 

Shoults-Wilson et al. 2011; Albanese, Tang, and Chan 2012; Kruszewski et al. 2011; 

Federici, Shaw, and Handy 2007; Loghman et al. 2014). Those materials with only 
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one dimension in this range are referred to as nanofilms. Nanomaterials with two 

dimensions between one and 100 nm are known as nanowires or nanotubes. And 

lastly, nanoparticles are those materials that are between one and 100 nm in all three 

dimensions (Handy et al. 2008; Luoma 2008; Rico et al. 2011).   

 

1.2.2 Nanotechnology: Uses 

 In addition to the several types of nanomaterials, the category of nanoparticles 

is very broad and can be further subdivided into different classifications depending on 

composition. Some of the more common groups of nanoparticles include 

carbonaceous, metal oxides, metals, quantum dots, and nanocrystals (Klaine et al. 

2008). The amount of nanoparticles being manufactured for use in consumer products 

has been increasing for the last several decades. Over 1.8 million kg of nanoparticles 

were manufactured in 2004 and it is predicted that this number will increase to 52.6 

million kg by 2020 (Nowack and Bucheli 2007). It is estimated that nanoparticles are 

now in over 1300 consumer products and appliances (Hou, Westerhoff, and Posner 

2013; Bernhardt et al. 2010). Nanoparticles have also found a variety of uses in 

multiple industries from biomedical and pharmaceutical applications to electronics, 

from catalysts to cosmetics (Nowack and Bucheli 2007; Grassian 2008; 

Bystrzejewska-Piotrowska, Golimowski, and Urban 2009). 

 For instance, carbonaceous nanoparticles have been added to electronics, 

plastics, supercapacitors, and adhesives (Bystrzejewska-Piotrowska, Golimowski, and 

Urban 2009; Klaine et al. 2008). Nanoparticles composed of metal oxides have 



Texas Tech University, Sara Pappas, August 2015 

7 

 

become popular additives to many beauty products and cosmetics. Zinc oxide (ZnO) 

nanoparticles are particularly popular in sunscreens and toothpastes (Kahru and 

Dubourguier 2010). Titanium dioxide (TiO2) nanoparticles are often added to paints 

and batteries (Bystrzejewska-Piotrowska, Golimowski, and Urban 2009). And cerium 

oxide nanoparticles (CeO2) have been found to increase the quality of diesel fuel 

emissions in Europe (Klaine et al. 2008). Although not a metal oxide, silicon oxide 

(SiO2) nanoparticles are being widely used in ceramics, fire-proof glass, and selected 

electronics (Bystrzejewska-Piotrowska, Golimowski, and Urban 2009). And lastly, 

due to the long-established antibacterial properties of silver, silver nanoparticles are 

being produced in record numbers and have been added to hundreds, perhaps even 

thousands, of consumer products (Grassian 2008; Kahru and Dubourguier 2010; 

Klaine et al. 2008; Yu, Yin, and Liu 2013; Edwards‐Jones 2009; VandeVoort, Arai, 

and Sparks 2012; Panyala, Peña-Méndez, and Havel 2008; Khaydarov et al. 2009; 

MALINA, SOBCZAK-KUPIEC, and WZOREK 2010; Kaegi et al. 2010; Reidy et al. 

2013; Kaegi et al. 2013; Luoma 2008; EPA 2010; B. Kim et al. 2010; Kruszewski et 

al. 2011).  

 

1.2.3 Silver Nanoparticles: A New Antibiotic? 

 Silver nanoparticles can now be found in over 400 consumer products and 

appliances. Some of these include paints, bandages, ointments, toothbrushes, 

refrigerators, food storage containers, computer keyboards, hair brushes, athletic 

clothing, bedsheets, hair dryers, wet wipes, cutting boards, cookware, disinfectant 
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sprays, air and water filters, washing machines, humidifiers, air conditioners, plastics, 

toothpastes, soaps and detergents, towels, surgical masks and gowns, vacuum cleaners, 

curling irons, shoe inserts, pesticides, sporting goods, odor-free socks, textiles, 

deodorants, cosmetics, and even stuffed animals for children. A more extensive list of 

silver nanoparticle containing products has been compiled by the Woodrow Wilson 

International Center for Scholars Projects on Emerging Nanotechnologies and can be 

found online at www.nanotechproject.org/inventories.  

One not-so-surprising development is the resurgence of the use of silver in 

medicine. The medical field is constantly looking for new ways to deal with the 

daunting challenge of antibiotic resistant strains of bacteria (Rai, Yadav, and Gade 

2009). Silver nanoparticles are more reactive than traditional bulk silver and have been 

found to be a more effective antibacterial and antifungal treatment (Khaydarov et al. 

2009). Nano-silver coated catheters are now used to prevent common hospital 

infections (Panyala, Peña-Méndez, and Havel 2008; Wijnhoven et al. 2009). Other 

medical devices including surgical instruments and bone prostheses are also being 

coated or embedded with silver nanoparticles (Kruszewski et al. 2011).  Fabrics 

embedded with silver nanoparticles have been found to inhibit the growth of Gram-

positive bacteria (Staphylococcus aureus), Gram-negative bacteria (Escherichia coli), 

and fungi (Penicillium phoeniceum and Aspergillus niger) (Khaydarov et al. 2009). 

Hospital curtains treated with silver nanoparticles showed a reduction in 

environmental contamination by Methicillin-resistant Staphylococcus aureus (MRSA) 

when compared to untreated cotton curtains (Edwards‐Jones 2009).  
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1.3 Environmental Exposure to Silver Nanoparticles 

 As increasing amount of silver nanoparticles are manufactured and used, the 

quantities of silver released into the environment, will also increase (Klaine et al. 

2008; Nowack and Bucheli 2007; Lin et al. 2010; Lowry et al. 2010; Kahru and 

Dubourguier 2010). As of 2007, the United States annually released over 13 Gg 

(14330 tons) of total (bulk and nano) silver into the environment, more than any other 

nation in the world (VandeVoort, Arai, and Sparks 2012; Eckelman and Graedel 

2007). There are many different ways silver nanoparticles can enter the environment, 

both intentionally and accidentally (Miralles, Church, and Harris 2012). It is thought 

the majority of silver released can either make its way to landfills or can be carried 

away from urban and industrial area via wastewater. Once in the environment, the 

ultimate fate of silver nanoparticles is not entirely clear and will be dependent on 

many different factors (Grassian 2008).  

 

1.3.1 Deliberate Releases 

 There are several ways silver nanoparticles can directly enter the environment. 

Silver is deliberately released as an agricultural pesticide or as a soil supplement 

(Bergeson 2010; Unrine, Tsyusko, et al. 2010; Zahir et al. 2012). For example it has 

been found that spraying certain crops with a colloidal silver solution is an effective 

treatment against powdery mildew (Kumar, Sharon, and Choudhary 2010). As a spray, 

silver has also been used to treat other fungi, molds, and various plant diseases 

(Kumar, Sharon, and Choudhary 2010). The use of silver nanoparticle containing 
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disinfectant sprays can lead to the additional release of nanoparticulate silver into the 

air, soil, and water (EPA 2010; Yu, Yin, and Liu 2013).  

 

1.3.2 Inadvertent Releases 

Garbage is sometimes disposed of via incineration; consumer products 

containing silver will release nanoparticulate matter into the atmosphere after 

incineration. The airborne silver will then deposit onto both aquatic and terrestrial 

systems (Anjum et al. 2013; Eckelman and Graedel 2007; Vejerano et al. 2014). Other 

accidental release routes include spills during transportation and manufacturing 

(Nowack and Bucheli 2007; Hou, Westerhoff, and Posner 2013; Yu, Yin, and Liu 

2013), as well as erosion or weathering of paints or other products that contain silver 

nanoparticles (Miralles, Church, and Harris 2012; Hou, Westerhoff, and Posner 2013; 

Reidy et al. 2013).  In fact, one study showed that antibacterial paints lost 30% of its 

silver nanoparticles in the first year of exposure to the elements (Kaegi et al. 2010). 

During the daily wear and use of consumer products containing silver nanoparticles 

like cosmetics, food containers, and athletic clothing, the silver has been shown to 

leach out.   

The end destination for many of these releases is thought to be aquatic 

systems. Pesticides can enter aquatic systems via runoff. Incinerated garbage from 

landfills can cause silver nanoparticles to travel long distances and deposit on land as 

well as lakes, rivers, and streams. These nanoparticles can potentially travel through 

waterways and eventually make their way to sewer systems. Toothpastes, cosmetics, 
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and wash water from athletic clothing will directly enter sewer systems. From sewer 

systems, the nanoparticle containing waters will be treated in wastewater treatment 

plants (WWTPs). 

It has long been established that silver binds to the organic compounds 

generally found in sewage sludge (B. Kim et al. 2010; Brar et al. 2010). Silver has 

been found to bind to sulfur (S) containing groups and form silver sulfide (Ag2S), a 

highly insoluble compound (Judy, Unrine, and Bertsch 2010; Whitley et al. 2013; 

William A. Shoults-Wilson et al. 2011; Reidy et al. 2013; Clement Levard et al. 2012). 

It is believed that silver nanoparticles will act in the same manner. Once contained by 

sewage sludge, it is thought that silver nanoparticles will be immobilized. 

Unfortunately, sewage sludge does not remain in WWTPs; it is often used as a land 

amendment or as a fertilizer which reintroduces the silver nanoparticles to the 

environment. Other times the sludge is incinerated, releasing the silver particulate 

matter into the atmosphere.  

In fact, the majority of silver nanoparticles are thought to enter terrestrial 

systems via sewage sludge. Sewage sludge used to amend soils and as a fertilizer is 

considered to be the most significant route of silver nanoparticles into a terrestrial 

environment (Miralles, Church, and Harris 2012; William A. Shoults-Wilson et al. 

2011; Anjum et al. 2013; VandeVoort, Arai, and Sparks 2012; Nowack and Bucheli 

2007; Hou, Westerhoff, and Posner 2013; B. Kim et al. 2010; Judy, Unrine, and 

Bertsch 2010; Unrine et al. 2012; Unrine, Hunyadi, et al. 2010; Yu, Yin, and Liu 

2013; Kaegi et al. 2013; Reidy et al. 2013; Oromieh 2011; Cornelis et al. 2010; 
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Tourinho et al. 2012; Pan and Xing 2012). Sludge is increasingly being used as a 

fertilizer due to the costs associated with alternative disposal methods (Chipasa 2003; 

Kazi et al. 2005; Clement Levard et al. 2012). As much as 60% of sludge from 

WWTPs is being used for agricultural applications throughout the United States (Judy, 

Unrine, and Bertsch 2010; Whitley et al. 2013; William A. Shoults-Wilson et al. 

2011).  

However, federal guidelines do regulate the use of and disposal of sewage 

sludge, which means sludge cannot be applied to land as an amendment unless it 

meets certain guidelines. These guidelines are meant to prevent an overabundance of 

environmental contaminants from entering terrestrial systems. One such guideline, 

Code of Federal Regulations, Title 40: Protection of the Environment, Part 503 

Standards for the use or disposal or sewage sludge, Subpart B Land Application (40 

CFR 503.13), regulates the amount of metal that can be contained by the sludge. As of 

November 29, 2013 the only metals regulated by the United States Environmental 

Protection Agency (USEPA) in sludge used as a land amendment are arsenic (As), 

cadmium (Cd), copper (Cu), lead (Pb), mercury (Hg), molybdenum (Mo), nickel (Ni), 

selenium (Se), and zinc (Zn). Noticeably absent from this list is silver, meaning sludge 

applied to land use in agriculture can contain any amount of silver. This omission has 

provoked several studies which examine how much silver a typical sample of sludge 

contains. One such study found the sampled wastewater sludge to contain 

concentrations of silver as high as 960 ppm (VandeVoort, Arai, and Sparks 2012). 

Another study found concentrations of silver ranging from 1.94 ppm to 856 ppm (B. 
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Kim et al. 2010). The amount of silver contained in sewage sludge will be highly 

variable from one WWTP to the next. Sludge from WWTPs in urban areas will differ 

highly from those in rural areas. These variations will complicate the ability of 

scientists to examine the effects of silver nanoparticles in sewage sludge; there is no 

average value that can be used to represent all sludge found across the country. 

Although it has been shown that concentrations may vary wildly, it is abundantly clear 

that silver is indeed present in sewage sludge, both as bulk and nano silver. In fact, a 

study by the USEPA found that all sludge samples taken from over 70 WWTPs 

contained detectable amounts of silver (B. Kim et al. 2010).  

 

1.4 Biotransformations of Silver Nanoparticles 

 It has already been established that nanoparticles are entering the environment 

and will continue to do as the manufacture and use of nanomaterials continues to 

increase. What ultimately happens to these nanoparticles is still up for debate. Once 

released into the environment, all nanoparticles, including silver nanoparticles, will be 

biotransformed by their surroundings (Clement Levard et al. 2013; Reidy et al. 2013; 

Lowry et al. 2010; Grassian 2008; Behra et al. 2013; Z.-J. Zhu et al. 2012; Whitley et 

al. 2013; McLean and Bledsoe 1996; Karakoti, Hench, and Seal 2006). This can occur 

via a variety of mechanisms including reduction and oxidation (redox) reactions, 

sorption, photo-degradation, dissolution, and aggregation   
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1.4.1 Redox Reactions 

 Redox reactions play an important role in changing the oxidation state of 

elements. In the environment there are many chemicals and substances that can cause 

redox reactions to occur. Silver nanoparticles in an environment with reducing 

conditions (anaerobic) will most likely form silver iodide (AgI), silver chloride 

(AgCl), or silver bromide (AgBr). Silver nanoparticles in a strong oxidizing (aerobic) 

environment will most likely exist as a free metal (Ag
0
) or Ag2S (Wijnhoven et al. 

2009). Or the surface of silver nanoparticles can be easily oxidized from elemental 

silver (Ag
0
) to silver oxide (Ag2O) (Kaegi et al. 2010; Kaegi et al. 2013). Another 

oxidation reaction that is likely to occur in the presence of dissolved O2, is the release 

of silver ions as demonstrated by the reaction: 

Ag (s) + ½ O2 ↔ Ag
+
 + H2O 

(Oromieh 2011; Clement Levard et al. 2012). This reaction will become especially 

important when discussing the toxicity of silver nanoparticles in a later section.  

 

1.4.2 Sorption 

 Whether in aquatic or terrestrial systems, nanoparticles will interact with 

numerous organic and inorganic materials. For certain nanoparticles, silver 

nanoparticles included, sorption can occur. Silver nanoparticles can sorb to the surface 

of certain substances, like clay minerals (VandeVoort, Arai, and Sparks 2012; 

Wijnhoven et al. 2009). Additionally, organic materials, like humic and fulvic acids 

can sorb to the surface of the silver nanoparticles themselves (Peralta-Videa et al. 
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2011; Handy, Owen, and Valsami-Jones 2008; Yang, Lin, and Xing 2009; Gao et al. 

2012; Sagee, Dror, and Berkowitz 2012; Liu and Gonzalez 1999; Jones and Peterson 

1986; Pan and Xing 2012), thus changing the surface properties and therefore, the 

reactivity.  

 It is also worth noting that it is thought that other persistent environmental 

contaminants and pollutants, like pesticides, may also sorb to the surface of 

nanoparticles (EPA 2010; Lin et al. 2010; Handy et al. 2008; Kahru and Dubourguier 

2010; Peralta-Videa et al. 2011; Klaine et al. 2008; Handy, Owen, and Valsami-Jones 

2008; Navarro et al. 2008). This may limit the availability of the chemicals in the 

environment, or the nanoparticles may act as a carrier and aid in the transport and 

uptake of the chemical. In one study, a 146% increase of Cd uptake by carp 

(Cyprinidae) was demonstrated in the presence of TiO2 nanoparticles compared to 

controls (Federici, Shaw, and Handy 2007). In a similar study, the uptake of As by 

carp was increased by 132% due to the presence of TiO2 nanoparticles. The authors 

attributed this increased uptake to facilitated transport of the As by the nanoparticles. 

They believe that a large amount of As became sorbed to the surface of the 

nanoparticles which were then ingested by the fish (Sun et al. 2007). The process of 

sorption is one that needs further evaluation as circumstances will change on a case by 

case basis.  
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1.4.3 Photo-degradation 

 Some studies have shown that the physiochemical properties of some 

nanoparticles change when exposed to ultraviolet (UV) light. Most of these studies 

deal with carbonaceous nanoparticles. One study showed that buckminsterfullerene 

(C60) particles underwent photochemical oxidation during UV light exposure. As the 

exposure time increased the size and the coloring of the C60 particles decreased (Lin et 

al. 2010). Other nanoparticles that demonstrated a change in physicochemical 

properties after UV light exposure include TiO2 nanoparticles (Grassian 2008). To 

date, however, there have been no studies describing a similar phenomenon with silver 

nanoparticles.  

 

1.4.4 Dissolution 

 Some of the more soluble nanoparticles will be dissolved into ions by their 

surrounding environments (Tourinho et al. 2012). Silver nanoparticles are somewhat 

soluble and it is believed that over time they will partially dissolve releasing silver 

cations into the surrounding environments (Judy 2013). The chemical composition of 

the surrounding environment will heavily influence the dissolution of silver 

nanoparticles. The pH of the system and the organic content are thought to be the most 

significant factors (VandeVoort, Arai, and Sparks 2012; Lin et al. 2010; Behra et al. 

2013; Benoit, Wilkinson, and Sauvé 2013). But other properties, such as temperature 

and organic content, are also thought to play a role in the dissolution of silver 

nanoparticles (Reidy et al. 2013). In the presence of high amounts of sulfide and 
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chloride, silver will more than likely form the insoluble compounds AgCl and Ag2S 

rather than dissolving (Clement Levard et al. 2013; Clement Levard et al. 2012; 

Gondikas et al. 2012).  

 

1.4.5 Aggregation 

 Aggregation is thought to be one of the most important transformations 

affecting the toxicity of nanoparticles (Yu, Yin, and Liu 2013); this will be elaborated 

on further in a later section. For now, it will be explained that the aggregation of 

nanoparticles will also depend largely on the nanoparticles themselves and the 

surrounding environs (Peralta-Videa et al. 2011). Aggregation is the process of 

individual nanoparticles binding together to form larger masses, thus reducing the 

number of individual nanoparticles (Reidy et al. 2013; Nowack and Bucheli 2007) and 

increasing the final size. Nanoparticles can aggregate amongst themselves, 

homoaggregation, or with outside material like organic matter, heteroaggregation 

(Judy 2013; Lowry et al. 2010).  

 

1.5 Bioavailability of Silver Nanoparticles 

 Bioavailability is simply the ability of nanoparticles to be taken up and 

accumulated by living organisms. It is worth noting here that bioavailability is not 

bioreactivity. Bioavailability refers only to the process of being absorbed by living 

organisms, what happens afterwards is an entirely separate issue. Some nonessential 

metals can be accumulated to very high levels within an organism without causing 
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toxicity (Vijver et al. 2004) due to low bioreactivity. The biotransformation processes 

discussed earlier can either enhance or decrease the bioavailability of a given 

nanoparticle.  In both terrestrial and aquatic systems there are many factors that can 

affect bioavailability. The focus here will be on the properties of terrestrial systems: 

soil pH, clay content, soil texture, cation exchange capacity (CEC), and soil organic 

matter (SOM) (McLean and Bledsoe 1996; Waalewijn-Kool, Ortiz, and van Gestel 

2012; Sparks 1995). The physical properties of nanoparticles are also very significant; 

the most important factors are considered to be size, shape, and surface coating. All of 

these factors affect each other and are heavily intertwined presenting a very 

complicated study system.  

 

1.5.1 Soil pH 

 As with other metals, soil pH plays a significant role in the availability of 

silver nanoparticles (Janssen et al. 1997; Bradl 2004). The adsorption edge for metals 

is the range of pH values at which the metal becomes almost entirely sorbed to the 

soil. Adsorption edge values vary from one metal to another, but one trend is 

ubiquitous for all metals: absorption to soil increases with soil pH (Kazi et al. 2005; 

Hooda et al. 1997; Sparks 1995).  The chemistry behind this is simple. At lower pH 

values, the number of protons, (H
+
) increases. Metallic ions are also cationic, meaning 

they possess a positive charge. With an increasing numbers of H
+
, competition for 

cation exchange sites also increases (Bradl 2004), thus lowering the CEC (Benoit, 

Wilkinson, and Sauvé 2013). More metallic cations are then left unsorbed to soil 
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surface and available for uptake. Additionally, at higher pH values, the number of 

hydroxide anions (OH
-
) increases. This not only reduces the competition among 

cations, but also creates additional sorption sites for the already present cations, 

increasing the CEC of the soil. Thus at higher pH values a larger amount of metal is 

retained by the soil and unavailable for uptake (McLean and Bledsoe 1996; Kazi et al. 

2005).  

 However it is important to keep in mind that metal sorption to soils is not 

permanent. Decreasing the pH of a soil, whether on purpose through the application of 

fertilizer or as an after-effect of acid rain, will cause some previously sorbed metal 

ions to become free again. Conversely, an increase in soil pH would cause some of the 

metallic ions to become unavailable.  

 Soil pH can also affect the charge of SOM if it falls below the point of zero 

charge (PZC). The PZC is the pH value at which the surface of a soil particle has a net 

charge of zero. If a pH value > PZC, the surface charge of a soil particle is negative; if 

a pH value < PZC, the surface charge of a soil particle is positive (Tourinho et al. 

2012; Sparks 1995). The PZC for SOM is approximately three. Most soils within the 

environment have a pH value ranging from five to nine; thus SOM is typically 

negatively charged and contributes to the cation exchange capacity of a soil by 

providing additional adsorption sites. If the pH of a soil were to drop below three the 

charge of the SOM would become positive and metallic cations previously sorbed to 

the organic matter would become available.  
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1.5.2 Soil Texture 

 The texture of a soil is based on its makeup of sand, silt, and clay particles. 

Each of these components falls into a different size range where sand>silt>clay. The 

amount of each in a soil will dramatically influence the environmental fate of silver 

nanoparticles. Sand particles are generally considered to be those greater than 50 μm. 

Silt particles fall into the size range from 2 to 50 μm. And clay particles, the smallest, 

are those under 2 μm (Kroetsch and Wang 2008). The soil classification system is 

based on the quantities of sand, silt, and clay found in a particular soil. Soils can be 

classified as clays, silty clays, sandy clays, clay loam, silty clay loam, sandy clay 

loam, medium loam, silty loam, silt, sandy loam, loamy sand, or sand (Figure I.1). 

Silver nanoparticles released into soils primarily composed of larger particles like 

sandy loam will behave in a different manner when compared to silver nanoparticles 

released into soils with higher percentages of clay particles.  

 Sand and silt, the larger particles, consequently have a smaller surface area 

when compared to clay particles. The increased surface area of clay particles provides 

additional sorption sites for nanoparticles (Oromieh 2011). The amount of silver 

nanoparticles sorbed to a soil with high clay content would theoretically be higher than 

one with low clay content; meaning that fewer nanoparticles would be bioavailable in 

the soil with higher clay content. Consequently the release of silver nanoparticles in 

one area of the country may be of higher concern than in another part simply due to 

differences in soil texture.  
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Figure I.1: Soil Classification Pyramid [Source: infohow.org] 
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 It is also worth noting that the pores between sand and silt particles would be 

much larger than those between clay particles. This would permit silver nanoparticles 

to migrate further away, perhaps even reaching reservoirs of ground water.  

 

1.5.3 Clay Content 

 As previously mentioned in the soil texture section, the clay content of a soil 

has an enormous impact on the terrestrial fate of metals and metal nanoparticles (Bradl 

2004). Due to the small size of clay particles, the large surface area provides numerous 

sites to which cations can sorb. Additionally, clays can provide up to 20% of a soil’s 

CEC due to their overall negative charge.  

 The negative charge of clays results from the isomorphous substitution that 

occurs in the tetrahedral and octahedral layers of clays (Hendershot, Lalande, and 

Duquette 1993; Sparks 1995). A tetrahedral component of clay is composed of a 

silicon (Si) atom surrounded by three oxygen (O) atoms in a tetrahedron shape. These 

tetrahedrons will connect to each other to form a tetrahedral sheet. The octahedral 

portion is composed of an aluminum (Al) atom surrounded by six hydroxyl (OH) 

groups, forming an octahedron. Neighboring octahedrons will connect with one 

another to form an octahedral sheet. These are the two basic components that make up 

all clay materials. Normally the tetrahedral and octahedral sheets have a net charge of 

zero. However, during isomorphous substitution one of the atoms contained within the 

sheets is replaced by a different element with a lower valence charge which ultimately 

results in a negative charge.  
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 The most common isomorphic substitutions that occur in the tetrahedral sheet 

involve the replacement of the Si atom (Si
4+

) with an Al atom (Al
3+

). In the octahedral 

layer, the Al
3+

 atom is often replaced by a magnesium atom (Mg
2+

) (Liu and Gonzalez 

1999; McLean and Bledsoe 1996; Malandrino et al. 2006; Sparks 1995). It should be 

noted, however, that many other atomic substitutions can occur in the octahedral layer; 

iron (Fe
2+

), Zn (Zn
2+

), Ni (Ni
2+

) and Cu (Cu
2+

) atoms can all take the place of Al
3+

 

atoms. When multiple isomorphic substitutions occur within a clay, it can become a 

significant source of negative charge.   

 Clays themselves can be divided into three separate categories based on their 

makeup: 1:1 clays, 2:1 clays, and 2:1:1 clays (Figure I.2). Clays that fall into the 1:1 

category are composed of alternating tetrahedral and octahedral sheets. Kaolinite is 

often used to represent a typical 1:1 clay. Vermiculite, smectitie, and illite fall into the 

category of 2:1 clays. These clays consist of an octahedral sheet sandwiched between 

two tetrahedral sheets stacked on top of each other with little to no space between. 

And lastly, 2:1:1 clays, like chlorite, are composed identically to 2:1 clays with one 

tiny difference, the presence of a OH layer.  

 The charge on clays is not pH dependent and sometimes referred to as 

permanent charge (Ross and Ketterings 1995; Hendershot, Lalande, and Duquette 

1993; Sparks 1995). The only factor that determines the contribution to the CEC by 

clays is which type it is. For instance, kaolinite undergoes very little isomorphic 

substitution and has a layer charge <0.01 meq/100 g. The CEC of 2:1 clays widely  
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Figure I.2: Structure of Different Categories of Clay 
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varies. The layer charge of vermiculite falls on the high end, ranging from 1.2-1.8 

meq/100 g, whereas the layer charge of smectite falls on the low end, only 0.4 to 1.2 

meq/100 g. Those clays with a higher CEC have a higher capacity to electrostatically 

bind to cations (Ross and Ketterings 1995; Calder et al. 2012), thus reducing their 

bioavailability. 

 

1.5.4 Cation Exchange Capacity 

 The CEC of a soil provides electrostatic binding sites for cations including 

silver ions (Ag
+
). Two separate soil components contribute to the overall CEC of a 

soil: the clay content (permanent charge) and the SOM (pH-dependent charge) 

(Hendershot, Lalande, and Duquette 1993; Ross and Ketterings 1995; Janssen et al. 

1997; McLean and Bledsoe 1996; Sparks 1995). In soils with pH values that are 

environmentally typical, five to nine, the SOM supplies at least 80% of CEC and the 

clay content can contribute up to 20%. However, as discussed earlier, if the pH of a 

soil drops below the PZC of SOM, it will no longer contribute anything to the CEC. 

Consequently, in cases where the soil is highly acidic (pH < 3), the clay content will 

contribute more to the CEC than SOM. The CEC contribution from clay content is 

permanent and does not vary with soil pH.  

 Soils with high clay content and high amounts of SOM will have a higher 

capacity for electrostatic interactions. As stated before, electrostatically bonded metals 

are immobile and considered to be unavailable for uptake (Gao et al. 2012). The 

majority of SOM is found at the surface of a soil and decreases with depth. 
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Conversely, clay content increases with depth, so as one travels down through a soil 

the contributions to CEC from SOM and clay particles will shift (McLean and Bledsoe 

1996; Sparks 1995).  

 It should be noted however, the CEC of a soil can change over time. As SOM 

degrades and breaks down, it can lose some cation exchange sites. And the 

acidification of soil, whether due to acid rain, fertilizers, or natural processes, can also 

reduce the contribution to the CEC by SOM (Ross and Ketterings 1995).  

   

1.5.5 Soil Organic Matter 

 Soil organic matter is composed of many different compounds including 

humus, soil biomass, and organic residues. Humic substances include humin, fulvic 

acid, and humic acid (Sparks 1995). Not only can SOM contribute at least 80% of a 

soil’s CEC, it has many other properties that can affect the fate of metallic 

nanoparticles. The negative charges in SOM stem from the various functional groups 

of the humic substances. Phenolic (C6H5-OH), carboxylic (-COOH), and -OH groups 

all contribute to the negative charge of SOM (Liu and Gonzalez 1999; Bradl 2004; 

McLean and Bledsoe 1996; Peyrot et al. 2014). The source the negative charge in 

SOM also explains why it is pH-dependent and not permanent. The C6H5-OH, -

COOH, and -OH functional groups will be greatly affected by the presence or absence 

of protons in the soil. In soils with high pH, a greater number of functional groups will 

undergo dissociation. Carboxylic groups dissociate from –COOH to –COO
-
 and 

phenolic and hydroxyl groups from –COH to –CO
-
 (Liu and Gonzalez 1999; Evans 



Texas Tech University, Sara Pappas, August 2015 

27 

 

1989). Therefore in soils with higher pH values, the SOM will contribute a higher 

amount of cation exchange sites; in soils with lower pH values, the SOM will have 

fewer cation exchange sites available for metal retention due to the increased 

presences of H
+
 and the subsequent protonation of the function groups (Liu and 

Gonzalez 1999).  

 Soil organic matter has the ability to chelate most metals making them less 

mobile; however, chelation of metals to the SOM may make them more available for 

uptake by plants with require certain metallic micronutrients like Fe
2+

, Fe
3+

, 

manganese (Mn
2+

), Zn
2+

, Cu
2+

, Cu
+
, and Ni

2+
 (Campbell and Reece 2005). SOM also 

acts as a buffer within a soil system and aids in the ability of a soil to resist changes in 

pH. As mentioned previously, pH is major factor in the bioavailability of metals in 

terrestrial systems (Tourinho et al. 2012). A high amount of SOM within a soil would 

dramatically increase the CEC, form chelation complexes with metals, and ultimately 

reduce the mobility and availability of metals for uptake. SOM may also prevent 

metals from becoming mobile by buffering any effects from acid rain that would 

otherwise free up previously bound metals.  

 In addition to reducing the bioavailability of metals and metallic nanoparticles 

in general (Liu and Gonzalez 1999), SOM may be particularly important when it 

comes to silver nanoparticles. Humic acids can contain up to 1.5% S and fulvic acids 

up to 3.6%. Silver has a very high affinity for S and will form Ag2S which is highly 

insoluble (Ksp= 8.0 x 10
-51

) and causes silver to become unavailable for uptake 

(Anjum et al. 2013; Coutris, Joner, and Oughton 2012; Clement Levard et al. 2012; 
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Clement Levard et al. 2013; VandeVoort, Arai, and Sparks 2012; Clément Levard et 

al. 2011; B. Kim et al. 2010). Additionally Ag2S is not a form of silver or S that would 

be available for uptake by plants, as most plants absorb micronutrients from the soil 

solution and Ag2S is virtually insoluble in water. Any Ag bound to S would be 

considered unavailable for uptake and virtually immobilized (McLean and Bledsoe 

1996).  

  

1.5.6 Nanoparticle Size 

  The size of nanoparticulate materials is thought to be their most important 

physical characteristic. Many studies attribute the decreased size of nanoparticles to 

their increased reactivity. In the case of silver nanoparticles, the smaller size and the 

high surface area to volume ratio result in increased reactivity and antibacterial 

properties (Badawy et al. 2010; Karakoti, Hench, and Seal 2006; Loeschner et al. 

2011; R. Ma et al. 2012). The size of silver nanoparticles will also play a large in their 

toxicity; this will be discussed later. For now the effects of size influencing 

bioavailability will be explained.   

 Differences in size will have large effects on aggregation and dissolution. 

Larger particles will have stronger particle-particle interactions, thus reducing 

homoaggregation due to the increased difficulty of overcoming the stronger repulsive 

forces. Therefore smaller sized particles may be more likely to form aggregates. 

Particles with increased surface area are thought to dissolve more easily since the 

majority of atoms will be found on the surface of the particle (R. Ma et al. 2012). 
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These atoms will be able to react more readily with the environment or release the 

atoms as ions.  Smaller particles are also thought to be able to diffuse through porous 

mediums, such as soils, more easily than larger particles or aggregates (Brar et al. 

2010).  

 The nanoscale size of nanoparticles also means that they may be able to travel 

to areas otherwise off-limits to their bulk counterparts. This includes the ability to 

enter cells unimpeded either by direct penetration by diffusing through cell 

membranes, or via endocytosis (Klaine et al. 2008; Albanese, Tang, and Chan 2012). 

  

1.5.7 Nanoparticle Shape 

 Nanoparticulate shape has a larger influence on toxicity than bioavailability, 

but should still be mentioned. The influence of shape on toxicity will be elaborated in 

a later section. The shape will primarily affect the surface area of nanoparticles. Silver 

nanoparticles can be purchased in a variety of shapes from spheres to cubes to 

triangles (Albanese, Tang, and Chan 2012; EPA 2010). Each shape will have a 

different surface area to volume ratio, which was previously described at the driving 

force behind the increased reactivity of nanoparticles.  

 Shape may also influence how nanoparticles interact with clay and humic 

substances. Certain shapes, like spheres, will increase the surface that is able to 

electrostatically bind to these particles. Other shapes, like triangles, may increase or 

decreases these interactions depending on their alignment with the soil particles. The 

shape will influence how the nanoparticles interact among themselves, either 
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promoting or reducing homoaggregation. Spherically shaped particles may be more 

mobile than others due to ease of mobility within the soil solution when compared to 

less aerodynamic shapes. 

 The shape of nanoparticles may also influence whether or not they would be 

able to penetrate the cell wall of an organism. The shape can also influence how likely 

a nanoparticle would be taken up by endocytosis. Some studies have shown that 

uptake by cells is directly affected by the shape of silver nanoparticles. It was found 

that rods over 100 nm were taken up the most readily by cells, followed by spherical, 

cylindrical, and lastly, cubic silver nanoparticles.  This was attributed to the increased 

surface area of the rod nanoparticles interacting with the cell membranes. However, 

when examining silver nanoparticle under 100 nm, spherical particles were taken up 

more readily than rods (Albanese, Tang, and Chan 2012).  

 

1.5.8 Nanoparticle Surface Coating 

 Some nanoparticles are coated with various polymers or organic materials 

during production. These coatings are meant to stabilize the nanoparticles or in some 

cases, enhance certain physiochemical properties. Tannic acid, polyvinylpyrrolidone 

(PVP), bovine serum albumin (BSA), cetyltrimethylammonium bromide (CTAB), 

polyethylene glycol (PEG), and citric acid are just a small sampling of the myriad of 

coatings now commercially available (EPA 2010). PVP is a common coating used to 

sterically stabilize silver nanoparticles (Coleman et al. 2013). Silver nanoparticles 

coated with PVP are stabilized via steric repulsions. The PVP coating prevents the 
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particles from aggregating and forces them to remain suspended and increases their 

mobility (Badawy et al. 2010).  Other coatings, such as citric acid, are used to stabilize 

silver nanoparticles electrostatically. These coatings use electrostatic repulsion forces 

to prevent the nanoparticles from aggregating. Some surface coatings can 

electrosterically stabilize the particles which utilizes both electrostatic and steric 

interactions. 

 Different surface coatings will influence how nanoparticles interact with their 

surroundings, specifically SOM and clay particles. This will ultimately affect the 

bioavailability, the toxicity, and the mobility of the nanoparticles. Some coatings may 

interfere and prevent redox reactions from occurring (William A. Shoults-Wilson et al. 

2011). As stated before, elemental silver is thought to oxidize in the presence of O2 

and form free ions. Surface coatings may hinder this reaction. Surface coating may 

also change the surface charge of a nanoparticle, their hydrophobicity, or their 

dissolution rate, further changing the way they interact with other molecules. The 

surface charge of a nanoparticle will determine whether or not it electrostatically binds 

to cation exchange sites. If a surface coating causes normally positively charged ions, 

silver cations for instance, to become negative, they will no longer interact with clay 

particles or humic substances in the same manner. Furthermore, surface coatings can 

change the hydrophobicity of nanoparticles. This will affect how the nanoparticles 

behave in the soil solution. The soil solution is what gives an ion its mobility; it is also 

how plants primarily take up nutrients. Silver nanoparticles are normally amphiphilic, 

meaning they are equally lipophilic and hydrophilic. However, when silver 
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nanoparticles are coated with PVP they become hydrophobic (William A. Shoults-

Wilson et al. 2011) thus changing their behavior in the soil solution. And finally, some 

surface coatings, in addition to preventing aggregation, both homoaggregation and 

heteroaggregation, may suppress dissolution of nanoparticles, thus limiting the number 

of ions available for uptake.   

 

1.6 Uptake by Plants 

 Depending on a number of factors, nanoparticles will have varying degrees of 

bioavailability in a terrestrial environment. One of the most significant routes of metal 

uptake is via plants (Del Toro et al. 2010; Raskin et al. 1994; Hooda et al. 1997; Al-

Salim et al. 2011).  There are multiple ways nanoparticles can be accumulated by 

plants as has been demonstrated in the past during multiple studies (H. Zhu et al. 2008; 

Song et al. 2013; Nair et al. 2010; Yin et al. 2011; Lee, Kwak, and An 2012; Rico et 

al. 2011). They may be taken up via the cell walls pores, via endocytosis, by root 

uptake, or via the stomata. This uptake of nanoparticles by plant is of concern since 

plants make up the base of all terrestrial food chains and therefore provide an 

important route through which nanoparticles can potentially enter a food web (Judy 

2013).  

 

1.6.1 Via Cell Wall Pores 

 Due to the minute size range of nanoparticles, they may be able to penetrate 

the cell membranes of plant cells (Miralles, Church, and Harris 2012).  Cell walls 
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contain cell wall pores that allow the diffusion of small particles and molecules. The 

pores have sizes typically ranging from three to five nm (Judy 2013). Nanoparticles 

that fall within this range are expected to be able to freely pass through the cell wall 

into the plasma membrane (Navarro et al. 2008). Here again the importance of 

nanoparticle characteristics is made evident. The final size of nanoparticles or 

nanoparticle aggregates will determine whether or not they will be able to pass 

through the cell wall pores. Additionally, smaller particles are more likely to dissolve 

into even smaller ions. Surface coating will affect dissolution and aggregations as 

well. If nanoparticles aggregate and form particles larger than five nm diffusion 

through cell wall pores will no longer be an option.  

 

1.6.2 Via Endocytosis 

 It is also thought that nanoparticles can be taken up through various endocytic 

pathways (Harush-Frenkel et al. 2007; Iversen, Skotland, and Sandvig 2011; Navarro 

et al. 2008; Nair et al. 2010; Judy 2013; T. Kim et al. 2012). Endocytosis is a process 

through which all cell types are able to uptake molecules and substance by engulfing 

them and bringing them into the cell (Figure I.3). It is an especially important process 

for polar substances that are not able to diffuse through the lipid bilayer of the cell 

membrane (Campbell and Reece 2005). Pinocytosis refers to the act of a cell bringing 

fluids and very small particles into the cell. Phagocytosis is another form of 

endocytosis during which cells engulf larger particles and other cells. Some studies 

have shown nanoparticles approximately 50 nm in size were easily taken up by cells  
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Figure I.3: Modes of cellular internalization of nanoparticles and respective size 

limitations (Petros and DeSimone 2010) 
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via these endocytic pathways (T. Kim et al. 2012; Chithrani, Ghazani, and Chan 2006; 

Albanese, Tang, and Chan 2012). 

 Receptor-mediated endocytosis (RME) is thought to be another important 

endocytic pathway (Chithrani, Ghazani, and Chan 2006). During RME, a ligand  

attaches to a receptor located on the surface of the cell membrane. The ligand is then 

engulfed by the cell membrane. Nanoparticles are able to attach to the surface of 

ligand and enter the cell this way. The shape and size of the nanoparticles can have a 

major effect on the interactions between the ligand and the nanoparticles (Chithrani, 

Ghazani, and Chan 2006; Albanese, Tang, and Chan 2012). 

 Several studies have also demonstrated that the surface charge of the 

nanoparticles can also affect the effectiveness of uptake by endocytic pathways. 

Positively charged nanoparticles have been found to accumulate in greater quantities 

than those with a negative charge (Harush-Frenkel et al. 2007; Iversen, Skotland, and 

Sandvig 2011; Albanese, Tang, and Chan 2012). This is thought to be attributed to the 

negative surface charge of cell surfaces (Enstone, Peterson, and Ma 2002). Positively 

charged particles, silver ions for instance, would be more electrostatically attracted to 

cell surfaces making the process of endocytosis much easier.  

 

1.6.3 Via Root Uptake 

 Nanoparticles in soil will interact directly with plant roots. Plants absorb 

necessary micronutrients from the soil solution surrounding the roots. Of these 

essential nutrients, many of them are metals including calcium (Ca), potassium (K), 
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Mg, Fe, Mn, Zn, Cu, Ni, and Mo (Campbell and Reece 2005; Peralta-Videa et al. 

2009). It is widely thought that silver nanoparticles would be able to utilize these 

preexisting routes into plants, primarily through ion channels and carrier proteins; both 

are heavily used for uptake of essential metals.  

 However, metal uptake by plants is very species specific (Rico et al. 2011) and 

will have to be evaluated in a case by case manner. The uptake will depend not only 

on the species of plant, but the identity of the metal as well. The family classification 

may play a large role in the ability for a plant to absorb metals from soil. Some plant 

families are known to be metallophytes and can hyperaccumulate metals (Peralta-

Videa et al. 2009). Hyperaccumulators can store concentrations of metal that exceed 

soil concentrations in their shoot systems, the aboveground portion of the plants 

(Raskin et al. 1994).  Other plant families absorb very little to no metals from soils.  

 The root type of plants will also affect metal uptake. Plants will have one of 

two types of root systems, either monocotyledonous (monocot) or dicotyledonous 

(dicot). Monocots are those plants with a mass of long fibrous roots. These types of 

plants tend to stay in the uppermost layers of soil and may have higher exposure to 

nanoparticles since the majority of nanoparticles will remain at the surface. Dicots, on 

the other hand, are characterized by a long, thick taproot. The taproot burrows straight 

down into the soil and can reach depths that monocots cannot. Due to the nature of the 

dicot root system, they may be able to avoid some nanoparticle contamination in soils.  

 It should also be noted that the different roots types have entirely different root 

exudates. Root exudates are made up of any number of high or low molecular weight 
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organic substances. These can include fatty acids, enzymes, steroids, carbohydrates, 

sugars, amino acids, and organic acids (Wang, Inukai, and Yamauchi 2006; Campbell 

and Reece 2005). The organic acids released by plant roots, which can include citric, 

acetic, malic, ascorbic, and oxalic acids (Wang, Inukai, and Yamauchi 2006; Koo et 

al. 2013), lower the pH of the immediate surrounding area, the rhizosphere, in order to 

solubilize essential metals (Raskin et al. 1994; Yin et al. 2011). The exudates of 

monocots and dicots differ and may have dissimilar effects on the solubility of metals 

and metallic nanoparticles (Judy 2013). And because the solubility of metals will 

largely factor in their bioavailability (Reddy and Dunn 1984) to plants, the difference 

in the root exudates of monocots and dicots could be significant. In fact some studies 

have shown that dicots are able to absorb higher concentrations of metals from soils 

than monocots (Sauerbeck 1991). This may be due to the fact that dicots are more 

effective at acidifying their rhizosphere, since their production rate of organic acids is 

higher than that of monocots (Wang, Inukai, and Yamauchi 2006). 

 Once metals enter the root system of the plant they are sometimes able to 

translocate to the shoot system of the plant thus spreading the metal throughout the 

entire plant (Miralles, Church, and Harris 2012; Zhao et al. 2012; Nair et al. 2010; X. 

Ma et al. 2010). In fact several studies have found that a wide variety of plants are able 

to translocate silver nanoparticles from the soil into the shoot system. Pumpkins 

(Cucurbita pepo), zucchini (Cucurbita pepo), flax (Linum usitatissimum), ryegrass 

(Lolium), barley (Hordeum vulgare L.), mung bean (Vigna radiate), sorghum 

http://en.wikipedia.org/wiki/Cucurbita_pepo
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(Sorghum), and onions (Allium cepa) are a few of the plants found to uptake silver 

nanoparticles from soil to some extent (Miralles, Church, and Harris 2012). 

 

1.6.4 Via Stomata 

 And lastly, a minor route of uptake via the stomata is worth mentioning. Silver 

nanoparticles found in garbage or sewage sludge during incineration will be able to 

deposit onto the exposed surfaces of a plant. These particles may be able to pass 

directly into the plants via the stomata, the pore openings in leaves through which gas 

exchange occurs (Navarro et al. 2008; Miralles, Church, and Harris 2012; Nair et al. 

2010; Dietz and Herth 2011; Judy 2013; Campbell and Reece 2005). Stomatal 

openings can vary in size depending on the plant; the diameter of pores have been 

found to range from below 4 nm to over 40 nm (Miralles, Church, and Harris 2012).  

 

1.7 Uptake by Invertebrates 

 The other major component of a terrestrial food web base is invertebrates. This 

includes arachnids, beetles, ants, flies, worms, millipedes, moths, wasps, termites, and 

mosquitoes, all of which are important food items to birds, reptiles, mammals, and 

even other invertebrates (Suthar and Singh 2009). It has already been shown by many 

studies that some insects are able to bioaccumulate metals from soil (Migliorini et al. 

2004; Del Toro et al. 2010; Zhuang, Zou, and Shu 2009). A study using arthropods 

showed that springtails (Collembola) and devil’s coach horse beetles (Ocypus olens) 

were also able to bioaccumulate certain metals (Migliorini et al. 2004). Another study 
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analyzed the ability of harvester ants (Pogonomyrmex) to bioaccumulate heavy metals 

from the area surrounding a defunct smelter plant. The ants were found to contain 

higher levels of As, Cd, Cu, Pb, and Zn than the surrounding soil; a clear case of metal 

bioaccumulation (Del Toro et al. 2010). In fact, the increased concentrations of heavy 

metals in the ants were attributed to the seeds they consumed, demonstrating trophic 

transfer as well as bioaccumulation.  

 More recent studies, however, have now shifted and have begun to try and 

determine whether or not metallic nanoparticles are bioaccumulated in the same 

manner. Both 20 and 55 nm gold (Au) nanoparticles were found to be available for 

uptake by earthworms (Unrine, Hunyadi, et al. 2010). 

 

1.7.1 Via Ingestion 

 Some invertebrates are able to ingest metals which then enter the 

gastrointestinal track. As the metals are dissolved they quickly enter the bloodstream 

and are distributed throughout the organism. Earthworms (Eisenia fetida) are a 

popular test subject due to their role as soil processers. Over the years, earthworms 

have been found for bioaccumulate various heavy metals including Zn, Fe, Pb, and Cu 

from contaminated soils. Typically, the higher the concentration of metals in the soil, 

the more the earthworms are able to uptake (Suthar and Singh 2009). To date no 

studies have been performed utilizing silver nanoparticles.  
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1.7.2 Via Endocytosis 

 In addition to being consumed by invertebrates, metallic nanoparticles may be 

able to enter invertebrate cells via endocytic pathways as described earlier in the plant 

uptake section. 

 

1.7.3 Adherence to Cell Walls 

 Quantum dots, a type of nanocrystal, were found to adhere to damaged cells 

that stayed attached even after washing (Al-Salim et al. 2011). If other nanoparticles 

were to act in this manner, a significant amount of nanoparticles could be found 

adhering to an organism. If consumed by another, it is possible that a substantial 

amount of nanoparticles could be ingested, thus traveling through the trophic levels. 

 

1.8 Why uptake matters: Toxicity and Trophic Transfer 

 It has been thoroughly established that silver nanoparticles are increasingly 

used in consumer products due to their antibacterial and antifungal properties. An 

increase in use and production will ultimately lead to an increase in environmental 

exposure. The use of sewage sludge as a land amendment is the major pathway 

through which silver nanoparticles enter terrestrial systems. Once in a terrestrial 

system, silver nanoparticles may be taken up by plants and insects, thus entering the 

food web. 

 Many studies have shown that silver nanoparticles have varying toxic effects 

on a wide variety of organisms. This becomes very important because after entering a 
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food web, silver nanoparticles may be able to bioaccumulate within organisms and 

potentially pass from one trophic level to the next as bulk metals have been shown to 

do in past studies. Any toxic effects would then affect not only soil organisms, 

invertebrates, and plants, but higher trophic organisms as well, including birds, 

mammals, reptiles, and amphibians (Al-Salim et al. 2011).  

 

1.8.1 Toxicity of Silver Nanoparticles 

 Due to the wide variety of silver nanoparticles, studies have already uncovered 

a suite of toxic effects, both in vivo and in vitro, depending on the size, shape, and 

surface coating of the nanoparticles (Kruszewski et al. 2011). There are several 

theories of which mechanism is actually responsible for silver nanoparticle toxicity.  

 Some studies attribute toxicity to the small size and shape of the nanoparticles.  

Some studies have demonstrated increased toxicity due to the nanoscale size alone. 

For instance, one study showed that 10 nm silver nanoparticles had a higher rate of 

inducing apoptosis than 50 and 100 nm nanoparticles (T. Kim et al. 2012). Another 

study found that silver nanoparticles up to 71 nm could accumulate in the brain, lungs, 

liver, kidneys, and testes of mice after oral exposure but 323 nm nanoparticles could 

not (Park et al. 2010). The smaller nanoparticles are thought to be able to be absorbed 

by the gastrointestinal tract more easily than larger particles, leading to a greater 

distribution throughout the organs. Other studies associate the toxicity with the silver 

ions that silver nanoparticles produce which can then generate reactive oxygen species 

(ROS) (Kruszewski et al. 2011; M.-T. Zhu et al. 2008; Hu et al. 2010).  The ROS can 
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damage surrounding lipids, proteins, deoxyribonucleic acid (DNA), and 

carbohydrates. And some studies claim that these two mechanisms of toxicity cannot 

be fully separated, and maintain the toxicity is from a combination of both.  

 As far as in vitro studies go, human epithelial cells have been shown to readily 

take up silver nanoparticles 30 nm and smaller (Kruszewski et al. 2011). Follow-up 

studies were able to use transmission electron microscopy (TEM) to view the silver 

nanoparticles, not only being taken up by the cells, but also traveling further into the 

cytoplasm and the mitochondria of the cells. This could potentially reduce overall cell 

activity or cause cell death. Additionally, it is thought that some smaller silver 

nanoparticles may even be small enough to pass through the nuclear envelope and 

accumulate in the nucleus of a cell (Kruszewski et al. 2011). In vitro studies have also 

shown that silver nanoparticles can cause embryonic toxicity, cytotoxicity, and DNA 

damage, including DNA fragmentation.  The generation of ROS, the induction of 

apoptosis, and the cause of cell death via necrosis are other serious injurious effects 

silver nanoparticles can produce (Kruszewski et al. 2011).  

 To date, most in vivo studies have focused on aquatic organisms; the few 

studies that did not, focus on small mammals such as mice or rats. However, the 

results have shown that silver nanoparticles can cause toxic effects beyond cell 

damage. A 28 day oral exposure study using rats found that silver nanoparticles 

accumulated in the ileum, stomach, liver, kidneys, brain, and lungs (Loeschner et al. 

2011). In a subchronic oral toxicity study with Sprague-Dawley rats, the liver was 

found to be the target organ; necrosis of liver cells was observed, at a higher rate in 
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male rats than females (Kruszewski et al. 2011; Y. S. Kim et al. 2008). In another 

study using Sprague-Dawley rats, oral exposure over 28 days caused silver 

accumulation in all organs examined including the spleen, kidneys, brain, liver, testes, 

lungs, bladder, heart, and the blood. The study went on to show that most of the silver 

accumulated in the organs had been excreted within 8 weeks, except by the brain and 

testis (van der Zande et al. 2012). These studies demonstrate that silver nanoparticles 

in the correct size range can easily cross both the blood brain barrier (BBB) and the 

blood testes barrier (BTB) (Kruszewski et al. 2011); this can lead to accumulation in 

both these organs potentially causing damage to the central nervous and the 

reproductive systems (Farzinpour and Karashi 2013).   

 Multiple studies have found that silver nanoparticles can cause a suite of other 

sublethal effects in addition to organ damage that may ultimately affect the survival of 

the organism. Ingestion of silver nanoparticles by Fischer rats caused weight loss, 

fibrosis, pigmentation, and accumulation of silver in the kidneys (Kruszewski et al. 

2011; Y. S. Kim et al. 2008).  Mice fed 13 nm silver nanoparticles were found to have 

increased levels of cell apoptosis and hepatocyte inflammation (Cha et al. 2008). A 

subchronic oral exposure study found male rats orally gavaged with 500 ppm 

concentrations of silver nanoparticles had significantly reduced body weights. The 

study also posited that exposure to concentrations above 125 ppm had the potential to 

cause liver damage (Loghman et al. 2014)(Y. S. Kim et al. 2010). Additionally, female 

rats were found to have twice as much silver accumulation in their kidneys when 

compared to males.  Egg production of Japanese quail (Coturnix japonica) was found 
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to be reduced after ingestion of silver nanoparticles. Birds given 4, 8, or 12 ppm of 

silver nanoparticles in drinking water laid significantly fewer eggs than control birds. 

Furthermore, the eggs laid by the birds in the 12 ppm treatment group had 

significantly reduced yolk weight compared to all other treatment groups (Farzinpour 

and Karashi 2013).  Broiler chickens dosed with 8 and 12 ppm concentrations of silver 

nanoparticles via drinking water were found to have liver damage, including changes 

in fatty degeneration, dilation of the central vein, necrosis of liver cells, and fibrosis 

(Loghman et al. 2014).   

 Conversely, other studies have shown a complete lack of toxicity during in 

vivo studies. In a 28 day oral exposure study using rats, concentrations up to 1000 ppm 

did not affect body weight of either males or females. Additionally the authors suggest 

that liver damage may be possible when exposed to concentrations greater than 300 

ppm which contrasts a study discussed earlier (Y. S. Kim et al. 2008). Broiler chickens 

exposed to silver nanoparticles in their drinking water exhibited no effects on either 

their metabolisms or growth performance. In both the 10 and 20 ppm treatment groups 

it was found that feed intake, body weight, metabolism, and the microflora of the 

intestines were all unaffected by the ingestion of silver nanoparticles (Pineda, 

Chwalibog, et al. 2012). However, the authors do state that the results may have 

differed if the birds had been in a more stressful environment. 

 Another study using broiler chickens demonstrated that silver nanoparticle 

concentrations up to 900 ppm had no effect on white blood cell (WBC) counts or 

blood enzymes (J. Ahmadi 2009).  In ovo injections of silver nanoparticles of varying 
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concentrations into broiler chicken eggs had no significant effects on hatchability, egg 

weight, or relative chick weight (Pineda, Sawosz, et al. 2012). In another study with C. 

japonica silver nanoparticle concentrations up to 25 ppm were found to slightly alter 

certain populations of intestinal microflora but ultimately did no damage to the 

duodenum (Sawosz et al. 2007).  

 

1.8.2 Trophic Transfer 

 It has been shown that invertebrates and plants can indeed bioaccumulate 

metals and metallic nanoparticles. Past studies have shown that heavy metals can 

travel through a terrestrial system, but very few studies have done the same with 

nanoparticles. In one study, it was found that the heavy metals Pb, Zn, Cu, and Cd 

were able to accumulate in both plants and insects from soil. The insects and seeds 

from the plants were then fed to chickens. The soil samples contained the highest 

levels of all metals. For all metals but Cd the insects were found to contain the next 

highest metal concentrations, followed by the roots, and then the shoots of the plants. 

The lowest concentrations were found in the muscle tissues of the chickens (Zhuang, 

Zou, and Shu 2009). Although the chicken tissues contained very low concentrations 

of the metals, this study clearly demonstrated trophic transfer of bulk metals through a 

terrestrial food web.  

 There have also been a handful of studies that examine the trophic transfer of 

Au nanoparticles. One study showed that tobacco plants (Nicotiana tabacum L. cv. 

Xanthi) were able to uptake Au nanoparticles from the soil. The leaves of the plants 
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were then fed to hornworm (Manduca sexta) larvae. After analysis the tissues of the 

hornworms were found to contain detectable Au concentrations (Judy, Unrine, and 

Bertsch 2010). In a second study, earthworms were able to uptake Au nanoparticles 

from artificial soil. These earthworms were then fed to bullfrogs (Rana catesbeina). 

The tissues of the bullfrogs were found to contain detectable levels of Au. The kidneys 

had the highest concentrations of Au, followed by the livers, and then the muscle 

tissue (Unrine et al. 2012). Both of these studies show clear evidence of trophic 

transfer of metallic nanoparticles.  

  

1.8.3 Implications for Terrestrial Food Webs 

 Based on the ability of other heavy metals in terrestrial food webs, it is likely 

that silver nanoparticles can act in the same manner. This could have serious 

implications due to the toxicity of silver nanoparticles. Silver nanoparticles have been 

shown to enter edible plants which can be consumed directly by humans or other 

organisms. Plants and invertebrates containing silver nanoparticles can be consumed 

by birds, mammals, reptiles, and amphibians which may be eaten by other predators or 

by humans.  

 

1.9 Future Research Directions 

 Although silver has been used for thousands of years without significant 

detrimental health effects, the recent increase in the production and use of silver 

nanoparticles is troublesome. Due to the major differences between bulk and nano 



Texas Tech University, Sara Pappas, August 2015 

47 

 

silver, it is not clear whether or not silver nanoparticles will have persistent toxic 

effects to the flora and fauna within the contaminated environments. Some preliminary 

studies have shown that silver nanoparticles can cause toxic effects in a variety of 

organisms and cell lines. Unfortunately, very few studies have examined terrestrial 

systems and organisms. This is in spite of the fact that sewage sludge used as a 

fertilizer has been confirmed as a major route through which silver nanoparticles can 

enter a terrestrial system. More research is still needed to examine the fate of silver 

nanoparticles in a variety of terrestrial systems in order to determine the major 

influencing major factors affecting environmental fate. The characteristics of both soil 

systems and nanoparticles themselves should be examined. Additionally, more studies 

are needed on the bioaccumulation and trophic transfer of silver nanoparticles within a 

terrestrial food web. And lastly, the toxicokinetics of silver nanoparticles should be 

examined in model terrestrial organisms to determine whether or not environmentally 

relevant concentrations of silver nanoparticles will actually be harmful. As stated 

before, bioavailability does not directly translate to toxicity. It may be possible for an 

organism to consume large amounts of silver nanoparticles without suffering from any 

detrimental effects. The toxicity will largely be determined on how the silver 

nanoparticles are absorbed, distributed, metabolized, and excreted within the 

organism.  
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II. THE INFLUENCE OF SILVER NANOPARTICLE CONCENTRATION ON 

BIOAVAILABILITY IN SOILS 

 

II.1 Introduction  

 Many different factors will affect the bioavailability of silver nanoparticles in a 

terrestrial system. Silver nanoparticles are introduced into terrestrial systems primarily 

through applications of sewage sludge to land (Miralles, Church, and Harris 2012; 

Anjum et al. 2013; VandeVoort, Arai, and Sparks 2012; Nowack and Bucheli 2007; 

Hou, Westerhoff, and Posner 2013; B. Kim et al. 2010; Judy, Unrine, and Bertsch 

2010; Unrine et al. 2012; Unrine, Hunyadi, et al. 2010; Yu, Yin, and Liu 2013; Kaegi 

et al. 2013; Reidy et al. 2013; Oromieh 2011; Cornelis et al. 2010; Tourinho et al. 

2012; Pan and Xing 2012). Sewage sludge has been found to contain a wide range of 

silver concentrations; some sludge samples were found to contain up to 960 ppm of 

silver (VandeVoort, Arai, and Sparks 2012). Once in a terrestrial environment, it has 

been shown that certain types of nanoparticles are able to be taken up by both insects 

(Unrine, Hunyadi, et al. 2010) and plants (H. Zhu et al. 2008; Song et al. 2013; Nair et 

al. 2010; Yin et al. 2011; Lee, Kwak, and An 2012; Rico et al. 2011), thereby entering 

the food web. The quantity of nanoparticles taken up from the soil will depend on a 

large number of properties. In addition to the soil properties of the system, the 

properties of the nanoparticles will have a large impact on their fate. One such 

property is the concentration of the nanoparticles present in the system. Larger 
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amounts of nanoparticles may be more subject to aggregation which would cause the 

final size of the nanoparticles to be larger than they were originally. This could 

potentially affect bioavailability since it is thought that nanoparticles of a larger size 

range may be less bioavailable to terrestrial organisms. However, simply having a 

larger amount of nanoparticles present in a system may cause a larger amount to be 

bioavailable. This study sought to determine the influence of nanoparticle 

concentration on bioavailability in a terrestrial system using two species of insects, 

Acheta domesticus and Tenebrio molitor, and two species of plants, Helianthus 

annuus and Sorghum vulgare.  

 

II.2 Methods 

 II.2.1 Soil Collection and Preparation 

 All soil used during the insect and plant exposure experiments was collected 

40 minutes south of Colorado City, Texas at an elevation of 684 m above sea level. 

Exact coordinates were as follows: Universal Transverse Mercator (UTM) 14 S 

0319752 mE 3557792 mN. All soil was collected from the top 10 cm of soil, shoveled 

into clean plastic containers and transported back to The Institute of Environmental 

and Human Health (TIEHH) at Texas Tech University (TTU) in Lubbock, TX. Once 

at TIEHH the soil was processed for homogeneity. All large rocks, roots, living 

organisms, and other organic matter were removed first and large clumps of soil were 

crushed. The soil was then sifted through a 2 mm wire screen into another clean 
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plastic storage container. Processed soil was covered and stored indoors until ready for 

use. 

 II.2.2 Soil Analysis 

 Soil samples were sent to Midwest Laboratories Inc. (Omaha, NE) for basic 

soil analysis. Soil texture, percent humic matter, percent organic matter, exchangeable 

cations (K
+
, Mg

2+
, Ca

2+
), available phosphorus (P), soil pH, percent base saturation of 

cations (K
+
, Mg

2+
, Ca

2+
, H

+
), cation exchange capacity (CEC), and sulfur (S) content 

were all analyzed in order to fully characterize the soil. 

 

 II.2.3 Nanoparticle Characterization 

 Uncoated silver nanoparticles (30-50 nm) were purchased from US Research 

Nanomaterials, Inc. (Houston, TX). All silver nanoparticles were reported by US 

Research Nanomaterials, Inc to consist of >  99.99% Ag, < 0.005% Pb, < 0.001% Cd, 

< 0.001% Fe, < 0.003% Cu, < 0.001% Sn, < 0.001% As, and  < 0.002% Sb. The 

manufacturer also confirmed the size and spherical shape of each lot of nanoparticles. 

Due to the tendency of nanoparticles to aggregate, the most significant properties, the 

size and shape, were examined to confirm the manufacturer’s specifications. 

 In order to confirm the size range and shape of the nanoparticles, transmission 

electron microscopy (TEM) was used. Each sample was prepared by dispersing the 

silver nanoparticle powder in ethanol (EtOH). Each sample was sonicated for 10 

minutes before being drop cast onto a carbon coated copper grid. Samples were air 
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dried before analysis.  TEM (Hitachi H-8100 TEM) images were taken at 200 kV 

using a tungsten filament side-mounted camera.  

 Dynamic light scattering (DLS) was used as an additional method to confirm 

the size of the nanoparticles.  Sample preparation was performed by placing 

approximately 10 mg of silver nanoparticle powder in 10 mL of reagent grade acetone 

(Fisher Chemical). Samples were sonicated until nanoparticles remained suspended in 

solution. Samples were analyzed using a Nanotrac NPA252 Combination (Microtrac 

Inc. Montgomery, PA) and Mictrotrac Flex Software (Version: 10.3.14). Method 

settings were customized for each sample of silver nanoparticles (absorbing particles) 

and acetone (refractive index: 1.36). 

 The probe was rinsed with DI water, followed with acetone before each use. It 

was checked by running a background scan. If the results were above 0.001, the probe 

was rinsed and checked again. A clean sample of acetone was used to create a set zero 

reading. All samples were loaded before running; this was done by placing the probe 

in each sample and the instrument software reported whether or not the sample had an 

adequate concentration of particles to analyze. For any samples resulting in an “add 

sample” results, more nanoparticles were added to the solution. For any samples 

resulting in “dilute”, additional acetone was added to the sample. Any adjusted sample 

was sonicated again before analysis. No samples were analyzed without first 

confirming the solution concentrations. Once ready, samples were analyzed by 

running two consecutive 60 second scans. The average value of the two scans was 
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recorded as the final result of each analysis. The particle size given at 50% was used 

as the average particle size of each sample.  

 Powder x-ray diffraction (PXRD) was used to confirm the composition of the 

nanoparticles. A Rigaku Ultima III X-Ray Diffractometer was used to analyze all 

samples. Samples were analyzed using Cu Kα radiation as x-ray source. The silver 

nanoparticles were analyzed using the following instrument parameters: parallel-beam 

geometry was used with a step width of 0.03° and a count time of one second; the 

divergence, scattering, and receiving slits were set at one. Once completed, the 

diffraction patterns were compared and matched to the phases in the International 

Center for Diffraction Data (ICDD) powder diffraction file (PDF) database.  

  

II.2.4 Insect Treatment Groups 

  Two replicates were prepared using 37.9 L terrariums (50.8 cm x 27.9 cm x 

33.0 cm) for each insect species treatment group, including the control group. Before 

use, each terrarium was thoroughly cleaned out using water, followed by a 10% bleach 

solution to remove any remaining chemical residues. Exactly 2.5 kg of prepared soil 

was weighed into each clean terrarium. An analytical balance was used to weigh out 

the necessary amount of nanoparticles for each treatment group: 0 (control), 1, 5, 25, 

125, and 625 ppm. Before use, the analytical balance was verified using a set of 

Aldinger Company standards (serial no. 72596). All measurements from 10 mg up to 

100 g deviated by less than 1%; well within acceptable range. The nanoparticles for 

each treatment group were added to each terrarium and manually mixed in for at least 
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60 seconds to ensure homogeneity (Table II.1). Once the terrariums were prepared, 

insects were purchased from reptilefoods.com. Each terrarium received either 300 

small crickets or 400 large mealworms. Insects were provided with fresh food and 

water as needed for the duration of the 28 day exposure period.  

 Once the 28 day exposure had run to completion, insects were carefully 

extracted from the terrariums and placed in glass jars. The jars were then placed in a -

80°C freezer for five minutes. After five minutes, the jars were removed and inspected 

to ensure all the insects were deceased. If any of the insects were still alive, the jar was 

placed back in the freezer for an additional period of time. 

 The insects were then freeze dried (FreeZone 2.5 Liter Freeze Dry System, 

Labconco, Corp. Kansas City, MO) for at least 48 hours to ensure the removal of all 

moisture. Freeze dried insects were then crushed into a fine powder and stored in a 

freezer until they could be digested.  

 

II.2.5 Plant Treatment Groups 

 Commercially available 7.6 L plastic nursery containers were purchased and 

filled with approximately two inches of commercial pond pebbles to aid in proper 

drainage. Exactly 2.5 kg of prepared soil was weighed out in a separate plastic 

container. An analytical balance was used to weigh out the necessary silver 

nanoparticles; these were added to the soil and mixed in for at least 60 seconds. The 

spiked soil was then carefully transferred into each nursery container. Two replicates 

were prepared for each treatment group (Table II.2) for each of the two plant species. 
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Table II.1: Silver nanoparticle weights used during the study of nanoparticle 

concentration influence on accumulation by two insect species 

Treatment 

Group 

A. domesticus T. molitor 

Replicate 1 Replicate 2 Replicate 1 Replicate 2 

Control 0.0 mg 0.0 mg 0.0 mg 0.0 mg 

1 ppm 3.02 mg 3.08 mg 3.47 mg 3.29 mg 

5 ppm 13.19 mg 12.79 mg 13.60 mg 13.72 mg 

25 ppm 63.20 mg 64.14 mg 63.59 mg 64.18 mg 

125 ppm 319.8 mg 313.6 mg 313.6 mg 315.2 mg 

625 ppm 1562.9 mg 1568.7 mg 1570.6 mg 1564.7 mg 
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Table II.2: Silver nanoparticle weights used during the study of nanoparticle 

concentration influence on accumulation by two plant species 

Treatment 

Group 

H. Annuus S. vulgare 

Replicate 1 Replicate 2 Replicate 1 Replicate 2 

Control 0.0 mg 0.0 mg 0.0 mg 0.0 mg 

1 ppm 3.2 mg 3.1 mg 3.7 mg 3.4 mg 

5 ppm 12.9 mg 13.4 mg 13.2 mg 12.9 mg 

25 ppm 65.8 mg 64.3 mg 62.8 mg 65.8 mg 

125 ppm 318.2 mg 314.6 mg 318.9 mg 315.5 mg 

625 ppm 1566.4 mg 1565.1 mg 1568.9 mg 1567.9 mg 
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 Seeds of each plant species were planted in their respective nursery containers 

and transported to the TTU greenhouse.  The plants remained in the greenhouse until 

they reached maturity, approximately three months for H. annuus and six months for 

the S. vulgare. While in the greenhouse, plants received shaded sunlight and were 

maintained at 60°F or above. Plants were misted every eight hours for three minutes to 

prevent the soil from drying out. Plants were watered an additional four times each 

week. Once plants reached maturity, the entire plant was harvested. The roots were 

separated from the remainder of the plant and rinsed using tap water for a full minute 

to remove all attached soil. The shoot system of the plant was separated into leaves, 

stems, and seeds. The plant tissue samples were stored in a freezer until they could be 

digested. 

 

II.2.6 Sample Digestions 

 Three identical samples were weighed out using the insect samples collected 

from each terrarium. For each plant treatment group, four samples were prepared from 

each nursery container: a root sample, a leaf sample, a stem sample, and a seed 

sample, if possible. For each sample, either plant or insect, approximately 1.00XX 

grams were weighed into a 100 mL beaker. It should be noted here that the weights are 

dry weight (dw) for the insects and wet weight (ww) for the plants. The A. domesticus 

samples were calculated to be approximately 81% water; so 1.00 g dw would 

correspond to roughly 5.25 g ww. And the T. molitor samples were found to be 

approximately 39% water; so 1.00 g dw would correspond to 1.65 g ww.  
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 Exactly 10 mL of 70% reagent grade nitric acid (HNO3) (Fisher Chemical lot# 

142056) was added to each beaker using an acid-washed 10 mL volumetric flask. A 10 

mL aliquot of reagent grade 30% hydrogen peroxide (H2O2) (Fisher Chemical, lot# 

142358) was carefully added to each beaker using a volumetric flask. A method blank 

was run with each set of samples by adding 10 mL of HNO3 and 10 mL H2O2 to an 

empty beaker. All beakers were placed onto hot plates and covered with a Teflon 

watch glass and allowed to sit overnight before digesting. The next day, the samples 

were slowly heated; the temperature was raised in 5°C increments until the solutions 

in the beakers began to gently reflux.  

 The beakers were diligently monitored to ensure that the mixtures did not boil 

over in order to prevent the loss of sample. Any samples that did boil over were 

removed and were rerun during at a later time. Samples were periodically swirled 

during the reflux process if needed. The samples in the beakers were allowed to gently 

reflux until the volume had been reduced to roughly 5 mL. 

 Once a sample had reached the desired volume it was carefully removed from 

the hot plate and placed in an ice bath to cool. After the samples were cooled, the 

samples were filtered into 50 mL plastic centrifuge tubes (Corning CentriStar™) using 

acid-washed glass funnels and ashless filter paper (Whatman No. 41). By filtering 

each sample, any remaining solids and/or digested lipids were removed from the final 

sample.  Exactly 10 mL of 5% HNO3 was measured using a volumetric flask and 

poured into each empty sample beaker. The acid solution was swirled in each beaker 

and the contents were poured into the funnel. This process was repeated twice so the 
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samples were diluted with a total of 20 mL of the 5% acid solution. Once filtering had 

been completed, the centrifuge tubes were stored at room temperature until analysis by 

inductively coupled plasma optical emission spectrometry (ICP-OES) could be 

performed. 

 

II.2.7 ICP-OES Analysis 

 All samples were analyzed using a Teledyne Instruments (Hudson, New 

Hampshire) Prodigy High Dispersion Inductively Coupled Plasma Optical Emission 

Spectrometer (ICP-OES). All samples were analyzed for silver at three wavelengths: 

224.643, 328.068, and 338.289. Ultimately, the data from 338.289 was chosen for 

statistical analysis. Wavelength 224.643 was a doublet and deemed not usable. The 

wavelength at 328.068 was bracketed by iron at 328.026 and 328.129 which could 

have been a potential interference in both the insects and plant samples, so that 

wavelength was dismissed as well. 

 Before running any samples the ICP-OES was prepped for use. Maintenance 

and basic supply checks were performed each day of the run before igniting the 

plasma. Once the plasma was lit, the instrument was allowed to warm up for a 

minimum of 30 minutes. The Hg wavelength was aligned and recorded first. The 

plasma was then positioned using a 10 ppm multi element standard. Using the 

manganese (Mn) wavelength at 257.610, the plasma position was optimized.  

 The three silver wavelengths were aligned next using a 10 ppm silver standard 

solution (SPEX CertiPrep, lot# CL7-09AGY). Echelles at 0.1, 1, and 5 seconds were 
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taken to manually adjust the element alignment if needed before each run. A scan was 

also taken of the silver standard. In order to check for possible interferences, after the 

silver alignment was completed, echelles and a scan were taken using a 10 ppm multi 

element standard to ensure no other elements interfered with the silver alignment. The 

scans of the silver and multi element standards were compared to ensure the peaks had 

not shifted in the presence of other elements.  

 Once all the preparatory work had been completed, the instrument was 

calibrated. The calibration curve was built using silver standards of the following 

concentrations: 0 (blank), 0.01, 0.05, 0.1, 0.5, 1.0, 5.0, 10.0, and 20.0 ppm. In all 

cases, once the calibration was completed, the results from the 20 ppm standard were 

removed to ensure a better line fit.  

 The sample queue could be run once calibration had been completed. In order 

to ensure quality control throughout the run, the blank, 0.01, and 10 ppm standards 

were run at least once in each rack of 44 samples. Additionally, automatic check 

standard samples were run at various intervals throughout each run. The 0.05, 0.5, and 

5.0 ppm standards were analyzed every 10 samples. And the 0.1 and 1.0 ppm 

standards were run every 20 samples. The standard samples were monitored 

throughout each run to ensure the instrument was constant in its analysis. Duplicate 

samples were also run at least once per batch to ensure consistency between runs.  
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II.2.8 Statistical Analysis 

 In order to run statistical analyses on all the data first had to be normalized. In 

all cases the blank standards produced negative results; consequently, the negative 

blank value was subtracted from all samples and standards in order to get positive 

values. A correction factor was calculated for all standards. For standards 0.5 ppm and 

below, the correction factor was not equal to one. An average correction factor was 

calculated and applied to all samples below 0.5 ppm. The dilution factors were 

factored back into sample results by multiplying the analyzed concentration by the 

final sample weight and then dividing by the initial sample weight. These final 

calculated sample concentrations were then used to run statistical analyses. 

 All data was compared using a basic Kruskal-Wallis test in R (R version 2.15.1 

[2012-06-22]) after being found to be non-parametric (McKillup 2011). Samples that 

contained silver concentrations below instrument detection limits (<0.005 ppm) were 

treated as zeroes. This was followed by a multiple comparison test after Kruskal-

Wallis test to identify all significant differences among the treatment groups (p<0.05). 

 

II.3 Results  

 II.3.1 Soil Characterization 

 The control soil was found to contain 54% sand, 36% silt, and 10% clay. This 

type of soil is classified as a sandy loam. The additional tests found the soil to contain 

0.01% humic matter, 1.7% organic matter, and 9 ppm S. The pH of the control soil 

was slightly basic, 8.1. And the CEC of the soil was calculated to be 18.0 meq/100g. 
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Other data from soil analysis is summarized in Table II.3. Additionally, control soil 

samples analyzed by ICP-OES were found to contain no detectable concentrations of 

silver. 

 

II.3.2 Transmission Electron Microscopy 

 The 30-50 nm uncoated silver nanoparticles were found to be heavily 

aggregated after being dispersed in EtOH. However, the TEM was able to confirm the 

spherical shape of the nanoparticles (Figure II.1). And a visual inspection found most 

of the particles were found to be in 30-50 nm range, although there were outliers on 

either side of the range.  

 

II.3.3 Dynamic Light Scattering 

 Approximately 95% of the 30-50 nm had a size between 30.70 to 52.90 nm 

(Figure II.2). The average size of the particles was found to be 41.80 nm, well within 

the parameters set by the manufacturers.  

 

II.3.4 Powder X-Ray Diffraction 

 The PXRD analysis of the silver nanoparticles confirmed their composition. 

The diffraction patterns matched both those in the ICDD and those provided by the 

manufacturer. A typical diffraction pattern can be seen below (Figure II.3).  
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Table II.3: Soil characterization results of control soil used during nanoparticle 

concentration studies 

Analysis Results 

Organic Matter 1.7% 

Exchangeable Potassium 263 ppm 

Exchangeable Magnesium 114 ppm 

Exchangeable Calcium 3273 ppm 

Soil pH 8.1 

Cation Exchange Capacity (CEC) 18.0 meq/100g 

Base Saturation, Potassium 3.7% 

Base Saturation, Magnesium 5.3% 

Base Saturation, Calcium 91.0% 

Base Saturation, Hydrogen 0.0% 

Sulfur Content 9 ppm 

Humic Matter 0.01% 

Sand Content 54% 

Silt Content 36% 

Clay Content 10% 
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Figure II.1: Transmission electron microscopy image for 30-50 nm uncoated silver 

nanoparticles used in concentration studies 

 

 

 

 

 



Texas Tech University, Sara Pappas, August 2015 

64 

 

 
Figure II.2: Size distribution of 30-50 nm uncoated silver nanoparticles used in 

concentration studies as determined by dynamic light scattering 
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Figure II.3: Diffraction pattern of 30-50 nm uncoated silver nanoparticles used in 

concentration studies as determined by powder x-ray diffraction 
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II.3.5 ICP-OES Results 

 All control samples and method blanks were found to contain no detectable 

silver, with a few exceptions. The control samples from the T. molitor and S. vulgare 

root samples were found to contain trace amounts of silver; this is more than likely 

due to contamination of glassware during any of the preparatory steps. Additionally, 

the samples from the 1 ppm treatment group also contained higher than expected silver 

concentrations; this is also likely due to contamination. All other T. molitor and S. 

vulgare controls from the other studies performed were found to contain no silver, so 

it seems unlikely that these control samples would contain silver.  

  The A. domesticus samples from the control and 1 ppm treatment group were 

found to contain levels of silver concentrations below instrument detection limits 

(<0.005 ppm). A few samples from the 5 ppm treatment group contained trace/semi-

quantifiable amounts of silver (>0.02 ppm). All samples from the 25, 125, and 625 

ppm treatment groups contained at least trace amounts of silver. Samples from the 

highest treatment groups (125 and 625 ppm) were found to contain quantifiable 

concentrations of silver (>0.1 ppm). The overall trend observed among the A. 

domesticus samples was an increase in insect silver concentration with increasing soil 

concentration (Figure II.4).  

 The T. molitor samples from the 5 ppm treatment group contained undetectable 

concentrations of silver. All other treatment groups were found to contain at least trace 

amounts of silver. As seen with A. domesticus, the highest treatment groups (125 and 

625 ppm) contained silver concentrations above 0.1 ppm. The same increasing trend  
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Figure II.4: Increasing A. domesticus silver concentration as a result of increasing 

nanoparticle soil concentration; statistical differences between treatment groups 

(p<0.05) are denoted using lowercase letters 
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was observed in the T. molitor samples as in the A. domesticus treatment groups 

(Figure II.5) if one ignores the contaminated control and 1 ppm samples.  

 All S. vulgare root samples were found to contain at least trace amounts of 

silver, regardless of treatment group. No other plant tissue samples were found to 

contain silver except the leaf samples from the 625 ppm treatment group, which 

contained trace amounts.  An increase in root concentration was observed with 

increasing soil concentration (Figure II.6). 

 The H. annuus control samples were found to contain silver concentrations 

below detection limits, except one stem sample which was found to contain trace 

amounts of silver; again, this is likely due to contamination. The 1 ppm treatment 

group was found to contain no silver. All of the root and leaf samples of the 5, 25, 

125, and 625 ppm treatment groups were found to contain at least trace amounts of 

silver. The stem samples of the highest treatment groups (125 and 625 ppm) were also 

found to contain at least trace amounts of silver. The root samples showed an overall 

trend of increasing silver concentration with increasing soil concentration (Figure 

II.7). 

 

II.3.6 Data Analysis 

 There were few significant differences found among concentration treatment 

groups. Among the A. domesticus samples, the highest soil treatment groups, 125 and 

625 ppm, were found to be significantly higher than the control and 1 ppm treatment 

groups (p<0.05). Additionally, the samples from the 625 ppm treatment group were  
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Figure II.5: Increasing T. molitor silver concentration as a result of increasing 

nanoparticle soil concentration; statistical differences between treatment groups 

(p<0.05) are denoted using lowercase letters 
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Figure II.6: Increasing S. vulgare silver concentration in root samples as a result of 

increasing nanoparticle soil concentration; statistical differences between treatment 

groups (p<0.05) are denoted using lowercase letters 
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Figure II.7: Increasing H. annuus silver concentration as a result of increasing 

nanoparticle soil concentration; statistical differences between treatment groups 

(p<0.05) are denoted using lowercase letters 
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higher than those from the 5 ppm group (p<0.05). The highest mealworm treatment 

groups 125 and 625 ppm were found to be higher than the 5 ppm treatment group 

(p<0.05). Additionally, the 625 ppm group was found to be significantly higher than 

the 1 ppm group (p<0.05). There were no significant differences among any of the 

plant tissue samples.  

 

II.4 Discussion  

Previous studies in literature speculated that silver nanoparticles would be 

completely immobilized in a sewage sludge after having formed the insoluble 

compound silver sulfide (Ag2S) (Judy, Unrine, and Bertsch 2010; Whitley et al. 2013; 

W. Aaron Shoults-Wilson et al. 2011; Reidy et al. 2013; Clement Levard et al. 2012) . 

It was theorized that the silver nanoparticles would remain immobile, and therefore 

unavailable for uptake, after the sludge was applied as a land amendment. However, 

this study showed that at high enough concentrations silver nanoparticles can be taken 

up by various terrestrial organisms.  

It should be noted that this study used pristine nanoparticles rather than silver 

that had interacted with sewage sludge. But accidental spills and the use of silver 

nanoparticles as pesticides could result in the release of pristine silver nanoparticles 

into a terrestrial environment. Additionally, it is not guaranteed that all sewage sludge 

will contain enough S to bind with the potentially high concentrations of silver.  

Past studies have found insects to uptake bulk metals from soil (Migliorini et 

al. 2004; Del Toro et al. 2010; Suthar and Singh 2009). It is generally thought that this 
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occurs by ingestion or via endocytosis; either one of these could be responsible for the 

uptake of silver nanoparticles in A. domesticus and T. molitor. Or it could be that the 

nanoparticles are adhering to the cell walls or damaged cells, which was previously 

observed with quantum dots (Al-Salim et al. 2011). Silver ions produced by the silver 

nanoparticles could potentially diffuse directly into the cells, another possible 

pathway.   

The plants were found to only take up silver nanoparticles at the highest soil 

treatment groups. The H. annuus samples were found to take up more than the S. 

vulgare, although these amounts were not found to be significantly higher. Had a more 

powerful statistical analysis been used, more differences between the two plants 

species may have been found.  These results were not unexpected; dicots are better 

able to take up metals from soil than monocots due to the differences in root exudates 

(Sauerbeck 1991).  The root exudates of dicots contain more organic acids than 

monocots (Wang, Inukai, and Yamauchi 2006; Koo et al. 2013). An increase in 

organic acids would better acidify the rhizosphere surrounding the roots and would 

more effectively solubilize metals for uptake (Raskin et al. 1994; Yin et al. 2011). 

Additionally, H. annuus was also found to translocate silver to the shoot 

portion of the plants whereas, S. vulgare did not. It has long been established that 

some plants are able to uptake metals from soil via the roots and distribute them 

throughout the shoot system (Miralles, Church, and Harris 2012; Zhao et al. 2012; 

Nair et al. 2010; X. Ma et al. 2010). More recent studies have found a variety of plants 

were able to translocate metallic nanoparticles as well (Miralles, Church, and Harris 
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2012). A possible explanation for the differences in translocation may be due to the 

differences in root exudates. If dicots are better at dissolving metals, a higher 

concentration of silver ions would be present around the roots; the ions would be able 

to travel further into a plant than a silver nanoparticle. Nanoparticles may not be able 

to penetrate the cell walls in the same manner ions would be able to cross into the root 

hairs with the soil solution. Ions would also be able to diffuse across a membrane or be 

actively transported across the lipid bilayer through transport proteins (Campbell and 

Reece 2005) whereas solid nanoparticles would not.  

Additionally, in both plant species, the roots were found to contain the highest 

concentrations of silver, followed by the leaves, the stems, and finally the seeds in the 

H. annuus tissue samples. This pattern has been observed in past studies involving 

plants and metals (Reddy and Dunn 1984).  

 

II.5 Conclusion 

 Both species of insects were found to take up silver in the 125 and 625 ppm 

treatment groups. And both species of plants were found to accumulate silver in the 

roots. Not surprisingly, the dicot species was found to translocate more silver to the 

shoot system than the monocot species; this is in agreement with previous studies on 

metal uptake by plants. Although the insects and plants were only able to uptake 

quantifiable amounts of silver in the highest treatment groups, since sewage sludge 

samples have been found to contain upwards of 960 ppm of total silver, the 
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concentrations used in these studies, although elevated, are not outside the realm of 

possibility in an environmental setting. 
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III. THE INFLUENCE OF NANOPARTICLE SIZE ON BIOAVAILABILITY 

IN SOILS 

III.1 Introduction 

 As silver nanoparticles continue to be manufactured and used in consumer 

products and appliances, they will continue to enter the environment in a variety of 

ways. The main route into terrestrial systems in thought to be via the application of 

sewage sludge as a land amendment (Miralles, Church, and Harris 2012; Anjum et al. 

2013; VandeVoort, Arai, and Sparks 2012; Nowack and Bucheli 2007; Hou, 

Westerhoff, and Posner 2013; B. Kim et al. 2010; Judy, Unrine, and Bertsch 2010; 

Unrine, Hunyadi, et al. 2010; Yu, Yin, and Liu 2013; Kaegi et al. 2013; Reidy et al. 

2013; Oromieh 2011; Cornelis et al. 2010; Tourinho et al. 2012; Pan and Xing 2012). 

Once in a terrestrial system, a variety of properties will influence the environmental 

fate of the nanoparticles. Both the properties of the soil system and the nanoparticles 

themselves will have a significant influence. The size of the nanoparticles in particular 

should have a major effect.  

 Differences in size will have large effects on aggregation and dissolution. 

Larger particles will have stronger particle-particle interactions, thus reducing 

homoaggregation due to the increased difficulty of overcoming the stronger repulsive 

forces. Therefore smaller sized particles may be more likely to form aggregates. 

Smaller particles, which have comparatively increased surface area, are thought to 

dissolve more easily since the majority of atoms will be found on the surface of the 

particle (R. Ma et al. 2012). These free ions will be able to react more readily with the 



Texas Tech University, Sara Pappas, August 2015 

77 

 

environment.  Smaller particles are also thought to be able to diffuse through porous 

mediums, such as soils, more easily than larger particles or aggregates (Brar et al. 

2010) allowing for further travel from the point of origin than larger particles.  

 However, there are few studies that examine how the size of nanoparticles 

actually affects bioavailability in a realistic terrestrial system. Based on the literature, 

it would be expected that smaller nanoparticles would be more easily taken up by 

organisms. However, since smaller nanoparticles are thought to aggregate more easily 

than larger particles, the resulting larger aggregates would behave in a completely 

different manner.  

 This study sought to identify the effects of the nanoparticle size on uptake by 

four different species of terrestrial organisms: Acheta domesticus, Tenebrio molitor, 

Helianthus annuus, and Sorghum vulgare.  

 

III.2 Methods 

III.2.1 Soil Collection and Preparation 

 All soil used during the insect and plant exposure experiments was collected 

40 minutes south of Colorado City, Texas at an elevation of 684 m above sea level. 

Exact coordinates were as follows: Universal Transverse Mercator (UTM) 14 S 

0319752 mE 3557792 mN. All soil was collected from the top 10 cm of soil, shoveled 

into clean plastic containers and transported back to The Institute of Environmental 

and Human Health (TIEHH) at Texas Tech University (TTU) in Lubbock, TX. Once 

at TIEHH the soil was processed for homogeneity. All large rocks, roots, living 
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organisms, and other organic matter were removed first and large clumps of soil were 

crushed. The soil was then sifted through a 2 mm wire screen into another clean 

plastic storage container. Processed soil was covered and stored indoors until ready for 

use. 

 

III.2.2 Soil Analysis 

 Soil samples were sent to Midwest Laboratories Inc. (Omaha, NE) for basic 

soil analysis. Soil texture, percent humic matter, percent organic matter, exchangeable 

cations (K
+
, Mg

2+
, Ca

2+
), available phosphorus (P), soil pH, percent base saturation of 

cations (K
+
, Mg

2+
, Ca

2+
, H

+
), cation exchange capacity (CEC), and sulfur (S) content 

were all analyzed in order to fully characterize the soil. 

 

III.2.3 Nanoparticle Characterization 

 Uncoated silver nanoparticles (20, 30-50, 50-80, and 80-100 nm) were 

purchased from US Research Nanomaterials, Inc. (Houston, TX). Two nanometer 

silver nanoparticles were also purchased, but as a 2000 ppm aqueous solution in water 

since they were not available in a powder form. All silver nanoparticles were reported 

by US Research Nanomaterial, Inc to consist of >  99.99% Ag, < 0.005% Pb, < 

0.001% Cd, < 0.001% Fe, < 0.003% Cu, < 0.001% Sn, < 0.001% As, and  < 0.002% 

Sb. The manufacturer also confirmed the size and spherical shape of each lot of 

nanoparticles. But due to the tendency of nanoparticles to aggregate, the most 
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significant properties, the size and shape, were examined to confirm the 

manufacturer’s specifications. 

 In order to confirm the size range and shape of the nanoparticles, transmission 

electron microscopy (TEM) was used. Each powder sample was prepared by 

dispersing the silver nanoparticle powder in ethanol (EtOH). Each sample was 

sonicated for 10 minutes before being drop cast onto a carbon coated copper grid. 

Samples were air dried before analysis.  TEM (Hitachi H-8100 TEM) images were 

taken at 200 kV using a tungsten filament side-mounted camera.  

 Dynamic light scattering (DLS) was used as an additional method to confirm 

the size of the nanoparticles.  Sample preparation was performed by placing 

approximately 10 mg of silver nanoparticle powder in 10 mL of reagent grade acetone 

(Fisher Chemical). Samples were sonicated until nanoparticles remained suspended in 

solution. The 2 nm particles were analyzed as an aqueous solution.  Samples were 

analyzed using a Nanotrac NPA252 Combination (Microtrac Inc. Montgomery, PA) 

and Mictrotrac Flex Software (Version: 10.3.14). Method settings were customized for 

each sample of silver nanoparticles (absorbing particles) and acetone (refractive index: 

1.36) or water (refractive index: 1.33) 

 The probe was rinsed with DI water, followed with acetone before each use. It 

was checked by running a background scan. If the results were above 0.001, the probe 

was rinsed and checked again. A clean sample of acetone was used to create a set zero 

reading. All samples were loaded before running; this was done by placing the probe 

in each sample and the instrument software reported whether or not the sample had an 
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adequate concentration of particles to analyze. For any samples resulting in an “add 

sample” results, more nanoparticles were added to the solution. For any samples 

resulting in “dilute”, additional acetone was added to the sample. Any adjusted sample 

was sonicated again before analysis. No samples were run without first confirming the 

solution concentrations. Once ready, samples were analyzed by running two 

consecutive 60 second scans. The average value of the two scans was recorded as the 

final result of each analysis. For nanoparticle samples 20 nm and under, the molecular 

operation method was used in place of the standard operation method. The particle 

size given at 50% was used as the average particle size of each sample.  

 Powder x-ray diffraction (PXRD) was used to confirm the composition of the 

nanoparticles. A Rigaku Ultima III X-Ray Diffractometer was used to analyze all 

samples. Samples were analyzed using Cu Kα radiation as x-ray source. The silver 

nanoparticles were analyzed using the following instrument parameters: parallel-beam 

geometry was used with a step width of 0.03° and a count time of one second; the 

divergence, scattering, and receiving slits were set at one. Once completed, the 

diffraction patterns were compared and matched to the phases in the International 

Center for Diffraction Data (ICDD) powder diffraction file (PDF) database. 

Unfortunately because the 2 nm silver nanoparticles were in solution rather than in 

powder form, they could not be analyzed by PXRD. 
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III.2.4 Insect Treatment Groups 

  Two replicates for each insect species, A. domesticus and T. molitor, were 

prepared using 37.9 L terrariums (50.8 cm x 27.9 cm x 33.0 cm) for each treatment 

group, including the control group. A treatment group was created for each 

nanoparticle size: 2, 20, 30-50, 50-80, and 80-100 nm; each treatment group had a soil 

concentration of 25 ppm. Before use, each terrarium was thoroughly cleaned out using 

water, followed by a 10% bleach solution to remove any remaining chemical residues. 

Exactly 2.5 kg of prepared soil was weighed into each clean terrarium. An analytical 

balance that had previously been verified using a standard set of weights was used to 

weigh out approximately 62.5 mg for each treatment group, except the 2 nm treatment 

group. Due to the 2 nm nanoparticles being an aqueous solution, it was calculated that 

31.25 mL of solution was required per each 2.5 kg of soil. The powdered nanoparticles 

for each treatment group were added to each terrarium and manually mixed in for at 

least 60 seconds to ensure homogeneity (Table III.1). The aqueous solution was added 

to the terrariums, allowed to dry overnight, and were mixed in the next day.  

 Once the terrariums were prepared, insects were purchased from 

reptilefoods.com. Each terrarium received either 300 ½ inch crickets or 400 one inch 

mealworms. Insects were provided with fresh food and water as needed for the 

duration of the 28 day exposure period.  

 Once the 28 day exposure had run to completion, insects were carefully 

extracted from the terrariums and placed in glass jars. The jars were then placed in a -

80°C freezer for five minutes. After five minutes, the jars were removed and inspected  
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Table III.1: Silver nanoparticle weights used during the study of nanoparticle size 

influence on accumulation by two insect species 

Treatment 

Group 

T. molitor A. domesticus 

Replicate 1 Replicate 2 Replicate 1 Replicate 2 

Control 0.0 mg 0.0 mg 0.0 mg 0.0 mg 

2 nm 31.25 mL 31.25 mL 31.25 mL 31.25 mL 

20 nm 64.7 mg 64.8 mg 63.0 mg 65.6 mg 

30-50 nm 63.6 mg 63.2 mg 64.4 mg 64.8 mg 

50-80 nm 63.1 mg 64.6 mg 64.7 mg 62.7 mg 

80-100 nm 64.8 mg 64.3 mg 63.2 mg 65.1 mg 
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to ensure all the insects were deceased. If any of the insects were still alive, the jar was 

placed back in the freezer for an additional period of time.  

 The insects were then freeze dried (FreeZone 2.5 Liter Freeze Dry System, 

Labconco, Corp. Kansas City, MO) for at least 48 hours to ensure the removal of all 

moisture. Freeze dried insects were then crushed into a fine powder and stored in a 

freezer until they could be digested.  

 

III.2.5 Plant Treatment Groups 

 Commercially available 7.6 L plastic nursery containers were purchased and 

filled with approximately two inches of commercial pond pebbles to aid in proper 

drainage. Exactly 2.5 kg of prepared soil was weighed out in a separate plastic 

container. An analytical balance was used to weigh out the necessary silver 

nanoparticles; these were then added to the soil and mixed in for at least 60 seconds. 

The spiked soil was then carefully transferred into each nursery container. Two 

replicates were made up for each treatment group (Table III.2) for each of the two 

plant species: H. annuus and S. vulgare.  

 Seeds of each species were planted in the prepared nursery containers and 

transported to the TTU greenhouse.  The plants remained in the greenhouse until they 

reached maturity, approximately three months for H. annuus and six months for the S. 

vulgare. While in the greenhouse, plants received shaded sunlight and were 

maintained at 60°F or above. Plants were misted every eight hours for three minutes to 

prevent the soil from drying out. Plants were watered an additional four times each  
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Table III.2: Silver nanoparticle weights used during the study of nanoparticle size 

influence on accumulation by two plant species 

Treatment 

Group 

H. Annuus S. vulgare 

Replicate 1 Replicate 2 Replicate 1 Replicate 2 

Control 0.0 mg 0.0 mg 0.0 mg 0.0 mg 

2 nm 31.25 mL 31.25 mL 31.25 mL 31.25 mL 

20 nm 64.8 mg 65.1 mg 66.4 mg 63.9 mg 

30-50 nm 66.0 mg 63.4 mg 64.0 mg 67.9 mg 

50-80 nm 64.8 mg 65.5 mg 63.2 mg 63.8 mg 

80-100 nm 64.8 mg 66.7 mg 64.5 mg 65.6 mg 
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week. Once plants reached maturity, the entire plant was harvested. The roots were 

separated from the remainder of the plant and rinsed using tap water for a full minute 

to remove all attached soil. The shoot system of the plant was separated into leaves, 

stems, and seeds. The plant tissue samples were stored in a freezer until they could be 

digested. 

 

III.2.6 Sample Digestions 

 Three identical samples were weighed out using the insect samples collected 

from each terrarium. For each plant treatment group, four samples were prepared from 

each nursery container: a root sample, a leaf sample, a stem sample, and a seed 

sample, if possible. For each sample, either plant or insect, approximately 1.00XX 

grams were weighed into a 100 mL beaker. It should be noted here that the weights are 

dry weight (dw) for the insects and wet weight (ww) for the plants. The A. domesticus 

samples were calculated to be approximately 81% water; so 1.00 g dw would 

correspond to roughly 5.25 g ww. And the T. molitor samples were found to be 

approximately 39% water; so 1.00 g dw would correspond to 1.65 g ww.  

 Exactly 10 mL of 70% reagent grade nitric acid (HNO3) (Fisher Chemical lot# 

142056) was added to each beaker using an acid-washed 10 mL volumetric flask. A 10 

mL aliquot of reagent grade 30% hydrogen peroxide (H2O2) (Fisher Chemical, lot# 

142358) was carefully added to each beaker using a volumetric flask. A method blank 

was run with each set of samples by adding 10 mL of HNO3 and 10 mL H2O2 to an 

empty beaker. All beakers were placed onto hot plates and covered with a Teflon 
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watch glass and allowed to sit overnight before digesting. The next day, the samples 

were slowly heated; the temperature was raised in 5°C increments until the solutions 

in the beakers began to gently reflux.  

The beakers were diligently monitored to ensure that the mixtures did not boil 

over in order to prevent the loss of sample. Any samples that did boil over were 

removed and were rerun during at a later time. Samples were periodically swirled 

during the reflux process if needed. The samples in the beakers were allowed to gently 

reflux until the volume had been reduced to roughly 5 mL. 

 Samples were removed from the hot plates and placed in an ice bath to cool 

after the desired volume had been reached. After cooling, the samples were filtered 

into 50 mL plastic centrifuge tubes (Corning CentriStar™) using acid-washed glass 

funnels and ashless filter paper (Whatman No. 41). By filtering each sample, any 

remaining solids and/or digested lipids were removed from the final sample.  Exactly 

10 mL of 5% HNO3 was measured out using a volumetric flask and poured into each 

empty sample beaker. The acid solution was swirled in each beaker and the contents 

were poured into the funnel. This process was repeated twice so the samples were 

diluted with a total of 20 mL of the 5% acid solution. Once the filtering process was 

complete, the centrifuge tubes were stored at room temperature until analysis by 

inductively coupled plasma optical emission spectrometry (ICP-OES) could be 

performed. 
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III.2.7 ICP-OES Analysis 

 All samples were analyzed using a Teledyne Instruments (Hudson, New 

Hampshire) Prodigy High Dispersion Inductively Coupled Plasma Optical Emission 

Spectrometer (ICP-OES). All samples were analyzed for silver at three wavelengths: 

224.643, 328.068, and 338.289. Ultimately, the data from 338.289 was chosen for 

statistical analysis. Wavelength 224.643 was a doublet and deemed not usable. The 

wavelength at 328.068 was bracketed by iron at 328.026 and 328.129 which could 

have potentially interfered during the analysis of both the insects and the plant 

samples, so that wavelength was dismissed as well.  

 Before running any samples the ICP-OES was prepped for use. Maintenance 

and basic supply checks were performed each day of the run before igniting the 

plasma. Once the plasma was lit, the instrument was allowed to warm up for a 

minimum of 30 minutes. The Hg wavelength was aligned and recorded first. The 

plasma was then positioned using a 10 ppm multi element standard. Using the 

manganese (Mn) wavelength at 257.610, the plasma position was optimized.  

 The three silver wavelengths were aligned next using a 10 ppm silver standard 

solution (SPEX CertiPrep, lot# CL7-09AGY). Echelles at 0.1, 1, and 5 seconds were 

taken in order to manually adjust the element alignment if needed before each run. A 

scan was also taken of the silver standard. In order to check for possible interferences, 

after the silver alignment was completed, echelles and a scan were taken using a 10 

ppm multi element standard to ensure no other elements interfered with the silver 
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alignment. The scans of the silver and multi element standards were compared to 

ensure the peaks had not shifted in the presence of other elements. 

 Once all the preparatory work had been completed, the instrument was 

calibrated. The calibration curve was built using silver standards of the following 

concentrations: 0 (blank), 0.01, 0.05, 0.1, 0.5, 1.0, 5.0, 10.0, and 20.0 ppm. In all 

cases, once the calibration was completed, the results from the 20 ppm standard were 

removed to ensure a better line fit.  

 The sample queue could be run once calibration had been completed. In order 

to ensure quality control throughout the run, the blank, 0.01, and 10 ppm standards 

were run at least once in each rack of 44 samples. Additionally, automatic check 

standard samples were run at various intervals throughout each run. The 0.05, 0.5, and 

5.0 ppm standards were analyzed every 10 samples. And the 0.1 and 1.0 ppm 

standards were run every 20 samples. The standard samples were monitored 

throughout each run to ensure the instrument was constant in its analysis. Duplicate 

samples were also run at least once per batch to ensure consistency between runs.  

 

III.2.8 Statistical Analysis 

 In order to run statistical analyses on all the data first had to be normalized. In 

all cases the blank standards produced negative results; consequently, the negative 

blank value was subtracted from all samples and standards in order to get positive 

values. A correction factor was calculated for all standards. For standards 0.5 ppm and 

below, the correction factor was not equal to one. An average correction factor was 
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calculated and applied to all samples below 0.5 ppm. The dilution factors were 

factored back into sample results by multiplying the analyzed concentration by the 

final sample weight and then dividing by the initial sample weight. These final 

calculated sample concentrations were then used to run statistical analyses. 

 All data was compared using a basic Kruskal-Wallis test in R (R version 2.15.1 

[2012-06-22]) after being found to be non-parametric (McKillup 2011). Samples that 

contained silver concentrations below instrument detection limits (<0.005 ppm) were 

treated as zeroes. This was followed by a multiple comparison test after Kruskal-

Wallis test to identify all significant differences among the treatment groups (p<0.05). 

 

III.3 Results  

III.3.1 Soil Characterization 

 The control soil was found to contain 54% sand, 36% silt, and 10% clay. This 

type of soil is classified as a sandy loam. The additional tests found the soil to contain 

0.01% humic matter, 1.7% organic matter, and 9 ppm S. The pH of the control soil 

was slightly basic, 8.1. And the CEC of the soil was calculated to be 18.0 meq/100g. 

Other data from soil analysis is summarized in Table III.3. Additionally, control soil 

samples analyzed by ICP-OES were found to contain no detectable concentrations of 

silver. 
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Table III.3: Soil characterization results of control soil used during nanoparticle size 

studies 

Analysis Results 

Organic Matter 1.7% 

Exchangeable Potassium 263 ppm 

Exchangeable Magnesium 114 ppm 

Exchangeable Calcium 3273 ppm 

Soil pH 8.1 

Cation Exchange Capacity (CEC) 18.0 meq/100g 

Base Saturation, Potassium 3.7% 

Base Saturation, Magnesium 5.3% 

Base Saturation, Calcium 91.0% 

Base Saturation, Hydrogen 0.0% 

Sulfur Content 9 ppm 

Humic Matter 0.01% 

Sand Content 54% 

Silt Content 36% 

Clay Content 10% 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Texas Tech University, Sara Pappas, August 2015 

91 

 

 

III.3.2 Transmission Electron Microscopy 

 All but the 2 nm uncoated silver nanoparticles were found to be heavily 

aggregated after being dispersed in EtOH. However, the TEM was able to confirm the 

spherical shape of the nanoparticles (Figures III.1-III.5). Additionally, after visual 

inspection, each size nanoparticle was found to fall within the range specified by the 

manufacturer.  

 

 

III.3.3 Dynamic Light Scattering 

 Most of the 2 nm uncoated silver nanoparticles had a size ranging from 1.61 to 

2.73 nm (Figure III.6). The average size of the particles was found to be 1.91 nm. The 

20 nm uncoated silver nanoparticles were found to fall in the size range of 26.66 to 

110.9 nm (Figure III.7). The average size was determined to be 30.30 nm. 

Approximately 95% of the 30-50 nm had a size between 30.70 to 52.90 nm (Figure 

III.8). The average size of the particles was found to be 41.80 nm. The 50-80 nm 

uncoated silver nanoparticles had a size range of 38.80 to 121.5 nm (Figure III.9); the 

average size was calculated to be 49.60 nm. And the largest group of uncoated silver 

nanoparticles, 80-100 nm, was found to have particles ranging in size from 114.3 to 

205.2 nm (Figure III.10) with an average of 140.3 nm.  
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Figure III.1: Transmission electron microscopy image for 2 nm uncoated silver 

nanoparticles used in size studies 
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Figure III.2: Transmission electron microscopy image for 20 nm uncoated silver 

nanoparticles used in size studies 
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Figure III.3: Transmission electron microscopy image for 30-50 nm uncoated silver 

nanoparticles used in size studies 

 

 



Texas Tech University, Sara Pappas, August 2015 

95 

 

 
Figure III.4: Transmission electron microscopy image of 50-80 nm uncoated silver 

nanoparticles used in size studies 
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Figure III.5: Transmission electron microscopy image of 80-100 uncoated silver 

nanoparticles used in size studies 
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Figure III.6: Size distribution of 2 nm uncoated silver nanoparticles as determined by 

dynamic light scattering 
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Figure III.7: Size distribution of 20 nm uncoated silver nanoparticles as determined by 

dynamic light scattering 
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Figure III.8: Size distribution of 30-50 nm uncoated silver nanoparticles as determined 

by dynamic light scattering 
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Figure III.9: Size distribution of 50-80 nm uncoated silver nanoparticles as determined 

by dynamic light scattering 
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Figure III.10: Size distribution of 80-100 nm uncoated silver nanoparticles as 

determined by dynamic light scattering 
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III.3.4 Powder X-Ray Diffraction 

 The PXRD analysis of the silver nanoparticles confirmed their composition. 

The diffraction patterns matched both those in the ICDD and those provided by the 

manufacturer. A typical diffraction pattern can be seen below (Figure III.11).  

 

III.3.5 ICP-OES Results 

 The method blanks from all digestion runs were found to contain no silver. 

Additionally, the control samples for all four species were not found to contain 

detectable amounts of silver.  

 The A. domesticus samples from the 2 nm treatment group contained 

concentrations of silver below detection limits (<0.005 ppm). Samples from all other 

treatment groups contained trace amounts of silver ( >0.02 ppm). There was no real 

pattern observed among these groups (Figure III.12). All T. molitor samples were 

found to contain trace/semi-quantifiable concentrations of silver. The concentrations 

of silver in insect samples seemed to decrease with increasing nanoparticle size 

(Figure III.13).  

 The S. vulgare root samples from all treatment groups were found to contain 

trace amounts of silver. No other plant tissue samples were found to contain silver. No 

real trend was observed among these treatment groups (Figure III.14). The H. annuus 

root samples were found to contain trace amounts of silver in all treatment groups.. 

The leaf samples from each treatment group were also found to contain trace amounts 

of silver, except those from the 2 nm group. Only two stem samples, one from the 20  
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Figure III.11: Diffraction pattern of 50-80 nm uncoated silver nanoparticles as 

determined by powder x-ray diffraction 
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Figure III.12: Few statistical differences (p<0.05) were observed in the A. domesticus 

silver concentrations as a result of nanoparticle size 
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Figure III.13: Decrease in T. molitor silver concentrations as a result in increasing 

nanoparticle size; statistical differences between treatment groups (p<0.05) are 

denoted using lowercase letters 
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Figure III.14: No statistical differences (p<0.05) were observed in the tissue samples 

of S. vulgare as a result of increasing nanoparticle size 
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nm and one from the 80-100 nm treatment groups, were found to contain trace 

amounts of silver. No seeds samples from any treatment group were found to contain 

detectable concentrations of silver. There was no real observable trend among the 

treatment groups (Figure III.15).  

 

III.3.6 Data Analysis 

 There were few significant differences within the cricket and mealworm 

studies. The samples from the cricket groups, both 20 nm and 80-100 nm, were higher 

(p<0.05) than the both the control and the 2 nm treatment groups. As for the 

mealworm treatment groups, the 2 nm treatment group was found to contain higher 

concentrations of silver (p<0.05) than the control group. No significant differences 

were found in either of the plant studies. 

 

III.4 Discussion 

 It is thought the size of nanoparticles will have a large impact on their 

bioavailability. Smaller particles have a larger number of atoms on the surface leading 

to increased reactivity, dissolution, and production of ions (R. Ma et al. 2012). Larger 

particles should have comparatively reduced dissolution rates. On the other hand, 

larger nanoparticles will have a smaller surface area, but will have stronger particle-

particle repulsive forces which can reduce aggregation, thus affecting the ultimate size 

of the particles. Smaller nanoparticles will not have as strong of particle-particle  
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Figure III.15: No statistical differences (p<0.05) were observed in the tissue samples 

of H. annuus as a result of increasing nanoparticle size 
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interactions and may be more likely to aggregate causing the final size of the 

nanoparticles to be much larger. Additionally, smaller nanoparticles may be able to 

directly diffuse through cell membranes or enter cells via endocytosis (Klaine et al. 

2008; Albanese, Tang, and Chan 2012). It is hard to predict whether smaller or larger 

particles will more bioavailable to plants and insects based on all the contradictory 

factors present in a soil system.  

 There was no clear trend shared by the four species studied so it is difficult to 

make any definitive statements about the effects of nanoparticle size on uptake. The T. 

molitor samples had decreased silver concentrations as the nanoparticle size increased, 

which supports the theory that smaller nanoparticles are taken up more readily. 

However, it is important to note that the silver in the samples was total silver; silver 

ions and silver nanoparticles could not be differentiated. So it is unclear if the 

increased bioavailability is due to the smaller size or due to increased dissolution from 

the large surface area of smaller nanoparticles; either could potentially explain the 

increased bioavailability to T. molitor. Conversely the A.domesticus samples from the 

2 nm treatment groups did not contain detectable concentrations of silver and the 80-

100 nm treatment group samples contained the highest amounts. In this case, the larger 

particles were apparently more bioavailable. However, if the nanoparticles are merely 

adhering to the surface of the insects, there may be fewer large nanoparticles but due 

to their larger size, the amount of silver measured will be greater than that from a 
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corresponding number of smaller nanoparticles. But until the mechanism for uptake is 

identified, it is hard to say more on the issue. 

 As for the plant samples, those from the 50-80 nm treatment groups were 

found to contain the highest levels of silver, although these concentrations were not 

significantly different than the others. The dicot species, H. annuus, was found to 

translocate more silver to the shoot system than the monocot species, S. vulgare. Past 

studies have found dicots to be more effective at taking up metals from soil. The root 

exudates of dicots contain a higher amount of organic acids which acidify the 

rhizosphere surrounding the roots and solubilizing metals (Sauerbeck 1991; Koo et al. 

2013). Silver ions will be able to more easily cross the root hair membranes and lipid 

bilayers present in the vascular system of a plant than solid nanoparticles of any size. 

This may partially explain the increased ability of H. annuus to translocate silver when 

compared to S. vulgare. Other than the difference between the monocot and dicot 

species, there was no obvious effect of nanoparticle size on uptake by plants. The 

small number of plant tissue samples may have contributed to the lack of clear trends. 

 

III.5 Conclusion  

 Based on the varied results throughout the four species studied, it is impossible 

to make any definitive statements about the effects of nanoparticle size on 

bioavailability. Soil systems are incredibly complex and it will take more studies to 

unravel all the interacting factors to more clearly determine the effects of nanoparticle 

size. And until the technology exists to identify whether silver ions or silver 
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nanoparticles are being taken up, it will be difficult to definitely state exactly how 

silver nanoparticles are able to travel from soil to plants and insects. All that can be 

said for certain is that nanoparticle of all sizes have been shown to be taken up by at 

least one terrestrial organism to some extent.  
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IV. THE INFLUENCE OF SILVER NANOPARTICLE SURFACE COATING 

ON BIOAVAILABILITY IN SOILS 

 

IV.1 Introduction 

 As sewage sludge continues to be used as a land amendment, more and more 

nanoparticles will enter terrestrial environments. It has already been established that 

many factors will influence the environmental fate of nanoparticles. One property of 

nanoparticles that may be especially influential is the presence of a surface coating.  

 Some nanoparticles are coated with various polymers or organic materials 

during production. These coatings are meant to stabilize the nanoparticles or in some 

cases, enhance certain physiochemical properties. Tannic acid, polyvinylpyrrolidone 

(PVP), bovine serum albumin (BSA), cetyltrimethylammonium bromide (CTAB), 

polyethylene glycol (PEG), and citric acid are just a small sampling of the myriad of 

coatings now available (EPA 2010). PVP is a common coating used to sterically 

stabilize silver nanoparticles (Coleman et al. 2013). Silver nanoparticles coated with 

PVP are stabilized via steric repulsions. The PVP coating prevents the particles from 

aggregating and forces them to remain suspended and increases their mobility 

(Badawy et al. 2010).  Other coatings, such as citric acid, are used to stabilize silver 

nanoparticles electrostatically. These coatings use electrostatic repulsion forces to 

prevent the nanoparticles from aggregating. Some surface coatings can 

electrosterically stabilize the particles which utilizes both electrostatic and steric 

interactions. 
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 Different surface coatings will influence how nanoparticles interact with their 

surroundings, specifically SOM and clay particles, ultimately affecting the 

bioavailability, the toxicity, and the mobility of the nanoparticles. Some coatings may 

even interfere and prevent redox reactions from occurring (William A. Shoults-Wilson 

et al. 2011). Elemental silver oxidizes in the presence of O2 and forms free ions. 

Surface coatings may be able to prevent this reaction, reducing the toxicity associated 

with silver ions. Surface coating may also change the surface charge of a nanoparticle, 

their hydrophobicity, or their dissolution rate, further affecting the way they interact 

with their environment. The surface charge of a nanoparticle will determine whether 

or not it electrostatically binds to cation exchange sites. If a surface coating causes a 

normally positively charged ion, silver for instance, to become negatively charged, 

they will no longer interact with clay particles or humic substances in the same 

manner. Furthermore, surface coatings can change the hydrophobicity of 

nanoparticles. This will affect how the nanoparticles behave in the soil solution. The 

soil solution is what gives an ion its mobility; it is also how plants primarily take up 

nutrients. Silver nanoparticles are normally amphiphilic, meaning they are equally 

lipophilic and hydrophilic. However, when silver nanoparticles are coated with PVP 

they become hydrophobic (William A. Shoults-Wilson et al. 2011) thus changing their 

behavior in the soil solution. And finally, some surface coatings, in addition to 

preventing aggregation, both homoaggregation and heteroaggregation, may also 

suppress dissolution of nanoparticles, thus limiting the number of ions available for 

uptake.   
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IV.2 Methods 

IV.2.1 Soil Collection and Preparation 

 All soil used during the insect and plant exposure experiments was collected 

40 minutes south of Colorado City, Texas at an elevation of 684 m above sea level. 

Exact coordinates were as follows: Universal Transverse Mercator (UTM) 14 S 

0319752 mE 3557792 mN. All soil was collected from the top 10 cm of soil, shoveled 

into clean plastic containers and transported back to The Institute of Environmental 

and Human Health (TIEHH) at Texas Tech University (TTU) in Lubbock, TX. Once 

at TIEHH the soil was processed for homogeneity. All large rocks, roots, living 

organisms, and other organic matter were removed first and large clumps of soil were 

crushed. The soil was then sifted through a 2 mm wire screen into another clean 

plastic storage container. Processed soil was covered and stored indoors until ready for 

use. 

 

IV.2.2 Soil Analysis 

 Soil samples were sent to Midwest Laboratories Inc. (Omaha, NE) for basic 

soil analysis. Soil texture, percent humic matter, percent organic matter, exchangeable 

cations (K
+
, Mg

2+
, Ca

2+
), available phosphorus (P), soil pH, percent base saturation of 

cations (K
+
, Mg

2+
, Ca

2+
, H

+
), cation exchange capacity (CEC), and sulfur (S) content 

were all analyzed in order to fully characterize the soil. 
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IV.2.3 Nanoparticle Characterization 

 Silver nanoparticles coated with 0.2% PVP (20, 30-50, and 50-80 nm) were 

purchased from US Research Nanomaterials, Inc. (Houston, TX). All silver 

nanoparticles were reported by US Research Nanomaterial, Inc to consist of >  

99.99% Ag, < 0.005% Pb, < 0.001% Cd, < 0.001% Fe, < 0.003% Cu, < 0.001% Sn, < 

0.001% As, and  < 0.002% Sb. The manufacturer also confirmed the size and spherical 

shape of each lot of nanoparticles. But due to the tendency of nanoparticles to 

aggregate, the most significant properties, the size and shape, were examined to 

confirm the manufacturer’s specifications. 

 In order to confirm the size range and shape of the coated and uncoated 

nanoparticles, transmission electron microscopy (TEM) was used. Each sample was 

prepared by dispersing the silver nanoparticle powder in ethanol (EtOH). Each sample 

was sonicated for 10 minutes before being drop cast onto a carbon coated copper grid. 

Samples were air dried before analysis.  TEM (Hitachi H-8100 TEM) images were 

taken at 200 kV using a tungsten filament side-mounted camera.  

 Dynamic light scattering (DLS) was used as an additional method to confirm 

the size of the nanoparticles.  Sample preparation was performed by placing 

approximately 10 mg of silver nanoparticle powder in 10 mL of reagent grade acetone 

(Fisher Chemical). Samples were sonicated until nanoparticles remained suspended in 

solution. Samples were analyzed using a Nanotrac NPA252 Combination (Microtrac 

Inc. Montgomery, PA) and Mictrotrac Flex Software (Version: 10.3.14). Method 
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settings were customized for each sample of silver nanoparticles (absorbing particles) 

and acetone (refractive index: 1.36). 

 The probe was rinsed with DI water, followed with acetone before each use. It 

was checked by running a background scan. If the results were above 0.001, the probe 

was rinsed and checked again. A clean sample of acetone was used to create a set zero 

reading. All samples were loaded before running; this was done by placing the probe 

in each sample and the software reported whether or not the sample had an adequate 

concentration of particles to analyze. For any samples resulting in an “add sample” 

results, more nanoparticles were added to the solution. For any samples resulting in 

“dilute”, additional acetone was added to the sample. Any adjusted sample was 

sonicated again before analysis. And no samples were run without first confirming the 

solution concentrations. Once ready, samples were analyzed by running two 

consecutive 60 second scans. The average value of the two scans was recorded as the 

final result of each analysis. For nanoparticle samples 20 nm and under, the molecular 

operation method was used in place of the standard operation method. The particle 

size given at 50% was used as the average particle size of each sample.  

 Powder x-ray diffraction (PXRD) was used to confirm the composition of the 

nanoparticles. A Rigaku Ultima III X-Ray Diffractometer was used to analyze all 

samples. Samples were analyzed using Cu Kα radiation as x-ray source. The silver 

nanoparticles were analyzed using the following instrument parameters: parallel-beam 

geometry was used with a step width of 0.03° and a count time of one second; the 

divergence, scattering, and receiving slits were set at one. Once completed, the 

http://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=9&cad=rja&uact=8&ved=0CEMQFjAI&url=http%3A%2F%2Fwww.nist.gov%2Fncnr%2Fx-ray-diffractometer-rikago-ultima-iii.cfm&ei=w4w2Vd3sNcvksATDvICoCQ&usg=AFQjCNGTCWpIYeNw4UzB_iputRzsWnclLA
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diffraction patterns were compared and matched to the phases in the International 

Center for Diffraction Data (ICDD) powder diffraction file (PDF) database. 

 

IV.2.4 Insect Treatment Groups 

  Two 37.9 L terrariums (50.8 cm x 27.9 cm x 33.0 cm) were prepared for each 

insect treatment group, including the control group for two insect species Acheta 

domesticus and Tenebrio molitor. Each terrarium was thoroughly cleaned out using 

water, followed by a 10% bleach solution to remove any remaining chemical residues. 

Exactly 2.5 kg of prepared soil was weighed out into each clean terrarium. An 

analytical balance was used to weigh out the necessary amount of nanoparticles for 

each treatment group. Before use, the analytical balance was verified using a set of 

Aldinger Company standards (serial no. 72596). All measurements from 10 mg up to 

100 g were off by less than 1%; well within acceptable range. 

 The coated 30-50 nm nanoparticles were used for the concentration treatment 

groups: 0, 1, 5, 25, 125, and 625 ppm. The nanoparticles were added to each terrarium 

after being weighed out and manually mixed in for at least 60 seconds to ensure 

homogeneity (Table IV.1). Additional tanks were set up for the size experiments using 

the 20 nm, 30-50 nm, and 50-80 nm coated nanoparticles. These tanks were all spiked 

to 25 ppm using the methods described earlier (Table IV.2). 
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Table IV.1: Silver nanoparticle weights used during the study of nanoparticle surface 

coating influence on accumulation by two insect species with different sizes 

Treatment 

Group 

T. molitor A. domesticus 

Replicate 1 Replicate 2 Replicate 1 Replicate 2 

Control 0.00 mg 0.00 mg 0.00 mg 0.00 mg 

20 nm 63.56 mg 63.32 mg 62.65 mg 65.15 mg 

30-50 nm 65.64 mg 63.08 mg 66.85 mg 66.32 mg 

50-80 nm 63.86 mg 65.20 mg 63.27 mg 65.39 mg 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Texas Tech University, Sara Pappas, August 2015 

119 

 

Table IV.2: Silver nanoparticle weights used during the study of nanoparticle surface 

coating influence on accumulation by two insect species with different concentrations 

Treatment 

Group 

T. molitor A. domesticus 

Replicate 1 Replicate 2 Replicate 1 Replicate 2 

Control 0.0 mg 0.0 mg 0.0 mg 0.0 mg 

1 ppm 2.9 mg 3.2 mg 2.6 mg 2.7 mg 

5 ppm 13.1 mg 13.2 mg 14.2 mg 12.6 mg 

25 ppm 65.2 mg 63.7 mg 62.9 mg 64.3 mg 

125 ppm 313.5 mg 314.3 mg 312.7 mg 313.0 mg 

625 ppm 1563.7 mg 1563.1mg 1565.7 mg 1562.9 mg 
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 Once the terrariums were prepared, insects were purchased from 

reptilefoods.com. Each terrarium received either 300 small crickets or 400 large 

mealworms. Insects were provided with fresh food and water as needed for the 

duration of the 28 day exposure period.  

 After the 28 day exposure had run to completion, insects were carefully 

extracted from the terrariums and placed in glass jars. The jars were then placed in a -

80°C freezer for 5 minutes. After 5 minutes, the jars were removed and inspected to 

ensure all the insects were deceased. If any of the insects were still alive, the jar was 

placed back in the freezer for an additional period of time. 

 The insects were then freeze dried (FreeZone 2.5 Liter Freeze Dry System, 

Labconco, Corp. Kansas City, MO) for at least 48 hours to ensure the removal of all 

moisture. Freeze dried insects were then crushed into a fine powder and stored in a 

freezer until they could be digested. 

 

IV.2.5 Plant Treatment Groups 

 Commercially available 7.6 L plastic nursery containers were purchased and 

filled with approximately two inches of commercial pond pebbles to aid in proper 

drainage. Exactly 2.5 kg of prepared soil was weighed out in a separate plastic 

container. An analytical balance was used to weigh out the necessary silver 

nanoparticles. As detailed in the insect sample section above the coated 30-50 nm 

nanoparticles were used for the following treatment groups: 0, 1, 5, 25, 125, and 625 
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ppm. (Table IV.3). Additional nursery containers were set up using the 20 nm, 30-50 

nm, and 50-80 nm coated nanoparticles (Table IV.4).  

 Seeds for two plant species, Helianthus annuus and Sorghum vulgare, were 

planted into their own completed nursery containers and were transported to the TTU 

greenhouse.  The plants remained in the greenhouse until they reached maturity, 

approximately three months for H. annuus and six months for S. vulgare. While in the 

greenhouse, plants received shaded sunlight and were maintained at 60°F or above. 

Plants were misted every eight hours for three minutes to prevent the soil from drying 

out. Plants were watered an additional four times each week. Once plants reached 

maturity, the entire plant was harvested. The roots were separated from the remainder 

of the plant and rinsed using tap water for a full minute to remove all attached soil. 

The shoot system of the plant was separated into leaves, stems, and seeds. The plant 

samples were stored in a freezer until they could be digested.  

 

IV.2.6 Sample Digestions 

 Three identical samples were weighed out using the insect samples collected 

from each terrarium. For each plant treatment group, four samples were prepared from 

each nursery container: a root sample, a leaf sample, a stem sample, and a seed 

sample, if possible. For each sample, either plant or insect, approximately 1.00XX 

grams were weighed into a 100 mL beaker. It should be noted here that the weights are 

dry weight (dw) for the insects and wet weight (ww) for the plants. The A. domesticus 

samples were calculated to be approximately 81% water; so 1.00 g dw would  
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Table IV.3: Silver nanoparticle weights used during the study of nanoparticle surface 

coating influence on accumulation by two plant species with different sizes 

Treatment 

Group 

H. annuus S. vulgare 

Replicate 1 Replicate 2 Replicate 1 Replicate 2 

Control 0.0 mg 0.0 mg 0.0 mg 0.0 mg 

20 nm 63.8 mg 63.6 mg 66.5 mg 65.7 mg 

30-50 nm 65.2 mg 63.9 mg 65.2 mg 63.6 mg 

50-80 nm 64.1 mg 63.7 mg 63.7 mg 64.9 mg 
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Table IV.4: Silver nanoparticle weights used during the study of nanoparticle surface 

coating influence on accumulation by two plant species with different concentrations 

Treatment 

Group 

H. annuus S. vulgare 

Replicate 1 Replicate 2 Replicate 1 Replicate 2 

Control 0.0 mg 0.0 mg 0.0 mg 0.0 mg 

1 ppm 3.1 mg 2.7 mg 3.1 mg 2.8 mg 

5 ppm 12.8 mg 13.1 mg 13.2 mg 13.2 mg 

25 ppm 64.7 mg 63.6 mg 67.3 mg 65.3 mg 

125 ppm 313.1 mg 314.8 mg 313.2 mg 313.6 mg 

625 ppm 1566.5 mg 1566.2 mg 1565.2 mg 1564.4 mg 
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correspond to roughly 5.25 g ww. And the T. molitor samples were found to be 

approximately 39% water; so 1.00 g dw would correspond to 1.65 g ww.  

 Exactly 10 mL of 70% reagent grade nitric acid (HNO3) (Fisher Chemical lot# 

142056) was added to each beaker using an acid-washed 10 mL volumetric flask. A 10 

mL aliquot of reagent grade 30% hydrogen peroxide (H2O2) (Fisher Chemical, lot# 

142358) was carefully added to each beaker using a volumetric flask. A method blank 

was run with each set of samples by adding 10 mL of HNO3 and 10 mL H2O2 to an 

empty beaker. All beakers were placed onto hot plates and covered with a Teflon 

watch glass and allowed to sit overnight before digesting. The next day, the samples 

were slowly heated; the temperature was raised in 5°C increments until the solutions 

in the beakers began to gently reflux.  

The beakers were diligently monitored to ensure that the mixtures did not boil 

over in order to prevent the loss of sample. Any samples that did boil over were 

removed and were rerun during at a later time. Samples were periodically swirled 

during the reflux process if needed. The samples in the beakers were allowed to gently 

reflux until the volume had been reduced to roughly 5 mL.  

Once reduced to the desired volume, each beaker was carefully removed from 

the hot plate and placed in an ice bath to cool. After cooling, each sample was filtered 

into 50 mL plastic centrifuge tubes (Corning CentriStar™) using acid-washed glass 

funnels and ashless filter paper (Whatman No. 41). By filtering each sample, any 

remaining solids and/or digested lipids were removed from the final sample.  Exactly 

10 mL of 5% HNO3 was measured out using a volumetric flask and poured into each 
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empty sample beaker. The acid solution was swirled in each beaker and the contents 

were poured into the funnel. This process was repeated twice so the samples were 

diluted with a total of 20 mL of the 5% acid solution. Once filtering had been 

completed, the centrifuge tubes were stored at room temperature until analysis by 

inductively coupled plasma optical emission spectrometry (ICP-OES) could be 

performed.  

 

IV.2.7 ICP-OES Analysis 

 All samples were analyzed using a Teledyne Instruments (Hudson, New 

Hampshire) Prodigy High Dispersion Inductively Coupled Plasma Optical Emission 

Spectrometer (ICP-OES). The samples were analyzed for silver at three wavelengths: 

224.643, 328.068, and 338.289. Ultimately, the data from 338.289 was chosen for 

statistical analysis. Wavelength 224.643 was a doublet and deemed not usable. The 

wavelength at 328.068 was bracketed by iron at 328.026 and 328.129 which could 

have interfered with the analysis of both the insects and the plant samples, so that 

wavelength was dismissed as well.  

 Before running any samples the ICP-OES had to be prepped for use. 

Maintenance and basic supply checks were performed each day of the run before 

igniting the plasma. Once the plasma was lit, the instrument was allowed to warm up 

for a minimum of 30 minutes. The Hg wavelength was aligned and recorded first. The 

plasma was then positioned using a 10 ppm multi element standard. Using the 

manganese (Mn) wavelength at 257.610, the plasma position was optimized.  
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 The three silver wavelengths were aligned next using a 10 ppm silver standard 

solution (SPEX CertiPrep, lot# CL7-09AGY). Echelles at 0.1, 1, and 5 seconds were 

taken to manually adjust the element alignment if needed before each run. A scan was 

also taken of the silver standard. In order to check for possible interferences, after the 

silver alignment was completed, echelles and a scan were taken using a 10 ppm multi 

element standard to ensure no interfering elements interfered with the silver 

alignment. The scans of the silver and multi element standards were compared to 

ensure the peaks had not shifted in the presence of other elements.  

 Once all the preparatory work had been completed, the instrument could 

finally be calibrated. The calibration curve was created using silver standards of the 

following concentrations: 0 (blank), 0.01, 0.05, 0.1, 0.5, 1.0, 5.0, 10.0, and 20.0 ppm. 

In all cases, once the calibration was completed, the results from the 20 ppm standard 

were thrown out to ensure a better line fit.  

 The sample queue could be run once calibration had been completed. In order 

to ensure quality control throughout the run, the 0.01, 10, and blank standards were 

run at least once in each rack of 44 samples. Additionally, automatic check standard 

samples were set up to run at various intervals throughout each run. The 0.05, 0.5, and 

5.0 ppm standards were analyzed every 10 samples. And the 0.1 and 1.0 ppm 

standards were run every 20 samples. The standard samples were monitored 

throughout each run to ensure the instrument was constant in its analyses. Duplicate 

samples were also run at least once per batch to ensure consistency between runs.  
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IV.2.8 Statistical Analysis 

 In order to run statistical analyses on all the data first had to be normalized. In 

all cases the blank standards produced negative results; consequently, the negative 

blank value was subtracted from all samples and standards in order to get positive 

values. A correction factor was calculated for all standards. For standards 0.5 ppm and 

below, the correction factor was not equal to one. An average correction factor was 

calculated and applied to all samples below 0.5 ppm. The dilution factors were 

factored back into sample results by multiplying the analyzed concentration by the 

final sample weight and then dividing by the initial sample weight. These final 

calculated sample concentrations were then used to run statistical analyses. 

 All data was compared using a basic Kruskal-Wallis test in R (R version 2.15.1 

[2012-06-22]) after being found to be non-parametric (McKillup 2011). Samples that 

contained silver concentrations below instrument detection limits (<0.005 ppm) were 

treated as zeroes. This was followed by a multiple comparison test after Kruskal-

Wallis test to identify all significant differences among the treatment groups (p<0.05). 

 

IV.3 Results 

IV.3.1 Soil Characterization 

 The control soil was found to contain 54% sand, 36% silt, and 10% clay. This 

type of soil is classified as a sandy loam. The additional tests found the soil to contain 

0.01% humic matter, 1.7% organic matter, and 9 ppm S. The pH of the control soil 

was slightly basic, 8.1. And the CEC of the soil was calculated to be 18.0 meq/100g. 
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Other data from soil analysis is summarized in Table IV.5. Additionally, control soil 

samples analyzed by ICP-OES were found to contain no silver.  

 

IV.3.2 Transmission Electron Microscopy 

 The results of the TEM characterization of the uncoated silver nanoparticles 

have been described in a previous study.  This study utilized coated nanoparticles. 

When compared to the uncoated silver nanoparticles, the coated nanoparticles were 

not as aggregated. The TEM images more clearly show the size range of each group of 

nanoparticles as well as confirming the spherical shape (Figures IV.1-IV.3). 

 

IV.3.3 Dynamic Light Scattering 

 The DLS analysis of the coated particles found the average size to much higher 

than those of their uncoated counterparts. The coated 20 nm sample was found to 

contain samples ranging in size from 39.20 to 154.3 nm; the average particle size was 

calculated as 48.80 nm (Figure IV.4). The coated 30-50 nm sample was found to 

contain particles sized 40.50 to 121.5 nm with an average size of 62.40 nm (Figure 

IV.5). And the coated 50-80 nm sample was found to contain particles ranging from 

78.90 to 171.5 nm with an average size of 101.7 nm (Figure IV.6). Overall, the coated 

nanoparticles were found to be larger than the uncoated silver nanoparticles. These 

results are summarized in Table IV.6. 
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Table IV.5: Soil characterization results of control soil used during nanoparticle 

surface coating studies 

Analysis Results 

Organic Matter 1.7% 

Exchangeable Potassium 263 ppm 

Exchangeable Magnesium 114 ppm 

Exchangeable Calcium 3273 ppm 

Soil pH 8.1 

Cation Exchange Capacity (CEC) 18.0 meq/100g 

Base Saturation, Potassium 3.7% 

Base Saturation, Magnesium 5.3% 

Base Saturation, Calcium 91.0% 

Base Saturation, Hydrogen 0.0% 

Sulfur Content 9 ppm 

Humic Matter 0.01% 

Sand Content 54% 

Silt Content 36% 

Clay Content 10% 
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Figure IV.1: Transmission electron microscopy image of 20 nm 0.2% PVP coated 

silver nanoparticles  
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Figure IV.2: Transmission electron microscopy image of 30-50 nm 0.2% PVP coated 

silver nanoparticles 
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Figure IV.3: Transmission electron microscopy image of 50-80 nm 0.2% PVP coated 

silver nanoparticles 

 

 

 

 



Texas Tech University, Sara Pappas, August 2015 

133 

 

 
Figure IV.4: Size distribution of 0.2% PVP coated 20 nm silver nanoparticles as 

determined by dynamic light scattering 

 

 

 

 

 

 

 

 

 

 

 

 

 



Texas Tech University, Sara Pappas, August 2015 

134 

 

 
Figure IV.5: Size distribution of 30-50 nm coated silver nanoparticles as determined 

by dynamic light scattering 
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Figure IV.6: Size distribution of 50-80 nm coated silver nanoparticles as determined 

by dynamic light scattering 
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Table IV.6: Comparison of uncoated silver nanoparticle and coated silver nanoparticle 

measured sizes as determined by dynamic light scattering 

Nanoparticle 

Treatment Group 

Uncoated  

(Average Size) 

Coated 

(Average Size) 

2 nm 1.91 N/A 

20 nm 30.30 48.80 

30-50 nm 41.80 62.40 

50-80 nm 49.60 101.7 

80-100 nm 140.3 N/A 
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IV.3.4 Powder X-Ray Diffraction 

 The PXRD analysis of the silver nanoparticles confirmed their composition. 

The measured crystalline structure was slightly larger when compared to their  

uncoated counterparts. This is most likely due to the 0.2% PVP coating. The 

diffraction patterns still matched both those in the ICDD and those provided by the 

manufacturer. A typical diffraction pattern can be seen below (Figure IV.7). 

 

IV.3.5 ICP-OES Results 

 All method blanks and control samples from the experiments using coated 

nanoparticles were found to contain no detectable amounts of silver. However, during 

the studies using uncoated nanoparticles the control samples from the T. molitor and S. 

vulgare root samples were found to contain trace amounts of silver; this is more than 

likely due to contamination of glassware during any of the preparatory steps. 

Additionally, the samples from the 1 ppm treatment group also contained higher than 

expected silver concentrations; this is also likely due to contamination.  

 During the experiments examining different concentrations, the samples from 

the 1 and 5 ppm A. domesticus treatment groups were not found to contain silver. The 

25 ppm group was found to contain trace amounts of silver (>0.02 ppm). The samples 

from the 125 and 625 ppm treatment groups contained quantifiable concentrations of 

silver (>0.1 ppm). The overall trend among these treatment groups was an increase in 

insect concentration with increasing soil concentration (Figure IV.8); this is similar to 

what was observed with the uncoated nanoparticles (Figure IV.9).  
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Figure IV.7: Diffraction pattern for 20 nm coated silver nanoparticles as determined 

by powder x-ray diffraction 
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Figure IV.8: Increase in A. domesticus silver concentration as a result of increasing 

soil concentration; statistical differences between treatment groups (p<0.05) are 

denoted using lowercase letters 
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Figure IV.9: A comparison of A. domesticus uncoated and coated nanoparticle silver 

concentrations as a result of increasing soil concentration; statistical differences 

between treatment groups (p<0.05) are denoted using lowercase letters 
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 The T. molitor samples from the control, 1 and 5 ppm treatment groups were 

not found to contain detectable silver concentrations. The samples from the 25 ppm 

group contained trace amounts of silver and the two highest treatment groups  

contained quantifiable amounts of silver. As observed during the experiment using 

uncoated nanoparticles (Figure IV.10), the silver concentration of the insects increased 

with soil concentration (Figure IV.11).  

 All H. annuus root samples were found to contain at least trace amounts of 

silver. Leaf samples from the 5, 25, 125, and 625 ppm were found to contain trace 

amounts of silver. And stem samples from the two highest treatment groups also 

contained trace amount of silver. The root concentrations of silver were found to 

increase with soil concentration (Figure IV.12); this trend is similar to what was 

observed when using uncoated silver nanoparticles (Figure IV.13).  

 The S. vulgare root samples were found to contain at least trace amounts of 

silver in all treatment groups except the 1 ppm group. No other plant tissue samples 

were found to contain silver except the leaf samples from the 625 ppm treatment 

group. An increase in root concentration was observed with increasing soil 

concentration (Figure IV.14), just like during the experiment using uncoated silver 

nanoparticles (Figure IV.15). 

 During the experiment utilizing different sized nanoparticles, the A. domesticus 

samples from all treatment groups were found to contain trace amounts of silver. The 

concentration in the cricket samples seemed to increase with  
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Figure IV.10: Increasing tissue silver concentrations in T. molitor as a result of 

increasing soil concentrations; statistical differences between treatment groups 

(p<0.05) are denoted using lowercase letters 
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Figure IV.11: The 0.2% PVP coating seemed to have little to no effects on the silver 

concentrations in T. molitor as a result of increasing soil concentration; statistical 

differences between treatment groups (p<0.05) are denoted using lowercase letters 
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Figure IV.12: Increasing H. annuus silver concentrations as a result of increasing soil 

concentrations; statistical differences between treatment groups (p<0.05) are denoted 

using lowercase letters 
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Figure IV.13: No statistical differences (p<0.05) in H. annuus root silver 

concentrations were observed as a result of 0.2% PVP surface coating 
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Figure IV.14: Increasing silver concentrations in S. vulgare as a result of increasing 

silver nanoparticle concentration in soil; statistical differences between treatment 

groups (p<0.05) are denoted using lowercase letters 
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Figure IV.15: No statistical differences (p<0.05) were observed in S. vulgare root 

concentrations as an effect of the 0.2% PVP silver nanoparticle surface coating 
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nanoparticle size (Figure IV.16). This was not similar to what was observed with the 

uncoated nanoparticles (Figure IV.17).   Similarly, all T. molitor samples were found 

to contain trace amounts except those from the control group. No real trend was 

observed among these treatment groups (Figure IV.18). Although it should be noted 

that the mealworms exposed to the coated nanoparticles had higher concentrations of 

silver than those exposed to the uncoated nanoparticles (Figure IV.19). 

 The H. annuus root and leaf samples from all treatment groups were found to 

contain trace amounts of silver. The stem samples from the 20 and 30-50 nm treatment 

groups were also found to contain trace amounts of silver. The uptake of coated 

nanoparticles seemed to decrease with nanoparticle size (Figure IV.20). No such trend 

was observed for the uncoated nanoparticles (Figure IV.21). S. vulgare root samples 

from all treatment groups were found to contain trace amounts of silver; no other S. 

vulgare plant tissue samples were found to contain silver. Root concentrations were 

similar across all treatment groups (Figure IV.22). The roots exposed to coated 

nanoparticles had similar concentrations to those exposed to uncoated nanoparticles 

(Figure IV.23).  

 

IV.3.6 Data Analysis 

 There were some statistical differences among the experiments with different 

soil concentrations. The A. domesticus samples from the 125 and 625 ppm treatment 

groups were found to be higher than the samples from the control and 1 ppm treatment  
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Figure IV.16: Increasing A. domesticus silver concentration as a result of increasing 

nanoparticle size; statistical differences between treatment groups (p<0.05) are 

denoted using lowercase letters 
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Figure IV.17: No statistical differences (p<0.05) were observed in A. domesticus silver 

concentration as a result of the 0.2% PVP coating 
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Figure IV.18: No statistical differences (p<0.05) were observed in T. molitor silver 

concentrations as a result of increasing nanoparticle size 
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Figure IV.19: No statistical differences (p<0.05) were observed in T. molitor silver 

concentrations as a result of 0.2% PVP coating 
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Figure IV.20: No statistical differences (p<0.05) were observed in silver 

concentrations of H. annuus tissues as a result of increasing nanoparticle size 
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Figure IV.21: No statistical differences (p<0.05) were observed in any of the H. 

annuus treatment groups as a result of the PVP surface coating 
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Figure IV.22: No statistical differences (p<0.05) were observed in the S. vulgare tissue 

concentrations as a result of increasing nanoparticles size 
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Figure IV.23: No statistical differences (p<0.05) were observed in S. vulgare root 

silver concentrations as a result of 0.2% PVP coating 
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groups (p<0.05). The 625 ppm treatment group samples were also higher than those in 

the 5 ppm group (p<0.05). The T. molitor samples from the 125 and 625 ppm 

treatment groups were higher than those from the control, 1, and 5 ppm treatment 

groups (p<0.05). There were no differences among any of the plant tissue samples, in 

either H. annuus or S. vulgare. When comparing the results of the experiments using 

the coated and uncoated nanoparticles there were no statistical differences between 

any of the treatment groups for any of the four species used.  

 There were fewer differences among the experiments using different sized 

nanoparticles. The only difference among the A. domesticus samples was between the 

control group and the 50-80 nm treatment group (p<0.05). The T. molitor samples 

from the 30-50 and 50-80 nm treatment groups were higher (p<0.05) than the control 

group. There were no significant differences among any of the plant tissue samples for 

either species. When comparing the uncoated and coated nanoparticle experiments, 

there were no statistical differences among any of the treatment groups.  

 

IV.4 Discussion 

 The purpose of study was to compare the results of the uncoated and coated 

silver nanoparticles. However, the results of the individual experiments should be 

discussed briefly. Both insect and plant tissue samples were found to have increasing 

silver concentrations as the soil silver concentration increased. This trend was also 

observed with the uncoated nanoparticles in a previous study.  However, the size of 

the nanoparticles did not seem to have a clear effect on the uptake by insects. The 

silver nanoparticle concentrations of the A. domesticus samples increased slightly with 
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nanoparticle size. But the silver concentrations of the T. molitor samples were fairly 

consistent across all three treatment groups. As for the plants, the root samples of H. 

annuus had decreasing concentrations of silver as nanoparticle size increased but the 

root samples of the S. vulgare showed no such trend. 

 The DLS results found the coated particles to be much larger than their coated 

counterparts due to the PVP coating. One would have thought that this would have had 

an effect on the uptake. Larger particles are thought to be less likely to aggregate, but 

also have lower dissolution rates. Large particles and large aggregates are thought to 

be less mobile in porous materials, including soils. Furthermore, particles up to 50 nm 

were found to be easily taken up via endocytosis (T. Kim et al. 2012; Chithrani, 

Ghazani, and Chan 2006; Albanese, Tang, and Chan 2012) but it is possible that larger 

aggregates may exceed the capability of a cell to engulf such particles.   

 The PVP coating is used to sterically stabilize nanoparticles and reduce 

aggregation (Coleman et al. 2013). The TEM images showed that the coated silver 

nanoparticles were, indeed, less aggregated than the uncoated particles. The reduction 

in aggregation may have led to an increase in uptake by plants and insects, but when 

comparing the results of the various studies, there were no statistically significant 

differences between any of the coated and uncoated nanoparticles.  

 Additionally, the PVP coating may have prevented the silver nanoparticles 

from reacting with O2 and producing silver ions (Badawy et al. 2010). If the silver 

nanoparticles are taken up from the soil as silver ions, rather than as silver 

nanoparticles, one may have expected to see a reduction in sample silver 
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concentrations when using the coated silver nanoparticles. However, because the ICP-

OES analysis measures total silver, there is no way to know for certain whether the 

samples contained silver ions or silver nanoparticles.  

 

IV.5 Conclusion 

 The coated nanoparticles behaved in the same manner as the uncoated particles 

when examining the effects of soil concentration on terrestrial organism uptake. These 

studies were unable to find a measureable difference between uptake of uncoated and 

uptake of coated nanoparticles. Despite the increased size of the PVP coated particles 

and the reduction in aggregation, there was neither a decrease nor an increase in 

uptake when compared to the uncoated nanoparticles. However, it should be noted that 

only one nanoparticle coating was examined in this series of experiments and there are 

hundreds of others on the market including tannic acid, BSA, CTAB, and PEG. 

Performing these studies with any other these other coating may have yielded different 

results. Further studies will be necessary to examine other surface coatings, which 

may or may have the same lack of effects seen when using a 0.2% PVP coating.  
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V. THE INFLUENCE OF SOIL PH ON SILVER NANOPARTICLE 

BIOAVAILABILITY IN A TERRESTRIAL ENVIRONMENT 
 

V.1 Introduction 

 Due to their antifungal and antibacterial properties silver nanoparticles have 

become a popular additive in consumer products and appliances. During the use of 

these products, the silver nanoparticles are released either directly or indirectly into the 

environment. Once present in a system, it is uncertain what the ultimate fate of silver 

nanoparticles will be since this is dependent on a number of interacting factors. Soil 

systems are particularly complex. One of the driving factors in any terrestrial system is 

the soil pH.  

 As with other metals, soil pH plays a significant role in the availability of 

silver nanoparticles (Janssen et al. 1997; Bradl 2004). The adsorption edge for metals 

is the range of pH values at which the metal becomes almost entirely sorbed to the 

soil. Adsorption edge values vary from one metal to another, but one trend is 

ubiquitous for all metals: absorption to soil increases with soil pH (Kazi et al. 2005; 

Hooda et al. 1997).  The chemistry behind this is simple. At lower pH values, the 

number of protons, (H
+
) increases. Metallic ions are also cationic. With an increasing 

numbers of H
+
, the competition for cation exchange sites also increases (Bradl 2004), 

thus lowering the available cation exchange sites for metallic ions  (Benoit, Wilkinson, 

and Sauvé 2013). More metallic cations are then left unsorbed to soil surface and 

available for uptake. Additionally, at higher pH values, the number of hydroxide 

anions (OH
-
) increases. This not only reduces the competition between cations for 
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existing binding sites, but also creates additional sorption sites increasing the overall 

cation exchange capacity (CEC) of the soil. Thus at higher pH values a higher amount 

of metal of is retained by the soil and unavailable for uptake (McLean and Bledsoe 

1996; Sparks 1995).  

 However it is important to keep in mind that metal sorption to soils is not 

permanent. Decreasing the pH of a soil, whether on purpose through the application of 

fertilizer or as a by-product of acid rain, will cause some previously sorbed metal ions 

to become free again. Conversely, an increase in soil pH would theoretically cause 

some of the metallic ions to become unavailable.  

 Soil pH can also affect the charge of SOM if it falls below the point of zero 

charge (PZC). The PZC is the pH value at which the surface of a soil particle has a net 

charge of zero. If a pH value > PZC, the surface charge of a soil particle is negative; if 

a pH value < PZC, the surface charge of a soil particle is positive (Tourinho et al. 

2012; Sparks 1995). The PZC for SOM is approximately three. Most soils within the 

environment have a pH value ranging from five to nine; thus SOM is typically 

negatively charges and contributes to the CEC of a soil by providing additional 

adsorption sites. If the pH of a soil were to drop below three the charge of the SOM 

would become positive and metallic cations previously sorbed to the organic matter 

would be available. This study sought to identify the effect soil pH has on the uptake 

of silver nanoparticles by several terrestrial organisms. 
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V.2 Methods 

V.2.1 Soil Collection and Preparation 

 All soil used during the insect and plant exposure experiments was collected 

40 minutes south of Colorado City, Texas at an elevation of 684 m above sea level. 

Exact coordinates were as follows: Universal Transverse Mercator (UTM) 14 S 

0319752 mE 3557792 mN. All soil was collected from the top 10 cm of soil, shoveled 

into clean plastic containers and transported back to The Institute of Environmental 

and Human Health (TIEHH) at Texas Tech University (TTU) in Lubbock, TX. Once 

at TIEHH the soil was processed for homogeneity. All large rocks, roots, living 

organisms, and other organic matter were removed first and large clumps of soil were 

crushed. The soil was then sifted through a 2 mm wire screen into another clean 

plastic storage container. Processed soil was covered and stored indoors until ready for 

use. 

 

V.2.2 Soil Analysis 

 Soil samples were sent to Midwest Laboratories Inc. (Omaha, NE) for basic 

soil analysis. Soil texture, percent humic matter, percent organic matter, exchangeable 

cations (K
+
, Mg

2+
, Ca

2+
), available phosphorus (P), soil pH, percent base saturation of 

cations (K
+
, Mg

2+
, Ca

2+
, H

+
), cation exchange capacity (CEC), and sulfur (S) content 

were all analyzed in order to fully characterize the soil. 
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V.2.3 Nanoparticle Characterization 

 Uncoated silver nanoparticles (30-50 nm) were purchased from US Research 

Nanomaterials, Inc. (Houston, TX). All silver nanoparticles were reported by US 

Research Nanomaterial, Inc to consist of >  99.99% Ag, < 0.005% Pb, < 0.001% Cd, < 

0.001% Fe, < 0.003% Cu, < 0.001% Sn, < 0.001% As, and  < 0.002% Sb. The 

manufacturer also confirmed the size and spherical shape of each lot of nanoparticles. 

But due to the tendency of nanoparticles to aggregate, the most significant properties, 

the size and shape, were examined to confirm the manufacturer’s specifications. 

 In order to confirm the size range and shape of the nanoparticles, transmission 

electron microscopy (TEM) was used. Each sample was prepared by dispersing the 

silver nanoparticle powder in ethanol (EtOH). Each sample was sonicated for 10 

minutes before being drop cast onto a carbon coated copper grid. Samples were air 

dried before analysis.  TEM (Hitachi H-8100 TEM) images were taken at 200 kV 

using a tungsten filament side-mounted camera.  

 Dynamic light scattering (DLS) was used as an additional method to confirm 

the size of the nanoparticles.  Sample preparation was performed by placing 

approximately 10 mg of silver nanoparticle powder in 10 mL of reagent grade acetone 

(Fisher Chemical). Samples were sonicated until nanoparticles remained suspended in 

solution. Samples were analyzed using a Nanotrac NPA252 Combination (Microtrac 

Inc. Montgomery, PA) and Mictrotrac Flex Software (Version: 10.3.14). Method 

settings were customized for each sample of silver nanoparticles (absorbing particles) 

and acetone (refractive index: 1.36). 
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 The probe was rinsed with DI water, followed with acetone before each use. It 

was checked by running a background scan. If the results were above 0.001, the probe 

was rinsed and checked again. A clean sample of acetone was used to create a set zero 

reading. All samples were loaded before running; this was done by placing the probe 

in each sample and the software reported whether or not the sample had an adequate 

concentration of particles to analyze. For any samples resulting in an “add sample” 

results, more nanoparticles were added to the solution. For any samples resulting in 

“dilute”, additional acetone was added to the sample. All adjusted samples were 

sonicated again before analysis. And no samples were run without first confirming the 

solution concentrations. Once ready, samples were analyzed by running two 

consecutive 60 second scans. The average value of the two scans was recorded as the 

final result of each analysis. The particle size given at 50% was used as the average 

particle size of each sample.  

 Powder x-ray diffraction (PXRD) was used to confirm the composition of the 

nanoparticles. A Rigaku Ultima III X-Ray Diffractometer was used to analyze all 

samples. Samples were analyzed using Cu Kα radiation as x-ray source. The silver 

nanoparticles were analyzed using the following instrument parameters: parallel-beam 

geometry was used with a step width of 0.03° and a count time of one second; the 

divergence, scattering, and receiving slits were set at one. Once completed, the 

diffraction patterns were compared and matched to the phases in the International 

Center for Diffraction Data (ICDD) powder diffraction file (PDF) database. 

 

http://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=9&cad=rja&uact=8&ved=0CEMQFjAI&url=http%3A%2F%2Fwww.nist.gov%2Fncnr%2Fx-ray-diffractometer-rikago-ultima-iii.cfm&ei=w4w2Vd3sNcvksATDvICoCQ&usg=AFQjCNGTCWpIYeNw4UzB_iputRzsWnclLA
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V.2.4 Insect Treatment Groups 

  Two 37.9 L terrariums (50.8 cm x 27.9 cm x 33.0 cm) were prepared for each 

insect treatment group, including control group, for both insect species Acheta 

domesticus and Tenebrio molitor. Each terrarium was thoroughly cleaned out using 

water, followed by a 10% bleach solution to remove any remaining chemical residues. 

Exactly 2.5 kg of prepared soil was weighed out into each clean terrarium.  

 Before each terrarium could be spiked with silver nanoparticles, the soil pH 

had to be adjusted. During the soil characterization, the control soil was found to have 

a pH of 8. Nitric acid (HNO3) was used in order to reduce the soil pH from 8 to 5, 6, 

and 7 required for the treatment groups. It should be noted here that HNO3 was chosen 

over sulfuric (H2SO4) and hydrochloric (HCl) acids for a reason. Silver nitrate 

(AgNO3)  is soluble, unlike silver chloride (AgCl) and silver sulfide (Ag2S). By using 

HNO3 in place of H2SO4 or HCl, it was ensured that the silver nanoparticles would 

remain in solution rather than precipitating out. In order to adjust the pH of each 

treatment group, small volumes of HNO3 were added to each tank. The tanks were 

allowed to sit overnight and air dry. The following day the acid was thoroughly mixed 

into the soil and allowed to sit for an additional day. A composite sample was then 

taken from each tank and the pH was tested. This was done by placing 25 mL of soil 

into a 50 mL centrifuge tube (Corning CentriStar™). A volume of 25 mL of deionized 

(DI) water was then added to each tube. The tubes were vigorously agitated for a 

minimum of 60 seconds until the water and soil were thoroughly mixed together. The 

tubes were allowed to sit until the soil solution had fully separated from the soil. The 
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pH of the soil solution was tested using an Orion Star A211 pH Benchtop Meter 

(ThermoScientific).  

 Before testing each set of samples, the pH meter was tested using buffer 

solutions (4.0, 7.0, and 11.0). If any of the measurements was off by more than 1% the 

pH probe was recalibrated and the buffer solutions were tested again. Once that had 

been completed, the soil solution samples were tested. If the pH of the soil solution 

had not reached the value required for the treatment group, additional HNO3 was 

added to the terrarium and the entire process was repeated. This continued until the pH 

of the soil solution met the requirements for each treatment group. Once it was thought 

the soil in a terrarium had the correct soil pH value, it was allowed to sit for several 

days before being retested. If the soil pH value remained unchanged, the terrarium was 

deemed ready for use.  

 As for the treatment group where the soil pH was to equal 9, commercially 

available garden lime (Espoma Organic Traditions Garden Lime) was used to increase 

the soil pH. The garden lime was mixed with equal amounts of DI water and small 

volumes were added to each terrarium as described above. Unfortunately, this method 

proved less effective with garden lime than it was with the HNO3 and it was not 

possible to increase the soil pH to 9 and all tanks ended up with a final pH value 

somewhere between 8 and 9 (Table V.1).   

 An analytical balance was used to weigh out the necessary amount of the 30-50 

nm uncoated nanoparticles for each terrarium after being verified with a set of 

standard weights. Terrariums were reweighed before the addition of the nanoparticles;  
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Table V.1:  Final pH values for treatment groups during the study of the effects of soil 

pH on the bioavailability of silver nanoparticles soils in two insect species 

Treatment 

Group 

T. molitor A. domesticus 

Replicate 1 Replicate 2 Replicate 1 Replicate 2 

5 5.04 5.03 5.05 4.99 

6 6.00 5.93 6.03 6.00 

7 6.89 6.90 6.94 6.90 

Control (8) 8.01 8.01 8.01 8.01 

9 8.58 8.52 8.33 8.37 
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because soil was removed, in some cases, multiple times; consequently, the final 

weight of some tanks was below 2.5 kg. The weight of required silver nanoparticles 

was adjusted accordingly to create a final concentration of 25 ppm. The nanoparticles 

for each treatment groups were added to each terrarium and manually mixed in for at 

least 60 seconds to ensure homogeneity (Table V.2).  

 Once the terrariums were prepared, insects were purchased from 

reptilefoods.com. Each terrarium received either 300 small crickets or 400 large 

mealworms. Insects were provided with fresh food and water as needed for the 

duration of the 28 day exposure period. Once the 28 day exposure had run to 

completion, insects were carefully extracted from the terrariums and placed in glass 

jars. The jars were then placed in a -80°C freezer for 5 minutes. After 5 minutes, the 

jars were removed and inspected to ensure all the insects were deceased. If any of the 

insects were still alive, the jar was placed back in the freezer for an additional period 

of time. 

 The insects were then freeze dried (FreeZone 2.5 Liter Freeze Dry System, 

Labconco, Corp. Kansas City, MO) for at least 48 hours to ensure the removal of all 

moisture. Freeze dried insects were then crushed into a fine powder and stored in a 

freezer until they could be digested. 

 

V.2.5 Plant Treatment Groups 

 Commercially available 7.6 L plastic nursery containers were purchased and 

filled with approximately two inches of commercial pond pebbles to aid in proper  



Texas Tech University, Sara Pappas, August 2015 

169 

 

Table V.2: Silver nanoparticle weights used during the study of soil pH influence on 

accumulation by two insect species 

Treatment 

Group 

T. molitor A. domesticus 

Replicate 1 Replicate 2 Replicate 1 Replicate 2 

5 65.47 mg 64.26 mg 65.79 mg 64.10 mg 

6 63.52 mg 65.14 mg 63.98 mg 63.39 mg 

7 65.75 mg 64.11 mg 63.94 mg 63.89 mg 

Control (8) 63.95 mg 63.56 mg 64.17 mg 63.85 mg 

9 65.89 mg 64.18 mg 66.91 mg 64.29 mg 
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drainage. Exactly 2.5 kg of prepared soil was weighed out in a 10 gallon terrarium. 

The soil pH was adjusted in each terrarium as described in the insect samples section 

above (Table V.3). The 30-50 nm uncoated silver nanoparticles were then weighed 

out, added to each terrarium, and thoroughly mixed to ensure each tank contained a 

final concentration of 25 ppm (Table V.4). This prepared soil was then carefully 

transferred to the plastic nursery containers.  

 Seeds of each species were then planted into the completed nursery container 

and were transported to the TTU greenhouse.  The plants remained in the greenhouse 

until they reached maturity, approximately three months for Helianthus annuus and 6 

months for the Sorghum vulgare. While in the greenhouse, plants received shaded 

sunlight and were maintained at 60°F or above. Plants were misted every eight hours 

for three minutes to prevent the soil from drying out. Plants watered an additional four 

times each week. Once plants reached maturity, the entire plant was harvested. The 

roots were separated from the remainder of the plant and rinsed using tap water for a 

full minute to remove all attached soil. The shoot system of the plant was separated 

into leaves, stems, and seeds. The plant samples were stored in a freezer until they 

could be digested. 
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Table V.3: Final pH values for treatment groups during the study of the effects of soil 

pH on the bioavailability of silver nanoparticles soils, in two plant species 
Treatment 

Group 

H. annuus S. vulgare 

Replicate 1 Replicate 2 Replicate 1 Replicate 2 

5 4.92 4.98 4.99 5.05 

6 5.94 5.94 5.98 6.04 

7 6.94 6.93 6.93 6.96 

Control (8) 8.00 8.00 8.01 8.01 

9 8.36 8.44 8.58 9.05 
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Table V.4: Silver nanoparticle weights used during the study of soil pH influence on 

accumulation by two plant species 

Treatment 

Group 

H. annuus S. vulgare 

Replicate 1 Replicate 2 Replicate 1 Replicate 2 

5 56.56 mg 63.98 mg 57.70 mg 57.95 mg 

6 62.41 mg 57.29 mg 56.91 mg 56.99 mg 

7 63.63 mg 58.06 mg 57.18 mg 57.65 mg 

Control (8) 63.69 mg 63.05 mg 64.50 mg 62.29 mg 

9 68.70 mg 65.19 mg 65.85 mg 67.29 mg 
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V.2.6 Sample Digestions 

 Three identical samples were weighed out using the insect samples collected 

from each terrarium. For each plant treatment group, four samples were prepared from 

each nursery container: a root sample, a leaf sample, a stem sample, and a seed 

sample, if possible. For each sample, either plant or insect, approximately 1.00XX 

grams were weighed into a 100 mL beaker. It should be noted here that the weights are 

dry weight (dw) for the insects and wet weight (ww) for the plants. The A. domesticus 

samples were calculated to be approximately 81% water; so 1.00 g dw would 

correspond to roughly 5.25 g ww. And the T. molitor samples were found to be 

approximately 39% water; so 1.00 g dw would correspond to 1.65 g ww.  

Exactly 10 mL of 70% reagent grade HNO3 (Fisher Chemical lot# 142056) 

was added to each beaker using an acid-washed 10 mL volumetric flask. A 10 mL 

aliquot of reagent grade 30% hydrogen peroxide (H2O2) (Fisher Chemical, lot# 

142358) was carefully added to each beaker using a volumetric flask. A method blank 

was run with each set of samples by adding 10 mL of HNO3 and 10 mL H2O2 to an 

empty beaker. All beakers were placed onto hot plates and covered with a Teflon 

watch glass and allowed to sit overnight before digesting. The next day, the samples 

were slowly heated; the temperature was raised in 5°C increments until the solutions 

in the beakers began to gently reflux.  

 The beakers were diligently monitored to ensure that the mixtures did not boil 

over in order to prevent the loss of sample. Any samples that did boil over were 

removed and were rerun during at a later time. Samples were periodically swirled 
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during the reflux process if needed. The samples in the beakers were allowed to gently 

reflux until the volume had been reduced to roughly 5 mL. Once a sample had reached 

the desired volume it was carefully removed from the hot plate and placed in an ice 

bath to cool. As soon as the samples were cooled, the samples were filtered into 50 

mL plastic centrifuge tubes (Corning CentriStar™) using acid-washed glass funnels 

and ashless filter paper (Whatman No. 41). By filtering each sample, any remaining 

solids and/or digested lipids were removed from the final samples.  Exactly 10 mL of 

5% HNO3 was measured out using a volumetric flask and poured into each empty 

sample beaker. The acid solution was swirled in each beaker and the contents were 

poured into the funnel. This process was repeated twice so the samples were diluted 

with a total of 20 mL of the 5% acid solution. Once filtering had been completed, the 

centrifuge tubes were stored at room temperature until analysis by inductively coupled 

plasma optical emission spectrometry (ICP-OES) could be performed.  

 

V.2.7 ICP-OES Analysis 

 All samples were analyzed using a Teledyne Instruments (Hudson, New 

Hampshire) Prodigy High Dispersion Inductively Coupled Plasma Optical Emission 

Spectrometer (ICP-OES). All samples were analyzed for silver at three wavelengths: 

224.643, 328.068, and 338.289. Ultimately, the data from 338.289 was chosen for 

statistical analysis. Wavelength 224.643 was a doublet and deemed not usable. The 

wavelength at 328.068 was bracketed by iron at 328.026 and 328.129 which could 

have caused an interference in both the insects and the plant samples, so that 

wavelength was dismissed as well.  
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 Before running any samples the ICP-OES was prepped for use. Maintenance 

and basic supply checks were performed each day of the run before igniting the 

plasma. Once the plasma was lit, the instrument was allowed to warm up for a 

minimum of 30 minutes. The Hg wavelength was aligned and recorded first. The 

plasma was then positioned using a 10 ppm multi element standard. Using the 

manganese (Mn) wavelength at 257.610, the plasma position was optimized.  

 The three silver wavelengths were aligned next using a 10 ppm silver standard 

solution (SPEX CertiPrep, lot# CL7-09AGY). Echelles at 0.1, 1, and 5 seconds were 

taken to manually adjust the element alignment if needed before each run. A scan was 

also taken of the silver standard. In order to check for possible interferences, after the 

silver alignment was completed, echelles and a scan were taken using a 10 ppm multi 

element standard to ensure no other elements interfered with the silver alignment. The 

scans of the silver and multi element standards were compared to ensure the peaks had 

not shifted in the presence of other elements.  

 Once all the preparatory work had been completed, the instrument was 

calibrated. The calibration curve was built using silver standards of the following 

concentrations: 0 (blank), 0.01, 0.05, 0.1, 0.5, 1.0, 5.0, 10.0, and 20.0 ppm. In all 

cases, once the calibration was completed, the results from the 20 ppm standard were 

removed to ensure a better line fit.  

 The sample queue could be run once calibration had been completed. In order 

to ensure quality control throughout the run, the blank, 0.01, and 10 ppm standards 

were run at least once in each rack of 44 samples. Additionally, automatic check 
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standard samples were run at various intervals throughout each run. The 0.05, 0.5, and 

5.0 ppm standards were analyzed every 10 samples. And the 0.1 and 1.0 ppm 

standards were run every 20 samples. The standard samples were monitored 

throughout each run to ensure the instrument was constant in its analysis. Duplicate 

samples were also run at least once per batch to ensure consistency between runs.  

 

V.2.8 Statistical Analysis 

 In order to run statistical analyses on all the data first had to be normalized. In 

all cases the blank standards produced negative results; consequently, the negative 

blank value was subtracted from all samples and standards in order to get positive 

values. A correction factor was calculated for all standards. For standards 0.5 ppm and 

below, the correction factor was not equal to one. An average correction factor was 

calculated and applied to all samples below 0.5 ppm. The dilution factors were 

factored back into sample results by multiplying the analyzed concentration by the 

final sample weight and then dividing by the initial sample weight. These final 

calculated sample concentrations were then used to run statistical analyses. 

 All data was compared using a basic Kruskal-Wallis test in R (R version 2.15.1 

[2012-06-22]) after being found to be non-parametric (McKillup 2011). Samples that 

contained silver concentrations below instrument detection limits (<0.005 ppm) were 

treated as zeroes. This was followed by a multiple comparison test after Kruskal-

Wallis test to identify all significant differences among the treatment groups (p<0.05). 
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V.3 Results 

V.3.1 Soil Characterization 

 The control soil was found to contain 54% sand, 36% silt, and 10% clay. This 

type of soil is classified as a sandy loam. The additional tests found the soil to contain 

0.01% humic matter, 1.7% organic matter, and 9 ppm S. The pH of the control soil 

was slightly basic, 8.1. And the CEC of the soil was calculated to be 18.0 meq/100g. 

Other data from soil analysis is summarized in Table V.5. Additionally, control soil 

samples analyzed by ICP-OES were found to contain no detectable concentrations of 

silver. 

 

V.3.2 Transmission Electron Microscopy 

 The 30-50 nm uncoated silver nanoparticles were found to be heavily 

aggregated after being dispersed in EtOH. However, the TEM was able to confirm the 

spherical shape of the nanoparticles (Figure V.1). And most of the particles looked to 

be in 30-50 nm range, although there were outliers on either side of the range.  

 

V.3.3 Dynamic Light Scattering 

 Approximately 95% of the 30-50 nm had a size between 30.70 to 52.90 nm 

(Figure V.2). The average size of the particles was found to be 41.80 nm, well within 

the parameters set by the manufacturers.  
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Table V.5: Soil characterization results of control soil used during soil pH studies 

Analysis Results 

Organic Matter 1.7% 

Exchangeable Potassium 263 ppm 

Exchangeable Magnesium 114 ppm 

Exchangeable Calcium 3273 ppm 

Soil pH 8.1 

Cation Exchange Capacity (CEC) 18.0 meq/100g 

Base Saturation, Potassium 3.7% 

Base Saturation, Magnesium 5.3% 

Base Saturation, Calcium 91.0% 

Base Saturation, Hydrogen 0.0% 

Sulfur Content 9 ppm 

Humic Matter 0.01% 

Sand Content 54% 

Silt Content 36% 

Clay Content 10% 
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Figure V.1: Transmission electron microscopy image for 30-50 nm uncoated silver 

nanoparticles used in pH study 

 

 

 

 

 



Texas Tech University, Sara Pappas, August 2015 

180 

 

 

 
Figure V.2: Size distribution of 30-50 nm uncoated silver nanoparticles used in pH 

study, as determined by dynamic light scattering 
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V.3.4 Powder X-Ray Diffraction 

 The PXRD analysis of the silver nanoparticles confirmed their composition. 

The diffraction patterns matched both those in the ICDD and those provided by the 

manufacturer. A typical diffraction pattern can be seen below (Figure V.3).  

 

V.3.5 ICP-OES Results 

 All method blanks and control samples were not found to contain detectable 

amounts of silver. All A. domesticus samples were found to contain trace amounts of 

silver (>0.02 ppm) except those in the pH 5 treatment group. There was no obvious 

trend among these treatment groups (Figure V.4). All T. molitor samples were found 

to contain trace amounts of silver. There was no discernable pattern among these 

treatment groups (Figure V.5). 

 As for the plant tissue samples, the S. vulgare root samples from all treatment 

groups were found to contain trace amounts of silver. No other plant tissue samples 

were found to contain detectable levels of silver. The silver concentrations of the root 

samples from the pH 5 treatment group was higher than all others, but there was no 

apparent pattern among the treatment groups (Figure V.6). The root samples of H. 

annuus from the pH 6, 7, and 8 treatment groups were found to contain trace amounts 

of silver. The stem and seed from the pH 6 group were also found to contain trace 

amounts of silver. The stems, leaves, and seeds from the pH 7 group were also found 

to contain trace amounts of silver. The stem and leaf samples from the pH 8 group 

were found to contain trace amounts of silver. There was no obvious trend among  
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Figure V.3: Diffraction pattern for 30-50 nm silver nanoparticles used in pH study as 

determined by powder x-ray diffraction 

 

 

 

 

 

 

 

 

 

 



Texas Tech University, Sara Pappas, August 2015 

183 

 

 
Figure V.4: Few statistical differences (p<0.05) were observed among the A. 

domesticus silver concentrations as a result of increasing soil pH 
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Figure V.5: No statistical differences (p<0.05) were observed among the T. molitor 

silver concentrations as a result of increasing soil pH 
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Figure V.6: No statistical differences (p<0.05) were observed in the tissues of S. 

vulgare as a result of increasing soil pH 
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these treatment groups (Figure V.7).  

 

V.3.6 Data Analysis 

 The A. domesticus samples from the pH 7, 8, and 9 were found to contain 

significantly higher silver concentrations than those in the pH 5 treatment group. 

There were no other significant differences among the T. molitor, H. annuus, or S. 

vulgare treatment groups.  

   

V.4 Discussion 

 The pH studies proved inconclusive. No real trend was exhibited by the four 

species used. It was expected that the samples from the treatment groups with lower 

pH values would contain more silver than those samples from the higher pH groups. 

Although it should be mentioned that past studies have shown that liming the soil is 

not always effective in reducing heavy metal uptake from soil (Hooda et al. 1997).  

Soils with lower pH have an increased amount of H
+
 which compete with silver ions 

for binding sites causing a larger amount of silver ions to remain free in the soil (Bradl 

2004). The decreased pH of the lower treatment groups would have increased the 

amount of free silver ions present overall since metals dissolve in acidic environments. 

Additionally, soils with lower pH values have a decreased amount of OH
-
 groups 

which provide additional binding sites for cations. This trend was not observed in any 

of the four studies.  
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Figure V.7: No statistical differences (p<0.05) were observed among the tissues of H. 

annuus as a result of increasing soil pH 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

0

1

2

3

4

5

6

7

5 6 7 8 9

P
la

n
t 

Ti
ss

u
e

 C
o

n
ce

n
tr

at
io

n
 (

p
p

m
) 

Soil pH 

Effect of Soil pH on Bioavailability 

Roots

Stems

Leaves

Seeds



Texas Tech University, Sara Pappas, August 2015 

188 

 

 In fact, in two of the four species studies, samples from the lowest pH group 

(pH=5) were not found to contain detectable amounts of silver. The H. annuus 

samples, however, were found to contain the highest levels of silver in the lowest pH 

groups; it should be noted that these concentrations were not found to be significantly 

higher than any other treatment group.   

 When regarding the insect samples, since it is unknown exactly how they are 

able to uptake the silver from soil, perhaps the soil pH is not a significant factor in this 

instance. If the silver nanoparticles are simply adhering to the surface of the insects, 

the soil pH may not have a huge effect. However, if the insects are taking up silver 

ions from soil, one would expect the soil pH to have a larger impact.  A decreased soil 

pH, as stated earlier, would increase the overall number of silver ions, which should, 

in theory, increase the uptake by insects. And an increased soil pH would retain a 

higher amount of silver, thus reducing availability for uptake (McLean and Bledsoe 

1996). But until the mechanism by which these two insect species take up silver from 

soils, the role of soil pH will not be fully understood.  

 The soil pH should have had a noticeable effect on the uptake by both plant 

species. Both dicots and monocots take up metals from soil by releasing root exudates 

from the root tips which acidify the immediate area surrounding the roots (Raskin et 

al. 1994; Campbell and Reece 2005). The metals dissolve in the acidified environment 

and the ions can be absorbed through the roots or passively diffused across the plasma 

membrane. The inconsistency of the plant results may be due to the limited number of 

samples analyzed in each treatment group. There were only two replicates analyzed 
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for each type of plant tissue per treatment group. Had more replicates been performed, 

a clearer result may have been obtained. The frequent watering may have also affected 

the uptake by plants. The plants were all grown in nursery containers which allow for 

drainage through the bottoms. Any extra water flowing through the bottom of the 

containers may have removed the silver ions and prevented them from being taken up 

by the plant roots. Unfortunately, earlier attempts to check the final soil silver 

concentration proved fruitless, so it was not attempted again at the end of this study to 

see how much silver remained in the soil.   

 

V.5 Conclusion 

 The pH studies did not show any real trends based on the soil pH of each 

treatment group. The lower sample number of plant tissues may have contributed to 

the lack of conclusive data. Additionally, no statements can be made about the lack of 

impact of soil pH on insect uptake of silver until the mechanism of uptake is 

discovered. Further studies will be needed to clarify exactly how these silver 

nanoparticles are bioavailable to terrestrial insects, and then the role of soil pH may be 

more clear.  
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VI. THE INFLUENCE OF CLAY CONTENT ON SILVER NANOPARTICLE 

BIOAVAILABILITY IN A TERRESTRIAL ENVIRONMENT 

 

VI.1 Introduction 

 The texture of a soil is comprised of sand, silt, and clay particles. Each of these 

components falls into a different size range where sand > silt > clay. The amount of 

each in a soil will drastically influence the environmental fate of silver nanoparticles. 

Clay particles in particular will have an enormous impact on the terrestrial fate of 

metals and metal nanoparticles (Bradl 2004).  

 Due to the small size of clay particles, 2 μm and below (Kroetsch and Wang 

2008), the comparatively large surface area provides numerous sites to which cations 

can bind. Additionally, the clay content of a soil will have a significant effect on the 

cation exchange capacity (CEC) of a soil.  

 The CEC of a soil provides electrostatic binding sites for cations like silver 

ions (Ag
+
) thus rendering them electrostatically immobilized (Gao et al. 2012). Two 

separate soil components contribute to the overall CEC of a soil: the clay content and 

the soil organic matter (SOM) (Hendershot, Lalande, and Duquette 1993; Ross and 

Ketterings 1995; Janssen et al. 1997; McLean and Bledsoe 1996; Sparks 1995). In 

soils with pH values that are environmentally typical, five to nine, the SOM supplies 

at least 80% of CEC and the clay content can contribute up to 20%.  

 Soils with high clay content will have a higher capacity for electrostatic 

interactions. This property coupled with the increased surface area of clay particles is 
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thought to have a large effect on the bioavailability of silver nanoparticles in a soil 

system. Increased clay content, should in theory, reduce the ability of silver 

nanoparticles to be taken up by terrestrial organisms.  

 

VI.2 Methods  

VI.2.1 Soil Collection and Preparation 

 All soil used during the insect and plant exposure experiments was collected 

40 minutes south of Colorado City, Texas at an elevation of 684 m above sea level. 

Exact coordinates were as follows: Universal Transverse Mercator (UTM) 14 S 

0319752 mE 3557792 mN. All soil was collected from the top 10 cm of soil, shoveled 

into clean plastic containers and transported back to The Institute of Environmental 

and Human Health (TIEHH) at Texas Tech University (TTU) in Lubbock, TX. Once 

at TIEHH the soil was processed for homogeneity. All large rocks, roots, living 

organisms, and other organic matter were removed first and large clumps of soil were 

crushed. The soil was then sifted through a 2 mm wire screen into another clean 

plastic storage container. Processed soil was covered and stored indoors until ready for 

use. 

 

VI.2.2 Soil Analysis 

 Soil samples were sent to Midwest Laboratories Inc. (Omaha, NE) for basic 

soil analysis. Soil texture, percent humic matter, percent organic matter, exchangeable 

cations (K
+
, Mg

2+
, Ca

2+
), available phosphorus (P), soil pH, percent base saturation of 
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cations (K
+
, Mg

2+
, Ca

2+
, H

+
), CEC, and sulfur (S) content were all analyzed in order to 

fully characterize the soil. In addition to analyzing the control soil sample, soil 

samples were collected from each treatment group and sent for additional testing to 

quantify the effects of the added clay content.  

 

VI.2.3 Nanoparticle Characterization 

 Uncoated silver nanoparticles (30-50 nm) were purchased from US Research 

Nanomaterials, Inc. (Houston, TX). All silver nanoparticles were reported by US 

Research Nanomaterial, Inc to consist of >  99.99% Ag, < 0.005% Pb, < 0.001% Cd, < 

0.001% Fe, < 0.003% Cu, < 0.001% Sn, < 0.001% As, and  < 0.002% Sb. The 

manufacturer also confirmed the size and spherical shape of each lot of nanoparticles. 

But due to the tendency of nanoparticles to aggregate, the most significant properties, 

the size and shape, were examined to confirm the manufacturer’s specifications. 

 In order to confirm the size range and shape of the nanoparticles, transmission 

electron microscopy (TEM) was used. Each sample was prepared by dispersing the 

silver nanoparticle powder in ethanol (EtOH). Each sample was sonicated for 10 

minutes before being drop cast onto a carbon coated copper grid. Samples were air 

dried before analysis.  TEM (Hitachi H-8100 TEM) images were taken at 200 kV 

using a tungsten filament side-mounted camera.  

 Dynamic light scattering (DLS) was used as an additional method to confirm 

the size of the nanoparticles.  Sample preparation was performed by placing 

approximately 10 mg of silver nanoparticle powder in 10 mL of reagent grade acetone 
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(Fisher Chemical). Samples were sonicated until nanoparticles remained suspended in 

solution. Samples were analyzed using a Nanotrac NPA252 Combination (Microtrac 

Inc. Montgomery, PA) and Mictrotrac Flex Software (Version: 10.3.14). Method 

settings were customized for each sample of silver nanoparticles (absorbing particles) 

and acetone (refractive index: 1.36). 

 The probe was rinsed with DI water, followed with acetone before each use. It 

was checked by running a background scan. If the results were above 0.001, the probe 

was rinsed and checked again. A clean sample of acetone was used to create a set zero 

reading. All samples were loaded before running; this was done by placing the probe 

in each sample and the software reported whether or not the sample had an adequate 

concentration of particles to analyze. For any samples resulting in an “add sample” 

results, more nanoparticles were added to the solution. For any samples resulting in 

“dilute”, additional acetone was added to the sample. All adjusted samples were 

sonicated again before analysis. And no samples were run without first confirming the 

solution concentrations. Once ready, samples were analyzed by running two 

consecutive 60 second scans. The average value of the two scans was recorded as the 

final result of each analysis. The particle size given at 50% was used as the average 

particle size of each sample.  

 Powder x-ray diffraction (PXRD) was used to confirm the composition of the 

nanoparticles. A Rigaku Ultima III X-Ray Diffractometer was used to analyze all 

samples. Samples were analyzed using Cu Kα radiation as x-ray source. The silver 

nanoparticles were analyzed using the following instrument parameters: parallel-beam 
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geometry was used with a step width of 0.03° and a count time of one second; the 

divergence, scattering, and receiving slits were set at one. Once completed, the 

diffraction patterns were compared and matched to the phases in the International 

Center for Diffraction Data (ICDD) powder diffraction file (PDF) database. 

 

VI.2.4 Insect Treatment Groups 

  Two 37.9 L terrariums (50.8 cm x 27.9 cm x 33.0 cm) were prepared for each 

insect treatment group, including control group. Each terrarium was thoroughly 

cleaned out using water, followed by a 10% bleach solution to remove any remaining 

chemical residues. Before the terrariums could be spiked with the nanoparticles, the 

clay content of the soil had to be adjusted. This was done by calculating, by weight, 1, 

5, 10, 15, and 20% of 2.5 kg. The necessary clay (Sta-Green Vermiculite) was 

weighed out for each treatment group into each terrarium. Soil was then added to each 

tank until a total weight of 2.5 kg was reached (Table VI.1).  

 An analytical balance was used to weigh out the necessary amount of 

nanoparticles for each treatment group. Each terrarium was spiked with 62.5 mg of 

uncoated 30-50 nm nanoparticle so that a final concentration of 25 ppm was achieved 

(Table VI.2). Before use, the analytical balance was verified using a set of Aldinger 

Company standards (serial no. 72596). All measurements from 10 mg up to 100 g 

were off by less than 1%; well within acceptable range.  
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Table VI.1: Clay weights used during the study of the effects of clay content on the 

bioavailability of silver nanoparticles soils in two insect species 

Treatment 

Group 

T. molitor A. domesticus 

Replicate 1 Replicate 2 Replicate 1 Replicate 2 

Control 0.00 g 0.00 g 0.00 g 0.00 g 

+0% 0.00 g 0.00 g 0.00 g 0.00 g 

+ 1% 25.00 g 24.99 g 25.00 g 24.99 g 

+ 5% 124.98 g 125.00 g 125.00 g 125.01 g 

+ 10% 250.08 g 250.10 g 250.00 g 250.00 g 

+15% 375.00 g 375.00 g 375.01 g 375.03 g 

+ 20% 500.34 g 500.03 g  500.00 g 500.00 g 
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Table VI.2: Silver nanoparticle weights used during the study of clay content in soil 

influence on accumulation by two insect species 

Treatment 

Group 

T. molitor A. domesticus 

Replicate 1 Replicate 2 Replicate 1 Replicate 2 

Control 0.0 mg 0.0 mg 0.0 mg 0.0 mg 

+0% 63.9 mg 63.6 mg 64.2 mg 63.9 mg 

+ 1% 63.4 mg 65.2 mg 66.1 mg 62.8 mg 

+ 5% 64.6 mg 63.9 mg 62.8 mg 64.6 mg 

+ 10% 64.4 mg 63.6 mg 65.5 mg 65.5 mg 

+15% 64.2 mg 66.3 mg 63.9 mg 63.0 mg 

+ 20% 63.8 mg 64.2 mg 62.9 mg 63.4 mg 
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 Once the terrariums were prepared, insects were purchased from 

reptilefoods.com. Each terrarium received either 300 small crickets or 400 large  

mealworms. Insects were provided with fresh food and water as needed for the 

duration of the 28 day exposure period.  

 Once the 28 day exposure run to completion, insects were carefully extracted 

from the terrariums and placed in glass jars. The jars were then placed in a -80°C 

freezer for 5 minutes. After 5 minutes, the jars were removed and inspected to ensure 

all the insects were deceased. If any of the insects were still alive, the jar was placed 

back in the freezer for an additional period of time. 

 The insects were then freeze dried (FreeZone 2.5 Liter Freeze Dry System, 

Labconco, Corp. Kansas City, MO) for at least 48 hours to ensure the removal of all 

moisture. Freeze dried insects were then crushed into a fine powder and stored in a 

freezer until they could be digested. 

 

VI.2.5 Plant Treatment Groups 

 Commercially available 7.6 L plastic nursery containers were purchased and 

filled with approximately two inches of commercial pond pebbles to aid in proper 

drainage. Before the soil could be spiked with the silver nanoparticles, the clay content 

of the soil was adjusted following the procedure described earlier (Table VI.3). Once 

completed, the terrariums were spiked with 62.5 mg of uncoated 30-50 nm silver 

nanoparticles (Table VI.4). The spiked soil was transferred into the plastic nursery 

containers.  
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Table VI.3: Table VI.3: Clay weights used during the study the effects of clay content 

on the bioavailability of silver nanoparticles soils in two plant species 

Treatment 

Group 

H. annuus S. vulgare 

Replicate 1 Replicate 2 Replicate 1 Replicate 2 

Control 0.00 g 0.00 g 0.00 g 0.00 g 

+0% 0.00 g 0.00 g 0.00 g 0.00 g 

+ 1% 25.01 g 25.00 g 25.01 g 25.00 g 

+ 5% 124.99 g 125.01 g 125.00 g 125.01 g 

+ 10% 250.01 g 250.01 g 250.01 g 250.00 g 

+15% 375.00 g 374.99 g 375.00 g 375.02 g 

+ 20% 500.00g 500.00g 500.00g 500.00g 
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Table VI.4: Silver nanoparticle weights used during the study of clay content in soil 

influence on accumulation by two plant species 

Treatment 

Group 

H. annuus S. vulgare 

Replicate 1 Replicate 2 Replicate 1 Replicate 2 

Control 0.0 mg 0.0 mg 0.0 mg 0.0 mg 

+0% 63.7 mg 63.1 mg 64.5 mg 62.3 mg 

+ 1% 64.5 mg 65.1 mg 64.9 mg 63.1 mg 

+ 5% 65.0 mg 65.2 mg 63.3 mg 64.4 mg 

+ 10% 63.2 mg 63.6 mg 62.8 mg 63.3 mg 

+15% 64.3 mg 64.8 mg 65.9 mg 64.2 mg 

+ 20% 63.8 mg 63.3 mg 65.4 mg 64.3 mg 
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 Helianthus annuus and Sorghum vulgare seeds were then planted into each 

prepared nursery containers and were transported to the TTU greenhouse.  The plants 

remained in the greenhouse until they reached maturity, approximately three months 

for H. annuus and six months for S. vulgare. While in the greenhouse, plants received 

shaded sunlight and were maintained at 60°F or above. Plants were misted every eight 

hours for three minutes to prevent the soil from drying out. Additional watering took 

place four times a week. Once plants reached maturity, the entire plant was harvested. 

The roots were separated from the remainder of the plant and rinsed using tap water 

for a full minute to remove all attached soil. The shoot system of the plant was 

separated into leaves, stems, and seeds. The plant samples were stored in a freezer 

until they could be digested.  

 

VI.2.6 Sample Digestions 

 Three identical samples were weighed out using the insect samples collected 

from each terrarium. For each plant treatment group, four samples were prepared from 

each nursery container: a root sample, a leaf sample, a stem sample, and a seed 

sample, if possible. For each sample, either plant or insect, approximately 1.00XX 

grams were weighed into a 100 mL beaker. It should be noted here that the weights are 

dry weight (dw) for the insects and wet weight (ww) for the plants. The A. domesticus 

samples were calculated to be approximately 81% water; so 1.00 g dw would 

correspond to roughly 5.25 g ww. And the T. molitor samples were found to be 

approximately 39% water; so 1.00 g dw would correspond to 1.65 g ww.  
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 Exactly 10 mL of 70% reagent grade nitric acid (HNO3) (Fisher Chemical lot# 

142056) was added to each beaker using an acid-washed 10 mL volumetric flask. A 10 

mL aliquot of reagent grade 30% hydrogen peroxide (H2O2) (Fisher Chemical, lot# 

142358) was carefully added to each beaker using a volumetric flask. A method blank 

was run with each set of samples by adding 10 mL of HNO3 and 10 mL H2O2 to an 

empty beaker. All beakers were placed onto hot plates and covered with a Teflon 

watch glass and allowed to sit overnight before digesting. The next day, the samples 

were slowly heated; the temperature was raised in 5°C increments until the solutions 

in the beakers began to gently reflux.  

 The beakers were diligently monitored to ensure that the mixtures did not boil 

over in order to prevent the loss of sample. Any samples that did boil over were 

removed and were rerun during at a later time. Samples were periodically swirled 

during the reflux process if needed. The samples in the beakers were allowed to gently 

reflux until the volume had been reduced to roughly 5 mL. 

 Once a sample had reached the desired volume it was carefully removed from 

the hot plate and placed in an ice bath to cool. As soon as the samples were cooled, the 

samples were filtered into 50 mL plastic centrifuge tubes (Corning CentriStar™) using 

acid-washed glass funnels and ashless filter paper (Whatman No. 41). By filtering 

each sample, any remaining solids and/or digested lipids were removed from the final 

sample.  Exactly 10 mL of 5% HNO3 was measured out using a volumetric flask and 

poured into each empty sample beaker. The acid solution was swirled in each beaker 

and the contents were poured into the funnel. This process was repeated twice so the 
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samples were diluted with a total of 20 mL of the 5% acid solution. Once the filtering 

was complete, the centrifuge tubes were stored at room temperature until analysis by 

inductively coupled plasma optical emission spectrometry (ICP-OES) could be 

performed.  

 

VI.2.7 ICP-OES Analysis 

 All samples were analyzed using a Teledyne Instruments (Hudson, New 

Hampshire) Prodigy High Dispersion Inductively Coupled Plasma Optical Emission 

Spectrometer (ICP-OES). All samples were analyzed for silver at three wavelengths: 

224.643, 328.068, and 338.289. Ultimately, the data from 338.289 was chosen for 

statistical analysis. Wavelength 224.643 was a doublet and deemed not usable. The 

wavelength at 328.068 was bracketed by iron at 328.026 and 328.129 which could 

have interfered during the analysis of both the insects and the plant samples, so that 

wavelength was dismissed as well.  

 Before running any samples the ICP-OES was prepped for use. Maintenance 

and basic supply checks were performed each day of the run before igniting the 

plasma. Once the plasma was lit, the instrument was allowed to warm up for a 

minimum of 30 minutes. The Hg wavelength was aligned and recorded first. The 

plasma was then positioned using a 10 ppm multi element standard. Using the 

manganese (Mn) wavelength at 257.610, the plasma position was optimized.  

 The three silver wavelengths were aligned next using a 10 ppm silver standard 

solution (SPEX CertiPrep, lot# CL7-09AGY). Echelles at 0.1, 1, and 5 seconds were 
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taken to manually adjust the element alignment if needed before each run. A scan was 

also taken of the silver standard. In order to check for possible interferences, after the 

silver alignment was completed, echelles and a scan were taken using a 10 ppm multi 

element standard to ensure no other elements interfered with the silver alignment. The 

scans of the silver and multi element standards were compared to ensure the peaks had 

not shifted in the presence of other elements.  

 Once all the preparatory work had been completed, the instrument was 

calibrated. The calibration curve was built using silver standards of the following 

concentrations: 0 (blank), 0.01, 0.05, 0.1, 0.5, 1.0, 5.0, 10.0, and 20.0 ppm. In all 

cases, once the calibration was completed, the results from the 20 ppm standard were 

removed to ensure a better line fit.  

 The sample queue could be run once calibration had been completed. In order 

to ensure quality control throughout the run, the blank, 0.01, and 10 ppm standards 

were run at least once in each rack of 44 samples. Additionally, automatic check 

standard samples were run at various intervals throughout each run. The 0.05, 0.5, and 

5.0 ppm standards were analyzed every 10 samples. And the 0.1 and 1.0 ppm 

standards were run every 20 samples. The standard samples were monitored 

throughout each run to ensure the instrument was constant in its analysis. Duplicate 

samples were also run at least once per batch to ensure consistency between runs.  
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VI.2.8 Statistical Analysis 

 In order to run statistical analyses on all the data first had to be normalized. In 

all cases the blank standards produced negative results; consequently, the negative 

blank value was subtracted from all samples and standards in order to get positive 

values. A correction factor was then calculated for all standards. For standards 0.5 

ppm and below, the correction factor was not found to equal one. An average 

correction factor was calculated and applied to all samples. The dilution factors then 

had to be factored back into sample results. This was done by multiplying the analyzed 

concentration by the final sample weight and then dividing by the initial sample 

weight. These final calculated sample concentrations were then used to run statistical 

analyses. 

 All data was compared using a basic Kruskal-Wallis test in R (R version 2.15.1 

[2012-06-22]) after being found to be non-parametric (McKillup 2011). Samples that 

contained silver concentrations below instrument detection limits (<0.005 ppm) were 

treated as zeroes. This was followed by a multiple comparison test after Kruskal-

Wallis test to identify all significant differences among the treatment groups (p<0.05). 

 

VII.3 Results 

VII.3.1 Soil Characterization 

 The control soil was found to contain 54% sand, 36% silt, and 10% clay. This 

type of soil is classified as a sandy loam. The additional tests found the soil to contain 

0.01% humic matter, 1.7% organic matter, and 9 ppm S. The pH of the control soil 
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was slightly basic, 8.1. And the CEC of the soil was calculated to be 18.0 meq/100g. 

Other data from soil analysis is summarized in Table VI.6. The changes in CEC due to 

the increased clay content of each treatment group are summarized in Table VI.7.  

Additionally, control soil samples analyzed by ICP-OES were found to contain no 

detectable concentrations of silver. 

 

VII.3.2 Transmission Electron Microscopy 

 The 30-50 nm uncoated silver nanoparticles were found to be heavily 

aggregated after being dispersed in EtOH. However, the TEM was able to confirm the 

spherical shape of the nanoparticles (Figure VI.1). And most of the particles looked to 

be in 30-50 nm range, although there were outliers on either side of the range.  

 

VII.3.3 Dynamic Light Scattering 

 Approximately 95% of the 30-50 nm had a size between 30.70 to 52.90 nm 

(Figure VI.2). The average size of the particles was found to be 41.80 nm, well within 

the parameters set by the manufacturers.  

 

VII.3.4 Powder X-Ray Diffraction 

 The PXRD analysis of the silver nanoparticles confirmed their composition. 

The diffraction patterns matched both those in the ICDD and those provided by the 

manufacturer. A typical diffraction pattern can be seen below (Figure VI.3).  
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Table VI.6: Soil characterization results of control soil used during clay content 

studies 

Analysis Results 

Organic Matter 1.7% 

Exchangeable Potassium 263 ppm 

Exchangeable Magnesium 114 ppm 

Exchangeable Calcium 3273 ppm 

Soil pH 8.1 

Cation Exchange Capacity (CEC) 18.0 meq/100g 

Base Saturation, Potassium 3.7% 

Base Saturation, Magnesium 5.3% 

Base Saturation, Calcium 91.0% 

Base Saturation, Hydrogen 0.0% 

Sulfur Content 9 ppm 

Humic Matter 0.01% 

Sand Content 54% 

Silt Content 36% 

Clay Content 10% 
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Table VI.7: Increased CEC in soil due to the experimentally increased clay content 
Treatment Group CEC (meq/100 g) 

Control 19.8 

1% Vermiculite 20.7 

5% Vermiculite 22.4 

10% Vermiculite 25.4 

15% Vermiculite 25.1 

20% Vermiculite 26.3 
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Figure VI.1: Transmission electron microscopy image for 30-50 nm uncoated silver 

nanoparticles used in clay study 
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Figure VI.2: Size distribution of 30-50 nm uncoated silver nanoparticles used in clay 

study, as determined by dynamic light scattering 
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Figure VI.3: Diffraction pattern of 30-50 nm uncoated silver nanoparticles used in clay 

study as determined by powder x-ray diffraction 
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VII.3.5 ICP-OES Results 

 All insect and plant control samples and all method blanks were found to 

contain no silver. The A. domesticus samples from all treatment groups except the 

20% group were found to contain trace amounts of silver (>0.02 ppm). Overall the 

silver concentrations in A. domesticus decreased as clay content increased (Figure 

VI.4). All T. molitor samples were found to contain trace amounts of silver; although 

there was no clear trend among the treatment groups (Figure VI.5). 

 The S. vulgare root samples from all treatment groups were found to contain 

trace amount of silver. No obvious trend was evident among these treatment groups 

(Figure VI.6). The root and leaf samples from all H. annuus treatment groups were 

found to contain trace amounts of silver. Additionally, the stem samples from the 5, 

10, and 15% treatment groups were also found to contain trace amounts of silver. 

There was no apparent trend among these treatment groups (Figure VI.7).  

 

VII.3.6 Data Analysis 

 The A. domesticus samples from the 0% treatment group had significantly 

higher concentrations of silver than those from the 10 and 20% groups. There were no 

significant differences among the treatment groups of the T. molitor, H. annuus, or S. 

vulgare studies.  
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Figure VI.4: Decreasing silver concentrations in A. domesticus as a result of increasing 

clay content in soil; statistical differences between treatment groups (p<0.05) are 

denoted using lowercase letters 
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Figure VI.5: Few statistical differences (p<0.05) were detected among the T. molitor 

samples as a result of increasing clay content in soil 
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Figure VI.6: Decreased silver concentration in the tissue samples of S. vulgare as a 

result of increasing clay content in soil; statistical differences between treatment 

groups (p<0.05) are denoted using lowercase letters 

 

 

 

 

 

 

 

 

 

0

0.2

0.4

0.6

0.8

1

1.2

control 0 1 5 10 15 20

P
la

n
t 

Ti
ss

u
e

 C
o

n
ce

n
tr

at
io

n
 (

p
p

m
) 

Increase in Clay Content (%) 

Effect of Clay Content on Bioavailability 

Roots

Stems

Leaves



Texas Tech University, Sara Pappas, August 2015 

215 

 

 
Figure VI.7: No statistical differences (p<0.05) were observed among the tissue 

samples of H. annuus as a result of increasing clay content in soil 
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VI.4 Discussion 

 It was predicted that the silver concentrations in both the insect and plant 

samples would decrease with increasing clay content. The soil analysis did show that 

the CEC of the soil increased with increasing clay content. An increased CEC 

provides more electrostatic binding sites (Ross and Ketterings 1995; Sparks 1995; 

Calder et al. 2012) for positively charge ions, like Ag
+
. Additionally, the small size of 

the clay particles and their comparatively large surface area provides more surfaces 

with which the ions can interact (Oromieh 2011). Both of these characteristics of clay 

should decrease the mobility of silver ions produced by silver nanoparticles and 

ultimately reduce the bioavailability. These same characteristics could theoretically 

reduce the toxicity of silver nanoparticles since it is thought that the toxicity stems, at 

least in part, from silver ions generated by the particles (Kruszewski et al. 2011; H. 

Zhu et al. 2008; Hu et al. 2010).  

 There was an obvious decrease in bioavailability as the clay content of the soil 

decreased within the A. domesticus treatment groups. In fact, there was no detectable 

silver in the highest treatment group.  The T. molitor treatment groups also exhibited 

the same trend; the three highest treatment groups were found to be statistically similar 

to the control group which contained no silver. This may be attributed to Kruskal-

Wallis being a less powerful statistical tool than others. Had a different statistical test 

been applied, more significant differences may have been detected.  

 As for the plant samples, the contribution of clay particles to the CEC of a soil 

is not pH dependent, so the acidification of the rhizosphere surrounding the root tips 
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should not have affected any silver nanoparticles electrostatically bound to the clay 

particles. This suggests that as clay content increased among the soil treatment groups, 

less would be available for uptake by plants. However, there was no trend among the 

H. annuus treatment groups. The seemingly random variation among the H. annuus 

treatment groups may have been caused by contamination of the glassware used 

during the digestion process and ICP-OES analysis. Or it may have been a result of the 

small sample size of the plant studies. All of the S. vulgare samples from treatment 

groups treated with clay were found to contain less silver than the untreated group. 

There were no significant differences among these groups, but again, this may be 

attributed to the use of Kruskal-Wallis instead of a more robust statistical analysis.  

 

VI.5 Conclusion 

 Based on the results of the study, increasing the clay content in soils can 

reduce the ability of silver nanoparticles to be taken up by certain plants and insects. 

Furthermore, additional studies should be performed to examine the mechanism by 

which the bioavailability is reduced; whether it is from the silver nanoparticles 

interacting with the clay particles themselves, or the reduced mobility of silver ions 

due to the increased CEC, or by something else entirely. Soil systems are very 

complex and little is known about their interactions with metallic nanoparticles.  

 This study showed a clear decrease in uptake in a small number of terrestrial 

species. The reduced uptake due to increased clay content may be able to prevent 

nanoparticle from traveling further through a food web. This could lessen nanoparticle 
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exposure to organisms higher up the food chain that consume plants and insects. 

Treating nanoparticle spills in terrestrial systems with clay may be a viable response 

worth looking into.  
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VII. THE INFLUENCE OF SOIL ORGANIC MATTER ON SILVER 

NANOPARTICLE BIOAVAILABILITY IN A TERRESTRIAL 

ENVIRONMENT 

VII.1 Introduction 

 Soil organic matter (SOM) is composed of many different compounds 

including humus, soil biomass, and organic residues. Humic substances include 

humin, fulvic acid, and humic acid (Sparks 1995). Not only can SOM contribute at 

least 80% to the cation exchange capacity (CEC) of a soil, it has many other properties 

that can affect the fate of metallic nanoparticles. SOM has the ability to chelate most 

metals making them less mobile; however, chelation of metals to the SOM may make 

them more available for uptake by plants which require certain metallic micronutrients 

(Campbell and Reece 2005).  

 SOM may be particularly important when it comes to silver nanoparticles. 

Humic acids can contain up to 1.5% sulfur (S) and fulvic acids up to 3.6%. Silver has 

a very high affinity for S and will form Ag2S which is highly insoluble (Ksp= 8.0 x 10
-

51
) and causes silver to become unavailable for uptake (Anjum et al. 2013; Coutris, 

Joner, and Oughton 2012; Clement Levard et al. 2012; Clement Levard et al. 2013; 

VandeVoort, Arai, and Sparks 2012; Clément Levard et al. 2011; B. Kim et al. 2010). 

Additionally Ag2S is not a form of silver or S that would be available for uptake by 

plants, as most plants absorb micronutrients from the soil solution and Ag2S is 

virtually insoluble in water. Silver bound to S could then be considered unavailable for 

uptake and virtually immobilized (McLean and Bledsoe 1996).  
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 This experiment attempted to directly measure the effects that SOM has on the 

ability of silver nanoparticles to be taken up by terrestrial organisms. The chelating 

ability of SOM may increase the bioavailability to plants; conversely, the increased S 

content and CEC could decrease the overall bioavailability. 

 

VII.2 Methods 

VII.2.1 Soil Collection and Preparation 

 All soil used during the insect and plant exposure experiments was collected 

40 minutes south of Colorado City, Texas at an elevation of 684 m above sea level. 

Exact coordinates were as follows: Universal Transverse Mercator (UTM) 14 S 

0319752 mE 3557792 mN. All soil was collected from the top 10 cm of soil, shoveled 

into clean plastic containers and transported back to The Institute of Environmental 

and Human Health (TIEHH) at Texas Tech University (TTU) in Lubbock, TX. Once 

at TIEHH the soil was processed for homogeneity. All large rocks, roots, living 

organisms, and other organic matter were removed first and large clumps of soil were 

crushed. The soil was then sifted through a 2 mm wire screen into another clean 

plastic storage container. Processed soil was covered and stored indoors until ready for 

use. 

 

VII.2.2 Soil Analysis 

 Soil samples were sent to Midwest Laboratories Inc. (Omaha, NE) for basic 

soil analysis. Soil texture, percent humic matter, percent organic matter, exchangeable 
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cations (K
+
, Mg

2+
, Ca

2+
), available phosphorus (P), soil pH, percent base saturation of 

cations (K
+
, Mg

2+
, Ca

2+
, H

+
), cation exchange capacity (CEC), and S content were all 

analyzed in order to fully characterize the soil. Additional samples were collected 

from each treatment group and analyzed to quantify the effects of increased humic 

material.  

 

VII.2.3 Nanoparticle Characterization 

 Uncoated silver nanoparticles (30-50 nm) were purchased from US Research 

Nanomaterials, Inc. (Houston, TX). All silver nanoparticles were reported by US 

Research Nanomaterial, Inc to consist of >  99.99% Ag, < 0.005% Pb, < 0.001% Cd, < 

0.001% Fe, < 0.003% Cu, < 0.001% Sn, < 0.001% As, and  < 0.002% Sb. The 

manufacturer also confirmed the size and spherical shape of each lot of nanoparticles. 

But due to the tendency of nanoparticles to aggregate, the most significant properties, 

the size and shape, were examined to confirm the manufacturer’s specifications. 

 In order to confirm the size range and shape of the nanoparticles, transmission 

electron microscopy (TEM) was used. Each sample was prepared by dispersing the 

silver nanoparticle powder in ethanol (EtOH). Each sample was sonicated for 10 

minutes before being drop cast onto a carbon coated copper grid. Samples were air 

dried before analysis.  TEM (Hitachi H-8100 TEM) images were taken at 200 kV 

using a tungsten filament side-mounted camera.  

 Dynamic light scattering (DLS) was used as an additional method to confirm 

the size of the nanoparticles.  Sample preparation was performed by placing 
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approximately 10 mg of silver nanoparticle powder in 10 mL of reagent grade acetone 

(Fisher Chemical). Samples were sonicated until nanoparticles remained suspended in 

solution. Samples were analyzed using a Nanotrac NPA252 Combination (Microtrac 

Inc. Montgomery, PA) and Mictrotrac Flex Software (Version: 10.3.14). Method 

settings were customized for each sample of silver nanoparticles (absorbing particles) 

and acetone (refractive index: 1.36). 

 The probe was rinsed with DI water, followed with acetone before each use. It 

was checked by running a background scan. If the results were above 0.001, the probe 

was rinsed and checked again. A clean sample of acetone was used to create a set zero 

reading. All samples were loaded before running; this was done by placing the probe 

in each sample and the software reported whether or not the sample had an adequate 

concentration of particles to analyze. For any samples resulting in an “add sample” 

results, more nanoparticles were added to the solution. For any samples resulting in 

“dilute”, additional acetone was added to the sample. Any samples that need adjusted 

were sonicated again before analysis. And no samples were run without first 

confirming the solution concentrations. Once ready, samples were analyzed by 

running two consecutive 60 second scans. The average value of the two scans was 

recorded as the final result of each analysis. The particle size given at 50% was used 

as the average particle size of each sample.  

 Powder x-ray diffraction (PXRD) was used to confirm the composition of the 

nanoparticles. A Rigaku Ultima III X-Ray Diffractometer was used to analyze all 

samples. Samples were analyzed using Cu Kα radiation as x-ray source. The silver 

http://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=9&cad=rja&uact=8&ved=0CEMQFjAI&url=http%3A%2F%2Fwww.nist.gov%2Fncnr%2Fx-ray-diffractometer-rikago-ultima-iii.cfm&ei=w4w2Vd3sNcvksATDvICoCQ&usg=AFQjCNGTCWpIYeNw4UzB_iputRzsWnclLA
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nanoparticles were analyzed using the following instrument parameters: parallel-beam 

geometry was used with a step width of 0.03° and a count time of one second; the 

divergence, scattering, and receiving slits were set at one. Once completed, the 

diffraction patterns were compared and matched to the phases in the International 

Center for Diffraction Data (ICDD) powder diffraction file (PDF) database. 

 

VII.2.4 Insect Treatment Groups 

  Two 37.9 L terrariums (50.8 cm x 27.9 cm x 33.0 cm) were prepared for each 

insect treatment group, including control group, for two insect species: Tenebrio 

molitor and Acheta domesticus. Each terrarium was thoroughly cleaned out using 

water, followed by a 10% bleach solution to remove any remaining chemical residues.  

 Before the terrariums could be spiked with the nanoparticles, the humic 

content of the soil had to be adjusted. This was done by calculating, by weight, 1, 5, 

10, 15, and 20% of 2.5 kg. The necessary peat humus (Hapi-Gro Organic Peat Humus) 

was weighed out for each treatment group into each terrarium. Soil was then added to 

each tank until a total weight of 2.5 kg was reached (Table VII.1). The peat humus 

was then mixed into the soil. A verified analytical balance was used to weigh out the 

necessary amount of nanoparticles for each treatment group. Each tank was spiked 

with 62.5 mg of uncoated silver nanoparticles so that each tank had a concentration of 

25 ppm silver (Table VII.2). Once the terrariums were prepared, insects were 

purchased from reptilefoods.com.  Each terrarium received either 300 small crickets 
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Table VII.1: Peat humus weights used during the study of the effects of humic content 

on the bioavailability of silver nanoparticles soils in two insect species 

Treatment 

Group 

T. molitor A. domesticus 

Replicate 1 Replicate 2 Replicate 1 Replicate 2 

Control 0.00 g 0.00 g 0.00 g 0.00 g 

+0% 0.00 g 0.00 g 0.00 g 0.00 g 

+ 1% 25.01 g 25.01 g 25.00 g 25.00 g 

+ 5% 124.99 g 125.03 g 125.03 g 125.01 g 

+ 10% 250.03 g 250.02 g 250.00 g 250.00 g 

+15% 375.00 g 374.99 g 375.02 g 375.00 g 

+ 20% 500.00 g 500.01 g 500.00 g 500.00 g 
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Table VII.2: Silver nanoparticle weights used during the study of humic content in soil 

influence on accumulation by two insect species 

Treatment 

Group 

T. molitor A. domesticus 

Replicate 1 Replicate 2 Replicate 1 Replicate 2 

Control 0.0 mg 0.0 mg 0.0 mg 0.0 mg 

+0% 64.0 mg 63.6 mg 64.2 mg 63.9 mg 

+ 1% 64.0 mg 63.8 mg 64.9 mg 65.3 mg 

+ 5% 63.6 mg 63.9 mg 63.8 mg 65.0 mg 

+ 10% 65.2 mg 63.2 mg 63.2 mg 63.2 mg 

+15% 63.1 mg 64.4 mg 63.0 mg 65.4 mg 

+ 20% 63.6 mg 66.3 mg 66.7 mg 64.1 mg 
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or 400 large mealworms. Insects were provided with fresh food and water as needed 

duration of the 28 day exposure period.  

 Once the 28 day exposure had run to completion, insects were carefully 

extracted from the terrariums and placed in glass jars. The jars were then placed in a -

80°C freezer for 5 minutes. After 5 minutes, the jars were removed and inspected to 

ensure all the insects were deceased. If any of the insects were still alive, the jar was 

placed back in the freezer for an additional period of time.  

 The insects were then freeze dried (FreeZone 2.5 Liter Freeze Dry System, 

Labconco, Corp. Kansas City, MO) for at least 48 hours to ensure the removal of all 

moisture. Freeze dried insects were then crushed into a fine powder and stored in a 

freezer until they could be digested. 

 

VII.2.5 Plant Treatment Groups 

 Commercially available 7.6 L plastic nursery containers were purchased and 

filled with approximately two inches of commercial pond pebbles to aid in proper 

drainage. The humic content of the soil was adjusted before spiking as described 

above (Table VII.3). Once completed, 62.5 mg of silver nanoparticles were weighed 

out using a verified analytical balance and added to each terrarium (Table VII.4).  The 

soil, the peat humus, and the silver nanoparticles were thoroughly mixed together and 

the contents were carefully transferred from the terrarium into the plastic nursery 

containers.  
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Table VII.3: Peat humus weights used during the study of the effects of humic content 

on the bioavailability of silver nanoparticles soils in two plant species 

Treatment 

Group 

H. annuus S. vulgare 

Replicate 1 Replicate 2 Replicate 1 Replicate 2 

Control 0.00 g 0.00 g 0.00 g 0.00 g 

+0% 0.00 g 0.00 g 0.00 g 0.00 g 

+ 1% 24.99 g 25.00 g 25.00 g 25.00 g 

+ 5% 125.02 g 125.01 g 125.03 g 125.02 g 

+ 10% 250.02 g 250.01 g 250.00 g 250.02 g 

+15% 375.01 g 375.01 g 375.01 g 375.00 g 

+ 20% 500.00 g 500.00 g 500.00 g 500.00 g 
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Table VII.4: Silver nanoparticle weights used during the study of humic content in soil 

influence on accumulation by two plant species 

Treatment 

Group 

H. annuus S. vulgare 

Replicate 1 Replicate 2 Replicate 1 Replicate 2 

Control 0.0 mg 0.0 mg 0.0 mg 0.0 mg 

+0% 63.7 mg 63.1 mg 64.5 mg 62.3 mg 

+ 1% 63.2 mg 63.1 mg 65.4 mg 66.8 mg 

+ 5% 63.5 mg 65.7 mg 63.5  mg 64.9 mg 

+ 10% 66.1 mg 66.3 mg 62.8 mg 63.2 mg 

+15% 64.0 mg 62.8 mg 64.2 mg 64.3 mg 

+ 20% 67.8 mg 66.2 mg 66.5 mg 65.3 mg 
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 Seeds for two plant species, Helianthus annuus and Sorghum vulgare were 

planted into the prepared nursery containers and were transported to the TTU 

greenhouse.  The plants remained in the greenhouse until they reached maturity, 

approximately three months for H. annuus and six months for S. vulgare. While in the 

greenhouse, plants received shaded sunlight and were maintained at 60°F or above. 

Plants were misted every eight hours for three minutes to prevent the soil from drying 

out. Plants were watered an additional four times each week. Once plants reached 

maturity, the entire plant was harvested. The roots were separated from the remainder 

of the plant and rinsed using tap water for a full minute to remove all attached soil. 

The shoot system of the plant was separated into leaves, stems, and seeds. The plant 

samples were stored in a freezer until they could be digested.  

 

VII.2.6 Sample Digestions 

 Three identical samples were weighed out using the insect samples collected 

from each terrarium. For each plant treatment group, four samples were prepared from 

each nursery container: a root sample, a leaf sample, a stem sample, and a seed 

sample, if possible. For each sample, either plant or insect, approximately 1.00XX 

grams were weighed into a 100 mL beaker. It should be noted here that the weights are 

dry weight (dw) for the insects and wet weight (ww) for the plants. The A. domesticus 

samples were calculated to be approximately 81% water; so 1.00 g dw would 

correspond to roughly 5.25 g ww. And the T. molitor samples were found to be 

approximately 39% water; so 1.00 g dw would correspond to 1.65 g ww.  
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Exactly 10 mL of 70% reagent grade nitric acid (HNO3) (Fisher Chemical lot# 

142056) was added to each beaker using an acid-washed 10 mL volumetric flask. A 10 

mL aliquot of reagent grade 30% hydrogen peroxide (H2O2) (Fisher Chemical, lot# 

142358) was carefully added to each beaker using a volumetric flask. A method blank 

was run with each set of samples by adding 10 mL of HNO3 and 10 mL H2O2 to an 

empty beaker. All beakers were placed onto hot plates and covered with a Teflon 

watch glass and allowed to sit overnight before digesting. The next day, the samples 

were slowly heated by raising the temperature in 5°C increments until the solutions in 

the beakers began to gently reflux. 

The beakers were diligently monitored to ensure that the mixtures did not boil 

over in order to prevent the loss of sample. Any samples that did boil over were 

removed and were rerun during at a later time. Samples were periodically swirled 

during the reflux process if needed. The samples in the beakers were allowed to gently 

reflux until the volume had been reduced to roughly 5 mL. 

 Once a sample had been reduced to the desired volume, it was carefully 

removed from the hot plate and placed in an ice bath to cool. After cooling, the 

samples were filtered into 50 mL plastic centrifuge tubes (Corning CentriStar™) using 

acid-washed glass funnels and ashless filter paper (Whatman No. 41). By filtering 

each sample, any remaining solids and/or digested lipids were removed from the final 

samples.  Exactly 10 mL of 5% HNO3 was measured out using a volumetric flask and 

poured into each empty sample beaker. The acid solution was swirled in each beaker 

and the contents were poured into the funnel. This process was repeated twice so the 
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samples were diluted with a total of 20 mL of the 5% acid solution. Once filtering had 

been completed, the centrifuge tubes were stored at room temperature until analysis by 

inductively coupled plasma optical emission spectrometry (ICP-OES) could be 

performed.  

 

 

VII.2.7 ICP-OES Analysis 

 

 All samples were analyzed using a Teledyne Instruments (Hudson, New 

Hampshire) Prodigy High Dispersion Inductively Coupled Plasma Optical Emission 

Spectrometer (ICP-OES). The samples were analyzed for silver at three wavelengths: 

224.643, 328.068, and 338.289. Ultimately, the data from 338.289 was chosen for 

statistical analysis. Wavelength 224.643 was a doublet and deemed not usable. The 

wavelength at 328.068 was bracketed by iron at 328.026 and 328.129 which could 

have interfered during the analysis of both the insects and the plant samples, so that 

wavelength was dismissed as well.  

 Before running any samples the ICP-OES had to be prepped for use. 

Maintenance checks were performed each day of the run before igniting the plasma. 

Once the plasma was lit, the instrument was allowed to warm up for a minimum of 30 

minutes. The Hg wavelength was aligned and recorded first. The plasma was then 

positioned using a 10 ppm multi element standard. Using the manganese (Mn) 

wavelength at 257.610, the plasma position was optimized.  

 The three silver wavelengths were aligned next using a 10 ppm silver standard 

solution (SPEX CertiPrep, lot# CL7-09AGY). Echelles at 0.1, 1, and 5 seconds were 
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taken to manually adjust the element alignment if needed before each run. A scan was 

also taken of the silver standard. In order to check for possible interferences, after the 

silver alignment was completed, echelles and a scan were taken using a 10 ppm multi 

element standard to ensure no interfering elements interfered with the silver 

alignment. The scans of the silver and multi element standards were compared to 

ensure the peaks had not shifted in the presence of other elements.  

 Once all the preparatory work had been completed, the instrument could 

finally be calibrated. The calibration curve was created using silver standards of the 

following concentrations: 0 (blank), 0.01, 0.05, 0.1, 0.5, 1.0, 5.0, 10.0, and 20.0 ppm. 

In all cases, once the calibration was completed, the results from the 20 ppm standard 

were thrown out to ensure a better line fit.  

 The sample queue could be run once calibration had been completed. In order 

to ensure quality control throughout the run, the blank, 0.01, and 10 ppm standards 

were run at least once in each rack of 44 samples. Additionally, automatic check 

standard samples were set up to run at various intervals throughout each run. The 0.05, 

0.5, and 5.0 ppm standards were analyzed every 10 samples. And the 0.1 and 1.0 ppm 

standards were run every 20 samples. The standard samples were monitored 

throughout each run to ensure the instrument was constant in its analyses. Duplicate 

samples were also run at least once per batch to ensure consistency between runs.  
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VII.2.8 Statistical Analysis  

 In order to run statistical analyses on all the data first had to be normalized. In 

all cases the blank standards produced negative results; consequently, the negative 

blank value was subtracted from all samples and standards in order to get positive 

values. A correction factor was calculated for all standards. For standards 0.5 ppm and 

below, the correction factor was not equal to one. An average correction factor was 

calculated and applied to all samples below 0.5 ppm. The dilution factors were 

factored back into sample results by multiplying the analyzed concentration by the 

final sample weight and then dividing by the initial sample weight. These final 

calculated sample concentrations were then used to run statistical analyses. 

 All data was compared using a basic Kruskal-Wallis test in R (R version 2.15.1 

[2012-06-22]) after being found to be non-parametric (McKillup 2011). Samples that 

contained silver concentrations below instrument detection limits (<0.005 ppm) were 

treated as zeroes. This was followed by a multiple comparison test after Kruskal-

Wallis test to identify all significant differences among the treatment groups (p<0.05). 

 

VII.3 Results 

VII.3.1 Soil Characterization 

 The control soil was found to contain 54% sand, 36% silt, and 10% clay. This 

type of soil is classified as a sandy loam. The additional tests found the soil to contain 

0.01% humic matter, 1.7% organic matter, and 9 ppm S. The pH of the control soil 

was slightly basic, 8.1. And the CEC of the soil was calculated to be 18.0 meq/100g. 
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Other data from soil analysis is summarized in Table VII.5. The changes in CEC due 

to the increased clay content of each treatment group are summarized in Table VII.6.  

Additionally, control soil samples analyzed by ICP-OES were found to contain no 

detectable concentrations of silver. 

 

VII.3.2 Transmission Electron Microscopy 

 The 30-50 nm uncoated silver nanoparticles were found to be heavily 

aggregated after being dispersed in EtOH. However, the TEM was able to confirm the 

spherical shape of the nanoparticles (Figure VII.1). And most of the particles looked to 

be in 30-50 nm range, although there were outliers on either side of the range.  

 

 

VII.3.3 Dynamic Light Scattering 

 Approximately 95% of the 30-50 nm had a size between 30.70 to 52.90 nm 

(Figure VII.2). The average size of the particles was found to be 41.80 nm, well within 

the parameters set by the manufacturers.  

 

VII.3.4 Powder X-Ray Diffraction 

 The PXRD analysis of the silver nanoparticles confirmed their composition. 

The diffraction patterns matched both those in the ICDD and those provided by the 

manufacturer. A typical diffraction pattern can be seen below (Figure VII.3).  
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Table VII.5: Soil characterization results of control soil used during humic content 

studies 

Analysis Results 

Organic Matter 1.7% 

Exchangeable Potassium 263 ppm 

Exchangeable Magnesium 114 ppm 

Exchangeable Calcium 3273 ppm 

Soil pH 8.1 

Cation Exchange Capacity (CEC) 18.0 meq/100g 

Base Saturation, Potassium 3.7% 

Base Saturation, Magnesium 5.3% 

Base Saturation, Calcium 91.0% 

Base Saturation, Hydrogen 0.0% 

Sulfur Content 9 ppm 

Humic Matter 0.01% 

Sand Content 54% 

Silt Content 36% 

Clay Content 10% 
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Table VII.6: Differences in soil properties due to experimentally increased humic 

matter  

Treatment  

Group 

Humic 

Matter (%) 

Sulfur 

Content 

(ppm) 

CEC 

(meq/100 g) 

Organic 

Matter 

(%) 

0% Humic 

Content 
0.01 9 19.8 1.7 

1% Humic 

Content 
0.01 17 18.2 1.6 

5% Humic 

Content 
0.03 36 19.0 1.9 

10% Humic 

Content 
0.07 82 21.4 2.5 

15% Humic 

Content 
0.07 101 20.7 2.6 

20% Humic 

Content 
0.11 127 23.1 2.9 
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Figure VII.1: Transmission electron microscopy image for 30-50 nm uncoated silver 

nanoparticles used in humus study 
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Figure VII.2: Size distribution of 30-50 nm uncoated silver nanoparticles used in 

humus study, as determined by dynamic light scattering 
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Figure VII.3: Diffraction pattern of 30-50 nm uncoated silver nanoparticles used in 

humus study as determined by powder x-ray diffraction 
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VII.3.5 ICP-OES Results 

 In addition to all method blanks, the control samples from both the plant and 

insect samples were found to contain no detectable concentrations of silver. All A. 

domesticus samples were found to contain trace amounts of silver (>0.02 ppm) except 

those in the 20% treatment groups. There was no obvious trend within the treatment 

groups (Figure VII.4). The T. molitor samples from all treatment groups were found to 

contain trace amounts in silver. There was no apparent trend among the treatment 

groups (Figure VII.5).  

 The S. vulgare root samples from all treatment groups were found to contain 

trace amounts of silver. No other plant tissue samples were found to contain detectable 

levels of silver. There was no discernable trend among the treatment groups (Figure 

VII.6). All H. annuus root samples were found to contain trace amounts of silver. The 

stem and leaf samples from the 1% treatment group were also found to contain trace 

amounts of silver. The silver concentration in the roots typically declined as the peat 

humus content increased (Figure VII.7).  
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Figure VII.4: No trend observed among A. domesticus sample silver concentration as a 

result of increasing humic content; statistical differences between treatment groups 

(p<0.05) are denoted using lowercase letters 
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FigureVII.5: No statistical differences (p<0.05) were observed among the T. molior 

samples as a result of increasing humic content 
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Figure VII.6: No statistical differences (p<0.05) were observed among S. vulgare 

silver concentrations as a result of increasing humic content 
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Figure VII.7: Decreased silver concentrations in H. annuus samples as a result of 

increasing humic content; statistical differences between treatment groups (p<0.05) 

are denoted using lowercase letters 
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 VII.3.6 Data Analysis  

The silver concentration of the A. domesticus  20 ppm treatment group was 

found to be significantly lower than that of the 0, 5, and 10% treatment groups. There 

were no significant differences among any of the T. molitor, H. annuus, or S. vulgare 

treatment groups. 

 

VII.4 Discussion 

 Although the A. domesticus and H. annuus samples showed a general decrease 

in silver concentration as humus content increased, there was no solid trend that can be 

applied to all four studies. The silver concentrations in all samples were expected to 

decrease as the peat humus content increased. Humic content is the component of 

SOM which provides the majority of a soil’s CEC (Sparks 1995). By increasing the 

humic matter, the CEC of the soil will increase and provide more electrostatic binding 

sites for cations, like Ag
+
, thus immobilizing them. Additionally, humic substances, 

like fulvic acid, humin, and humic acid contain a substantial amount of S for which 

silver has a high affinity. Silver and S form Ag2S, a virtually insoluble compound, and 

become unavailable for uptake by plants (Anjum et al. 2013; Coutris, Joner, and 

Oughton 2012; Clement Levard et al. 2012; Clement Levard et al. 2013; VandeVoort, 

Arai, and Sparks 2012; Clément Levard et al. 2011; B. Kim et al. 2010).  Humic 

substances have also been known to chelate metals making them less mobile and 

potentially reducing their bioavailability. The soil characterization showed that S 
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content, CEC, and both humic and organic matter increased with each treatment group 

and yet no clear decrease in sample silver concentrations was observed.  

 The small number of plant tissue samples may have contributed to the lack of 

definitive data in those studies. And because the negative charge of SOM is dependent 

on soil pH (Liu and Gonzalez 1999), the manner in which plants, especially dicots, 

absorb essential metals from the soil may have had an effect. Root exudates acidify the 

rhizosphere surrounding the roots solubilizing any metals present (Raskin et al. 1994; 

Yin et al. 2011; Koo et al. 2013). The metallic ions are then available for uptake by the 

roots in the soil solution. During the act of acidifying the rhizosphere around the roots, 

previously unavailable silver nanoparticles may become available for uptake by the 

roots. This phenomenon may also have contributed to the lack of trends observed in 

the plant species.  

The mechanism by which the two insects used in this study were able to 

accumulate silver is still unknown. There are several theories on how terrestrial insects 

take up metals, but which one, or which combination was in effect during this study is 

unknown. If the insects are accidentally ingesting the metal, the increased humic 

content may not have a large impact in reducing the bioavailability. However, if the 

nanoparticles are adhering to the cell surfaces of the insects, especially T. molitor 

which was constantly in very close contact with the soil, they may be less able to do it 

if electrostatically bonded to a large mass of humic materials. Further studies 

examining the route of uptake by insects will be needed before any further statements 
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can be made about the effects of humic substances on the uptake of silver 

nanoparticles by insects in a terrestrial system. 

 

VII.5 Conclusion 

 The results of these studies did not yield data that can be used to make any 

definitive statements about the effects of SOM, specifically humic substances, on the 

bioavailability of silver nanoparticles to four terrestrial species. It may have been due 

to a smaller sample size in each of the experiments. Or it may because the path by 

which insects take up nanoparticles from soil is still unclear. Another possibility is that 

due to the complexity of a soil system, there is some yet unknown factor that has not 

been taken into account. Further studies will be required to answer these lingering 

questions.  
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VIII. A COMPARISON OF EXPERIMENTAL CONCENTRATIONS OF 

SILVER NANOPARTICLES TO ORAL TOXICITY STUDIES IN 

LITERATURE 

 

VIII.1 Introduction 

 During the series of studies that examined which soil and nanoparticle 

characteristics had the greatest effect on bioavailability, a wide range of silver 

concentrations were measured in the samples from the many treatment groups. These 

studies illustrated that various species of plants and insects are able to take up silver 

nanoparticles in varying amounts depending on the situation. This is particularly 

applicable to real world situations in which the soil characteristics will vary greatly 

and the properties of nanoparticles will differ significantly from one location to the 

next. Some of the soil properties include soil pH, clay content, soil organic matter 

content, cation ion exchange capacity, sulfur content, and soil texture.  Additionally, 

silver nanoparticles reintroduced to terrestrial systems as fertilizers will be present in a 

wide variety of shapes, sizes, concentrations, and with many different surface 

coatings.  

 

VIII.2 Study Results 

 Two insect species were studied, representing only two orders, Orthoptera and 

Coleoptera, of many. Both species Acheta domesticus and Tenebrio molitor were 

found to accumulate silver from the soil to some extent in all studies performed. 
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Because the ICP-OES measures total silver concentration, it is not clear whether the 

insects accumulated the silver nanoparticles themselves, or silver ions produced by the 

nanoparticles. However, it can be safely said that the silver was accumulated from the 

spiked soil since neither the control soil nor the control insect samples were found to 

contain silver.  

 The concentrations of silver accumulated by the two insect species widely 

varied from one study to another. In both the studies examining the effect of 

nanoparticle concentration on uptake by A. domesticus, the maximum concentration 

found in both studies was just over 7 ppm per 1.00 g dry weight (dw). The A. 

domesticus samples were found to be about 81% water, this correlates to 7 ppm per 

5.25 g wet weight (ww). The maximum concentration of silver detected in the T. 

molitor samples during these studies was close to 9 ppm in the study utilizing the 

coated nanoparticles. The T. molitor samples were found to be approximately 39% 

water, so the 9 ppm of silver was per 1.65 g ww of the insects.  

 All other studies involving the insects had much lower silver concentrations. In 

the studies investigating the effect of nanoparticle size the A. domesticus sample 

containing the most silver was found to contain just over 1 ppm; the T. molitor sample 

with the highest concentration of silver was again from study using coated 

nanoparticles and contained around 1.7 ppm. During the studies examining soil 

properties, the A. domesticus clay study was found to have the lowest maximum value, 

with only 0.6 ppm; the humus and pH studies had very similar maximum values, both 

right around 1.5 ppm. As for the soil studies using T. molitor, the clay treatment group 
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had the lowest maximum value, at just over 1 ppm; the humus and pH maximum 

values were similar, around 1.4 ppm. The data from all studies is summarized in Table 

VIII.1; data has been adjusted to calculate silver concentrations per one gram of 

insects, ww.  

 The silver concentrations accumulated by the plant tissues varied widely as 

well. Though it can be said that for all studies, and both species, the root samples were 

found to contain the most silver. In the majority of cases the other Sorghum vulgare 

tissues analyzed were not found to contain silver at all. The Helianthus annuus plant 

tissue samples, however, were found to contain some silver in the leaves, stems, and 

seeds in a handful of studies.  

As observed with the insect studies, the highest concentrations of silver were 

accumulated by the samples from the studies examining the effects of nanoparticle 

concentration. The roots samples of S. vulgare contained over 50 ppm and those of H. 

annuus contained well over 300 ppm; both of these values were from the studies using 

coated nanoparticles. No other studies involving the plants had samples exceeding 

these concentrations. The root concentrations from the studies investigation 

nanoparticle size were much lower, around 3.5 ppm for S. vulgare and approximately 

10 ppm for H. annuus; again, both of these values were from studies using coated 

nanoparticles. As for the studies involving soil properties, the clay had the lowest 

maximum values for S. vulgare, below 1 ppm, but not for H. annuus which had a 

maximum value over 20 ppm. The maximum root concentration found in the humus 

studies was around 4 ppm for S. vulgare and roughly 6 ppm for H. annuus. And  
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Table VIII.1: Summary of maximum silver concentrations accumulated by insects 

during various studies 

 Concentration Size Clay Humus pH 

A. domesticus 7.42 1.08 0.59 1.50 1.53 

Adjusted  1.41 0.21 0.11 0.29 0.29 

T. molitor 8.85 1.77 1.23 1.49 1.28 

Adjusted 5.36 1.07 0.75 0.90 0.78 
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finally the highest concentration of silver accumulated by S. vulgare during the soil 

pH study was around 11 ppm and about 7 ppm for H. annuus. And unlike the insect 

samples, all plant tissue samples were not freeze-dried, so the concentrations do not 

have to be adjusted to account for water weight. A summary of this data can be found 

in Table VIII.2.  

 It should also be mentioned that the H. annuus leaf sample containing the most 

accumulated silver was also from the concentration study and contained 75.1 ppm. 

The stem and seed samples with the most silver were also from the uncoated 

concentration study, both contained right around 52 ppm silver.  

 A comparison of all species used can be found in Table 32. By examining the 

results in Table VIII.3, it can be said that per one gram ww, the root samples of the 

two plant species were able to accumulate more silver than the insects by far. It should 

be noted that all four of the selected species did accumulate silver in all studies to 

some extent. So, what does this all mean? 

 

VIII.3 Implications for a Terrestrial Food Web 

 In performing this series of studies it was discovered that silver nanoparticles 

are bioavailable for uptake by both plants and insects in a wide variety of situations. 

This is significant because as silver nanoparticles continue to be manufactured and 

used, a considerable amount of will ultimately end up in terrestrial environments.  

 



Texas Tech University, Sara Pappas, August 2015 

253 

 

Table VIII.2: Summary of maximum silver concentrations accumulated by plant roots 

in various studies 

 Concentration Size Clay Humus pH 

S. vulgare 55.9 3.54 0.61 4.44 11.4 

H. annuus 331.4 10.1 22.8 6.54 7.20 
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Table VIII.3: Comparison of maximum concentrations of silver accumulated from soil 

by four terrestrial species 

 Concentration Size Clay Humus pH 

A. domesticus 1.41 0.21 0.11 0.29 0.29 

T. molitor 5.36 1.07 0.75 0.90 0.78 

S. vulgare 55.9 3.54 0.61 4.44 11.4 

H. annuus 331.4 10.1 22.8 6.54 7.20 
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Silver nanoparticles in the environment will have wildly different concentrations, 

sizes, shapes, and surface coatings. They will also be deposited on soil systems with 

extremely diverse properties. And as plants and insects make up the base of most 

terrestrial food webs, once silver enters a food web, it may have implications for 

organisms in higher trophic levels.  

 Any organism that consumes plant matter or insects that contain silver 

nanoparticles will then be exposed to the heavy metal themselves; in fact, both plants 

(Raskin et al. 1994; Del Toro et al. 2010; Hooda et al. 1997; Al-Salim et al. 2011) and 

insects (Suthar and Singh 2009; Zhuang, Zou, and Shu 2009; Migliorini et al. 2004; 

Del Toro et al. 2010) have been shown to be viable pathways for bulk metals to enter 

the food web of other organisms. The toxicity of silver nanoparticles has been shown 

to cause a suite of effects depending on the route of exposure and the dose. But for 

many species the toxicokinetics of silver nanoparticles remains unknown. How the 

silver nanoparticles are absorbed, distributed, metabolized, and excreted by organisms 

other than laboratory test animals remains to be seen.  

 Many studies involving small mammals have found that once entering an 

organism, silver nanoparticles are readily distributed throughout the body; 

additionally, the BBB and BTB are ineffective at preventing silver nanoparticles from 

entering the brain and testes (Kruszewski et al. 2011). During many 28 oral exposure 

studies using mice or rats, silver nanoparticles have been found to accumulate and 

cause damage to many organs including the small intestines, stomach, liver, kidneys, 

brain, spleen, testes, bladder, heart, and lungs. One study (Loeschner et al. 2011) 
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found that oral exposure to an aqueous solution of 11.5 mg/mL 14 nm silver 

nanoparticles caused necrosis of liver cells in Sprague-Dawley rats. This study also 

found that on average 63% of the silver was excreted by the rats via feces. A second 

study using Sprague-Dawley rats suggested that exposure to over 300 mg of silver 

nanoparticles may cause liver damage as well (Y. S. Kim et al. 2008). In another 

study, a low dose (30 ppm/day), a middle-dose (125 ppm/day), and a high dose (500 

ppm/day) of 56 nm silver nanoparticles orally administered to rats for 13 weeks was 

found to cause a dose-dependent accumulation of silver in the testes, liver, kidneys, 

brain, and blood (Kruszewski et al. 2011; Y. S. Kim et al. 2010). And 15 and 20 nm 

silver nanoparticles given to Sprague-Dawley rats at a concentration of 90 ppm were 

found to accumulate in all organs examined, including the liver, spleen, testes, 

kidneys, brain, lungs, bladder, and heart (van der Zande et al. 2012). 

 Mice fed 2.5 g of 13 nm silver nanoparticles for three days were found to have 

inflamed livers (Cha et al. 2008). In a separate study mice fed only 1 ppm of four 

different sized silver nanoparticles (22, 42, 71, and 323 nm) were found to contain 

silver in the brains, lungs, livers, kidneys, and testes in all of the treatment groups 

except those using the largest particles (Park et al. 2010). 

 In addition to small mammals, there have also been several studies involving 

broiler chickens and Japanese quail (Coturnix japonica). However, the goal of these 

studies was primarily to see if silver nanoparticles are an effective antibacterial 

treatment. The endpoint of most of these studies involved examining the changes in 

gut microflora (Sawosz et al. 2007), growth performance (Pineda, Chwalibog, et al. 
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2012; Pineda, Sawosz, et al. 2012), egg laying (Farzinpour and Karashi 2013), or 

blood parameters (F. Ahmadi 2012; J. Ahmadi 2009). Little to no effects were found 

during the majority of these studies.  

 These limited studies have shown that even low concentrations, as low as 1 

ppm, can cause accumulation in many internal organs of the organism tested. These 

studies also demonstrate that a wide variety of toxicological effects can occur 

dependent on the size and concentration of the nanoparticles ingested.  

 It is probable that any wild organism ingesting insects that contain 1 ppm 

silver, as was seen during this series of studies, could very quickly surpass the 

concentrations the laboratory test organisms were exposed to. This leaves the wild 

organism vulnerable to accumulation of silver in various internal organs and an 

assortment of injurious effects. Additionally, organisms like shrews or voles that 

consume the roots of plants will be exposed to even higher concentrations of silver.  

 All the species chosen as test organisms during these experiments were done 

so because of their contribution to the food web. Both A. domesticus and T. molitor are 

consumed by a large variety of birds and mammals. The same can be said for the 

vegetation and seeds of H. annuus and S. vulgare.  

 

VIII.4 Conclusions 

 By accumulating silver nanoparticles from the soil, A. domesticus, T. molitor, 

H. annuus, and S. vulgare introduce this potentially toxic heavy metal to the food 

webs of countless other organisms. They may, in turn, be consumed by others or 
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perhaps even human beings. And the silver can potential travel from one trophic level 

to the next as other metals have been shown to do in the past.  

 And although the majority of the concentrations measured in the 1.00 g 

samples were relatively small, some organisms may consume up to 100% of their 

body weight in food on a given day. Even in such small quantities, repeated exposure 

to possibly multiple contaminated food items can lead to high and potentially toxic 

concentrations of silver.  

 To conclude, this study demonstrated that silver nanoparticles are bioavailable 

for uptake from soils by both insects and plants. Even in small quantities, these heavy 

metals have the potential to accumulate to toxic levels in the organisms that consume 

the contaminated food item. As silver nanoparticles continue to be manufactured and 

added to consumer appliances and goods, this threat to terrestrial food webs will only 

continue to grow.  
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