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Abstract 
 

The growing use of nanoscale materials in commercially available products and 

therapeutics has created an urgent need to determine the toxicity of these materials so that 

they may be designed and employed safely.  As nanoparticles have unique physical and 

chemical properties, the challenges in determining their physiological and environmental 

impact have been numerous.   It is, therefore, the goal of my thesis work to employ 

sensitive analytical tools to fundamentally understand the how nanoparticles interact with 

immunologically and ecologically relevant models.  My project approaches nanotoxicity 

studies starting with a relevant model system exposed to well-characterized nanoparticles 

to (1) determine if cells/organisms survive exposure using traditional toxicological assays 

and, if the majority survives exposure, (2) use sensitive analytical tools to determine if 

there are changes to critical cell/organism function.  If perturbation of function is 

detected, (3) the mechanism or cause of changes in cell function should be determined, 

including assessment of nanoparticle uptake and localization.  Once a mechanism of 

interaction is determined, this process could begin again with a modified particle that 

may address the toxic response.  

Chapter Two describes the impact of metal oxide (TiO2 and SiO2) nanoparticles 

on mast cells, critical immune system cells, and utilizes the sensitive technique of carbon-

fiber microelectrode amperometry (CFMA) to monitor changes in the important mast cell 

function of exocytosis.  Chapter Three expands upon Chapter Two and examines in more 

detail the mechanism by which TiO2 nanoparticles impact exocytotic cell function, 

completing the process nanotoxicity described above. From these studies, it was 

determined that, while nanoparticles do not decrease the viability of mast cells, there are 

significant changes to exocytosis upon nanoparticle exposure, and in the case of TiO2, 

these changes in exocytosis are correlated to nanoparticle-induced oxidative stress. The 

generalizability of the mechanism of TiO2 toxicity, as detailed in Chapter Two and Three, 

is explored in Chapter Four in a bacteria model, Shewanella oneidensis, studying the 

functions of biofilm formation using a quartz crystal microbalance (QCM) and flavin 

secretion using high performance liquid chromatography (HPLC). This study revealed 

that the proximity of the TiO2 nanoparticles to S. oneidensis caused changes in gene 

expression resulting in an observed delay in biofilm growth and increase in riboflavin 

secretion. Chapter Five works to develop an in situ Ag nanoparticle characterization tool 

using fluorous-phase ion selective electrodes to measure dissolved Ag
+
, with preliminary 

investigation into the toxicity of Ag nanoparticles and Ag
+
 ions to S. oneidensis, resulting 

in one of the first in situ characterization tools for nanoparticles during toxicity 

assessments. 

Moving beyond laboratory work, Chapter Six examines bench scientists’ 

perspective on the regulation of nanotherapies moving from pre-clinical to first-in-human 

trials and the ethical considerations for the implementation of nanotechnology.  Finally, 

Chapter Seven details the development of a 3-day nanotoxicity laboratory for 

introductory chemistry classes to introduce students to interdisciplinary science and the 

cutting edge research field of nanotoxicology. 

In total, my project has considered the scientific, ethical, and educational 

implications for nanotoxicology and has ultimately contributed to a better understanding 

of the nanoparticle-cell interaction.  
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1.1 General Overview 

Nanotechnology has provided a basis for innovation in a wide range of products, 

from pharmaceuticals to athletic gear, and has resulted in an exponential increase in both 

the deployment of nanotechnologies in products along with the development of novel 

materials.
1
 The global production of nanoparticle-enabled products has greatly increased 

in the last decade, with estimated nanoparticle production to be thousands of tons in 

2004
2
 and projected to grow to over half a million tons by 2020;

3, 4
 therefore, it is certain 

that humans have interacted or will interact with engineered nanoparticles and that these 

nanoparticles will be released into the environment. Subsequently, there is a need to 

understand the biological and ecological implications, both intended and unintended (i.e. 

toxicity), of engineered nanoparticle exposure, out of which the field of nanotoxicology 

has emerged.   

Early studies of biological toxicity, or toxicity as relating to human health, 

evolved out of the aerosols field where emphasis was on the impact of ultrafine 

particulate pollution on human health.
5
  Ecological toxicity, or toxicity as related to 

environmental or ecosystem health, has arisen out of the colloids community, where 

studies have focused on the fate and transformation of naturally occurring colloids, 

including their role in transport of micropollutants such as heavy metals
6
 and in 

atmospheric chemistry.
7
 Engineered nanoparticles, however, are composed of a much 

wider variety of materials and occur in monodisperse sizes and shapes with a suite of 

synthetic surface molecules distinct from naturally-occurring materials; these novel 

nanoparticles have prompted the aerosols and colloids communities to consider more 

strongly the impact of engineered nanoscale particles to human and ecosystem health in 
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the interdisciplinary field of nanotoxicology.  In general, the field of nanotoxicology, a 

term coined circa 2004,
8
 is defined as the study of the bio-nano interactions that occur 

through nanoparticle exposure, and it is aimed at elucidating mechanisms of interaction 

with the ultimate goal to yield nanoparticle design rules that will allow rational prediction 

and control of toxicity throughout the life cycle of a nanoparticle product.  

While biological and ecological toxicity assessments have many different 

considerations, the challenges that face the nanotoxicity community transcend either area 

and require interdisciplinary efforts to overcome these challenges. It has become apparent 

within the field of nanotoxicology that there is a critical need for new or different 

techniques that enable the understanding of toxicity on a mechanistic level, which 

analytical chemistry has the expertise to address. Herein, I review important 

considerations for biological and ecological nanotoxicity, including nanoparticle 

characterization and transformation, model systems, and common toxicity assessments in 

addition to examining the overlapping challenges that face both areas of the nanotoxicity 

community.  The areas of overlap yield insight into gaps in the literature that the 

expertise of analytical chemists can address, which ultimately may lead the nanotoxicity 

field to generalizable trends in toxicity and safe, sustainable design and use of 

nanoparticles. 

 

1.2 Considerations of Exposure  

Prior to nanotoxicological assessments, it is important to consider routes of 

nanoparticle exposure, the prevalence of particular nanoparticles, and the characteristics 

of the nanoparticles that could influence toxicity.   



4 

 

1.2.1 Engineered Nanoparticles in the Body 

Human exposure to nanoparticles, either intentional or unintentional, can occur 

through a number of exposure pathways (as detailed in Figure 1.1), and it is clear that 

nanoparticles can translocate within the body after exposure.
9
  The range of materials to 

which humans could be exposed is broad, particularly with the ever expanding list of 

nanotherapeutics, where nanoparticles are used as drug delivery vehicles, contrast agents, 

photothermal/photodynamic therapies, and/or some or all of these functions.
10

 More 

specifically, materials used for intentional, nanotherapeutic purposes range from 

liposomes to iron oxide to gold.
11

  Nanoparticles that are commonly utilized in 

commercially available products make up the majority of nanoparticles in unintentional 

human exposure.  

 

 

Figure 1.1 Schematic of human exposure pathways to nanoparticles and confirmed 

(solid line) or potential (dashed lines) routes of translocation throughout the body.  

Reprinted with permission from reference 1. 
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  Due to the range of materials, uses, and pathways of exposure, it is difficult to 

predict relevant nanoparticle exposure levels.  Intentional exposure to nanotherapeutics or 

UV-light filtering nanoparticles (titanium dioxide (TiO2) or zinc oxide (ZnO)), for 

example, depend on the necessary dose to achieve therapeutic potential or prevent 

sunburn, respectively.  These doses can range from 6 mg/g for gold (Au) nanoparticle 

therapies
12

 to 2 mg/cm
2
 for application of ZnO-containing sunscreen.

13
  For unintentional 

nanoparticle exposure, efforts have been made to sample aerosolized nanoparticles from 

work spaces where engineered nanomaterials were handled,
14

 measuring a wide range of 

concentrations (0-50 µg/m
3
) during various tasks from a variety of nanoparticles (e.g. 

TiO2, silica (SiO2), aluminum oxide (Al2O3)).
15, 16

  One thing to note from these examples 

of doses is that not only does a wide range of exposure levels exist, which is important 

for clearly understanding the toxicological impacts of nanoparticles, there are also many 

different dose metrics utilized within the literature.  The importance of dose metrics 

becomes particularly relevant when results from in vitro experiments (i.e. experiments on 

single cell-lines or tissue) are extrapolated to in vivo, or whole organism, exposures.  

Equivalent dosing is difficult to achieve because the nanoparticle experiences a vastly 

more complicated delivery route and environment when administered in 

vivo.
10

  Accordingly, in vitro toxicity response tends to overestimate the in vivo 

impact.  By using a good dose metric, or measure of the dose, in vivo versus in vitro 

doses can be justified, and an accurate determination of the therapeutic effect or toxicity 

can be achieved.  Donaldson et al. and Duffin et al. were recently successful in this 

endeavor by representing the dose in terms of nanoparticle surface area, and both groups 

showed correlated toxicity between in vivo and in vitro experiments.
17, 18

  Due to the 
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complex nature of nanomaterial dosing and the relatively recent emergence of 

nanotoxicology as a discipline, few exposure standards for toxicity evaluation exist and 

are an area of much needed research.   

 

1.2.2 Engineered Nanoparticles in the Environment 

Though the number of commercial and manufactured products containing 

nanoparticles is growing and novel nanoparticles are continually developed, there are 

only a few materials that are currently in a large number of products or used in high 

volume, and therefore, are currently being released or will likely be released to the 

environment in the coming decades.  These include silver (Ag), TiO2, ZnO, SiO2 and 

carbon-based nanomaterials (single-walled carbon nanotubes (SWCNTs), multi-walled 

carbon nanotubes (MWCNTs), and fullerenes);
19

 accordingly, these are largely the main 

focus of nanoparticles studied within the current econanotoxicology literature.  

There are various pathways into the environment, including direct application to 

an environmental compartment, wastewater treatment plant (WWTP) effluent, WWTP 

sludge, and product degradation;
20, 21

 yet, it is difficult to estimate the relevant 

concentrations of nanoparticles that will be released at any given time.  Some of the 

difficulty in predicting relevant concentrations of nanoparticle release is the result of 

limited data on nanoparticle prevalence in and use of commercial products and likely use 

in the future.
22, 23

 Additionally, transformations of nanomaterials, such as dissolution, 

sedimentation, or release of surface moieties, could greatly affect the pathway and extent 

of environmental release.  A number of risk assessment efforts have been made to model 

and calculate predicted environmental concentrations (PECs) of nanoparticles with the 
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current understanding of nanoparticle transformations and fate
20, 21, 24-29

 along with a few 

experimental approaches to examine nanoparticle fate under natural conditions.
29, 30

 A 

summary of the PECs is found in Table 1.1, with ranges including the lowest and highest 

PECs reported in the literature, and it should be noted that these values are sometimes 

calculated considering all species of the material (e.g. Ag2S, Ag
+
, and Ag nanoparticles) 

and other times considering simply the expected predominant form.   

 

Table 1.1 Predicted environmental concentrations (PECs) of highly produced and used 

nanoparticles in three major pathways in the environment. 

Nanoparticle PEC – pathway into environment Reference 

Ag 0.088-10000 ng/L – surface water 

0.0164-17 µg/L – WWTP effluent 

1.29-39 mg/kg – WWTP sludge 

20, 23, 24, 26 

24, 26 

24, 26 

TiO2 21-10000 ng/L – surface water 

1-100 µg/L – WWTP effluent 

100-2000 mg/kg – WWTP sludge 

20, 23, 24, 25, 27, 28 

24, 29, 30 

24, 28, 29 

ZnO 1-10000 ng/L – surface water 

0.22-1.42 µg/L – WWTP effluent 

13.6-64.7 mg/Kg – WWTP sludge 

23, 24 

24 

24 

Carbon-based 0.001-0.8 ng/L – surface water 

3.69-32.66 ng/L – WWTP effluent 

0.0093-0.147 mg/kg – WWTP effluent 

20 

24 

24 

 

1.2.3 Engineered Nanoparticle Characterization and Transformation 

While molecular toxicology has provided a basis for much of the nanotoxicity 

assessments, one distinguishing feature of nanoparticle toxicants from molecules is the 

importance of their physical characteristics, including size, crystallinity, surface charge, 
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and surface chemistry, to their toxicity. Table 1.2 summarizes the important 

characteristics and the tools commonly used to characterize these features. 

Table 1.2 Important nanoparticle properties and common methods for characterization. 

Adapted with permission from reference 31. 
31

 

Physiochemical Property Common Characterization Methods* 

Size (distribution) TEM, AFM, DLS, NTA 

Shape TEM, AFM, UV-vis (for plasmonic nanoparticles) 

Agglomeration/aggregation state DLS, UV-vis (for plasmonic nanoparticles) 

Crystal structure XRD, ED 

Surface chemistry/charge/area AES, EELS, XPS, solid state NMR, ζ-potential, BET 

Stability over time/dissolution DLS, UV-vis, ICP-AES, ICP-MS, colorimetric assays 

*Abbreviations: TEM – transmission electron microscopy, AFM – atomic force microscopy, DLS – 

dynamic light scattering, NTA – nanoparticle-tracking analysis, UV-vis – UV visible spectroscopy, XRD – 

x-ray diffraction, ED – electron diffraction, AES – Auger electron spectroscopy, EELS – electron energy 

loss spectroscopy, XPS – x-ray photoelectron spectroscopy, NMR – nuclear magnetic resonance, BET – 

nitrogen adsorption/desorption isotherm, ICP-AES – inductively coupled plasma atomic emission 

spectroscopy, ICP-MS – inductively coupled plasma mass spectrometry 

 

 

From the body of literature, it is clear that nanoparticles are transformed from 

their original, synthesized state no matter the type, amount, or pathway of human 

exposure/environmental nanoparticle release, which follows from their high reactivity. 

Transformations are the result of a myriad of reactions or processes, including 

aggregation/agglomeration, redox reactions, dissolution, and reactions with natural 

occurring macromolecules. These dynamic transformations in turn affect the transport, 

fate, and toxicity of nanoparticles in the body or environment, and therefore, it is critical 

to understand and characterize these transformations. Trends in nanoparticle aggregation, 

surface molecule transformations, and speciation/dissolution under relevant conditions 

are examined herein.  Typically, physiological or environmental conditions are simulated 

in the laboratory by modeling ionic strength and protein or natural organic matter (NOM) 
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content, respectively, two key characteristics in nanoparticle transformation in aqueous 

solutions.  

The size of nanoparticles is an important determinant to reactivity, transport, and 

toxicity, and while it is common to characterize the primary particle size, often done with 

electron microscopy, nanoparticles tend to agglomerate so that a system interacts with the 

aggregate size instead. Light scattering techniques are most commonly employed to study 

stability of nanoparticles in solution
31

 or as an aerosol.
32

   Within solutions, there are 

some notable aggregation trends observed no matter the nanomaterial.  First, increasing 

ionic strength increases the rate and extent of aggregation of nanomaterials,
33, 34

 and the 

ionic species has some effect on the extent of aggregation.
34-36

 Intentionally modifying 

the surface of nanoparticles can prevent or enhance the effect of ionic strength on 

aggregation as demonstrated by Badawy et al. with Ag nanoparticles that were “bare”, 

citrate-, PVP (polyvinylpyrrolidone)- or BPEI (branched polyethyleneimine)-capped, 

where steric hindrance and electrostatics prevented aggregation of PVP- and BPEI-

capped Ag nanoparticles.
34

   

Besides ionic strength, the presence of proteins, NOM, and other 

biomacromolecules (e.g. polysaccharides) plays a key role in determining the aggregation 

state of nanoparticles.  In biological systems, the “protein corona” has been the focus of 

many biological toxicity studies where a layer of adsorbed proteins make-up the nano-bio 

interface.
37, 38

 NOM is a ubiquitous, and not very well-defined, component of 

environmental systems that readily sorbs onto the highly reactive surface of 

nanomaterials.
39

 Typically, NOM displaces weakly bound capping agents and forms a 

dynamic, heterogeneous layer of molecules.
40

 With respect to aggregation, the presence 
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of biomacromolecules has had varied effects.  There is significant evidence that, in the 

presence of NOM, nanoparticles are stabilized and aggregation is limited at realistic 

NOM concentrations (1-30 mg C/L),
35, 41

 but flocculation is observed at higher NOM 

concentrations;
42

 these trends are maintained in a model protein, bovine serum albumin 

(BSA).
43

 Other molecules, like extracellular polymeric substance, cause an increase  in 

nanoparticle aggregation rate,
44

 while still other molecules like cysteine, a component of 

proteins and NOM, cause an initial increase in aggregation rate but not in the long-term 

aggregate size.
45

 Understanding aggregation is critical for characterizing transport of 

nanoparticles through the body and environmental compartments. In the body, greater 

aggregation yields larger particles that are cleared from the body by the mononuclear 

phagocyte system, and in the environment, less aggregation yields lower rates of 

sedimentation and greater mobility; therefore, understanding the interaction of 

nanoparticles under natural conditions (e.g. salinities, pH, and molecular species) enables 

a better assessment of exposure and transport. 

These aggregation studies bring to light the importance of the nanoparticle surface 

and localized environment around that surface in the transformation of the material.  As 

alluded to previously, proteins and NOM are of particular importance in the nanoparticle 

alteration because of their pervasiveness throughout the body and environment. NOM 

clearly plays a role in the aggregation dynamics but itself is dynamic, with an undefined 

molecular structure and a variety of reactive moieties, and therefore its sorption onto 

nanoparticle surfaces may aid transformations beyond aggregation, such as surface 

reduction, where NOM can reduce ionic metals at the surface to grow the nanoparticle.
46

 

Proteins and other biomolecules like fatty acids can act upon the nanoparticle where 
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binding or interacting with the surface alters the free energy of the surface
47

 and/or can 

influence other nanoparticle transformations.
48

 In addition to organic molecules (e.g. 

proteins, NOM, carbohydrates), heavy metal ions also have the ability to adsorb onto 

nanoparticle surfaces, increasing the transport and toxicity effects of heavy metal atoms 

but also prompting the use of nanoparticles in heavy metal pollutant remediation.
49

 

Beyond sorption of extraneous molecules/atoms, the transformation of the 

nanomaterial itself into other species plays a role in the toxicity assessment.  For 

example, the dissolution of Ag nanoparticles (Ag
0
 to Ag

+
) is responsible for the 

antimicrobial nature of Ag nanoparticles,
50

 and therefore, understanding this speciation, 

studied primarily using atomic spectroscopy, is important for assessing nanotoxicity. 

However, the surface of Ag nanoparticles, in addition to surface adsorption of proteins, 

NOM and other macromolecules, is susceptible to reaction with oxygen and sulfur atoms, 

making it unlikely that Ag(0) is the primary form of the atoms at the nanoparticle 

surface.
36

 Other nanoparticles (e.g. Au, ZnO, and copper oxide (CuO))
51

 experience 

similar speciation either in the dissolution to ions or chemical reactions that, in turn, 

could affect other physicochemical changes in the nanoparticles and ultimately, 

nanoparticle translocation and toxicity.   

 The interplay between the different, dynamic nanoparticle transformations 

discussed above (Figure 1.2) and the importance of the nanoparticle state on subsequent 

transport and toxicity necessitates careful time-dependent characterization of 

nanoparticles in environmentally relevant conditions. Current analytical methods yield 

limited insight into a subset of these transformations; development of sensitive, in situ 
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characterization tools, a strength of the analytical chemistry community, would 

significantly advance this field. 

 

 

 

 

 

1.3 Considerations of Model Systems 

 It is important for understanding functional impacts of nanoparticles to humans 

and/or the environment to investigate toxicity in model systems.  Common biological and 

ecological model systems are discussed below. 

 

1.3.1 Biological Models 

Biological toxicity studies often utilize two categories of model systems: in vivo, 

whole organism, and in vitro, cells or tissue.  In vivo toxicity studies provide vital 

information to assess the health and safety of nanoparticles as they provide a systemic 

Figure 1.2 Illustration of the dynamic transformations nanoparticles may 

undergo in the body or the environment and the interplay between these 

transformations. 
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response to nanoparticles.
52

 Depending on the potential application of the nanomaterial, 

any number of animal models or physiological mechanisms can be studied, such as 

zebrafish embryo development,
53

 rabbit ocular toxicity,
54

 rat pulmonary toxicity,
55

 and 

LD50 (lethal dose to 50% of the population)
56

 or immune cell distributions in mice.
57

  

These types of studies have several limitations including the long experimental time 

required, the high cost, and the ethical concerns regarding the treatment of laboratory 

animals.  Yet, in vivo studies are necessary to explore nanoparticle biodistribution and 

determine appropriate cell types to be used in in vitro studies.  In vitro methods are 

relatively fast and inexpensive and minimize ethical concerns regarding animals; 

however, many of these methods require more extensive validation with in vivo studies to 

evaluate their toxicological predictive capability. 

For in vitro toxicity, there is a wide range in model systems. Choices that must be 

made when selecting a model cell include: whether to use primary culture or immortal 

cell lines (i.e. cells isolated directly from an animal or a self-propagating cell line), 

whether to use cells of human origin or animal origin (typically rat, mouse or hamster), 

whether the physiological function of the model cell is relevant, and whether the model 

cell is found in the tissue likely exposed to the nanoparticle.  Primary culture of human 

cells presents the ideal model for studying human toxicity, but these models are generally 

restricted to commercially available cells capable of continuous propagation or cell types 

isolated from small samples of donor blood such as mononuclear cells,
58

 B lymphocytes, 

and T lymphocytes.
59

 An alternative is to use primary culture of cells from animal models 

which require less regulation.
60

 Primary cell culture yields heterogeneous mixtures of 

cells that then typically require density gradient or flow cytometry sorting to isolate the 



14 

 

model cell of interest. These separation techniques often damage cells in the process of 

isolation. Additionally, primary culture cells are often obtained in limited numbers and 

have a limited lifetime in culture. For these reasons, immortal cell lines are commonly 

used for in vitro toxicological testing, and a wide variety are commercially available for 

use as both cancer cell models and immortalized representations of  normal cells. The 

major drawback of using immortal cell lines is that the mutations required for the 

immortalization of the lines may affect the way the cells respond to nanoparticles.  To 

improve the reliability of interpretations from immortal models, studies can be compared 

using different cell lines that have the same physiological function. Co-culture models 

can be also used to yield a better representation of in vivo conditions,
61, 62

 although the 

presence of two cells in culture can complicate interpretation.  

 

1.3.2 Ecological Models 

 Model organisms for ecological toxicity studies vary greatly and are often chosen 

based on their level in the food web. Herein, I detail a selection of the organisms used at 

various trophic levels. Bacteria act as the base of the food chain and serve integral 

environmental functions; they are ubiquitous members of ecosystems with particular 

importance in global nutrient cycling.  This ecological import along with the relative ease 

of culture has made bacteria a primary focus of study for econanotoxicity studies to date, 

including use of a wide range of model organisms and toxicity assays to assess the 

impacts of nanoparticles. Bacterial model choices for nanotoxicity studies vary greatly 

and have included common research species such as Escherichia coli,
63

 Bacillus subtilis, 

64
 and Pseudomonas aeruginosa

65
 along with bacteria that play key roles within 
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environmental compartments, such as Nitrosomonas europaea
66, 67

 (nitrifying bacteria/ 

waste water treatment).  The breadth of choices in these monoculture systems has led to 

some challenges within the field in generalizing experimental results.  That is, the deepest 

studies utilize the common microbial species that may not be environmentally relevant, 

while more environmentally relevant species have been considered less thoroughly.  To 

overcome this issue, some research groups have pursued toxicity studies on naturally-

sampled bacteria.
68-70

 Natural isolates increase the complexity of the model system, 

providing environmental relevancy; however, these community-based studies are 

typically limited in their ability to elucidate mechanisms of toxicity because individual 

species functions are not separated from the response of the whole.   

Beyond single cell organisms like bacteria, plants and multi-cellular aquatic and 

terrestrial organisms have been utilized in nanotoxiciological studies. Plants are 

particularly relevant in considerations of econanotoxicity based on their interaction with 

air, soil, and water, all of which may contain engineered nanoparticles. In addition, plants 

present a significant opportunity to facilitate nanoparticle transfer among various species 

in the food web because they are consumed by lower organisms, animals, and people. 

Though there are a wide variety of plant species within the ecosystem, most nanotoxicity 

work to date has focused on plants for human consumption, such as maize,
71

 wheat,
72, 73

 

soybean,
74

 tobacco,
75

 and many fruit or vegetable plants, such as pumpkin,
76

 cucumber,
73, 

77, 78
 and radish.

73, 78, 79
   

Animals in aquatic and terrestrial environments have many important functions 

within the ecosystem, including food sources.  Understanding the impact of nanoparticles 

at this level of the food web directly relates to human health.  For aquatic systems, 
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Japanese medaka and zebrafish are standard organisms, considered the aquatic equivalent 

of the famous Drosophila fruit fly.  Zebrafish are hardy freshwater fish, reproduce 

quickly, and were one of the earliest organisms to have its genetics examined in detail.
80

 

Medaka are hardy, reproduce rapidly, can live in a variety of salinities, and its genome 

has been sequenced, which is important for understanding genetic impacts of 

nanoparticles in the environment.
81

  The literature is the deepest regarding effects of 

nanomaterial exposure to zebrafish with at least 200 studies so far. Most, however, are 

concerned with measuring toxicity levels (i.e. LD50), although some nanomaterial 

fate/metabolism work has begun to appear. In soil, earthworms comprise a critical 

component of the ecosystem
82

 and are model detrivores in ecological studies.   

 

1.4 Common Toxicological Assessment Methods 

1.4.1 Biological Toxicity 

The toxicity assessment methods utilized in nanoparticle toxicity experiments 

depend on the model system choice, in vivo or in vitro. As alluded to above, in vivo 

assessments are important for providing a systems response to nanoparticles, including 

long term effects, tissue localization, biodistribution, and retention/excretion.  Beyond 

LD50 determinations or histological investigation of tissue damage, in vivo studies have 

examined biochemical markers of stress.
83

  These studies are performed by isolation of 

blood
84

 or a bronchoalveolar lavage fluid
85, 86

 and testing for cell counts
84

 and/or 

molecules of interest using colorimetric/fluorescent assays
86

 or mass spectrometry.
85

 

Localization and biodistribution are most commonly investigated either by scanning the 

organism after nanoparticle exposure with MRI, PET, or fluorescent scans or by isolation 
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of organs followed by ICP-AES or ICP-MS analysis.
83

  Excretion has been monitored by 

measuring excrements for nanoparticle matter.
87

    

In vitro mammalian cell toxicity assessments are by far the most developed within 

the toxicity literature and will be briefly reviewed, herein (for detailed reviews see 

references 31, 83). The in vitro techniques reviewed, including viability, proliferation, 

apoptosis/necrosis, oxidative stress, and inflammatory response, provide examples of the 

techniques used thus far in assessing nanoparticle toxicity. Many of the assays herein rely 

on the detection of changes in probe molecules to determine the correlating toxicity 

biomarker concentration as a result of probe/biomarker reactions. Due to the increased 

reactivity of nanomaterials, it is important to determine probe/nanomaterials reactivity to 

eliminate false positive results arising from these reactions.  

Changes in cellular viability after exposure to nanoparticles result from changes 

in proliferation and/or cellular death and are measured as a general assessment of cellular 

health. The most common method of this assessment is through the mitochondrial 

reduction by enzymatic cleavage of tetrazolium-based dyes such as MTT,
88

 XTT,
89

 or 

WST-1,
90

 where mitochondrial activity is used as a proxy for viability. Increasingly 

popular is the monitoring of the reduction of the resazurin based Alamar Blue dye, which 

also correlates cellular reduction with viability.
91

 All of these dyes generate cleavage 

products that can be detected colorimetrically and give a static picture of cell health.  To 

examine the proliferation in a more dynamic fashion, changes in the numbers of live cells 

can be monitored over time using the same viability assays. Another approach to 

assessing proliferation is through the incorporation of radiolabeled [
3
H]thymidine into 

DNA, where increased proliferation yields increased uptake of [
3
H]thymidine into newly 
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synthesized DNA.
92

 An alternative to this technique is the analysis of 5-bromo-

deoxyuridine incorporation into newly synthesized DNA,
93

 which is less expensive and 

less toxic to cells.  

Cell death, both through apoptosis and necrosis, is also measured during in vitro 

toxicological assessment. Compromised membrane integrity is the most commonly used 

marker for cellular death, arising from both necrosis and late stage apoptosis. Trypan 

blue
94-96

 and propidium iodide
97, 98

 are charged molecules that are excluded from cells 

with intact membranes; their presence in cells is used to quantify cell death 

colorimetrically or fluorescently. Neutral red accumulates in all cells but undergoes 

protonation, and accordingly a color change, only in living cells; thus, stained cells allow 

quantitation of cell death.  Additionally, a combination assay can be performed using 

calcein acetoxymethyl ester and ethidium homodimer where calcein acetoxymethyl ester 

undergoes a hydrolysis reaction within living cells producing a green fluorescent product 

and ethidium homodimer, a red fluorescent dye, accumulates only within dead cells.
99

 

The leakage of lactate dehydrogenase (LDH) into the culture medium is another marker 

for membrane integrity, where the LDH activity is assessed through a two-step assay 

based on NADH production during the conversion of lactate to pyruvate.
100

  Apoptosis, 

or programmed cell death, is also assayed during in vitro toxicological assessment and is 

often combined with membrane integrity measurements to yield a more complete picture 

of cell death. Phosphatidylserine is commonly found on the outer cellular membrane 

during apoptosis and is assayed using a fluorescein isothiocyanate(FITC) tagged 

Annexin-V label.
101

  The caspases are a series of proteases found in an activity cascade 

closely associated with apoptosis.
102

  This activity is detected as a biomarker for 
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apoptosis using any of  a number of commercially available caspase activity kits which 

involve the conjugation of a fluorescent or colorimetric probe molecule with a peptide 

cleaved specifically by an initiator caspase (caspase 2,8, 9 or 10) or an effector caspase 

(caspase 3, 6 or 7).  Enzymatic digestion of DNA occurs during apoptosis and the 

resultant DNA fragments can be assayed during in vitro toxicity experiments using DNA 

laddering techniques,
103

 the comet assay,
104

 or the TUNEL assay.
105

   

DNA fragmentation may also be the result of oxidative stress, a common toxicity 

mechanism that is explored during in vitro toxicity assessment of nanoparticles. During 

oxidative stress, increases in reactive oxygen species (ROS) or reactive nitrogen species 

(RNS) result in oxidative damage to biomolecules including nucleic acids, proteins and 

lipids. ROS and RNS are assayed by the oxidative production of fluorescent dyes using 

probes such as 2’,7’-dichlorodihydrofluorescein diacetate (DCFDA)
106

 or 

Dihydrorhodamine123.
107

  Other probes, such as C11-BODIPY that localizes in the 

plasma membrane
108

 or MitoSOX Red that localizes in the mitochondria,
109, 110

 can give 

information regarding the location of oxidative stress.  The oxidative products can also be 

used as markers for oxidative stress.  For example, malondialdehyde is the end-product of 

lipid peroxidation by ROS and RNS and is assayed with thiobarbituric acid
111

 and 

detected by either fluorescence or UV-Vis absorption.  Glutathione is an important 

cellular anti-oxidant and can be a biomarker for oxidative stress.  Due to the presence of 

both disulfide bridged glutathione and monomeric glutathione, total glutathione is 

quantified by reducing the disulfide with glutathionereductase and then assaying total 

glutathione with the  5,5′-dithio-bis(2-nitrobenzoic acid) probe,  yielding a product that 

can be detected colorimetrically.
112

 Superoxide dismutase (SOD) is a cellular enzyme 
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used to reduce the oxidative stress a cell undergoes, and its activity is used as a biomarker 

for oxidative stress.  SOD activity is determined indirectly via the inhibition of the 

oxidation of an absorptive substrate, nitro blue tetrazolium, by exogenously generated 

superoxide.  Since SOD is an inducible enzyme, the interpretation of SOD activity is 

complicated as increases or decreases in SOD activity can be interpreted as indirect 

evidence of increases in oxidative stress. For this reason, it is often preferable to use the 

aforementioned direct detection assays of ROS or RNS.
113

   

To predict therapeutic nanoparticle effects on inflammatory response, the 

production of inflammatory mediators is assayed in vitro. Pro-inflammatory mediators 

are assayed using enzyme-linked immunosorbent assay (ELISA) techniques
114

 and 

include cytokines such as IL-2, IL-8, IL-6 TNF-α, IFN-γ and EMAP-II.
115, 116

  All the 

assays discussed above represent only a fraction of the traditional in vitro toxicological 

techniques available. 

 

1.4.2 Ecological toxicity 

Much of the early work in nanotoxicology has focused on biological 

consequences of nanomaterials, and only in the last few years has focus begun to move 

more toward developing an understanding of ecological toxicity.  Therefore, the depth of 

ecological toxicity assays employed is shallow and few standard procedures exist. 

Additionally, ecological nanoparticle toxicity assessments depend on the model system, 

with many of same biological toxicity assessments discussed above utilized for both 

single cell organisms (bacteria or algae - like in vitro) and multicellular plants/animals 

(like in vivo).   
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For bacteria, much of the current understanding of nanotoxicity has been 

informed by analysis of bacterial viability and growth, using traditional microbiological 

methods such as colony forming unit assays and optical density measurements to create 

growth curves or calculate minimum inhibitory concentrations.
117

 As in in vitro assays, 

membrane integrity assays have been used to quantify viability upon nanoparticle 

exposure. Most often, membrane integrity is quantified with a slight modification to the 

propidium iodide stain as described above where in addition to propidium iodide, a green 

fluorescent molecule (SYTO-9) in also used to stain non-membrane compromised (i.e. 

living) cells.
66

 Morphological changes and reactive oxygen species generation have also 

been commonly observed using electron microscopy (e.g. TEM) and fluorescent probes 

(e.g. DCFDA), respectively, as in biological toxicity.
118, 119

 Less common methods to 

assess the bacteria-nanoparticle interaction have included FT-IR for metabolic 

profiling
120

 and mass spectrometry to characterize the binding of nanoparticles to 

bacterial surface proteins.
121

  

Bacterial nanotoxicity has also moved to genetic methods such as quantitative-

polymerase chain reaction (qPCR)
122

 to observe targeted gene expression and terminal 

restriction fragment length polymorphism to assess community composition of naturally-

sampled bacterial isolates.
68

 More than any other model system, bacteria can be 

transfected easily, which has prompted studies to use genetically modified bacteria to 

understand the nanoparticle-bacteria interaction.  In one specific example, Jiang et al. 

utilized a plasmid-based green fluorescent protein (GFP) E. coli bacterium to explore the 

impacts of TiO2 nanoparticles.  GFP fluorescence intensity was used as a measure of 
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viability but with a higher sensitivity to cell death than any of the previously mentioned 

microbiology techniques.
123

  

While plants have some toxicity measures that are similar to bacteria, cells, and 

mammals (e.g. cell viability, oxidative stress, DNA damage, organism growth and 

morphology), there are also unique toxicity considerations. These unique 

phytonanotoxicity measures include assessment of: seed germination rates,
76, 78, 124

 root 

elongation rates,
73, 78, 125

 nitrogen fixation,
74

 and soil enzyme levels.
72

 All of these 

measures are done using traditional “by eye” assessment. In the current literature, there 

has been little analytical methodology innovation in studies of plant nanotoxicology.  

Studies of nanoparticle toxicity to aquatic and terrestrial organisms mirror that of 

in vivo nanotoxicity studies, but unique consideration is given to embryo/larvae 

development
126, 127

 and behavior.
128

  As with plants, these assessments are typically done 

by manual inspection, though some species (i.e. Caenorhabditis elegans, Danio rerio, 

and Daphnia magna) are transparent for all or some of their development, making 

fluorescent labeling and quantification of specific biomarkers possible. 

 

1.4.3 Uptake 

  Interpretation of toxicity results depends upon an understanding of how 

nanoparticles and the living systems interact. That is, it is important to quantify the 

number of nanoparticles to which cells are exposed as well as the amount of 

nanoparticles internalized or associated. A variety of techniques have been utilized to 

characterize uptake.  For example, ICP-MS was used to probe the Au content of HeLa 

and A594 cells, cancer cell lines,
129

 or zebrafish embryos exposed to Au nanoparticles.
130
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While ICP, with either MS or AES detection, allows easy sample preparation and quick 

results, it gives limited information about the cellular location of the nanoparticles, 

cannot distinguish between internalized or externally adherent nanoparticles, is applicable 

to only a subset of nanomaterial elements, and does not discriminate between 

nanoparticles and preexisting ions of the same element.  Transmission electron 

spectroscopy (TEM) allows the location of the nanoparticles to be visualized as Dasari et 

al. showed Ag nanoparticle association with membranes of bacteria isolated from river 

water.
131

  Monteiro-Riviere and coworkers also employed TEM to determine not only the 

location of quantum dots (QDs) but the behavior of the particles within the cell by 

examining nanoparticle aggregation as well.
132

  Some of the advantages of TEM include 

the ability to determine internalized nanoparticle localization, concurrent characterization 

of nanoparticle and cell/tissue morphology, and complementary elemental analysis using 

spectroscopic methods.  Conversely, TEM analysis of biological samples entails time-

intensive preparation that may induce artifacts while providing only a static picture of a 

small sample population.  In another technique, fluorescence microscopy has been 

employed to determine nanoparticle uptake.  For example, Moghe and 

coworkers employed confocal fluorescence microscopy to evaluate the location of 

fluorescently-labeled micelles within individual cells.
133

  Fluorescence spectroscopy 

offers highly sensitive measurements with time resolution, but requires confocal 

fluorescence techniques to determine nanoparticle localization.  For nanoparticles that are 

not natively fluorescent, a tag or label is crucial that may alter nanoparticle characteristics 

and toxicity. While advancements are being made with TEM and confocal fluorescence 

microscopy, new techniques are also being employed to perform dynamic nanoparticle 
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tracking in cells.
53

 As stated previously, understanding nanomaterial interaction (both 

amount and localization/association of nanoparticles) is essential for 

determining mechanisms of interaction, and the limitations of these common techniques 

necessitates the further development of new methods to assess nanoparticle uptake.   

 

Whether using an in vivo, in vitro, or ecotoxicity approach, there is a wide variety 

of tools for assessing the impact of nanoparticles, and through these assessments, some 

mechanistic understanding of toxicity can be gained; however, the lack of a standard set 

of toxicological assessment methodology (i.e. model, dose, assay, uptake tool, controls, 

and data analysis) makes cohesive interpretation between results complicated and does 

not actively lead to understanding the nanoparticle-induced mode of toxicity.   

 

1.5 Perspective 

In the last decade, our understanding of the transformation, fate, and toxicity of 

engineered nanoparticles has expanded greatly, in part due to the strategic use of model 

systems and nanoparticles.  However, there are still many scientific challenges in the 

study of nanoparticle toxicity.   Many of these challenges center on the tension between 

understanding the mechanism of toxicity or the nanoparticle transformation as it relates to 

more complex whole organism or ecosystem models.   

Increasing the complexity of a model system makes a functional assessment of 

fate, transformation, and toxicity difficult and presents the need for the development of 

toxicity methods to address this challenge.  In particular, there is a large call to develop a 

toxicological methodology with specific in vitro techniques and models that are high-
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throughput, reproducible (both intra and inter lab), as well as predictive of toxic response 

in vivo.  In the realm of biological model systems, complex culture systems allow for 

more reliable results
61

 and are worthy of further exploration. Although traditional 

toxicological assays have been found to correlate well with LD50 studies,
134

 they have 

struggled to accurately predict more complex toxicological mechanisms during in vivo 

studies
61

 and have yielded misleading results due to nanoparticle reactivity to the probe 

molecules in vitro.
135

 While it is clear that we need new assessment tools to study 

nanotoxicity, the literature examples are shallow. In one example, efforts of Nel and 

coworkers to develop high throughput in vitro screening has yielded quick analysis of 

engineered nanoparticles that impact inflammation signaling pathways critical in toxic 

responses,
136

 which may lead to more targeted in vivo screening of the nanoparticles with 

the most desirable response in the screening assay.  In a less traditional approach, toxicity 

is examined without the use of a probe molecule by employing single-cell amperometry 

to explore biophysical characteristics of cells both with and without nanoparticle 

exposure.
10

 Within econanotoxicity literature, few studies of cell/organism functional 

changes have been performed and only recently have more complex, multi-trophic level 

mesocosm studies been performed. For example, Ferry et al. followed the transportation 

and uptake of gold nanorods in an estuarine mesocosm where nanomaterials were 

introduced into the seawater, and viability and Au content was assessed for all organisms 

and compartments (i.e. water and sediment) using ICP-MS.
128

 However, mesocosm 

studies rely only on viability and/or behavior as an assessment of toxicity and elucidating 

more nuanced views of toxicity (i.e. on a functional level) has the potential for providing 

a better mechanistic view of nanoparticle impacts.  The gaps in assessment technology 
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for nanoparticles must be addressed in order to effectively address other areas of 

nanotoxicology, such as dosing. 

 Determining the dose of nanoparticles in biological toxicity assessments is 

complex, and inconsistency in describing dose, as is evident by the multitude of 

concentration units used for dose reporting, further complicates interpretation of toxicity.  

While a single unit of quantification will not be suitable in all cases, the nanotoxicology 

community would greatly benefit from a chosen preferred dosage unit relevant to the type 

of nanoparticle.  In addition to accurate representation of nanoparticle dose, it is critical 

to explore nanoparticle uptake pathways, for both intentional and unintentional exposure.  

This exploration of uptake pathways relates directly to another challenge to create new 

instrumentation to measure possible exposure to nanomaterials through air and water, 

leading to “smart” nanosensors with the ability to detect potential exposure hazards and 

identify potential environmental and/or health reactions.
137

  Clearly, this challenge will 

only be met with collaboration between scientists with expertise in instrument design and 

toxicologists.  In addition, many more studies are needed on the topics of chronic 

exposure, biodistribution, clearance, and possible bioaccumulation of nanoparticles.  

If nanotoxicology is ever going to achieve predictive capability, it is necessary to 

have a complete and accurate description of the nanoparticle within a realistic 

biological/ecological environment when performing toxicological assessment. The most 

common techniques used to characterize nanoparticles provide only a static picture of the 

nanoparticle (e.g. TEM, x-ray diffraction, or atomic spectroscopy) without consideration 

of the relevant biological environment.  For example, characterization is either performed 

where the biological environment is ignored, in water or organic solvent alone or under 
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vacuum, or in oversimplified models systems, such as adding BSA to model protein 

coverage.  New characterization methods are needed to study, for example, how protein 

adsorption (i.e. opsonization) on the surface of the particle or particle 

aggregation/agglomeration may impact the uptake/clearance mechanisms.  Unfortunately, 

there are currently few techniques available for such analysis even though 

characterization of nanomaterials both before and during exposure is important for 

understanding mechanisms of toxicity. 

 The challenge of creating new nanotherapeutics and other nanoparticle-enabled 

products and making a realistic assessment of their toxicity will be optimally pursued 

with the collaboration of scientists from materials science, chemistry, biomedical 

engineering, medicine, ecology, and toxicology, with each scientist performing the task at 

which they are an expert.  Provided the field can address the need for nanoparticle-

specific toxicity assays, understanding and consistent expression of nanoparticle dosing, 

relevant controls and appropriate model systems, the full potential of nanoparticles can be 

safely realized. 

 

1.6 Goals and Scope of Thesis 

 The goal of my thesis work is to employ sensitive analytical tools to 

fundamentally understand how nanoparticles interact with immunologically and 

ecologically relevant models.  My project approaches nanotoxicity studies as detailed in 

Figure 1.3, starting with a relevant model system exposed to well-characterized 

nanoparticles to (1) determine if cells/organisms survive exposure using traditional 

toxicological assays and, (2) use sensitive analytical tools to determine if there are 
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changes to critical cell/organism function.  If perturbation in function is detected, (3) the 

mechanism or cause of changes in cell function should be determined, including 

assessment of nanoparticle uptake and localization.  Once a mechanism of interaction is 

determined, this process can begin again with a modified particle that may address the 

toxic response or an alternate model system to determine the generalizability of the toxic 

response. 

 

 

 

Chapter Two describes the impact of metal oxide (TiO2 and SiO2) nanoparticles 

on mast cells, critical immune system cells, and utilizes the sensitive technique of carbon-

fiber microelectrode amperometry (CFMA) to monitor changes in the important mast cell 

function of exocytosis.  Chapter Three expands upon Chapter Two and examines in more 

detail the mechanism by which TiO2 nanoparticles impact exocytotic cell function, 

Figure 1.3 Summary of methodological approach to studying nanoparticle toxicity. 

Reprinted with permission from reference 138.  
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completing the cyclical approach to nanotoxicity described in Figure 1.3.  The 

generalizability of the mechanism of TiO2 toxicity, as detailed in Chapter Two and Three, 

is explored in Chapter Four in a bacteria model, Shewanella oneidensis.  Chapter Five 

works to develop an in situ Ag nanoparticle characterization tool using fluorous-phase 

ion selective electrodes to measure dissolved Ag
+
, with preliminary investigation into the 

toxicity of Ag nanoparticles and Ag
+
 ions to S. oneidensis.  Moving beyond laboratory 

work, Chapter Six examines bench scientists’ perspective on the regulation of 

nanotherapies moving from pre-clinical to first-in-human trials.  Finally, Chapter Seven 

details the development of a 3-day nanotoxicity laboratory for introductory chemistry 

classes to introduce students to interdisciplinary science and the cutting edge research 

field of nanotoxicology. 
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Chapter Two 
 

Functional Assessment of Metal Oxide Nanoparticle Toxicity 

in Immune Cells 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter adapted from: 

 

M.A. Maurer-Jones, Y.-S. Lin, C.L. Haynes. Functional Assessment of Metal Oxide 

Nanoparticle Toxicity in Immune Cells. ACS Nano. 2010, 4, 3363-3373. 
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2.1 Introduction 

With the intense focus on nanomaterial development and the boom in the number 

of nanoparticle-enable commercially available products, the field of nanotoxicology has 

emerged in an effort to understand the interaction of nanomaterials with the environment 

and human physiology. Nanotoxicology faces many challenges as nanoparticles, with 

many novel properties, are placed into complex, dynamic biological systems.
1, 2

  One 

challenge is the limitation in technology to characterize nanoparticles throughout their 

interaction with the biological system and to accurately quantify nanoparticle uptake 

location and concentration. Additionally, while a myriad of in vivo and in 

vitro nanotoxicity assessments have been performed to characterize the toxicology of 

engineered nanoparticles
1-3

  many of the assessment methods were designed to study 

molecular toxicants, which likely have different cellular interactions than 

nanoparticles.  The in vitro toxicity assays that are often employed for these studies do 

not necessarily accurately predict in vivo response,
4, 5

 and they may fail in the presence of 

nanoparticles.
6-8

  To overcome these limitations and gain a deeper understanding of 

nanoparticle-cell interactions, we have employed carbon-fiber microelectrode 

amperometry (CFMA) to explore fundamental questions regarding the impact of 

nanoparticles on the critical cell function of exocytosis.
9, 10

  During exocytosis, a highly 

conserved cellular function across cell types and species, intracellular granules fuse with 

the plasma membrane and the granule contents are released, enabling communication 

between cells through secreted chemical messengers.
11

 CFMA is a single-cell analysis 

technique that reveals a wealth of information regarding the biophysics of exocytosis, and 
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accordingly, changes in this critical cell function should nanoparticles interfere with any 

components of the exocytotic machinery. 

One cell type well-known for exocytotic delivery of chemical messengers is the 

mast cell.  Mast cells are found in many tissues of the body and play a critical role in 

immune system responses,
12, 13

 making them a good model for nanotoxicity studies. To 

mimic an in vivo environment with the in vitro CFMA assay, we have chosen to co-

culture primary murine peritoneal mast cells (MPMCs) with Swiss albino fibroblasts 

(3t3).
9, 10

  Not only does this co-culture better simulate multi-cellular tissue, but it has 

also been demonstrated that the MPMC/3t3 co-culture allows the primary culture 

MPMCs to secrete more chemical messenger molecules and maintain their exocytotic 

cell function in culture for up to a month.
14

 

While nanoscale particles can be fabricated with diverse elemental compositions, 

metal oxide nanoparticles are of particular importance based their widespread use in a 

variety of crystalline forms.  Specifically, silica (SiO2) and titanium dioxide (TiO2) 

nanoparticles are the focus of this work because they are two of the most commonly used 

materials in commercially available products,
15

 and both nanoparticles are the focus of 

much forward-looking research as well.  SiO2, while used as additives in various 

commercially available products, has also become a critical nanoparticle in biomedical 

and biotechnological fields.  Particular attention has been paid to mesoporous 

SiO2 composites because of their potential as a multifunctional template for diagnosis, 

imaging, targeting, and drug delivery.
16-18

  The porosity of these particles drastically 

increases the total surface area, allowing for the presence of more reactive surface atoms 

that have the potential to contribute to cytotoxicity.  Within the nanotoxicology 
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community, surface reactivity is of great concern as it is proposed to be a major cause of 

toxic response, likely through the production of reactive oxygen species.
19, 20

  While it is 

thought that an increased surface area indicates an increase in surface reactivity because 

there are more surface atoms available to react with cells or the environment, there have 

been limited studies that directly monitor the impact that highly porous structures have on 

the toxicity of the nanoparticle.
21-24

  Herein, we aim to understand the nanoparticle-cell 

interactions of the porous particles as compared to their non-porous counterparts by 

exposing immune system cells to Stöber and mesoporous SiO2 of similar diameter.    

The composition and crystallinity of a nanoparticle is also likely to influence 

impacts on cell health. To shed light on these effects, the biophysical ramifications of 

SiO2 nanoparticles on exocytotic behavior were compared to those of another metal 

oxide, TiO2.  TiO2 is commonly found in cosmetics,
25

 including sunscreen, and has 

proven to be a particularly promising technology as a photocatalyst in pollutant 

remediation
26, 27

 and photoactive material in solar cells.
28, 29

  In vitro studies using 

traditional toxicological assays have shown that nanoscale TiO2 induces oxidative stress, 

with anatase having larger impacts than rutile, decreasing cellular viability and causing 

cell death.
30-32

  Herein, we will compare the impact of anatase TiO2 nanoparticles on 

cellular exocytosis to the effects of the aforementioned SiO2 material. 

This work demonstrates that MPMCs differentially internalize nanoparticles with 

different porosities and composition and experience variation in extent of toxicity, as 

confirmed using traditional toxicological assays.  Using CFMA on nanoparticle-exposed 

MPMC/3t3 co-culture, we reveal new insights regarding the biophysical impact of 

nanoparticles with varying porosity and material on exocytotic cell function of MPMCs, 
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illuminating details about how a surviving cell adapts to the presence of metal oxide 

nanoparticles.   

 

2.2 Methods 

2.2.1 Nanoparticle Fabrication 

2.2.1.1 Stöber Non-porous SiO2 Nanoparticles  

Non-porous SiO2 nanoparticles were synthesized using a modified Stöber 

method
33

 as shown in related work.
34

 Briefly, 0.75 mL of 28-30% ammonium hydroxide 

(Mallinckrodt, Phillipsburg, NJ) was added to 40 mL of 95% ethanol (Pharmco-Aaper, 

Brookfield, CT) held at 40 °C, followed by the addition of 0.5 mL tetraethyl orthosilicate 

(TEOS) (Sigma-Aldrich, Milwaukee, WI).  The mixture was continuously stirred at 40 

°C for 12 h to form the ultrafine SiO2 nanoparticles.  The nanoparticles were purified 

through centrifugation, rinsing with ethanol between centrifugation steps and finally 

stored in ethanol.  Nanoparticles were rinsed and resuspended in calcium- and 

magnesium-free PBS (Sigma-Aldrich, Milwaukee, WI) for at least a week prior to 

exposure.    

 

2.2.1.2 Mesoporous SiO2 nanoparticles 

Porous SiO2 nanoparticles were prepared in highly dilute and base-catalyzed 

conditions as described in a paper by Lin et al.
35

  Typically, 0.29 g of n-

cetyltrimethylammonium bromide (CTAB, 99%) was dissolved in 150 mL of 0.128 M 

ammonium hydroxide solution at 60 °C. Then, 2.0 mL of 0.88 M ethanolic TEOS was 

added to the solution under vigorous stirring (600 rpm). After 1 h, the mixture solution 
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was aged for another 12 h. The as-synthesized colloids were transferred to 50 mL of 

ethanolic ammonium nitrate solution (6 g/L) and kept under stirring at 60 °C for 1 h to 

remove surfactants. The surfactant extraction step was repeated twice. The extracted 

nanoparticles were washed with ethanol twice and suspended in absolute 

ethanol.  Nanoparticles were transferred and resuspended in PBS for a minimum of a 

week prior to exposure.  

 

2.2.1.3 Non-porous TiO2 Nanoparticles 

Nanoparticles were synthesized in an acid-catalyzed sol-gel synthesis as described 

previously by Isley and Penn.
36

 Briefly, 125 mL of isopropyl alcohol (BDH, West 

Chester, PA) and 12.5 mL titanium (IV) isopropoxide (Sigma-Aldrich, Milwaukee, WI) 

were stirred in an ice bath for 30 min after which 7.4 mL of 3.2 M nitric acid (BDH, West 

Chester, PA) was added drop-wise.  The mixture was allowed to come to room 

temperature and then refluxed for 24 h.  The as-synthesized nanoparticle suspension 

was dialyzed in regenerated cellulose tubing (nominal MWCO 3500, Fisher Scientific, 

Pittsburgh, PA) against Milli-Q purified water (Millipore Corporation, Burlington, MA) 

for 5 days, changing the water at least 10 times.  Following dialysis, an aliquot of 

nanoparticle suspension was placed in an acid digestion bomb with water (3:5 

nanoparticle suspension:Milli-Q water) and put in a 200 °C oven for 48 h. 

 

2.2.2 Nanoparticle Characterization 

TEM:  Transmission electron microscope (TEM) images were taken on a JEOL 

1200 EXII (JEOL, Tokyo, Japan) at 100 kV. Specimens were prepared by evaporating 
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one drop of ethanolic nanoparticle solution on a Formvar-coated copper grid (Ted Pella, 

Redding, CA).   

XRD:  Powder X-ray diffraction (XRD) for porous SiO2 was performed on a 

Bruker-AXS D-5005 (Siemens) with Cu Kα radiation at 45 kV and 40 mA. Spectra were 

collected from 1.5° to 8° by step scan with a step size of 0.04° and a dwell time of 1.0 

s.  XRD of TiO2 was performed on a PANalytical X'Pert Pro diffractometer (Almelo, 

Netherlands) with a high speed X'Celerator detector and a Co Kα radiation source at 45 

kV and 40 mA.  Spectra were collected from 25° to 95° by continuous scan with a step 

size of 0.017° and a dwell time of 250 s.  TiO2 phase compositions were determined by 

the Rietveld method
37

 using X'Pert High Score Plus (version 2.0.1) software 

(PANalytical, Almelo, Netherlands) and the known crystal structures of anatase, brookite, 

and rutile as starting points.  The parameters that were refined were the scale factor, 

specimen displacement, background, unit cell parameters, extinction coefficients, 

preferred orientation, and W, U, and V profile parameters.      

Hydrodynamic diameter and ζ-potential analysis: Non-porous SiO2, porous SiO2, 

and non-porous TiO2 were suspended in PBS (Sigma-Aldrich, Milwaukee, WI) at a 

concentration of 100 μg/mL.  Hydrodynamic diameter was determined with dynamic 

light scattering (DLS - 90Plus) and ζ-potential was determined using ZetaPALS Zeta 

Potential Analyzer (Brookhaven Instruments Corporation, Holtsville, NY) with 5 runs, 10 

cycles per run.   
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2.2.3 Cell Culture and Nanoparticle Exposure 

3t3-Swiss albino fibroblasts, obtained from the American Type Culture Center 

(Manassas, MA), were grown in Dulbecco's Modified Eagle's Medium (HyClone, Logan, 

UT) with 4.5 g/L glucose, 110 μg/mL sodium pyruvate, and 4.00 mM L-glutamine and 

supplemented with 10% bovine calf serum (HyClone, Logan, UT), 100 μg/mL 

streptomycin, and 100 U/mL penicillin (Gibco, Carlsbad, CA).  Fibroblast media was 

replaced every 2 days and cells were passaged every 3-4 days.  Before experiments, 

fibroblasts were plated onto uncoated 35 mm Petri dishes and allowed to grow to 

confluence prior to the mast cell collection.     

  MPMCs were harvested from male wild type C57BL\6J mice (Jackson Labs, Bar 

Harbor, ME) by peritoneal lavage.  Before the peritoneal lavage, mice were euthanized 

according to protocol #0807A40164 as approved University of Minnesota Institutional 

Animal Care and Use Committee.  Then, 5 mL of cold growth culture media (same media 

and additives as described for fibroblast culture) was injected into the peritoneal cavity 

and the abdomen was vigorously massaged for 2 minutes to loosen the mast cells from 

the tissue.  The media was recovered and the peritoneal cavity was rinsed twice with 2 

mL of cold growth media.  The collected media was centrifuged at 300g for 6 minutes to 

isolate the cells; the supernatant was removed, and the cells were resuspended in fresh, 

warmed growth media.  Harvested MPMCs were then plated onto fibroblasts that had 

grown to confluence and allowed to set for at least 1 h without disturbance.  Both the 

MPMC/3t3 co-culture and fibroblasts alone were kept at 37 °C with 5% carbon dioxide. 

The MPMC/3t3 co-culture was exposed to non-porous SiO2, porous SiO2, and non-

porous TiO2 passively for 24 hours through the addition of PBS-suspended nanoparticles 
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directly to the culture dish media so that the final nanoparticle concentration was 100 

μg/mL, a median dose given in previous studies.
22, 38

  Control exposures were performed 

by adding PBS to the cell culture in the same volume as the nanoparticle suspension to 

account for media dilution effects.    

 

2.2.4 Nanoparticle Uptake: Biological TEM and ICP-AES 

TEM:  MPMCs were harvested, plated, and exposed to nanoparticles as detailed 

in the cell culture section, except that they were not co-cultured with fibroblasts.  After 

24 h exposure to nanoparticles, cells were removed from the plate through vigorous 

rinsing with media from the plate and collected by centrifugation at 555g for 5 min.  Cell 

pellets were rinsed 3 times with 0.1 M sodium cacodylate buffer (Sigma Aldrich, St. 

Louis, MO), centrifuging at 89g between each rinse.  Upon rinsing, cells were fixed using 

2.5% glutaraldehyde (Sigma Aldrich, St. Louis, MO) in 0.1 M sodium cacodylate buffer 

for 1 h. Cells were post-fixed for 1 h using 1% osmium tetraoxide (Sigma Aldrich, St. 

Louis, MO) in 0.2 M sodium cacodylate buffer with minimal light exposure.  The cells 

were dehydrated against a series of solutions with increasing ethanol concentration in 

water followed by exposure to propylene oxide (Sigma Aldrich, St. Louis, MO).  Finally, 

samples were infiltrated with 50% propylene oxide/50% Epon resin for 2 h and 

subsequently 100% Epon resin for 48 h, refreshing the resin 5 times within the 48 h 

period.  The resin was cured at 45 °C for 24 h followed by 60 °C for 48 h.  Samples were 

sectioned using a diamond knife (Delaware Diamond Knives, Inc., Wilmington, DE) on 

an ultramicrotome (Reichert, Wien, Austria) into 60-nm-thick sections.  The sections 

were collected and stained with uranyl acetate and lead citrate on Formvar-coated copper 
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TEM grids (Ted Pella, Redding, CA).  Sections were imaged using a JEOL JEM-1200 

EXII TEM (JEOL, Tokyo, Japan) with a 60 kV accelerating voltage.   

ICP-AES:   After harvesting and isolating the MPMCs from the peritoneal cavity, 

the cells were resuspended in RBC lysis buffer prepared in-house followed by at least 2 

rinses with PBS.  RBC lysis buffer solution of 0.15 M NH4Cl (Sigma Aldrich, St. Louis, 

MO), 10 mM KHCO3 (Sigma Aldrich, St. Louis, MO), and 0.1 mM EDTA (Acros 

Organics, Morris Plains, NJ) was made with Milli-Q water, pH adjusted to 7.3, and 

filtered. Finally, the cells were resuspended in warm, fresh growth media and plated at a 

density of 1 x 10
6
 cells per well without fibroblasts in a 24-well plate.  Nanoparticle 

exposures were performed in triplicate as described in the cell culture section at both 100 

μg/mL and 200 μg/mL concentrations, after which wells were rinsed twice with 

PBS.  Cells were removed from the well using a 0.25% trypsin solution (Gibco, Carlsbad, 

CA), and the sample volume was diluted to 5 mL with an aqueous acid solution 

(5%:1%  HCl:HNO3).  Prior to injection onto the ICP-AES instrument, non-porous and 

porous SiO2 samples were sonicated for 1 h.  To complete the digestion of TiO2 

nanoparticles, an aliquot of cell-nanoparticle suspension was mixed in a 1:1 ratio with HF 

(Mallinckrodt Baker, Phillipsburg, NJ)  and allowed to incubate overnight.  A Perkin 

Elmer Optima 3000DV ICP-AES system (Waltham, MA) was used to measure Si and Ti 

content of the SiO2 and TiO2 samples, respectively, monitoring Si emission at 251.611 

nm and Ti emission at 334.940 nm.   

ICP-AES data, reported in mg/L, was converted to the number of nanoparticles 

internalized by the mast cells by first determining the mass of Si or Ti per 
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nanoparticle.  The conversion of mg/L to nanoparticles per cell was completed according 

to Equation 2.1 

 

(2.1) 
             

    
 

              

    
                  

 

                             
 

                           
 

                
   

   

2.2.5 Hemolysis Assay 

Whole, EDTA-stabilized, human blood was obtained from Memorial Blood 

Center (St. Paul, MN) and used within 3 hours of being drawn.  First, 5 mL of blood was 

washed 5 times with 10 mL PBS, centrifuging at 10016g for 5 min between rinses, to 

isolate the RBCs, after which the RBCs were diluted to 50 mL with PBS.  Then, 0.2 mL 

of RBC cell suspension was added to 0.8 mL of nanoparticle suspension with 

concentrations ranging from 12.5 to 400 μg/mL, mixed by vortexing, and incubated for 3 

h at room temperature.  PBS and Milli-Q water were used as negative and positive 

controls, respectively.  After incubation, samples, all run in triplicate, were vortexed 

again followed by centrifugation at 10016g for 3 min.  The samples' supernatants were 

transferred to a 96-well plate and optical density was measured at 570 nm with subtracted 

reference at 655 nm.  The absorption at 570 nm is attributable to hemoglobin released 

upon rupture of the RBC.  Hemolysis percentage was calculated using Equation 2.2. 

 

(2.2)                        
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2.2.6 MTT Assay 

MPMC/3t3 co-culture cells were plated on a 24-well plate and exposed to 

nanoparticles as described in the cell culture section.  After a 24 h exposure time, cells 

were rinsed twice with PBS and incubated for 2 h in a 0.5 mg/mL MTT solution 

(Invitrogen, Eugene, OR) in growth media lacking bovine calf serum and 

antibiotics.  The MTT solution was removed and 0.4 mL of dimethyl sulfoxide (Sigma 

Aldrich, St. Louis, MO) was added to dissolve the formazan crystals that form upon 

interaction with active mitochondria in live cells.  Optical density of the samples was 

measured at 570 nm with a reference wavelength of 655 nm.  Equation 2.3 was used to 

calculate the cellular viability: 

 

(2.3)                   
                           

                             
      

 

2.6.7 Carbon-fiber Microelectrode Fabrication and CFMA 

Carbon-fiber microelectrodes were fabricated as outlined by Wightman and co-

workers,
39

 where carbon-fibers of 7 µm diameter were aspirated into 4-inch glass 

capillaries (1.2/0.68 mm o.d./i.d.) and pulled with a micropipette puller (Narishige, 

Tokyo, Japan) to form a seal around the fiber.  The fiber was secured using Epo-Tek 301 

epoxy (Epoxy Technology, Billerica, MA), and electrodes were polished to a 45° angle 

using a diamond polishing wheel (Sutter Instruments, Novato, CA) and placed into 

isopropyl alcohol immediately before experiments.  Electrodes were pretreated in a 0.1 M 

NaOH solution (Mallinckrodt Baker, Phillipsburg, NJ) by cyclically scanning from -0.4 

V to 1.0 V versus Ag/AgCl (BASi, West Lafayette, IN) with a waveform frequency of 60 
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Hz for 15-30s.  For the CFMA experiments, cell media was replaced with Tris buffer and 

the cell plate was maintained at 37° C by DH-35 Petri dish warmer (Warner Inst., 

Hamden, CT) on a Nikon Eclipse TE2000U inverted microscope (Nikon USA, Melville, 

NY).  Tris buffer solution consisted of 12.5 mM Trizma hydrochloride (Sigma-Aldrich, 

Milwaukee, WI), 150 mM NaCl (Mallinckrodt Baker, Phillipsburg, NJ), 4.2 mM KCl 

(Mallinckrodt Baker, Phillipsburg, NJ), 5.6 mM alpha-D(+)-glucose (Acros Organics, 

Morris Plains, NJ), 1.5 mM CaCl2 (Sigma-Aldrich, Milwaukee, WI), and 1.4 mM MgCl2 

(Sigma-Aldrich, Milwaukee, WI), with pH adjusted to 7.3 using NaOH. The carbon-fiber 

microelectrode was held at +700mV versus Ag/AgCl, which is sufficient to oxidize 

serotonin released from MPMCs, and placed directly on the surface of a single 

MPMC.  To stimulate the MPMC to exocytose, a micropipette made from an empty 4-

inch glass capillary pulled to a diameter of 15-20 µm and filled with 10 µM A23187 

(Sigma-Aldrich, Milwaukee, WI), a calcium ionophore, was placed 20-100 µm from the 

cell of interest.  A Picospritzer III (Parker Hannifan, Cleveland, OH) was connected to 

the stimulant micropipette that enabled projection of a 3 s bolus of the ionophore onto the 

cell.  A LabView module (National Instruments, Austin, TX) and a break-out box made 

in-house were utilized for control of experimental parameters and data acquisition.  Data 

were collected for 90 s, starting 3 s prior to stimulant projection.  Electrodes were 

pretreated, as described above, after every cell and discarded after 6 cell measurements. 

 

2.2.8 Amperometry Data Analysis  

Amperometric traces were analyzed using MiniAnalysis Software (SynaptoSoft 

Inc, Fort Lee, NJ).  A typical amperometric trace of MPMCs on fibroblasts contains ~150 
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current spikes where each spike reveals secretion from a single serotonin-filled mast 

cell granule.
14

  The spike discrimination value was set at 5 times the root-mean-square of 

the current noise with an area threshold for each spike of 60 fC.  Automated peak 

selection was performed followed by manual inspection of each spike to ensure accuracy 

of peak selection.  The mean values of various spike parameters were combined for all 

cells within a given culture condition, excluding those cells with values 2 times the 

logarithmic standard deviation away from the logarithmic mean.  While amperometric 

spike analysis reveals a myriad of information about the biophysics of exocytosis, two 

spike parameters of particular interest are the area under each spike (Q) and the 

amperometric spike half-width (t1/2).  Q can be used to determine number of molecules 

being released for each granule based on Faraday's law, Q=nFN, where Q is the charge, n 

is the number of electrons gained or lost in the oxidation or reduction reaction, F is 

Faraday’s constant, and N is the number of moles of the secreted electroactive molecules.  

The t1/2 reveals the rate at which granules expel their contents.  Spike frequency indicates 

the efficiency with which a cell transports, initiates, and completes granule-cell 

membrane fusion.  In all cases, amperometric traces were measured from a minimum of 

16 cells in each condition and the average of the each cell's average spike parameter (Q 

and t1/2 only since each cell trace yields a single frequency value) were compared using 

pairwise student’s t-tests (p<0.05) (Microsoft Excel, Microsoft Corp, Seattle, 

WA).  Significant changes in any of these parameters following nanoparticle exposure 

reveals not only nanoparticle-induced functional changes but also gives insight into the 

biophysics of these changes, creating the potential for informed nanoparticle redesign to 

control toxicity.     
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2.3 Results and Discussion 

2.3.1 Nanoparticle Characterization 

Non-porous SiO2, porous SiO2, and non-porous TiO2 were synthesized and then 

characterized using transmission electron microscopy (TEM), x-ray diffraction (XRD), ζ-

potential analysis, and nitrogen adsorption/desorption, with results summarized in Table 

2.1.   

Table 2.1 Nanoparticle characteristics. 

Nanoparticle Size (nm) Total 

Surface 

Area (m
2
/g) 

Pore 

Volume 

(cm
3
/g) 

ζ-Potential 

(mV) 

Crystallinity 

Non-Porous SiO2 24±3 127 - -28.16 amorphous 

Porous SiO2 25±4 1164 0.92 -16.94 amorphous 

Non-Porous TiO2 11±5 234 - -13.58 93.5% anatase  

6.5% brookite 

 

Based on TEM analysis (Figure 2.1), non-porous and porous SiO2 are 24±3 (n = 220) and 

25±4 nm (n = 250) in diameter, respectively, whereas the non-porous TiO2 particles 

are 11±5 nm (n =306). While it would be ideal, for comparison purposes, for the non-

porous SiO2 and TiO2 to be the same size, it is difficult to maintain the monocrystallinity 

of TiO2 nanoparticles when they are larger than ~12 nm diameter.
40

 The state of 

nanoparticle-nanoparticle association ahead of cell interaction is likely critical in 

determining extent of uptake.  Herein, nanoparticles are considered to be agglomerated if 

they experience reversible adhesion whereas aggregation is considered to be the 

irreversible bonding of nanoparticles.  Based on sonication of nanoparticle suspensions 

leading to a disassembly of nanoparticle groupings, it can be assumed that the studied 

nanoparticles are reversibly agglomerated. It is evident from Figure 1C and dynamic light 

scattering measurements (See Table 2.2) that the TiO2 nanoparticles tend to agglomerate 
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more than either class of SiO2 nanoparticles (Figure 2.1A & B); among the silica 

nanoparticles, the light scattering measurements indicate that porous SiO2 agglomerates 

slightly more than non-porous SiO2.  Although it is common for these nanomaterials to 

be synthesized as aggregates, this study deliberately did not control this aggregation state 

because it reflects more relevant conditions of industrially produced material. 

 

Table 2.2 Hydrodynamic diameter of SiO2 and TiO2 nanoparticles in PBS after 

ultrasonication. 

Nanoparticle Hydrodynamic Diameter (nm) 

Non-porous SiO2 555.19 

Porous SiO2 796.72 

Non-porous TiO2 1054.98 

 

The XRD analysis of crystallinity showed that the non-porous and porous SiO2 particles 

are amorphous but the non-porous TiO2 particles are crystalline, with 93.5% anatase and 

6.5% brookite composition as determined by the Rietveld method of refinement.
37

  Using 

BET modeling of nitrogen adsorption/desorption isotherms to determine total 

nanoparticle surface area, the porous SiO2 nanoparticles have a considerably higher 

surface area (1164 m
2
/g) than the non-porous SiO2 (127 m

2
/g).  The increased surface 

area can be attributed to the porous nature of the nanoparticles; however, the majority of 

the surface area in the porous nanoparticles is on the inside of the cylindrical pores and 

therefore, there is a limited contactable surface area for cell-bound molecules and 

proteins to interact.  In fact, since the non-porous and porous SiO2 are of similar size, it 

can be assumed that the non-porous SiO2 has a greater external surface that is accessible 

to cells than the porous nanoparticles because the pores decrease the external surface 

area.
24

 The calculated surface area of the non-porous TiO2 was 234 m
2
/g and presents a  
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Figure 2.1 TEM images of (A) Stöber non-porous SiO2, (B) 

porous SiO2, and (C) non-porous TiO2. 
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solid surface comparable to the non-porous SiO2, facilitating comparison between the 

effects of SiO2 and TiO2 surfaces.  All ζ-potentials were negative, indicating relative 

stability within a suspension.   TiO2 has the lowest magnitude ζ-potential, which is 

consistent with TiO2 nanoparticles having the greatest extent of agglomeration, followed 

by porous SiO2 and then non-porous SiO2. Because all three classes of nanoparticles have 

a ζ-potential with smaller magnitude than -30 mV, they are considered to have a similar 

relative stability,
41

 making aggregation state an unlikely determinant of cellular toxicity. 

While the aforementioned characteristics are the best estimate of the state of the 

nanoparticles as ‘seen’ by the cells, it is likely that the surface of the nanoparticle will 

change en route to and following cellular uptake.
19, 42

   

 

2.3.2 Nanoparticle Uptake  

To accurately assess nanoparticle impact on cell function, it is essential to first 

characterize the internalization of nanoparticles.  In the literature, nanoparticle uptake has 

been shown to depend on nanoparticle size and surface chemistry.
43-45

 Herein, TEM was 

employed to qualitatively characterize nanoparticle uptake while atomic emission 

spectroscopy (ICP-AES) was used to quantify nanoparticle uptake. Using TEM after a 24 

h exposure to 100 µg/mL nanoparticles, the nanoparticles are apparent within the cell 

regardless of the particle type, and generally seen localized within the secretory granules 

of the MPMCs (Figure 2.2).  Based on the TEM images, neither non-porous nor porous 

SiO2 nanoparticles tend to agglomerate outside the cell during uptake; however, the TiO2 

nanoparticles are seen both inside and outside the plasma membrane in agglomerates of 

tens of nanoparticles.  Qualitatively, the TEM images of non-porous TiO2 uptake indicate 
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that about half of the nanoparticles are taken up by the MPMCs.  Because sectioned TEM 

images are not appropriate for quantitation, the complementary technique of ensemble-

averaged atomic spectroscopy has also been employed herein. 

ICP-AES allows for quantification of cellular nanoparticle uptake by detection of 

titanium or silicon atomic emission, which can be converted to the number of 

nanoparticles internalized by each cell as described in the experimental section and 

supporting information.  From the results shown in Table 2.3, where cells were exposed 

to nanoparticles in varying concentrations (100 and 200 µg/mL) for 24 h, we observed 

that cells take up significantly (p<0.05) more nanoparticles when exposed to higher 

concentrations.  It follows that decreasing the exposure concentration would likely yield a 

decrease in the number of nanoparticles internalized by the cells.  This supports many 

literature examples where an increase in nanoparticle dose has a greater influence on cell 

function and viability.
21, 22, 46

  The ICP-AES data also reveal that nanoparticles are 

internalized differently based on the type of nanoparticle.  It is readily apparent that 

mesoporous SiO2 is more efficiently incorporated into cells than its non-porous 

counterpart of the same size, potentially due to a higher degree of agglomeration.  This 

result is similar to a recently published paper where the authors showed that mesoporous 

SiO2 nanoparticles exhibited higher cellular labeling efficacy than non-porous SiO2 

nanoparticles.
47

 In addition, it appears that the smaller diameter and higher degree of 

agglomeration of the TiO2 nanoparticles facilitate more extensive interaction with the 

cells than either of the SiO2 nanoparticle classes; however, because ICP-AES data does 

not reveal nanoparticle localization within a cell, much of this could be due to 
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extracellular adhesion rather than internalization. Even if, as indicated by TEM, half of 

the TiO2 nanoparticles are outside the cell, TiO2 uptake is still more efficient than either 

of the SiO2 nanoparticle classes considered at both 100 and 200 µg/mL concentrations 

(p<0.05).    

 

 

  

Figure 2.2 TEM images of MPMCs used in experiments showing nanoparticle uptake 

after 24h exposure to 100 µg/mL of (A) non-porous SiO2, (B) porous SiO2, and (C) 

non-porous TiO2 nanoparticles.  Nanoparticles appear to localize within the 

granules.  Each scale bar = 2µm. 
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Table 2.3 ICP-AES uptake data in MPMCs after 24h exposure to 100 µg/mL and 200 

µg/mL non-porous SiO2, porous SiO2, and non-porous TiO2.  All nanoparticle types are 

internalized significantly different than the others (p<0.05), and MPMCs internalize 

nanoparticles at 100 µg/mL significantly less than when cells are exposed to 200 µg/mL 

(p<0.05). 

Nanoparticle 100 µg/mL Dose 

(nanoparticles/cell) 

200 µg/mL Dose 

(nanoparticles/cell) 

Non-Porous SiO2 4.5 × 10
4 

1.1 × 10
7 

Porous SiO2 2.0 × 10
5 

3.5 × 10
7 

Non-Porous TiO2 7.2 × 10
7 

1.5 × 10
8 

 

The combined picture of TEM-based localization information and ICP-AES nanoparticle 

count reveals important trends about cellular uptake of nanoparticles in and of 

itself.  More important to this work, however, is the ability to correlate nanoparticle 

uptake with both cell viability and cell function. 

 

2.3.3 Effects of Porosity and Surface Area 

Studies have shown that mesoporous SiO2 induces varying degrees of 

toxicity.  That is, in vitro viability assays have shown decreased cell viability upon 

exposure to mesoporous SiO2.
21-23

  It has also been demonstrated that mesoporous SiO2 

inhibits cellular and mitochondrial respiration
48

 and causes oxidative stress within the 

exposed cells.
49

  To our knowledge, however, these studies have not isolated the variable 

of porosity on the effects of toxicity and therefore are missing important information on a 

nanoparticle class with growing use.   

To examine the impact of nanoparticle porosity on cellular toxicity, the mast cells 

were exposed to one of two types of SiO2 nanoparticles, where the only significant 

difference between the types was the porosity. Overall viability was measured by 

monitoring hemolysis of isolated human red blood cells (RBCs) as well as mitochondrial 
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activity in mast cells.  The hemolysis behavior (Figure 2.3) is significantly different, with 

the non-porous SiO2 particles damaging RBCs at much lower concentrations than their 

porous counterparts.  In fact, 50% hemolysis requires 270 µg/mL porous SiO2 but 

only 20 µg/mL non-porous SiO2.  Similarly, the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) viability assay reveals that porous SiO2 nanoparticles do 

not influence mast cell viability (compared to control cells) but that cell viability 

drops significantly to 72% in the presence of non-porous SiO2 of the same dose (100 

µg/mL) (Figure 2.4).  In both cases, it is clear that at least a portion of the mast cells 

survive nanoparticle exposure for functional assessment.   

 

Figure 2.3 Hemolysis after 3 h exposure to varying concentrations of non-porous SiO2, 

porous SiO2, and non-porous TiO2 nanoparticles. Both non-porous and porous SiO2 

nanoparticles cause a concentration-dependent lysis of RBCs.  Non-porous TiO2 induces 

minimal to no hemolysis in RBCs (n = 3). 
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To reveal potential functional changes in surviving nanoparticle-exposed mast 

cells, real-time measurement of exocytotic function was performed following cell 

exposure to either porous or non-porous SiO2 nanoparticles.  Representative 

amperometric traces from the MPMC/3t3 co-culture can be seen in Figure 

2.5.  Analyzing the spike parameters, it is clear that both non-porous and porous SiO2 

cause a decrease in amperometric spike area (Figure 2.6A).  That is, there is a 23% and 

22% decrease in the number of molecules released from an average granule during 

MPMC exocytosis when exposed to non-porous and porous SiO2 nanoparticles, 

respectively.  This difference corresponds to a drop from an average of 1.09 x 10
7
 

serotonin molecules per granule to 8.40 x 10
6
 and 8.42 x 10

6
 serotonin molecules per 

granule, respectively.  Interestingly, the porous and non-porous SiO2 nanoparticle-

exposed cells are not distinguishable from one another (p>0.05) in regard to the number  

Figure 2.4 MPMC/3t3 cell viability, as measured with the MTT assay, following 

exposure to different conditions: control, 100 µg/mL non-porous SiO2 nanoparticles, 

100 µg/mL porous SiO2 nanoparticles, and 100 µg/mL non-porous TiO2 nanoparticles 

for 24 h. *** indicates p<0.005 (n = 4) compared to the control (n=4). 
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Figure 2.5 Representative amperometric traces from MPMCs co-cultured with 3t3 fibroblast 

following exposure to different conditions: control, 100 µg/mL non-porous SiO2 nanoparticles, 

and 100 µg/mL porous SiO2 nanoparticles for 24 h.  The bold line on each trace indicates the 

three second bolus of stimulant delivered to the cell.  Traces were chosen that best represented 

averages per condition. 



54 

 

of chemical messenger molecules released, suggesting that it is the nanoparticle itself, not 

the porosity, that induces a change in chemical messenger storage/delivery.  While 

neither non-porous nor porous SiO2 nanoparticles significantly alters the kinetics of 

individual granule fusion or molecule secretion (i.e. no significant change in the t1/2) 

(Figure 2.6B), the non-porous particles do cause a significant alteration to the frequency 

of granule release (decrease of 18%) as compared to the control (Figure 6C), indicating 

some disruption of granule trafficking, docking, or lipid membrane fusion that is avoided 

when mesoporous nanoparticles are used instead.  While this characteristic of depressed 

molecular secretion is similar to that measured in previous work with Au nanoparticle-

exposed mast cells,
10

 the lack of a correlated change in kinetics suggests that the presence 

of SiO2 nanoparticles influence the serotonin content of the granule rather than the 

heparin proteoglycan sulfate matrix' ability to unfold and release the serotonin.  In 

addition, the alteration of secretion frequency suggests that non-porous SiO2 

nanoparticles interfere with the cytoskeletal machinery, fusion machinery, or membrane 

characteristics; this interference is unprecedented in measurements made using Au 

nanoparticles. Therefore, it is clear that non-porous SiO2 particles have an overall greater 

impact on the cell function of MPMCs than either their porous counterpart or non-porous 

Au nanoparticles of similar size.  These data suggest that both surface chemistry and 

surface area influence nanoparticle toxicity.  Surface area is generally considered to be 

one of the greatest contributors to nanoparticle toxicity with an oft made simple 

assumption that larger surface area leads to more toxicity;
50, 51

 however, the results 

presented herein indicate that porous particles, with large internal surface areas, defy this 

trend.  The more relevant measure is cell-contactable surface area, or the area with which 
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cell membrane, cell-bound proteins, and cell-associated molecules can interact.  While 

small, liberated proteins and molecules may adsorb within the nanoparticle, only cell-

bound species are of interest in this case because they are involved directly in the 

exocytosis function.  For these cell-bound species to adsorb into the pores of the 

mesoporous SiO2, the nanoparticle and cell would have to align perfectly and even then, 

the contactable surface by these species is minimal.  Therefore, it appears that the greater 

external, cell contactable surface area of the non-porous SiO2 yields a greater impact on 

cellular function.  A comparison of the hemolytic activity between non-porous and 

porous SiO2 nanoparticles of varying size also concludes that nanoparticle toxicity 

correlates to the cell-contactable surface area as opposed to total surface area.
35

 

  

  

Figure 2.6 Average amperometry spike parameters from MPMCs in a co-culture with 3t3 

fibroblast after 24 h exposure to control conditions, 100µg/mL non-porous SiO2 

nanoparticles, and 100µg/mL porous SiO2 nanoparticles.  A) Exposure to both non-porous 

and porous SiO2 nanoparticles cause a decrease in average spike area (Q) as compared to 

control conditions, but B) do not affect the average half-width (t1/2) of the amperometric 

spikes.  C) Non-porous SiO2 causes a decrease in frequency of spike release as compared 

to the control.  Error bars represent SEM and * indicates p<0.05 and *** indicates 

p<0.005. 
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2.3.4 Material Effects  

Based on the apparent differences between the Au nanoparticles explored in 

previous work
9, 10

 and the SiO2 nanoparticles included herein, a similar set of analyses 

were also employed to further explore the impact of nanoparticle composition on cell 

function with crystalline TiO2 nanoparticles.  It can be seen from the hemolysis assay 

(Figure 2.3) that non-porous SiO2 nanoparticles cause the greatest percentage of RBC 

lysis and non-porous TiO2 particles demonstrate almost no impact on RBCs.  The 

difference in hemolytic activity between non-porous SiO2 and non-porous TiO2 is an 

early indicator the material in contact with the cell plays a critical role in toxicity.  The 

MTT assay was performed on the MPMC/3t3 co-culture following TiO2 exposure (Figure 

4), and the results reveal that non-porous TiO2 nanoparticles do not affect the viability of 

the cells, despite the significantly enhanced cellular uptake of the smaller TiO2 

nanoparticles compared to the larger SiO2 nanoparticles.  However, in a comparison 

between non-porous amorphous SiO2 and non-porous crystalline TiO2, we see different 

effects on the biophysics of exocytosis in a MPMC/3t3 co-culture after 24 h exposures at 

the same mass concentration.  Figure 2.7A shows that SiO2 causes a significant decrease 

in Q, or the number of molecules released, but Q is maintained after exposure to TiO2 as 

compared to the control.  Conversely, TiO2 causes a 17% slowing in the kinetics of 

chemical messenger release (i.e. larger t1/2) as can be seen in Figure 2.7B, whereas SiO2 

does not alter this biophysical property.  This change in kinetics of secretion may be due 

to the fact that TiO2 has a higher affinity for protein adsorption than SiO2,
52

 and since 

MPMC granules contain many proteinaceous mediators,
53

 internalized TiO2 delays  
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content release from the granules.  It also appears, based on the unchanging granular 

secretion frequency (Figure 2.7C), that the TiO2 nanoparticles do not alter the cellular 

machinery that controls granule transport, docking, or fusion unlike their non-porous 

SiO2 counterparts.  Based on the varying biophysical response from MPMC/3t3 co-

culture, it can be concluded that the mechanism of interaction between nanoparticles and 

cells is dependent on the material, which has been implicated in other studies.
54, 55

  This 

difference likely arises from the difference in surface chemistry between particles of 

different composition, due in part to the surface species (hydroxyl/water groups for 

TiO2
56, 57

 and silanol for SiO2),
58

 the surface atoms (Ti or Si), and the structure in which 

they are present on the surface of nanoparticles (highly ordered for anatase crystals and 

amorphous in the case of SiO2).  More work is being pursued on a variety of other 

materials with systematically varied properties in order to arrive at more generalizable 

conclusions about the toxicity of nanomaterials.  Towards this goal, work will be aimed 

Figure 2.7 Average amperometry spike parameters for MPMC/3t3 co-culture after 

exposure to control conditions, 100µg/mL non-porous SiO2 nanoparticles, and 

100µg/mL non-porous TiO2 nanoparticles.  A) Non-porous SiO2 nanoparticles cause a 

decrease in the spike area (Q) as compared to the control, whereas non-porous TiO2 

does affect the number of molecules released.  B)  Non-porous TiO2 significantly 

increases the average half-width (t1/2) of spikes but non-porous SiO2 does not as 

compared to the control.  C)  Non-porous SiO2 significantly decreases the average 

spike frequency as compared to the control.  Error bars represent SEM and * indicates 

p<0.05 and *** indicates p<0.005. 
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at understanding the mechanism of impact the nanoparticle have on cell function such as 

determining the concentration of reactive oxygen species present upon nanomaterial 

exposure. 

 

2.4 Conclusions 

Safe implementation of nanotechnology requires an intimate understanding of 

biological-materials interactions.  A significant portion of nanotoxicology effort has 

focused only on in vitro cell survival following nanomaterial exposure.  The work 

presented herein goes one major step further, examining cell function in cells that have 

survived the internalization of metal oxide nanoparticles.  With an in vitro MPMC/3t3 co-

culture, we have demonstrated that non-porous SiO2, porous SiO2, and non-porous TiO2 

are internalized by the cells and interfere with cell function.  From CFMA results, non-

porous SiO2 causes the greatest impact on exocytotic cell function through a decrease in 

molecules released per exocytotic granule and a decrease in the frequency of release as 

compared to porous SiO2.  Common viability assays support this trend as both MTT and 

hemolysis assays show non-porous SiO2 having a greater impact on cells.  Our results 

indicate that, while other properties may have toxic impacts, a major feature in predicting 

nanoparticle toxicity is the external surface area of the nanoparticle, and that while 

porous SiO2 are more readily taken up by cells, there is less cell-contactable reactive 

surface area to perturb cell function.   

Not only is the area of reactive surface available important for understanding 

nanoparticle toxicity, our results suggest that the surface chemistry is also critical in 

determining the nanoparticle-cell interaction.  That is, SiO2 causes significant impact on 

cell viability and hemolysis as well as disturbing the exocytotic cell 
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function.  Interestingly, however, while TiO2 does not appear to affect the toxicity as 

predicted with the traditional ensemble assays, it is internalized by cells and causes 

changes in the exocytotic cell function.  In addition to supporting the role of surface 

chemistry in determining the nanoparticle-cell interaction, these data support the need for 

alternative methods of assessing cellular impact of nanoparticles as the bulk assays did 

not reveal the altered cell function. Along with developing CFMA as a toxicological tool, 

continued work is needed to understand the causes of change in exocytotic cell function 

so that we may better control nanoparticle toxicity. 
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Chapter Three 
 

TiO2 Nanoparticle-Induced ROS Correlates with Modulated 

Immune Cell Function 
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M.A. Maurer-Jones, J.R. Christenson, C.L. Haynes. TiO2 Nanoparticle-Induced ROS 

Correlates with Modulated Immune Cell Function. J. Nanopart. Res. 2012, (in press). 
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3.1 Introduction 

With ever increasing human exposure to nanoparticles in commercially available 

products, the need to understand the interaction of nanoparticles with biological systems 

continues to increase in urgency. Toxic response to nanoparticles will best be avoided if 

there is a fundamental understanding about which nanoparticle characteristics elicit such 

responses, and this includes not only examining cell viability after exposure but also 

changes in function of those cells that survive and determining the mechanisms of 

function perturbation.
1
 It is likely that some common mechanistic disruptions will 

emerge, facilitating the possibility of toxicity prediction for nanoparticle classes and thus 

potential design rules for safe nanomaterials.  

The cellular function under consideration in this work is regulated exocytosis, the 

process where, upon stimulation, cells secrete chemical messenger molecules to the 

extracellular space.  Due to its conservation among many cell types and species, 

exocytosis function is a good candidate for drawing systematic conclusions.  

Additionally, exocytosis is a critical cell function for cells within the body to 

communicate with other cells, and studies of exocytosis have implications for whole 

organism health.  Examples where changes in exocytosis resulted in disease include 

diabetes with decreased levels of exocytosed insulin
2, 3

 and Crohn’s disease, where an 

increased number of the exocytotic enterochromaffin cells contributes to the autoimmune 

inflammatory response.
4
  Exocytosis is also critically important in the cascade of 

signaling molecules used in the immune system (e.g. during inflammation); if the 

signaling events are perturbed, there is the potential for dysfunction in the body’s ability 

to respond to a substance and this could cause harm.  Within the immune system 



62 

 

response, mast cells play a particularly important role.  They are most commonly known 

for their role in allergies and inflammation and are often tasked with pathogen 

recognition and response,
5
 which they achieve via the secretion of proteins, lipids, and 

other small messenger molecules during exocytosis.
6
  In addition to their contribution in 

the immune system’s first line of defense, mast cells are found throughout the body, and 

nanoparticles would likely encounter these cells in all exposure pathways (i.e. inhalation, 

injection, ingestion, and transdermal).   Understanding the impact of nanoparticles on 

mast cells yields an understanding of the immunogenicity of the nanoparticles, which is 

critical for assessing the impact nanoparticles have on human health. 

The secretion of molecules from mast cells can be measured in real time using 

carbon-fiber microelectrode amperometry (CFMA); this method has many advantages 

that address some of the aforementioned in vitro assay limitations.  In CFMA, a carbon-

fiber microelectrode is placed on the surface of a single cell, and electroactive mediators 

released from the cell are oxidized at the electrode surface, causing current 

transients.  This technique enables a fast (i.e. submillisecond resolution), dynamic, and 

extremely sensitive (i.e. limit of detection of ~ 5000 molecules) measurement from single 

cells within a heterogeneous cell population.
7
  Not only does CFMA give rich 

information regarding the biophysics of exocytosis in cells that survive nanoparticle 

exposure, but it is also unaffected by the presence of nanoparticles as demonstrated by 

previous work in our group.
8-11

  The work presented herein utilizes CFMA to explore the 

toxicity and exocytotic impact of a commonly used nanomaterial, TiO2. 

TiO2 nanoparticles are among the most produced nanomaterials, incorporated into 

a variety of everyday and nanotechnology-enabled products and 
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applications.
12

  Applications for TiO2 nanoparticles range from colorant additives in food 

and cosmetics
13

 to more innovative applications as heterogeneous catalysts.
14

  TiO2 

nanoparticles are also good photocatalysts, where under ultra-violet (UV) illumination, 

the nanoparticle becomes a strong oxidizing agent with the ability to oxidize many 

organic and biological molecules through the production of free radical species or 

reactive oxygen species (ROS).
15, 16,17

  Evidence suggests that TiO2 nanoparticles,
18

 as 

well as their products after UV exposure, amplify damage to cells via a ROS-mediated 

mechanism.
19

  Functional toxicity studies on various nanoparticle types have implicated 

ROS as one cause of decreased cell function and viability,
20-22

 including studies of TiO2 

nanoparticles’ impact on dendritic cell function in a simulated immune system
23

 and 

fibroblast stiffness.
24

 The extent of oxidative stress can be determined directly through 

measurement of ROS molecules and/or indirectly through measurement of oxidative 

stress markers such as glutathione and superoxide dismutase activity and compared to 

viability results from other bulk cell assays.
25, 26

  However, no studies to date have 

correlated the effect of nanoparticle-induced ROS to dynamic cell function perturbation. 

The work presented in this study aims to accomplish this by correlating the presence of 

intracellular ROS to the dynamically measured cellular function of exocytosis, thereby 

addressing the mechanism component of the aforementioned fundamental studies for 

nanotoxicity, making use of uptake and localization studies done in previous work.
8
  

Elevated levels of ROS caused by internalized nanoparticles are known to 

influence cell viability, as measured with traditional toxicological assays;
25-27

 we, 

therefore, hypothesize that TiO2 nanoparticle-induced ROS will impact the biophysics of 

exocytosis where increased ROS causes greater changes to exocytotic parameters.  
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Herein, we report the oxidative stress impact of TiO2 nanoparticles on primary culture 

mast cells using assays that measure ROS, and we correlate these data with exocytotic 

functional assessment.  Since TiO2 is commonly known to generate ROS upon UV light 

illumination, we also utilized UV light to induce greater ROS within cells exposed to 

nanoparticles to further explore TiO2 nanoparticle-induced oxidative stress impacts on 

exocytosis.  Results implicate ROS as a likely cause of toxicity and functional 

impairment to immune system cells induced by exposure to nanomaterials. 

 

3.2 Methods 

3.2.1 Nanoparticle Synthesis and Characterization 

TiO2 nanoparticles were synthesized and characterized as previously described in 

Section 2.2 using an acid-catalyzed sol-gel method.
8
   Briefly, the TiO2 nanoparticles 

were 11 nm in diameter and monocrystalline, a characteristic of TiO2 nanoparticles 

shown to influence toxicity.
28

 The crystallinity was 93.5% anatase and 6.5% brookite.
8
  

Aggregation, agglomeration, or flocculation was not controlled during the experiment 

because this characteristic would likely not be controlled in unintentional TiO2 exposure, 

though aggregation/agglomeration is influenced by many environmental factors, 

including salts, proteins, and temperature,
29, 30

 which in turn may affect cellular upake.
31

  

Though not controlled, the aggregation/agglomeration was studied over 24 h, the time of 

the experiments, by taking periodic dynamic light scattering (DLS) measurements of 100 

µg/mL samples in H2O, PBS, and cell culture medium. 
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3.2.2 Cell Culture and Nanoparticle Exposure 

MPMC/3t3 cell culture and nanoparticle exposure were performed as described in 

section 2.2.3. Briefly, 3t3 Swiss albino fibroblasts (3t3) were plated on 35 mm Petri 

dishes at least 3 days prior to experiments to ensure cells had grown to confluence before 

introduction of MPMCs.  MPMCs were obtained through a lavage of the peritoneal 

cavity of male, wild-type C57BL\6J mice (Jackson Laboratories, Bar Harbor, ME) 

immediately after euthanasia according to protocol #0807A40164, as approved by the 

University of Minnesota Institutional Animal Care and Use Committee.   Cells were 

plated on a confluent layer of 3t3s, and the co-culture was maintained in a 37 °C 

incubator in a 5% carbon dioxide environment. 

24 h prior to experimentation, the MPMC/3t3 co-cultured cells were passively 

exposed to 100 µg/mL TiO2 nanoparticles from a suspension of nanoparticles in PBS that 

were sonicated prior to exposure.  Control cells were exposed to PBS in the same volume 

as the added TiO2 nanoparticle suspension. This 100 µg/mL dose, while high for an acute 

exposure, enables a functional assessment of nanoparticle-cell interaction and is in 

agreement with doses used in previous studies.  In addition, it could potentially model the 

effects of multiple exposures and/or bioaccumulation.
32

  After 23.5 h of exposure, the 

cells were rinsed twice with PBS (Sigma-Aldrich, Milwaukee, WI) followed, in some 

cases, by 20 min exposure to 365 nm UV light (Spectronics Corp, Westbury, NY) placed 

approximately 10 cm above the culture dish (irradiance of 14.5 J/m
2
 determined 

experimentally).  UV light exposure was performed at the end of the 24 h nanoparticle 

incubation to ensure nanoparticle uptake, and a 20 min exposure time was chosen based 

on CFMA experimental constraints, as described in the section 2.2.7.  Control conditions 
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entailed adding PBS to the growth media in the same volume as the nanoparticle 

suspension to account for media dilution effects.  Additionally, some cells cultured in 

control conditions were also exposed to 20 min UV light as described above.  For 

experiments using N-acetylcysteine (NAC), cells were exposed to 1 mM N-

acetylcysteine amide (Sigma Aldrich, St. Louis, MO) at the same time as cells were 

exposed to TiO2 nanoparticles. 

 

3.2.3 MTT Assay 

Mast cell viability after nanoparticle exposure was assessed using the ensemble 

viability MTT assay.  Prior to MTT experiments, it was confirmed that TiO2 

nanoparticles did not cause false positives by incubating nanoparticles with a 0.5 mg/mL 

MTT solution, and no interference was observed (data not shown). The MPMC/3t3 co-

culture was plated within a 24-well plate, and exposures to nanoparticles or control 

conditions and UV light were performed as described above, with half of the plate 

exposed to UV light.  All exposures were done in quadruplicate.  After exposures, the 

MTT assay was performed as described in section 2.2.6 and viability was calculated by 

equation 2.3.   

 

3.2.4 Trypan Blue Assay 

MPMC viability was also assessed using the Trypan Blue cell staining (Sigma 

Aldrich, St. Louis, MO) where cells with permeable membranes (i.e. dead cells) are 

stained blue.  The MPMC/3t3 co-culture was plated in a 24-well plate and exposures to 

nanoparticles and controls were performed as described in the cell culture section.  Cells 
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were incubated with a 0.25% Trypsin solution for 5 min to remove the cells from the 

wells, and the contents of each well was placed in an individual microcentrifuge tube, 

with half of the samples being exposed to 20 minutes of UV light.  Cells were dyed by 

mixing 200 µL cell suspension with 200 µL of the as-purchased Trypan Blue solution.  

Upon mixing, 20 µL of the stained cells were plated onto each side of a hemocytometer 

and cells were counted under an inverted light microscope (Eclipse E200, Nikon USA, 

Melville, NY).  Cell viability was determined by equation 3.1. 

 

(3.1)                       
                             

                  
     

 

3.2.5 ROS Assays 

Intracellular ROS were monitored using fluorescence assays.  MPMC/3t3 co-

culture was plated on a 96-well plate and, prior to nanoparticle exposure as described 

above, cells were incubated for 1.5 h in 10 µM 2’,7’-dichlorodihydrofluorescein diaceate 

(DCFDA) or 2 h in 5 µM aminophenyl fluorescein (APF, Invitrogen, Eugene, OR) made 

in growth media.  DCFDA or APF solution was removed, and cells were rinsed twice 

with PBS followed by exposure to varying concentrations (12.5-400 µg/mL) of TiO2 

nanoparticles and, in some cases with the DCFDA assay, 1 mM NAC.  The range of 

nanoparticle doses was chosen to include both realistic nanoparticle doses along with 

doses that are extremely high (200 and 400 µg/mL) to amplify any oxidative stress 

response. After 23.5 h, cells were rinsed with PBS twice and half the plate was 

illuminated for 20 min with UV light, as described above.  As DCFDA or APF enters a 

cell and reacts with various ROS species, the probe molecule is converted into a 



68 

 

fluorescent product.  Fluorescence intensity was measured (BioTek Instruments, Inc, 

Winooski, VT) immediately following UV light exposure (λex=485/20 nm λem=528/20 

nm).  The fluorescent probe molecule is assumed to be intracellular because multiple 

wash steps were performed; however, it is possible that fluorescence may be from probe 

molecules associated with or adherent to the cell membrane. 

To test the antioxidative power of serotonin, 67 mM sodium hypochlorite 

(household bleach) and serotonin hydrochloride (Alfa Aesar, Ward Hill, MA) of varying 

concentrations (5 µM to 5 mM) were added to wells of a 96-well plate, adjusting to equal 

volumes with water, and allowed to react for 1 h.  Following reaction time, 10 µM 

DCFDA was added each well, incubated for 10 min, and fluorescence intensity, caused 

by the reaction of hypochlorite with the DCFDA molecule, was measured at λex=485/20 

nm λem=528/20 nm.  Each serotonin concentration was measured in triplicate. 

 

3.2.6 CFMA and Data Analysis 

CFMA was performed as described in previous work and in detail in section 

2.2.7.
8, 10, 11

  Briefly, a carbon-fiber microelectrode, fabricated in-house, was placed on 

the surface of a single MPMC and held at a constant +700 mV (vs Ag/AgCl), a potential 

sufficient to oxidize serotonin, an electroactive molecule stored in the MPMC granules. 

No changes in cell morphology were observed due to the culture condition, though the 

electrode pressed to the cell surface deformed the cell slightly because of the pressure. A 

stimulating pipette loaded with a chemical secretagogue (A23187, SigmaAldrich, St. 

Louis, MO) delivered a 3 s bolus onto the cell to stimulate exocytosis, and current from 

the oxidized serotonin was recorded.  CFMA was performed on cells following exposure 
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to 100 µg/mL TiO2 nanoparticles as described above, including selected cell plates being 

exposed to 20 min UV light.   

 Data analysis is described in detail in section 2.2.8. To be included in the peak 

analysis, the amplitude of the exocytotic spike was required to exceed 5 times the root-

mean-square of the current noise, and the area had to surpass 60 fC.  Average area and 

full-width at half maximum (t1/2) of the amperometric spikes were determined for each 

cell along with the frequency of release, and these values were pooled together with cells 

of the same culture condition.  Cells that had an average spike area that was more or less 

than 2 times the logarithmic standard deviation from the logarithmic mean were excluded 

from further data analysis.   

As explained in Chapter 2, amperometry affords much insight into the biophysics 

of exocytosis; spike area, t1/2, and spike frequency are of particular interest.  The area 

under individual spikes is equivalent to charge (or Q), a quantity that can be converted 

into the number of molecules released using Faraday’s law (Q=nFN). The t1/2 is a 

measure of the rate of release of molecules from individual granules, and the overall 

spike frequency reveals the efficiency of granule trafficking, docking, and fusion to the 

plasma membrane.  In each condition, data from at least 14 cells was pooled and the 

average of each cell’s average spike parameter was compared using pairwise student’s t-

testing (p<0.05) (Microsoft Excel, Microsoft Corp, Seattle, WA).  Significant changes in 

these spike parameters between culture conditions gives insight into the interaction of 

nanoparticles with cells by elucidating the impact they have on the critical cell function 

of exocytosis. 
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3.3 Results and Discussion 

3.3.1 Nanoparticle Synthesis and Characterization 

TiO2 nanoparticles were synthesized and characterized as previously described,
8
 

and a summary of the nanoparticle characteristics can be found in Table 3.1.  

Nanoparticles were suspended in PBS and introduced to the cell culture immediately after 

sonication.  Stability of the nanoparticles over the time course of the experiment in water, 

PBS, and cell culture medium is demonstrated in Figure 3.1. In monitoring the 

aggregate/agglomerate stability using dynamic light scattering (DLS), it is evident that 

TiO2 nanoparticles agglomerate quickly, which will impact the sedimentation rate and 

therefore the localized dose. 

 

 

Table 3.1 TiO2 nanoparticle characteristics. 

Characteristic Nanoparticle 

Environment 

Value 

Size (TEM) – primary particle  dry 11 ± 5 nm 

Size (DLS) – hydrodynamic 

radius 

H2O 806 ± 121 nm 

PBS 1576 ± 782 nm 

culture media 1204 ± 75 nm 

ζ-potential H2O -34.4 ± 0.4 mV 

PBS -13.6 ± 4.1 mV 

culture media -16.0 ± 3.0 mV 

Crystallinity dry 93.5% anatase; 6.5% brookite 

Surface area dry 234 m
2
/g 
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3.3.2 Cellular Viability 

Previous studies have shown that murine peritoneal mast cells (MPMCs) take up 

nanoparticles and localize them within the secretory granules.
8, 10

  Additionally, 

increasing the concentration of TiO2 nanoparticles increases the number of nanoparticles 

internalized by the cell.
8
 It is important to note that the description of concentration as 

related to uptake is difficult because it is affected by the degree of nanoparticle 

agglomeration, which in turn affects sedimentation rate and localized dose,
33

 but the 

qualitative correlation of increased concentration introduced to the cell culture yielding 

increased uptake is still maintained.    

With this understanding of nanoparticle uptake behavior already in hand for the 

exact model system (MPMCs co-cultured with Swiss-albino fibroblast line (3t3)), we first  

Figure 3.1 DLS measurement of the size of TiO2 nanoparticles and their 

aggregates/agglomerates in varying solvents over 24 h, with nanoparticles pictured in the 

inset. All solutions quickly agglomerated (i.e. within 2 h) and after 2 h in PBS, the 

agglomerate sizes are larger then the capabilities of the instrument. In the case of water 

and cell culture medium, the measured agglomerate size gets smaller after 2 h because the 

larger agglomerates drop out of solution. 
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examined the overall cellular toxicity of TiO2 nanoparticles on MPMCs using the MTT 

and Trypan Blue viability assays.  The co-culture model system was chosen to make an in 

vitro technique maximally relevant towards understanding in vivo response as mast cells 

were cultured with a supporting cell-type with which they are found in vivo.
10, 34

 24 h 

prior to experimentation, the MPMC/3t3 co-cultured cells were passively exposed to a 

suspension of 100 µg/mL TiO2 nanoparticles in PBS (sonicated prior to exposure).  As 

mentioned previously, this dose enables a functional assessment of nanoparticle-cell 

interaction and has been used in previous work within the group.  Some cells were 

exposed to 20 min UV light (λ=365 nm), after cells were rinsed with PBS, to 

intentionally increase ROS generation.  As shown in Figure 3.2, MPMC exposure to TiO2 

nanoparticles causes a significant decrease in the cellular viability, as does exposure to 

Figure 3.2 Cellular viability of MPMC/3t3 co-culture, as measured with the MTT and 

Trypan Blue assay, after exposure to 100 µg/mL TiO2 nanoparticles for 24 h.  Half of 

the control and nanoparticle-exposed cells were illuminated with UV light for 20 min 

at the end of the 24 h exposure period.  Percent cell viability was calculated for each 

assay as described in the text and varies between the two assays.   * indicates p<0.05 

(n=4) as compared to the control in the MTT assay (n=4).  
‡
 indicates p<0.05 and 

‡‡
 

indicates p<0.005 (n=4) as compared to the control in the Trypan Blue assay (n=4) 

 



73 

 

nanoparticles followed by 20 min UV light exposure (each compared to the control 

cells).  Although there is a significant decrease in viability as measured with both MTT 

and Trypan Blue, the majority of the cells, approximately 80%, are still viable, consistent 

with other studies where TiO2 nanoparticles cause minimal effect on cell survival.
8, 35

 

 

3.3.3 Intracellular ROS Content 

It is possible that intracellular ROS increases without killing the cells.  Since ROS 

has been implicated in cytotoxicity after exposure to nanoparticles,
36, 37

 cellular ROS 

content was measured using the DCFDA assay.  DCFDA, a fluorescein-based probe, 

reacts with most ROS species and therefore, gives an overall measure of ROS 

content.  As the nanoparticles introduced into the MPMC culture increase in 

concentration (12.5 – 400 µg/mL), and thus yield increased cellular uptake, more ROS is 

generated within the cell (Figure 3.3). 

 

 

Figure 3.3 DCFDA assay after 24 hour cell exposure to varying concentrations of TiO2 

nanoparticles, with half of the cells being exposed to 20 min of UV light at the end of the 

24 h (n=4 for each condition).  Regression analysis indicates a significant trend for both 

non-UV (black solid line; p<0.0001) and UV (gray dotted line; p<0.0001) illuminated 

cells, and the two regression lines are significantly different from one another (p<0.001). 
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As predicted, an even higher amount of total ROS is present in the cells exposed to both 

nanoparticles and UV light (20 min of λ=365 nm light), with greater nanoparticle 

exposure concentrations exhibiting greater ROS content. Keeping in mind that previous 

work indicates that MPMCs internalize more nanoparticles as the exposure concentration 

increases,
8
 it follows that the increasing concentration leads to more oxidative stress 

within the cell.  This dose response was also observed with the second common ROS 

probe, APF (Figure 3.4A). While this trend holds true for TiO2-exposed cells without 

subsequent UV light exposure, there is an even greater rate of ROS production in the UV-

exposed cells (p<0.001).  Again, the UV light exposure here is not meant to model 

organism sun exposure but instead acts as a positive control yielding increased ROS 

production. Performing the same DCFDA experiment with an immortal mast cell-like 

cell line, rat basophilic leukemia cells (RBL-2H3, ATCC, Manassas, VA) yielded a 

similar dose-dependent increase in ROS along with the increased rate of ROS production 

in the UV-exposed cell (Figure 3.4B).  To verify that the increased fluorescence intensity 

was not the result of the UV light transforming the probe molecule itself, solutions of 10 

µM DCFDA in PBS were plated in 96-well plates and half of the wells were exposed to 

UV light as in the cell experiments.  No difference was observed in the fluorescence 

intensity for the wells in the dark versus those that were light exposed (Figure 3.4C).  In 

total, these results indicate that, while UV light exposure alone does cause oxidative 

stress within the control cells (shown as the 0 µg/mL data point), the dramatic increase in 

ROS with nanoparticles present indicates their synergistic role in generating oxidative 

stress within the cell.   
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3.3.4 Effects on Exocytosis 

Real-time measurements using CFMA were employed to reveal the fundamental 

effect TiO2 nanoparticles and UV light exposure have on exocytosis in an effort to 

correlate results to cellular oxidative stress.  Representative amperometry traces from the 

four culture conditions (control, control+UV, TiO2 nanoparticles, TiO2 

nanoparticles+UV) tested are shown in Figure 3.5.  After spike-by-spike analysis of 

amperometry data, and in comparison to the control, MPMCs exposed to UV light, 100 

µg/mL TiO2, and 100 µg/mL TiO2 and UV light each showed a significant decrease in 

the average area per amperometric spike, decreasing by 23%, 37%, and 45%, respectively 

(Figure 3.6A). Using Faraday’s Law to convert spike area, or charge (Q), into molecules, 

Figure 3.4  ROS assays with varied fluorescent probes, varied cell types, or varied light 

exposure.  (A) APF assay in MPMCs after 24 h exposure to varying concentrations of 

TiO2 nanoparticles.  Regression analysis indicates a significant trend (p<0.0001). UV 

light exposure data was not shown for the APF assay as it is unclear if the UV light 

exposure would itself cause APF to decompose. (B) DCFDA assay in RBL-2H3 cells 

after 24 h exposure to varying concentrations of TiO2 nanoparticles with half of the cells 

being exposed to 20 minutes of UV light at the end of 24 h.  Regression analysis 

indicates a significant trend for both non-UV (black solid line; p<0.005) and UV (gray 

dotted line; p<0.0001) illuminated cells and the two lines are significantly different from 

one another (p<0.05). (C) Fluorescence intensity of DCFDA solution (10 µM in PBS) 

before (n=10) and after (n=10) UV light exposure. 
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these decreases in spike area are equivalent to a decrease to 4.6×10
6
, 3.7×10

6
, and 

3.3×10
6
 molecules, respectively, per granule compared to the control condition (6.0×10

6
 

molecules).  The decrease in average area per spike follows the trend in ROS presence in 

that more ROS present within a cell correlates to a greater decrease in the number of 

serotonin molecules being released. This is the same exocytotic function trend measured 

when cells are exposed to other nanoparticles (where ROS was not monitored).
8, 10, 11

 In 

Figure 3.5 Representative amperometric traces from MPMCs co-cultured with 3t3s 

for 24 h with the following exposure conditions: control, control + 20 min UV light 

illumination, 100 µg/mL TiO2 nanoparticles, and 100 µg/mL TiO2 + 20 min UV light 

illumination. Bold lines below traces indicate 3 s bolus of stimulant delivered to cell. 
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addition, comparison of the average Q measured for UV-exposed control and UV/TiO2-

exposed cells reveals a significant difference, indicating that the presence of 

nanoparticles contributes to the cellular dysfunction.  As seen in Figure 3.6B, there is a 

significant increase (p<0.05) in the average half-width (t1/2) measured from cells exposed 

to TiO2 and UV light as compared to the control.  An increase in the t1/2 indicates that the 

kinetics of chemical messenger secretion are hindered; these data support previous work, 

where, in the presence of nanoparticles, cell delivery of chemical messenger molecules is 

impaired. 
8, 10, 11

  The frequency of release is also affected under experimental conditions 

(Figure 3.6C); there is a significant decrease in the exocytotic frequency from cells 

exposed to both nanoparticles and UV light as compared to the control, suggesting that 

the combination of nanoparticles and ROS interferes with granule trafficking within the 

cytoplasm and/or docking machinery at the cell membrane. This is the first evidence that 

this change in chemical messenger release correlates to increased ROS, in which ROS 

may be the cause of this exocytotic impairment. 

 Correlating the presence of ROS within cells to the perturbation in exocytotic cell 

function, we see a greater impairment to exocytosis when more ROS is present.  The 

relationship between average Q and intracellular ROS content (Figure 3.6D) exhibits an 

exponential decay where increasing amounts of ROS correlate to less change in the 

number of serotonin molecules being released.  Furthermore, while the t1/2 and frequency 

are perturbed when the highest measured levels of ROS occur, Q appears to be more 

sensitive to alterations when ROS is generated, as all experimental culture conditions 

have Q values that are significantly different than the control (Figure 3.6A).  This 
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suggests that the serotonin content is more readily affected by nanoparticles, which also 

cause oxidative stress, than the kinetics of release or granule trafficking.   

 

 

 

Figure 3.6 Average amperometric spike parameters from MPMCs co-cultured with 

3t3s after 24 h exposure to control, control + UV light illumination, 100 µg/mL TiO2 

nanoparticles, and 100 µg/mL TiO2 + UV light illumination.  (A) All experimental 

conditions cause a significant decrease in Q as compared to the control, and a 

significant difference also arises between the control and nanoparticle exposures that 

were illuminated with UV light.  (B) Cells exposed to nanoparticles + UV light had a 

significantly larger t1/2 than any other culture condition and (C) also exhibited a 

significant decrease in frequency as compared to the control.  (D) The correlation 

between average Q and fluorescence intensity from the DCFDA assay shows an 

exponential decay.    Error bars represent SEM, * indicates p<0.05, and ***p<0.001. 
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It is evident that TiO2 nanoparticle-induced oxidative stress correlates to 

perturbations in exocytotic cell function.  However, it is beyond the scope of this work to 

determine if the ROS directly causes the changes in exocytosis or if the increased 

oxidative stress occurs in parallel with perturbations in granule release, which could be 

caused by changes in signaling pathways or other upstream phenomena.  Scientific 

precedent reveals that a consecutive increase in ROS leading directly to exocytotic 

impairment is plausible. Herein, we will present suggestions for how the occurrence of 

ROS could cause specific cellular biophysical changes as we have measured in the 

CFMA results.  Future work will aim to prove or disprove these proposed impacts.  

Assuming that ROS is induced close to where the nanoparticle is internalized, the greatest 

amount of ROS would occur within the MPMC secretory granules (based on microscopy 

data seen in section 2.3.2).
8
  ROS could particularly affect the number of molecules being 

released and the kinetics of individual granule release.  That is, ROS within the granule 

may cause a decrease in average Q per spike, or the number of molecules released per 

granule, because serotonin has been shown to act as an antioxidant
38

 and would be easily 

degraded by ROS before being released or reaching the microelectrode.  Figure 3.7 

demonstrates the antioxidant capability of serotonin, where increasing concentrations of 

serotonin were reacted with ~60 mM hypochlorite, a ROS molecule, for 1 h, after which 

the hypochlorite amount was significantly decreased (as measured using the DCFDA 

assay). Based on the number of molecules secreted per mast cell granule, we can 

approximate the concentration of serotonin per granule to be ~150 mM, and since at 5 

mM serotonin, there is minimal hypochlorite remaining in this well plate assay, it can be 

concluded that TiO2 nanoparticle-induced ROS would likely react with some of the 
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serotonin present in the granule, causing a decrease in the number of molecules secreted, 

but not totally deplete the highly concentrated intragranular serotonin, even at high ROS 

concentrations. 

 

  As to the possible direct effect of ROS on the kinetics of granule secretion, the 

majority of the granule is comprised of a heparin-like biopolymer, which has been shown 

to depolymerize in the presence of ROS, particularly 
.
OH.

39, 40
 This depolymerization 

would interrupt the natural organization and electrostatic repulsion of the highly 

negatively charged heparin and therefore decrease the driving force that causes the 

biopolymer to unfold during exocytosis, thereby increasing the time it takes for the 

granule to fully release its contents (i.e. t1/2).  While ROS may be initiated within the 

granule, there is evidence that some oxidative species are membrane permeable and 

Figure 3.7 In a well-plate, a solution of serotonin acts as an antioxidant, where 

increasing concentrations of serotonin decrease the hypochlorite concentration (initial 

concentration=67 mM), as measured with DCFDA fluorescence intensity (n=3). 

Regression analysis indicates a significant trend (p<0.001).  Significant reduction in 

fluorescence intensity starts at 200 µM as compared to the control.  Significant 

differences are indicated where **p<0.01, ***p<0.001, and ****p<0.0001, as 

compared to the control.  X-axis is represented as the log of serotonin concentration. 



81 

 

therefore may cross into the cytoplasm.
41

  A study by Pariente and coworkers 

demonstrated that ROS within the cytoplasm causes damage to actin filament 

reorganization, a critical component needed for granule trafficking and docking.
42

 

Therefore, ROS permeating into the cytoplasm from the granule, or other oxidative stress 

the cell experiences as a result of internalizing TiO2 nanoparticles, could cause a decrease 

in the efficiency of granule trafficking as evident by the decrease in the amperometric 

spike frequency.  Future experiments will test the depolymerization and cytoskeletal 

impacts of nanoparticle-induced ROS.   

In an attempt to mitigate the nanoparticle-induced ROS and work towards 

understanding if the correlation of ROS and altered exocytosis is serial or parallel in 

nature, cells were exposed to NAC, a commonly used antioxidant,
43, 44

 as nanoparticles 

were introduced to the MPMC/3t3 cell co-culture.  If the ROS directly alters chemical 

secretion behavior, cells exposed to a sufficient concentration of NAC, even with TiO2 

nanoparticle exposure, would not exhibit increased oxidative stress and, therefore, altered 

exocytosis.  The DCFDA assay was performed as described above, where cells were 

exposed to varying concentrations of TiO2 nanoparticles with a portion exposed to UV 

light.  Additionally, a subset of cells were exposed to 1 mM NAC, and results reveal that, 

while NAC attenuates the ROS induced by UV light exposure, it does not mitigate the 

dose-dependent, nanoparticle-induced ROS (Figure 3.8A).  This may be due to a 

difference in ROS generation mechanism/species.  CFMA results correlate with the ROS 

results (Figure 3.8B and 3.8C), where Q decreases and t1/2 increases upon exposure to 

TiO2 nanoparticles and UV light are not recovered in the presence of NAC.  Control cells 

exposed to UV light plus NAC resulted in recovery of both Q and t1/2, indicating that the 
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nanoparticle-induced perturbation is not alleviated.  It is possible that over a shorter 

exposure time (i.e. less than 24 h) the NAC could deplete some of the ROS as 

demonstrated by other TiO2 nanoparticle toxicity studies,
43

 but the data presented herein 

indicate that the intracellular oxidative stress caused by nanoparticles is difficult to 

relieve, making ROS production a likely mode of nanoparticle toxicity, though it does not 

distinguish if the correlation is serial or parallel.   

 

 

Figure 3.8 NAC, an antioxidant, does not stop nanoparticle-induced oxidative stress. 

(A) ROS produced from cells exposed to TiO2, UV light, and/or NAC.  In this plot, 

MPMC/3t3 co-culture is exposed to TiO2 nanoparticles in varying concentrations and 

some to 20 min UV light (dashed lines).  Regression analysis indicates significant trends 

(p<0.05) for all culture conditions (control – black solid line; UV exposure – dark gray 

dashed line; NAC exposure - medium gray solid line; UV and NAC exposure – light 

gray dashed line) and that the trend for cells exposed to UV light is significantly 

different (p<0.05) than the trend for the other three conditions. CFMA results correlate 

with ROS results where the TiO2 nanoparticle-induced ROS is not ameliorated by added 

NAC, and in turn, correlates with perturbed exocytotic cell function. (B) Average Q is 

significantly decreased in cells exposed to UV light and TiO2 + UV light though cells 

exposed only to UV light experienced a recovery after exposure to NAC. (C) The 

average t1/2 significantly increased in cells exposed to TiO2 + UV light and this 

perturbation in function is not recovered upon addition of NAC as the average Q is 

significantly less and the average t1/2 is significantly more than the control.  Error bars in 

B and C represent SEM and *p<0.05, **p<0.01,***p<0.001. 
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3.4 Conclusions 

To safely design engineered nanomaterials, it is critical to understand the 

mechanism by which nanoparticles and cells interact.  This work demonstrates that, upon 

exposure to TiO2 nanoparticles, cells exhibit increased intracellular ROS amounts in a 

dose-dependent manner.  Additionally, nanoparticle exposure followed by subsequent 

UV light illumination causes a further increase in the ROS present within the cell.  This 

increase in cellular ROS correlates with perturbations in exocytotic cell function, with 

decreasing number of molecules released, increasing time for granule content release, and 

decreasing granule trafficking and docking frequency as intracellular ROS increases.  

While other modes of toxicity may also be involved, it is clear that ROS is a large 

contributor to cellular dysfunction.  It is not currently possible to distinctly demonstrate 

whether the nanoparticle-induced ROS increase causes the change in exocytotic behavior 

or simply occurs coincidentally; however, evidence presented herein supports the former 

and inspires further work.  Either way, future nanoparticle design work is aimed at 

fabricating TiO2 nanoparticles that limit the ROS generated upon cellular introduction.   
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Chapter Four 
 

Impact of TiO2 Nanoparticles on Growth, Biofilm Formation, 

and Flavin Secretion in Shewanella oneidensis 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This work completed in collaboration with I.L Gunsolus, B.M. Meyer, C.J. Christenson, 

and C.L. Haynes.  
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4.1 Introduction 

While nanoscale particles occur naturally and have been used intentionally for 

centuries, release of engineered nanoparticles into the environment via direct application 

(e.g. pesticides), waste water effluent and sludge, and product degradation, among other 

routes, is of concern due to the increasing production and use of these materials and their 

novel physical and chemical properties. Therefore, it has become increasingly important 

to characterize the fate, transformation, and toxicity of engineered nanoparticles in 

ecological systems. The work presented herein focuses on titanium dioxide (TiO2) 

nanoparticles due primarily to their high commercial production rate; global production 

increased to 5000 tons in 2010
1
 and is projected to increase to 2.5 million tons by 2025.

2
 

TiO2 nanoparticles are manufactured in a variety of forms, the most common being E171 

(food additive),
1
 T-Eco (sunscreens),

3
 and Evonik Aeroxide® P25 (National Institute of 

Standards and Technology (NIST) established standard for TiO2 nanoparticles). 

   Released engineered nanoparticles will potentially impact organisms on all 

levels of the food chain, but the most widespread consequences will result from impacts 

exerted on low trophic level organisms like bacteria, which play critical roles in the 

ecosystem.  A mechanistic understanding of nanoparticle-induced bacterial toxicity has 

implications for understanding ecosystem health in general.  Shewanella oneidensis MR-

1 provides an excellent model system for understanding nanotoxicity as these bacteria are 

distributed world-wide in a variety of environments and are important for geochemical 

nutrient cycling.
4
 Additionally, this bacterium has also been utilized in previous 

nanotoxicity studies as an environmentally relevant model.
5, 6

 Because S. oneidensis is an 
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aquatic organism, there is a high likelihood that these bacteria will interact with 

nanoparticles entering the environment via the routes described above. 

Much of the work to date studying the bacterial toxicity of engineered 

nanoparticles has focused mainly on changes in viability and/or growth,
7-9

 but elucidation 

of toxicity mechanisms requires assessment of cell function changes. Toward 

understanding the mechanism of interaction, some strategies that have been employed 

thus far include study of nanoparticle uptake/association and post-exposure bacterial 

morphology,
10

 membrane integrity and properties,
10-12

 and oxidative stress.
10, 13

 While 

elucidating the mechanism of nanoparticle-bacteria interaction is an area of increasing 

research, critical gaps remain in the understanding of bacterial function following 

nanoparticle interaction.  

To address these gaps, we examine the effects of nanoparticle exposure on both a 

general bacterial function (biofilm formation) and a S. oneidensis-specific function 

(flavin secretion). Biofilms are composed of microorganisms embedded within a self-

produced biopolymer matrix, and formation of these biofilms is a critical function for 

bacteria. Many of the important environmental functions performed by bacteria, 

including organic material production and degradation, toxic material degradation, and 

biogeochemical cycling of biogenic elements like nitrogen, oxygen, and phosphorous 

require cooperative metabolic functioning, as occurs in biofilms.
14

 Biofilms serve a range 

of functions, both beneficial and detrimental to humans, which include acting as a food 

source for aquatic invertebrate, removing organic matter during sewage treatment, and 

biofouling.  For S. oneidensis, formation of biofilms is important for their interaction with 

metals and metal oxides.
15

  Beyond their importance to bacterial function, biofilms 
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represent the most common arrangement of bacteria in the environment, and so studying 

the impact of nanoparticles on biofilm formation allows generalizable understanding of 

nanoparticle toxicity.  

The main function of S. oneidensis in the geochemical cycle is as a metal reducer, 

a function which is performed by the secretion of electron shuttling molecules.  More 

specifically, S. oneidensis secretes flavin mononucleotide from the periplasmic space, 

which is readily converted into riboflavin, and these are extracellularly reduced using 

electrons donated by organic carbon oxidation within the cell.
4
 This function serves both 

to transform metals and as a method of respiration for S. oneidensis when oxygen content 

is limited. 

Herein, we aim to understand the mechanism of toxicity of TiO2 nanoparticles in 

a variety of forms (synthesized, Aeroxide P25, and T-Eco) on S. oneidensis by 

characterizing the nanoparticle impact on the generalizable function of biofilm formation 

and the species-specific function of metal reduction.  Quartz crystal microbalance (QCM) 

will be used to monitor biofilm formation and growth, which has been used previously in 

the study of bacterial biofilms,
16-18

 and high performance liquid chromatography (HPLC) 

will be used to analyze riboflavin secretion from S. oneidensis suspensions. These 

assessments of functional changes as a result of TiO2 nanoparticle exposure reveal new 

insights regarding the mechanism of nanoparticle-bacteria interaction. 
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4.2 Methods 

4.2.1 Nanoparticles 

Three types of TiO2 nanoparticles were utilized in this study, acid-catalyzed TiO2 

nanoparticles synthesized in house (as-syn), Evonik Aeroxide® Degussa P25 (P25 - The 

Cary Company, Addison, IL) and Eusolex® T-Eco (T-Eco - EMD Chemicals Inc, 

Gibbstown, NJ).  As-syn nanoparticles were synthesized and characterized as previously 

described,
19

 and were chosen because of the controlled crystallinity and controlled 

surface chemistry that in-house synthesis affords.  Two commercially available TiO2 

nanoparticles, P25 and T-Eco, were chosen because P25 is often used as a “model” TiO2 

nanoparticle in toxicity studies and T-Eco has been shown to be most similar to 

nanoparticles present in cosmetics, including sunscreens.
3
 Both commercial 

nanoparticles’ size and crystallinity have been characterized within the literature.
3, 20

 

Nanoparticle characteristics previously reported have been compiled in Figure 4.1. 

Beyond previous characterization, the hydrodynamic size, stability, and ζ-

potential of 25 μg/ml nanoparticle suspensions in water and Luria-Bertani (LB) broth, 

bacterial growth broth, was examined using Brookhaven Instruments Corporation 

dynamic light scattering (DLS) and ZetaPALS Zeta Potential Analyzer (Holtsville, 

NY).  Additionally, transmission electron microscopy (TEM) images were taken on a 

JEOL 1200 EXII (JEOL, Tokyo, Japan) at 80 kV. 

 

4.2.2 Bacteria Culture and Nanoparticle Exposure 

Shewanella oneidensis MR-1 were generously gifted from the lab of Jeff Gralnick 

at the University of Minnesota. The following method was employed to culture bacteria 
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that were subsequently used in nanoparticle toxicity experiments. All bacteria culture and 

nanotoxicity experiments were performed in LB broth (BD Difco
TM

,  BD Diagnostics, 

Franklin Lakes, NJ) or agar (BD Difco
TM

) plates with LB broth nutrients.  S. oneidensis, 

stored at -80 °C, were inoculated onto a LB broth agar plate and incubated at 30 °C for 

18-24 h, or until visible colony formation. Colonies were transferred to LB broth in 

sterile culture tubes with 1 colony placed in 5 mL of LB broth and allowed to come to 

stationary phase (~18-24 h).  At this point, the bacteria were used for toxicity assessments 

and will herein be referred to as bacterial suspension. Typically, the bacterial suspension 

was at a cell density of 10
9
 cells/ml as measured by the OD at 600 nm, where 1 

absorbance unit equals 10
9
 cells/mL. Nanoparticle exposures were conducted on the 

bacterial suspension in a range of 1-100 μg/ml TiO2 nanoparticles from a suspension of 

nanoparticles in LB broth.  These concentrations were chosen as they fall within the 

range of predicted environmental concentrations for the release of TiO2 from waste water 

effluent.
21

 

 

4.2.3 Viability Assay 

Viability of S. oneidensis after exposure to TiO2 was assessed using the 

fluorescent staining kit LIVE/DEAD® Baclight
TM 

(Life Technologies, Grand Island, NY) 

where live cells are stained with SYTO-9 fluorescent tag and dead cells are stained with 

propidium iodide. Cells were diluted to a density of 10
8
 cells/mL with LB broth and 

exposed to varying concentrations (1-100 μg/mL) of as-syn or 25 μg/mL P25/T-Eco TiO2 

nanoparticles for 24 h (at 30 °C and shaking at 200 RPM), with each condition cultured 

in triplicate and periodic assessment of viability over the 24 h exposure. To perform the 



90 

 

viability assay, the staining solution was prepared as specified by the manufacturer (kit 

L7012).  Periodically, 0.5 mL aliquots of the samples were centrifuged at 500g for 10 

minutes and pelleted cells were resuspended in a HEPES (4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid) buffer solution with mineral additives to avoid 

extracellular nucleic acids in the LB broth that bind the fluorescent stain 

molecules.  HEPES buffer, modeled after Shewanella sp. basal medium described in 

Balch et al., consisted of 100 mM HEPES (Sigma Aldrich, St. Louis, MO), 7.8 mM 

NaCH3CO2 (EMD Chemicals Inc, Gibbstown, NJ), 1.3 mM K2HPO4∙3H2O 

(Mallinckrodt, Phillipsburg, NJ), 1.7 mM KH2PO4(JT Baker, Phillipsburg, NJ), 1.7 mM 

(NH4)2SO4 (Fisher Chemical, Fairlawn, NJ), 1 mM MgSO4 (Sigma Aldrich, St. Louis, 

MO), 9.5 μM ZnCl2 (Sigma Aldrich, St. Louis, MO), 1.9 μM NiCl2 (Sigma Aldrich, St. 

Louis, MO), 0.5 μM Na2MoO4∙2H2O (Sigma Aldrich, St. Louis, MO), 0.4 μM 

Na2WO4∙2H2O (Alfa Aesar, Ward Hill, MA), 0.2 μM AlK(SO4)2∙12H2O (Mallinckrodt, 

Phillipsburg, NJ), 1.8 μM FeSO4∙7H2O (Fisher Chemical, Fairlawn, NJ), 13.5 μM 

MnSO4∙H2O (Mallinckrodt, Phillipsburg, NJ), 0.2 μM CuSO4∙5H2O (Spectrum Chemical, 

Redondo Beach, CA), and 3.25 μM CoSO4∙7H2O (Fisher Chemical, Fairlawn, NJ), 

adjusted to pH 7.2 with NaOH (Mallinckrodt, Phillipsburg, NJ).
22

 100 µL of the 

resuspended bacteria were plated on a 96 well plate, mixed with 100 µL of the staining 

solution and incubated for 15 minutes in the dark. After incubation with the reporter 

molecules, fluorescence intensity was measured on a multi-well plate reader (Synergy 2, 

Biotek, Winooski, VT) with excitation wavelength for both molecules centered at 485 nm 

and the fluorescence intensity of live cell stain, SYTO-9, measured at a wavelength of 

530 nm and dead cell stain, propidium iodide, measured at a wavelength of 630 nm. The 
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ratio of live-cell to dead-cell fluorescence intensity was compared between the control 

and nanoparticle-exposed bacteria.  The viability measurement was repeated after 0, 1, 2, 

6, and 24h of nanoparticle exposure. 

 

4.2.4 Growth  

To determine the impact of nanoparticles on bacterial growth, the optical density 

of bacteria was monitored over time to assess nanoparticle impact on growth rates.  Cells 

from the bacterial suspension were diluted to 10
7
 cells/ml and exposed to 0, 1, 5, 10, 25, 

or 100 μg/mL of either as-syn, P25, or T-Eco, and measurements of OD at λ=600 nm 

were periodically recorded with a Spectronic 20D (Milton Roy Company, Ivyland, PA), 

with samples replaced onto the shaking incubator when data were not being 

collected.  The exponential phase of growth was determined by manual inspection of 

each curve, and the growth rate, in generations/h, was determined using Equation 4.1, 

which is based on the classic model of binary fission. 

 

(4.1)                 
             

             
  

 

4.2.5 Biofilm Assessment with QCM 

QCM experiments to assess biofilm formation and growth were performed on a 

Maxtek, Inficon R-QCM system with 1” gold contact crystals in a flow cell (Inficon, East 

Syracuse, NY). The system was held at 30 °C in an incubator, and continuous monitoring 

of frequency and resistance, which relates to crystal dissipation, was performed over the 

course of the experiment to better understand the change in mass on the crystal and 
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viscoelastic properties of the biofilm, respectively.  Measurements were made on two 

parallel crystals, control and nanoparticle exposure conditions, with samples introduced 

to the flow cell using peristaltic pumps (variable flow mini-pump, Fisher Scientific, 

Hampton, NH).  Additionally, there was a constant flow throughout the experiment.  For 

biofilm growth experiments, LB broth introduced to the flow cell at 0.25 mL/min and the 

crystal was allowed to equilibrate for ~1 h.  After which, aerated bacteria were introduced 

to the crystal for ~1 h at a flow rate of 0.25 mL/min to allow attachment.  Flow was 

switched back to aerated broth (without bacteria) and the flow was increased to 0.75 

mL/min.  TiO2 nanoparticles (25 μg/mL) were introduced either simultaneously with 

bacteria and/or with aerated broth. 

 

4.2.6 HPLC Measurement of Riboflavin 

Flavin secretion by S.oneidensis, important for heavy metal reduction function, 

was monitored by analyzing suspensions for riboflavin using HPLC, taking advantage of 

riboflavin’s native fluorescence.  Bacterial suspensions diluted to 10
8
 cells/mL were 

exposed to 0-100 μg/mL as-syn or 25 μg/mL P25 or T-Eco TiO2 nanoparticles for 24 h, 

and exposures were made in triplicate. A 1 mL sample was removed from each 

suspension and centrifuged for 15 minutes at 5000 g. Then, 200 μL of the supernatant 

was transferred to an amber HPLC vial with a 250 μL glass insert.  HPLC analysis of 

riboflavin was performed on an Agilent 1200 HPLC fitted with a Zorbax Eclipse XDB-

C18 4.6 x 150 mm, 5 μm analytical column and Eclipse XDB-C18 4.6 x 12.5 mm, 5 μm 

analytical guard column ahead of the fluorescence detector. Isocratic elution was 

performed using a 70:30 mixture of 20 mM citric acid buffer (pH 3.3):methanol as the 
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mobile phase. The injection volume was 30 μL, flow rate was 1 mL/minute, and detection 

of riboflavin was achieved with excitation and emission wavelengths of 450 nm and 530 

nm, respectively. The run time was 7.25 minutes, and riboflavin elution was achieved 

around 6.5 minutes.  

 

4.2.7 Extracellular Polymeric Substance Isolation and Characterization 

Due to its importance in biofilms and to examine other secretion behaviors of S. 

oneidensis, the extracellular polymeric substance (EPS) was extracted and characterized 

for its sugar and protein content.  EPS extraction and characterization was performed as 

described in Gong et al.
23

 Samples were prepared in quadruplicate by diluting the 

bacterial suspension to 10
8
 cell/mL and exposing cells to 1-100 μg/mL as-syn or 25 

μg/mL P25 of T-Eco TiO2 nanoparticles for 24 h (shaking at 200 RPM at 30 °C) followed 

by centrifugation of 3 mL of the samples at 1500g for 10 min. Pelleted cells were 

resuspended in 10 mL of an aqueous solution of 8.5% (w/w) NaCl and 0.22% (w/w) 

formaldehyde (JT Baker, Phillipsburg, NJ) by vortexing and placed in the refrigerator for 

2 h. Cells were centrifuged at 3700g for 15 min at 4 °C, resuspended in a MQ water 

wash, and centrifuged again.  The supernatant was removed and the EPS weight was 

taken. MQ water was added in the ratio of 50 mL for every 1 g EPS, samples were 

sonicated for 3 min and again centrifuged (3700g for 15 min at 4 °C).  Cells were 

resuspended in 5 mL of 10 mM KCl and 10 mL of cold, 200 proof ethanol.  The 

suspension was placed in the refrigerator overnight to allow EPS precipitation. Then, EPS 

was pelleted (3700g for 20 min at 4 °C) and resuspended in 10 mL MQ water.   
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Phenol-sulfuric acid (PSA) was used to quantify sugar content of the EPS, where 

2 mL of EPS suspension was mixed with 50 μL of 80% (w/w) phenol solution (Sigma 

Aldrich, St. Louis, MO) and 5 mL concentrated H2SO4 (BDH Aristar, Radnor, PA).  The 

mixture was allowed to incubate for 20 min in a 35 °C water bath followed by 

stabilization at room temperature for 4 h.  The absorbance of each sample was measured 

at 480 nm in a 96-well plate and compared to a calibration curve made from glucose 

standards. 

Protein quantification was performed via Lowry’s method where 0.3 mL of the 

EPS solution was mixed with 1.5 mL alkaline copper reagent in a glass vial.  The alkaline 

copper reagent was made by combining 2% w/w Na2C4H4O6, 1 mL 1% w/w 

CuSO4∙5H2O and 98 mL of 2% w/w NaCO3 in 10 mM NaOH.  Following the copper 

solution addition, 75 μL Folin and Ciocalteu’s phenol reagent (Sigma Aldrich, St. Louis, 

MO) was added, incubated for 30 min, and absorbance of the samples was measured at 

500 nm.  Absorbance values were compared to a calibration curve generated from bovine 

serum albumin (BSA) standards.  

 

4.2.8 Uptake Assessment with TEM 

Determination of TiO2 nanoparticles internalization or association with S. 

oneidensis was completed utilizing TEM.  Bacteria were cultured with 25 μg/mL as-syn 

TiO2 at varying lengths of exposure, then the cells were pelleted by centrifugation (555 g 

for 10 min) and triple rinsed with 0.1 M sodium cacodylate buffer (Sigma Aldrich, St. 

Louis, MO) with centrifugation at 89 g for 5 min between each rinse. Final rinse buffer 

was removed and replaced with a solution of 2.5% glutaraldehyde fixative (Sigma 
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Aldrich, St. Louis, MO) in 0.1 M sodium cacodylate buffer. After a 1 h, the pellet was 

rinsed three times with sodium cacodylate buffer followed by post-fixing for 1 h in 1% 

osmium tetraoxide (Sigma Aldrich, St. Louis, MO) in 0.2 M sodium cacodylate 

buffer.  The cells were dehydrated in a series of solutions with increasing ethanol in water 

followed by propylene oxide (Sigma Aldrich, St. Louis, MO).  Propylene oxide was 

replaced with a 1:1 propylene oxide:Epon resin and incubated for 2 h.  Finally, samples 

were infiltrated with 100% resin for 48 h, refreshing the resin 5 times within the 48 h 

period.  Resin was cured for 24 h in 45 °C then 24h at 60 °C.  Samples were sectioned 

into 60-nm-thick sections using a diamond knife on an ultramicrotome, and the sections 

were collected on Formvar®-coated copper TEM grids (Ted Pella Inc, Redding, 

CA).  Sample grids were stained with uranyl acetate and lead citrate (Sigma-Aldrich, St. 

Louis, MO) and imaged on Jeol 1200 EXII TEM at 60 kV. 

 

4.2.9 Reactive Oxygen Species Assays 

Intracellular reactive oxygen species (ROS) were monitored using two different 

assays, 2’,7’-dichlorodihydrofluorescein diacetate (DCFDA) and aminophenyl 

fluorescein (APF) (Life Technologies, Grand Island, NY).  DCFDA generally is 

considered to react with most ROS molecules, and APF reacts more specifically with 

hydroxyl radical.  The bacterial suspension was pelleted (1500g for 10 min), and the 

supernatant was decanted.  Cells were resuspended in LB broth with either 10 μM 

DCFDA or 5 μM APF for one hour to allow cell uptake of fluorescent probe molecule. 

The bacterial suspension was again centrifuged (1500g for 10 min), and cells were 

washed 3 times with LB broth to remove extracellular DCFDA or APF.  Bacteria were 
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exposed to as-syn TiO2 nanoparticles in triplicate as described above in a range of 0-100 

μg/mL.  Periodically, a 250 µL samples was taken from each condition, placed in a 96 

well plate, and the fluorescence intensity was measured at λexcitation = 485/20 nm and 

λemission = 528/20 nm for both assays. 

 

4.2.10 Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR) 

qRT-PCR was performed on samples of S. oneidensis exposed to 0-100 μg/mL 

as-syn TiO2 after varied amounts of time and/or 25 μg/mL P25 or T-Eco after a 24 h 

exposure.  Primers were ordered through the BioMedical Genomics Center 

Oligonucleotide & Peptide Synthesis service using Integrated DNA Technologies (IDT) 

(Coralville, IA). Assay design was prepared using the Roche Universal Probe Library 

(UPL) technology.  To validate the primer probe sets, a five point 1:5 dilution series of 

the cDNA sample was carried out. Total RNA was isolated using RNAzol® RT (Sigma 

Aldrich, St. Louis, MO) following manufacturer protocols. Total RNA samples were 

synthesized to first-strand cDNA using SuperScript® II RT from Invitrogen (Life 

Technologies, Grand Island, NY). Quantitative PCR was performed on the ABI 7900 HT 

(Life Technologies, Grand Island, NY) using 3 μLs of cDNA in duplicate. A working 

cocktail was made by adding 10 µM forward primer (IDT), 10 µM reverse primer (IDT), 

10 M probe (UPL), and 2.22X homebrew master mix.  3 μLs of cocktail was added to 3 

μL aliquots of cDNA samples and amplified by the following parameters: 2 min 

activation at 60 °C and a 5 minute denaturation at 95 °C, followed by 45 cycles of 10 

seconds at 95 °C and 1 minute at 60 °C. 
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Data analysis was performed using the Pffaffl method in which the amount of the 

target gene was normalized to a reference gene, gyrB, and compared to control samples. 

1-way ANOVA analysis was performed to determine significant changes in gene 

expression levels. 

 

4.3 Results and Discussion 

4.3.1 Nanoparticle Characterization 

Nanoparticle stability and ζ-potential were measured in water and LB broth to 

better understand the aggregation state of the nanoparticles during the toxicity 

experiments.  These data, along with data on size and crystallinity that has been 

previously reported,
3, 19, 20

 are summarized in Figure 4.1. 

 

Figure 4.1 Nanoparticle characteristics.  * results taken from previously published work
3,19-

20
  † measurements taken in bacterial growth broth (LB broth). (ζ-pot = ζ-potential). 
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Generally, all three TiO2 materials aggregate over 24 h, though T-Eco aggregates 

significantly less than as-syn and P25, possibly due to the T-Eco surface being coated 

with a thin layer of SiO2.  All nanoparticles in LB broth aggregated less than in water, 

likely because LB contains many biological macromolecules that can adsorb onto the 

surface and prevent aggregation. 

 

4.3.2 TiO2 Nanoparticles’ Impact to Viability and Growth 

Evaluating the viability of S. oneidensis after exposure to TiO2 nanoparticles for 

various exposure times revealed no significant change in cell survival with increasing 

concentrations of as-syn TiO2 over 24 h or with the nanoparticles of different material 

(see Figure 4.2), consistent with previous assessments of TiO2 bacterial toxicity.
24, 25

 

There was some change in the ratio of live to dead bacteria over time (Figure 4.2B), but 

this was due to growth of bacteria within the experiment, and the same pattern of 

live/dead ratio changes were observed in all nanoparticle and control experiments. 

 

Figure 4.2 S. oneidensis viability after exposure to TiO2 nanoparticles as measured with 

the Live/Dead Baclight
TM

 assay. (A) Viability after 6 h exposure to varied 

concentrations (0-100 µg/mL) of as-syn TiO2 nanoparticles. (B) Viability of S. 

oneidensis exposed to 25 µg/mL for varied times.  *p<0.05 where each time point is 

significantly different than all other times of exposure. (C) Viability of 25 µg/mL of as-

syn, P25, and T-Eco after 6 h exposure. 
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While viability is not altered in the presence of nanoparticles, TiO2 caused a dose-

dependent decrease in the growth rate of S. oneidensis (Figure 4.3A). By plotting the 

absorbance over time on a log scale, the exponential phase of growth was observed, and 

the growth or doubling rate was calculated by Equation 4.1 and quantified in the inset of 

Figure 4.3A.  It is noted that initially, scattering from the nanoparticles contributed to the 

optical density measurements, so to confirm that we were observing changes as the result 

of slowed growth, we plotted the optical density minus the initial optical density, and 

differences in growth are still apparent (Figure 4.3B).  A similar decrease in doubling rate 

was observed for all three nanoparticles, an indication that the nanoparticles are having a  

Figure 4.3 Growth of S. oneidensis in the presence of TiO2 nanoparticles. (A) 

Exponential phase of bacteria grown in the presence of varying concentrations of as-

syn TiO2 nanoparticles. Inset indicates growth rate of bacteria as determined by 

Equation 4.1. (B) Exponential phase of growth with optical density at time = 0h 

subtracted to take into account scattering from nanoparticles.  (C) Comparison of the 

growth of S. oneidensis in the presence of 25 µg/mL as-syn, P25, or T-Eco. Red 

pentagon=P25 and gray triangle=T-Eco. 
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similar impact on bacterial growth. This trend may be a result of non-specific adsorption 

of broth components onto the nanoparticle surface. The change of bacterial growth rate in 

the presence of TiO2 nanoparticles has not been previously reported in S. oneidensis or 

other bacterial species. 

 

 

4.3.3 Changes in Bacterial Functions 

Moving beyond viability and growth, a functional assessment of S. oneidensis 

was performed, examining both a general bacteria and species-specific function.  As 

mentioned previously, biofilm formation is a common function of bacteria of varied 

species and plays an important role in the way bacteria react to their surroundings,
26

 with 

or without nanoparticles in this case.  QCM enables measurement of biofilm growth 

based on the principles of the Sauerbrey equation (Δm=-CΔf), where changes in the 

resonant frequency (Δf) of a crystal are proportional to changes in mass (Δm) accounting 

for a crystal sensitivity factor (C).   The Sauerbrey equation, however, assumes the 

deposited mass is rigidly bound to the crystal surface such that no damping occurs; this is 

not true of bacteria cells attaching to the surface. In this case, the series resonance 

resistance, which can be measured separately from the resonant frequency, is 

proportional to damping of the crystal resonance and, therefore, to the viscoelastic 

properties of the material deposited. A decrease in the series resonance resistance 

indicates a decrease in density of the deposited material. Herein, QCM measurements 

were used to assess both the mass of biofilm deposited on the crystal and the viscoelastic 

properties of the biofilm based on changes in frequency and resistance, respectively. 
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First, a comparison between control and 25 μg/mL as-syn TiO2 nanoparticle-

exposed cells was examined, where nanoparticles were introduced to the bacteria during 

the attachment phase to the QCM crystal and throughout biofilm growth (results shown 

in Figure 4.4). Figure 4.4A details the change in frequency of the parallel crystals.  A 

notable characteristic of both the control and TiO2-exposed bacteria is that the change in 

frequency is not linear.  For control cells, an initial rapid decrease in frequency is 

observed as compared to the TiO2 condition, indicating the addition of mass to the 

crystal, followed by a ‘lag’ and then further decrease in frequency.  This pattern indicates 

that there is an initial attachment of bacteria to the crystal with a delay before the biofilm 

begins to grow.  This pattern is in contrast to the results of biofilm formation among 

TiO2-exposed bacteria, where there is a steady, but less steep change in frequency, with 

growth increasing after 12 h.  We confirmed that the change in frequency was the result 

of biofilm growth or the combination of cell attachment/growth and TiO2 deposition as 

Figure 4.4 QCM response to bacterial biofilm formation and growth without (black) 

and with (red) exposure to 25 µg/mL as-syn TiO2 nanoparticles. (A) Changes in 

deposited mass as measured by the change in frequency and (B) the viscoelastic 

properties as measured by changes in quartz crystal resistance.  Arrows indicate the 

window of time where S. oneidensis are introduced to the QCM flow cell.  Outside of 

this time range, flow consisted of aerated LB broth without or with TiO2. 
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opposed to TiO2 nanoparticle sedimentation alone by a similar experiment, but without 

bacteria (Figure 4.5).  This experiment showed there was drift within the system where 

the change in frequency becomes more negative, possibly due to adsorption of molecules 

from LB broth, but not deposition of TiO2, and the drift was at most half that of the 

bacteria experiments.  In general, QCM revealed that TiO2 nanoparticle-exposed bacteria 

yield a slower change in frequency (Figure 4.4A) indicating a slower biofilm growth, 

which is consistent with the decrease in growth rate demonstrated above.  However, the 

change in frequency is not linear with either control or TiO2-exposed cells.  Additionally, 

we considered the viscoelasticity differences between control and nanoparticle-exposed 

biofilms, but there was no appreciable difference in the change in resistance of the 

biofilm with and without nanoparticle exposure (Figure 4.4B). Another way to examine 

this is to plot the change in resistance divided by the change in frequency, and for both 

the control and TiO2-exposed cells, there is no difference (graph not shown). 

Figure 4.5 QCM drift without (black) and with (red) the presence of 25 µg/mL TiO2 

nanoparticles over the time course of a typical QCM experiment.  Arrow head 

indicates addition of TiO2 to LB broth with (A) showing the frequency drift and (B) 

indicating resistance drift. 
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To elucidate whether the changes in biofilm growth were the result of changes in 

cell attachment, as opposed to simply the slowing of the rate of growth, we exposed cells 

to TiO2 nanoparticles, of all three types, only during attachment and continued to monitor  

growth after nanoparticles were no longer present.  Results varied (Figure 4.6), where as-

syn TiO2 nanoparticles seemed to promote adhesion, P25 inhibited adhesion, and T-Eco 

had no effect.  However, the variations during attachment were small, and these 

differences could be due to the variations within cell populations.  While it cannot be 

concluded that bacterial attachment is unaffected by the presence of TiO2 nanoparticles, 

any nanoparticle-based impact appears to be small.  

Another critical, species-specific function of S. oneidensis is its role as a metal 

reducer, where electron transfer occurs through the secreted molecule flavin 

mononucleotide (FMN).
27

  FMN is converted to riboflavin, which was the molecule of 

interest in this study because FMN rapidly transforms to riboflavin even without the 

presence of a metal electron acceptor.   Since S. oneidensis is responsible for metal 

reduction, one would predict stimulation of riboflavin secretion upon nanoparticle 

exposure; however, the energy required to reduce titanium (IV) likely exceeds the  

Figure 4.6 QCM analysis of bacteria exposed to 25 µg/mL as-syn, P25, or T-Eco 

nanoparticles during bacterial attachment, indicated by the window of time between 

the arrows. Red=TiO2 exposure. 
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capability of the flavin reducing mechanism.  Accordingly, we hypothesized that 

riboflavin secretion would decrease with nanoparticle exposure, correlating with the 

decrease in growth that was previously demonstrated.
28

 After exposure to varying 

concentrations (0-100 μg/mL) and type of TiO2 nanoparticles for 24 h, the extracellular 

riboflavin content was examined using HPLC, detecting the native fluorescence of 

riboflavin.  Unexpectedly, extracellular riboflavin increased as a function of nanoparticle 

concentration (Figure 4.7), though no differences were apparent upon comparing the 

different TiO2 materials. While there lacks literature precedent, this may be an indication 

that S. oneidensis flavin secretion may be activated as a response to a system stressor. 

To examine if other secretion processes were affected by the presence of TiO2, 

isolation and characterization of EPS for the sugar and protein content was performed as  

Figure 4.7 Riboflavin secretion, as measured with HPLC, is significantly increased 

(p<0.05) upon exposure to varying concentrations of as-syn TiO2 nanoparticles.  Inset 

includes a comparison of riboflavin secretion upon exposure to 25 µg/mL as-syn, 

P25, and T-Eco (*p<0.05 as compared to the control). 
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it relates both to secretion events and biofilms.  That is, EPS is commonly considered to 

be the structural support for biofilms and is a mixture of macromolecules including 

secreted proteins and polysaccharides. Hessler et al. recently noted that EPS has a role in 

mitigating TiO2 nanoparticle toxicity in Pseudomonas aeruginosa as measured by the 

Live/Dead Baclight
TM

 assay.
24

 In quantifying the protein and polysaccharide content of 

TiO2 nanoparticle-exposed S. oneidensis, no change in the EPS is observed over the 

range of concentrations (1-100 μg/mL) or for the varied nanoparticle type after 24 h 

exposure (Figure 4.8).  This indicates that growth and flavin secretion do not correlate to 

EPS production but could explain why changes in viability were not observed.  

 

4.3.4 Mechanisms that Influence Changes in Cell Functions 

Toward a mechanistic understanding of the changes in function that were 

observed in S. oneidensis after TiO2 nanoparticle exposure, we examined nanoparticle  

Figure 4.8 Characterization of EPS after 24 h exposure to varying concentrations and 

types of TiO2 nanoparticles.  
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uptake or association, oxidative stress, and gene expression. Using TEM, we observed 

that TiO2 nanoparticles are not internalized and do not appear to be membrane bound, 

though they are associated with the cells in some way as they are not washed off during 

rinse steps (Figure 4.9).  This association was observed even after just a 2 h exposure. 

Oxidative stress, or the production of ROS, is commonly considered to contribute 

to the mechanism of TiO2 nanoparticle toxicity
29

 and therefore, may contribute to the 

toxicity response measured herein (i.e. decreased growth and increased riboflavin 

secretion).  Intracellular ROS was measured by first loading S. oneidensis with DCFDA 

or APF probe molecules, followed by exposure to varying concentrations of TiO2 

nanoparticles (0-100 μg/mL) for varying amounts of time.  Over time, the intracellular 

ROS increases for all conditions but over the first 6 h, there is no significant difference 

between control and nanoparticle-exposed cells.  By 24 h, a difference in ROS production 

is observed, but there is no trend with nanoparticle concentration, and repeated 

Figure 4.9 TEM images of S. oneidensis after 6 h incubation (A) without or (B) with 25 

µg/mL as-syn TiO2 nanoparticles.  Circle indicates association of nanoparticle clusters 

close to bacteria. Scale bar = 1 µm 
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experiments reveal that the observed differences are inconsistent (Figure 4.10). A similar 

response is seen with both the DCFDA and APF assays (data not shown).  These results 

indicate that ROS levels are not correlated with measured changes in growth and 

riboflavin production, and observed ROS may simply be associated with normal 

biological processes or functions. 

 

 

 Moving beyond uptake and oxidative stress, we examined the impact of TiO2 

nanoparticles on gene expression, which may reveal the source for the varied growth, 

biofilm formation and flavin secretion.  Genes encoding for a variety of functions were 

explored using qRT-PCR after 24 h exposure to varied concentrations of as-syn TiO2 

(Figure 4.11 and Table 4.1) and 25 µg/mL P25 and T-Eco nanoparticles. Interestingly, in 

Figure 4.10 Amount of ROS over time as measured with the DCFDA assay upon 

exposure to varied concentrations of as-syn TiO2 nanoparticles. Early time points (0-6 h) 

are illustrated in the inset.  
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all genes explored, P25 and T-Eco imparted no change in gene expression as compared to 

the control (data not shown) whereas as-syn nanoparticles induced some changes.  Since 

no other toxicity assessments demonstrated a different response based on the material, it 

is unclear what parameters would cause P25 and T-Eco to induce varied gene expression 

from as-syn, though it may be the result of a different surface crystallinity (P25 is 25% 

rutile) and surface material (T-Eco has SiO2 at the surface).  Further exploration of how 

the chemical interface influences gene expression will be an area of future work, as it is 

beyond the scope of this study.  

Flavin secretion by S. oneidensis is the main method of electron transfer in their 

metal reducing function, and metal reduction occurs as the result of signaling pathway 

that ends with the Mtr pathway.
30, 31

 Genes related to this pathway studied herein include 

cymA,
32, 33

 ushA,
27

 omcA,
31

 and mtrA.
30

 While no significant trends are apparent for      

cymA, mtrA, and ushA, omcA shows significant (p<0.05) increase in gene expression after 

24 h exposure to 10 µg/mL TiO2 nanoparticles. While not significant, the other culture 

conditions are trending toward increased expression.  omcA encodes for an outer 

membrane c-type cytochrome that plays a small role as a terminal reductase for metals 

and is also related to attachment of the cells to a solid surface.
31

  Increased expression of 

this gene correlates with the increased riboflavin secretion by S. oneidensis over the 24 h 

exposure and also indicates that cell attachment as a biofilm may ultimately be affected, 

though this effect has not yet been observed.  Other genes relating to biofilm formation 

and growth are the mxdABCD complex,
34, 35

 and the expression of each of these genes 

was quantified after 24 h nanoparticle exposure.  Of these, both mxdA (Figure 4.11) and 

mxdB (Table 4.1) showed  decreased expression as compared to the control.  mxdA  
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encodes for a diguanaylate cyclase protein and mxdB encodes for an inner membrane 

glycosyltransferase, both of which relate to cell attachment and synthesis of 

exopolymeric saccharides, which relates to EPS;
34, 35

 both genes are essential for the 

three-dimensional growth of biofilms.  Since these are both down regulated after 

exposure to most concentrations of nanoparticles, this may explain the decrease in growth 

of biofilm, as observed with QCM, because the syntheses of proteins for three 

dimensional growth are synthesized in lower amounts.  However, the relationship of 

mxdA and mxdB to EPS would potentially indicate changes in the secretion profile that 

were not observed in the EPS characterization (Figure 4.8).  It is possible that the EPS 

Figure 4.11 Relative fold change of genes related to flavin secretion (omcA), 

biofilms/EPS (mxdA), growth (ftsK), and cell stress (sodB) upon 24 h exposure to 

varying concentrations of as-syn TiO2 nanoparticles (*p<0.05). 



110 

 

analysis is not sensitive enough to see these changes.  Alternatively, the expression of 

these genes at 24 h may differ from the expression at early time points.  That is, gene 

expression may be initially stimulated upon TiO2 nanoparticle exposure producing a level 

of protein that then causes a decrease in expression at the measured 24 h time point, 

ultimately yielding a zero net balance to the content of the EPS. 

Other genes of interest included ftsK, responsible for chromosome partitioning 

proteins that relate to growth,
36

 and various stress response genes. These stress response 

genes include sodB and gst, which code for ROS response proteins superoxide dismutase 

B and glutathione transferase,
37

 pspB, which codes for cytoplasmic membrane stress 

indicator phage shock protein,
38

 dnaN, responsible for DNA polymerase protein, and 

radA, which encodes for DNA repair proteins. Significant changes in gene expression 

were observed only for sodB and pspB.  It is unsurprising to see no trend for ftsK 

expression because after 24 h, the bacterial culture has reached stationary phase, even in 

the presence of nanoparticles; therefore, the presence of chromosome partitioning 

proteins should be a steady state for all conditions.  pspB expression levels (Table 4.1) 

were significantly higher for cells exposed to 25 µg/mL TiO2 as compared to the control, 

indicating increased cytoplasmic membrane stress. In the case of sodB, there is a 

decreasing trend of sodB expression after 24 h exposure with lower nanoparticle 

concentrations, with a significant decrease at 10 µg/mL as-syn TiO2 nanoparticles, 

though the expression is recovered at 25 and 100 µg/mL.  This expression was 

unexpected because if oxidative stress had occurred, an increased expression would be 

expected.  Again, the decrease may be the result of quantification of gene expression after 

24 h exposure, and earlier time points may yield a different expression level.  This is 
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particularly true for oxidative stress, as typically oxidative stress effects are observed on 

short time scales due to the short lifetime of the ROS molecules.
39

 

 

Table 4.1 Relative fold change of other genes related to flavin secretion, biofilms/EPS, 

and cell stress investigated with qRT-PCR.  Red values with a negative sign indicate a 

decrease in gene expression as compared to the control and black positive values are 

increased gene expression as compared to the control. Gray cells indicate significant 

(p<0.05) difference in expression as compared to the control. 

  [as-syn TiO2] (µg/mL) 

Function Gene 1 5 10 25 100 

Flavin 

secretion 

mtrA -1.01 1.10 1.24 1.11 1.01 

cymA 1.10 1.11 1.04 1.25 1.28 

ushA -1.13 -1.06 -1.14 1.07 1.07 

Biofilms 

and EPS 

mxdB -1.37 -1.57 -1.70 -1.73 -1.56 

mxdC -1.11 1.17 -1.14 1.20 -1.06 

mxdD -1.16 -1.06 -1.16 -1.03 -1.10 

Stress gst -1.12 1.01 1.18 1.13 1.06 

pspB -1.04 1.18 1.07 1.62 1.34 

radA -1.28 -1.04 -1.09 1.01 -1.14 

dnaN -1.21 -1.01 -1.15 1.11 -1.00 

 

To explore the impact of time on gene expression levels, we took periodic 

samples of S. oneidensis exposed 25 µg/mL as-syn TiO2 nanoparticles and monitored 

expression of omcA, mxdA, ftsK, and sodB as these genes showed some interesting trends 

after 24 h exposure that may be related to exposure time.  As seen in Figure 4.12, sodB 

showed no significant trend over time as compared to the control, supporting the previous 

conclusion that oxidative stress does not appear to be the root of growth and flavin 

secretion changes.  The lack of change in ftsK as compared to the control indicates that 

this gene is not responsible for the changes in growth rate that have been observed, and 

further exploration is needed. Both omcA and mxdA demonstrate an initial increase in 

expression until 3 h, after which, expression is not different from that of the control.  For 

omcA, this further supports the role TiO2 nanoparticles play in stimulating flavin 
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secretion as it is stimulated within 3 h.  For mxdA, the initial burst (until 3h) followed by 

return to control level at 6 h and ultimate decrease in expression after 24 h may indicate 

that after there is a threshold level of protein available to the bacteria, the gene expression 

is less. This initial burst followed by decreased expression would explain why changes in 

EPS were not observed.  In relationship to biofilm formation and growth, the lack of 

difference in gene expression after 1 h could explain why only minor differences in 

biofilm attachment were observed (Figure 4.6) but growth of the biofilm over time was 

depressed.  

 

 

Figure 4.12 Relative fold change of genes upon exposure to 25 µg/mL as-

syn TiO2 at varying times (*p<0.05). 
 



113 

 

4.4 Conclusions 

  Gaining an understanding of the functional changes within a species upon 

exposure to nanoparticles is critical for understanding subtle changes in ecosystem health.  

Additionally, it aids in the development and use of nanotechnology in a sustainable way.  

In this study, we demonstrated that, while minimal changes in viability were observed, 

significant changes in bacterial growth, biofilm growth and riboflavin secretion of S. 

oneidensis occurred after exposure to TiO2 nanoparticles.  These changes were not the 

result of oxidative stress, but the proximity of the nanoparticles changes to gene 

expression that influenced bacterial function. Though there was some discrepancy in the 

material induced changes in gene expression, generally the type of TiO2 nanoparticle (i.e. 

as-syn vs. P25 vs. T-Eco) elicits similar functional changes within S. oneidensis, and the 

discrepancies and similarities are likely the result of surface structure and will be the 

subject of future work.   

Though the field of econanotoxicity is relatively new, this study presents an 

important approach to studying toxicity.  That is, through a nuanced view of toxicity (i.e. 

functional assessment), a clear understanding of the nanoparticle impact is gained, and 

this yields beneficial information to inform nanoparticle design and mitigate any 

unintentional toxicity.  
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Chapter Five 
 

Characterization of Ag
+
 Dissolution from Ag Nanoparticles 

using Fluorous-phase Ion-selective Electrodes and Subsequent 

Toxicity in Shewanella oneidensis 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This work completed in collaboration with Seyedeh M. Mousavi, Li Chen, Philippe 

Buhlmann, and C.L. Haynes. 
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5.1 Introduction 

Dynamic characterization of nanoparticles is important within toxicity studies to 

understand how nanoparticle characteristics affect toxicity.  Currently, there are a range 

of analytical tools employed to characterize nanoparticles at specific times in the toxicity 

assessment; yet, most of these tools cannot accomplish dynamic, in situ characterization. 

It is clear from the literature that nanoparticle characteristics readily change in complex 

environments (e.g. body or environment) due to their high surface reactivity, and these 

characteristics evolve over time.
1, 2

  Unfortunately, the limited analytical tools for in situ 

nanoparticle characterization are impeding the fundamental understanding necessary to 

advance the field of nanotoxicology. One nanoparticle characteristic that is particularly 

important in nanotoxicology is the dissolution of nanoparticles into toxic ions. 

Silver nanoparticles (Ag NPs) are considered to be the mostly widely used 

nanoparticle in nanoparticle-enabled consumer products, including wound dressings, 

toys, and clothing.
3
 Primarily used as an antimicrobial agent, global production was 280 

tons in 2011 and is expected to increase to 1200 tons by 2015.
4
 The antimicrobial nature 

of Ag NPs is imparted primarily through the dissolution of Ag
+
,
5
 which can bind proteins 

and enzymes to disrupt normal cell function; 
6, 7

 therefore, it is critical to understand the 

extent and kinetics of dissolution to Ag
+
 to understand Ag NP toxicity. 

Due to the role of ion release in nanotoxicity, many studies have worked to 

characterize Ag NP dissolution.  Atomic spectroscopy is commonly used for 

characterization, where the supernatants of nanoparticle suspensions are analyzed for the 

mass (inductively coupled plasma mass spectrometry (ICP-MS)), atomic emission, or 

atomic absorption of the atom of interest.
8-11

 These techniques are highly selective and 
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sensitive, with picomolar detection limits. Another common method is to monitor the 

localized surface plasmon resonance of Ag NPs, where a decrease or shift in extinction 

correlates with dissolving nanoparticles, though this technique requires high 

concentrations of Ag NPs that may be environmentally unrealistic.
12

 Both of these 

techniques, however, only provide a snapshot of the ion content, failing to provide real-

time, in situ assessment of the silver ion concentration, and, in the case of atomic 

spectroscopies, are fairly expensive. Another disadvantage to these techniques is that they 

are limited in their ability to differentiate between whether the dissolved Ag is free or 

complexed Ag
+
. It is well known that silver forms stable complexes with Lewis bases 

such as –SH, -NH2 and -Cl, which are present in body fluids and cell culture media.
13

 

Complexation results in lowering the activity of free silver ions and can alter the 

bioavailability and subsequent toxicity of Ag
+
. For example, increased sulfidation of Ag

+
 

and Ag NP can decrease bioavailability and toxicity in a variety of organisms;
2, 14, 15

 

therefore, understanding the species of the dissolved Ag from Ag NP is also important.   

 Ion-selective electrodes (ISEs) provide inexpensive, continuous, sensitive, and 

selective measurements of Ag
+
, which make them an appealing tool for studying the 

kinetics of Ag NP dissolution. Additionally, ion-selective electrodes have the ability to 

quantitatively differentiate between free and complexed Ag
+
, which could result in a 

more accurate assessment of Ag NP toxicity. There has been some literature precedent 

for use of commercially available Ag/Ag2S ISE sensors for the study of nanoparticle 

dissolution, including a study using the ISE to study ion release within a cell culture.
13

 

While this study confirms complexation of Ag
+
, lack of signal stability in the 

commercially available Ag/Ag2S ISE limits the proper measurement of concentration of 
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Ag
+
 released from dissolution of Ag NPs.  Also, only five discrete measurements were 

recorded over 24 h, failing to provide kinetic information about nanoparticle dissolution; 

this was likely the result of the electrode susceptibility to biofouling. Biofouling, a 

common problem limiting the lifetime and response of ISEs, occurs as a result of 

adsorption of lipids and proteins onto the sensing membranes and extraction of lipophilic 

species into the sensing membrane.
16-18

  

Herein, we use fluorous-phase ionophore-doped ISEs for the continuous 

monitoring of dissolution of citrate-capped Ag NPs in water or bacterial growth broth. 

Fluorous phases have extraordinarily low polarity and polarizability, and as a result, 

many alkanes are not miscible with perfluoroalkanes and many lipids have poor solubility 

in fluorous phases.
19-21

 These characteristics of fluorous phases make fluorous-phase 

ISEs less susceptible to biofouling by limiting the extraction of neutral biomolecules into 

the sensing membrane.
18

 In addition to lowering the susceptibility to biofouling, the silver 

ionophore-doped fluorous ISEs, which have been described previously by Lai et al.,
22

 

offer exceptional selectivity for Ag
+
. The exceptional selectivity arises from the non-

coordinating and poorly solvating properties of these fluorous phases that result from 

their extremely low polarity. Having all the aforementioned properties, the silver 

ionophore-doped fluorous-phase ISEs are an uniquely appropriate tool for continuous 

monitoring of Ag NP dissolution in water and the complex solution of bacterial growth 

broth. 

Using fluorous-phase ISEs, we measured the concentration of Ag
+
 and correlated 

this concentration with the toxicity to the bacteria Shewanella oneidensis MR-1.  S. 

oneidensis are a minimally pathogenic bacterium found in a wide range of geographical 
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and ecological conditions and are notable for their role in geochemical nutrient 

cycling.
23

  More specifically, they are metal reducers and therefore, the likelihood of 

interaction of S. oneidensis and metal nanoparticles is high, making S. oneidensis a 

relevant model species in studying Ag NP toxicity. By combining dissolution assessment 

with toxicity studies, this study lays the foundation for the ultimate development of an in 

situ nanoparticle characterization and toxicity assessment tool. 

 

5.2 Methods  

5.2.1 Nanoparticle Synthesis and Characterization 

Citrate-capped Ag NPs were synthesized freshly for every experiment following a 

procedure detailed by Hackley and coworkers.
24

 Prior to synthesis, glassware was 

cleaned with aqua regia (3:1 HCl:HNO3) and rinsed three times with Milli-Q purified 

water (18MΩ∙cm specific resistance, EMD Millipore, Burlington, MA).  For the 

synthesis, 50 mL MQ water was brought to a boil and then 365 μL of 34 mM trisodium 

citrate dihydrate (Sigma Aldrich, St. Louis, MO) and 211 μL AgNO3 (Sigma Aldrich, St. 

Louis, MO) were added, followed by drop-wise addition of freshly prepared 250 μL 

NaBH4 (Sigma Aldrich, St. Louis MO).  Upon addition of NaBH4, the solution 

immediately turned yellow, and the mixture was allowed to boil for 15 min before 

removing the nanoparticles from heat and allowing them to come to room 

temperature.  Nanoparticles were purified with regenerated cellulose (MWCO 50,000) 

centrifugal filter units (EMD Millipore, Carrigtwohill, Ireland) where 15 mL of the 

nanoparticle suspension were centrifuged at 1500 g for 4 min then resuspended in MQ 

water, with the centrifuge/resuspension steps repeated in triplicate.  The concentration of 
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nanoparticles in the final, purified nanoparticle solution was determined via UV-vis 

(Ocean Optics, Dunedin, FL) using the extinction coefficient 8.7 × 10
8 

M
-1

 cm
-1

, as 

determined experimentally via correlation of absorbance values to concentrations of 

nanoparticles measured with ICP-MS (ICP-MS method below). Concentrations were 

converted to μg/mL by calculating the number of atoms per nanoparticle and converting 

atoms to mass using the atomic weight of Ag (107.868 g/mol).  The number of atoms per 

nanoparticle (U) were determined based on Equation 5.1 from Marquis et al.,
25

 

  

(5.1)         
 

 
  

 

 
   

 

where D is the nanoparticle diameter (11 nm) and a is the edge length of the unit cell 

(4.0857 Å for Ag).  

Nanoparticles were characterized by transmission electron microscopy (TEM – 

JEOL 1200EX III, JEOL, Tokyo, Japan), UV-visible spectroscopy (USB2000, Ocean 

Optics, Dunedin, FL), dynamic light scattering (DLS – 90Plus, Brookhaven Instruments 

Corporation, Holtsville, NY), and ζ-potential measurement (ZetaPALS, Brookhaven 

Instruments Corporation, Holtsville, NY).  The stability of the nanoparticles was 

monitored over 24 h with both DLS and ζ-potential in both MQ water and bacterial ferric 

citrate broth (described below). 

 

5.2.2 Fluorous-phase ISE Fabrication 

Ionophore-doped fluorous-phase ISEs were prepared in-house, which included 

preparation of the ionophore-doped fluorous membrane and assembling the electrodes.  
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To prepare sensing membranes, 0.5 mM ionic sites and 1.5 mM ionophore were added to 

the perfluoroperhydrophenanthrene (Alfa Aesar, Ward Hill, MA), and the resulting 

mixture, considered to be the sensing phase of the membrane, was stirred for at least 24 h 

to ensure complete dissolution. The ionophore, 1,3-bis(perfluorooctylethylthiomethyl)-

benzene and the ionic site, sodium tetrakis[3,5-bis(perfluorohexyl)phenyl]borate, were 

prepared according to previously described procedures
18

 and embedded on Fluoropore
TM

 

filters (porous poly(tetrafluoroethylene), 47 mm diameter, 0.45 μm pore size, 50 μm 

thick, 85% porosity, EMD Millipore, Bedford, MA). The Fluoropore
TM

 filters were 

sandwiched between two note cards, and were cut with a 13 mm diameter hole punch to 

prepare the porous filter disks. The fluorous sensing phase was then applied with a 

micropipet onto a stack of 2 porous filter disks used to mechanically support the fluorous 

membrane. Full penetration of the fluorous phase into the porous supports was confirmed 

by a translucent appearance of the thus prepared sensing membranes. 

The prepared fluorous membranes were mounted into custom machined electrode 

bodies made from poly(chlorotrifluoroethylene), as described previously.
18

 In brief, a 

screw cap with a hole (8.3 mm diameter) in the center was screwed onto the electrode 

body, mechanically securing the sensing membrane in between the electrode body and 

the cap but leaving the center of the membrane exposed. The electrode bodies were then 

filled with 1 µM AgCH3CO2 (Sigma Aldrich, St. Louis, MO) followed by insertion of an 

Ag/AgCl wire. Prior to measurements, all electrodes were conditioned in a 100 mL of 0.1 

mM AgCH3CO2 solution for 24 h and then conditioned in 100 mL of 1 µM AgCH3CO2 

for another 24 h. 

 



121 

 

5.2.3 Fluorous-phase ISE Measurements 

 Potentials were monitored with an EMF 16 potentiometer (Lawson Labs, 

Malvern, PA) controlled with EMF Suite 1.02 software (Lawson Labs) at room 

temperature (25 °C) in stirred solutions. The external reference electrode consisted of a 

double-junction Ag/AgCl electrode with a 1 M LiOAc bridge electrolyte and a 3 M KCl 

reference electrolyte. All measurements were performed with 3 replicate electrodes. 

Calibration curves were obtained by addition of various volumes of 10 mM AgCH3CO2 

to 100 mL of the solution, followed by measuring EMF at each concentration. For 

monitoring dissolution of nanoparticles for 24 h, 3 replicate electrodes were prepared, 

calibrated and placed in 100 mL of the solution. Purified Ag NPs described above were 

added in varying concentrations (0.3-15 µg/mL) to the solution, and the EMF was 

monitored for 24 hours, after which the electrodes were again calibrated to assure 

stability of response and sensitivity to silver ions. Ag NP dissolution was monitored in 

MQ water and ferric citrate bacterial growth broth. 

Ferric citrate broth for bacterial culture, modified from reference 26, was made 

with limited chloride content to prevent AgCl complexation, and consisted of 56 mM 

ferric citrate (Sigma Aldrich, St. Louis, MO), 30 mM sodium lactate (from 60% solution, 

Spectrum Chemical, Redondo Beach, CA), 30 mM NaHCO3 (Sigma Aldrich, St. Louis, 

MO), 5 mM NaH2PO4 (Sigma Aldrich, St. Louis, MO), 19 mM (NH4)2SO4 (Fisher 

Chemical, Fairlawn, NJ), 1 mM KCH3CO2 (Mallinckrodt, Phillipsburg, NJ), and 1% 

mineral solution (see details below).  To make the broth, ferric citrate was dissolved in 

MQ water by mildly heating, and then the pH was adjusted to 6.7 with NaOH 

(Mallinckrodt, Phillipsburg, NJ) before the other components were added, yielding a final 
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pH of ~7.7.  The mineral solution consisted of 17.3 mM NaCH3CO2 (EMD, Gibbstown, 

NJ), 8.7 mM MnSO4∙H2O (Mallinckrodt, Phillipsburg, NJ), 0.9 mM CaCl2 (Fisher 

Chemical, Fairlawn, NJ), 0.4 mM CoCl2∙6H2O (Mallinckrodt, Phillipsburg, NJ), 0.4 mM 

FeSO4∙7H2O (Fisher Chemical, Fairlawn, NJ), 0.15 mM H3BO3 (Mallinckrodt, 

Phillipsburg, NJ), 25 μM AlK(SO4)2∙12H2O (Mallinckrodt, Phillipsburg, NJ), 46 μM 

CuSO4∙5H2O (Spectrum Chemical, Redondo Beach, CA), and 41 μM Na2MoO4∙2H2O 

(Sigma Aldrich, St. Louis, MO). 

For comparison, Ag NP dissolution in MQ water and ferric citrate broth was 

monitored at discrete time points in parallel experiments using ICP-MS (XSeries 2, 

Thermo Scientific, Beverly, MA).  In these experiments, aliquots were collected at 0, 2, 

6, 12,and 24 h, and supernatants were separated from the nanoparticles by centrifugation 

at 4000 g for 10 min using centrifugal filter units.  Supernatants were analyzed for mass 

transitions of 107 for Ag quantitation, with an indium internal standard monitored at 

115.   

It should be noted that the concentrations of Ag NP and measured Ag
+
 were not 

transformed to the same units (µg/mL or M) so as to maintain the most commonly 

utilized description of concentration for each described in the literature.  Units were 

reconciled, however, to determine percent dissolution. 

 

5.2.4 Bacterial Culture 

Shewanella oneidensis MR-1 were generously gifted from the Gralnick lab at the 

University of Minnesota.  To prepare bacteria for toxicity assessments, cells stored at -80 

°C were streaked onto a plate, allowing colonies to grow for ~18-24 h, upon which 
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colonies were transferred to Luria-Bertani (LB) growth broth (1 colony per 5 mL 

broth).  Cells were cultured to stationary phase overnight (over 15 h) on a shaking 

incubator (200 rpm at 30°C), pelleted by centrifugation at 750g for 10 min, and 

resuspended in the ferric citrate broth.  This suspension of cells was used going forward 

for toxicity assessments, herein referred to as “bacteria suspension,” and the cell density 

of the bacteria suspension was consistently 10
9 

cells/mL.  When bacteria were not being 

used or measured, the suspension was maintained on the shaking incubator. 

 

5.2.5 Bacterial Toxicity Assays 

5.2.5.1 Viability 

LIVE/DEAD® Baclight
TM

 (Life Technologies, Grand Island, NY) was used to 

assess viability of S. oneidensis after exposure to varying concentrations of AgCH3CO2 

(referred to as Ag
+
) and Ag NPs for up to 24 h.  Cells from the bacteria suspension were 

diluted to a density of 10
8
 cells/mL with ferric citrate broth and exposed to varying 

concentrations (1-10 μM) of Ag
+
 or (0.3-15 μg/mL) of Ag NPs with each condition 

cultured in triplicate and periodic assessment of viability taken over the 24 h exposure. 

The assay was performed as described in detail in section 4.2.3, where live cells are 

stained with green fluorescent molecules (SYTO-9) and dead cells stained with red 

fluorescent molecules (propidium iodide). Measurements were performed after 0, 2, 6, 

12, and 24 h exposure, and results were analyzed by comparing the ratio of live-cell 

(green fluorescence) to dead-cell (red fluorescence) of the control and silver exposure 

conditions. 
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5.2.5.2 Growth 

The phases of bacterial growth (lag, exponential, and stationary phases) were 

monitored for S. oneidensis after exposure to varying concentrations of Ag
+ 

and Ag NPs. 

The bacteria suspension was diluted to 10
7
 cells/mL in ferric citrate broth with exposure 

to 1-10 μM Ag
+
, 0.3-15 μg/mL Ag NPs, or water for the control with each condition in 

triplicate.  Growth was monitored over 48 h with periodic measurement of optical density 

at λ=600 nm with Spectronic 20D spectrophotometer (Milton Roy Company, Ivyland, 

PA).  The growth rate was determined from the exponential phase of growth with 

Equation 4.1.  

 

5.3 Results and Discussion 

5.3.1 Nanoparticle Characterization 

Citrate-capped Ag NPs were chosen for the study of dissolution because citrate is 

one of the most widely used Ag NP capping agents. Careful characterization of the 

nanoparticles is important for understanding dissolution and toxicity results, and herein, 

Ag NPs were characterized with TEM, DLS, ζ-potential, and UV-visible spectroscopy. A 

summary of nanoparticle characteristics can be found in Table 5.1.   

 

Table 5.1 Summary of Ag NP characteristics.  Solution phase measurements were 

performed in ferric citrate growth broth. 

Characteristic Value 

Size (as determined by TEM) 11 ± 3 nm 

Hydrodynamic diameter (DLS) 112 ± 6 nm 

ζ-potential -29 ± 3 mV 

LSPR (λmax) 389 ± 1 nm 
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Nanoparticles were synthesized fresh for each experiment to ensure that the 

nanoparticles were similar for each ISE and toxicity assessment.  To confirm consistency 

from synthesis to synthesis, triplicate syntheses were performed and size was 

characterized with TEM (See Figure 5.1A for TEM image).  As seen in Figure 5.1B, the 

distribution of sizes is consistent between preparations, with an average diameter of 11 ± 

3 nm, and this consistency was verified with the localized surface plasmon resonance, as 

measured with UV-visible spectroscopy (Table 5.1).  Further characterization of the 

nanoparticle stability over time was assessed with DLS in both MQ water and ferric 

citrate bacterial growth broth.  In both water and ferric citrate broth, there is an initial 

increase in the aggregate size over the first 6 h, with a plateau of aggregate size at longer 

times.  Ferric citrate broth, however, causes larger Ag NP agglomerates to form, which 

agrees with the correlation established in the literature where increased ionic strength, 

like in the broth, causes greater agglomeration/aggregation of the Ag NPs.
27

  

 

 

 

  

Figure 5.1 Nanoparticle characterization. (A) TEM of Ag NP (B) Histogram of sizes, as 

measured with ImageJ (NIH, Washington DC) from 3 separate syntheses (C) 

hydrodynamic diameter of 3 µg/mL Ag NP in MQ water and ferric citrate broth 
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5.3.2 Characterization of Dissolution with Fluorous-phase ISEs 

Examination of Ag
+
 dissolution kinetics and concentration were first monitored in 

MQ water.  After calibration and equilibration, Ag NPs were added to the water and 

monitored over 24 h.  A typical electrode response, or trace, seen in these experiments is 

demonstrated in Figure 5.2A (for dissolution of 3 μg/mL Ag NPs) with each color 

representing an individual electrode’s response. The measured potential was converted to 

concentration of free Ag
+
 using a calibration curve (Figure 5.2B). To confirm the initial 

burst of signal observed upon addition of Ag NPs (Figure 5.2A) was due to the increase 

of Ag
+
 as opposed to other interferences, dissolution was monitored for 30 min from 3 

μg/mL Ag NPs in MQ water, after which aliquots of 1M NaCl were added (Figure 5.2C). 

After each addition of NaCl, the potential immediately drops, indicating that there is a 

decrease in free Ag
+
, a result of Ag

+
 and Cl

-
 binding.  Since the ISE is responding quickly 

to the change in concentration of free Ag
+
, it can be concluded that the fluorous-phase 

ISEs have an immediate response to free Ag
+
 concentrations and that the initial burst in 

response upon addition of Ag NP is the result of free Ag
+
. 

 

Figure 5.2 Characterization of Ag NP dissolution in MQ water with fluorous-phase 

ISEs. (A) Response of triplicate electrodes to Ag
+
 upon addition of 3 µg/mL Ag NP 

(arrow) (B) Example calibration curve for Ag in water (C) Response of electrode after 

addition of 3 µg/mL Ag NP (arrow) followed by two additions of 1 M NaCl (asterisks), 

where a drop in the EMF is the result of Cl
-
 binding free Ag

+
. 
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Nanoparticle dissolution was quantified for 3 different concentrations of Ag NPs, 

0.3, 3, and 15 μg/mL (Table 5.2).  The predicted environmental concentrations of Ag NPs 

that are or will be released through waste water effluent are between 0.01-18 μg/mL;
28, 29

 

therefore, these concentrations represent a relevant range of released engineered 

nanoparticles into the environment. For all nanoparticle concentrations, a similar 

behavior was observed, as seen in Figure 5.2A, where an initial burst of Ag
+
 is observed 

followed by a steady increase in free Ag
+
, with an eventual plateau in concentration over 

time. It appears that the plateaued concentration is achieved faster for lower 

concentrations.  This burst behavior and concentration response has been observed 

previously in other dissolution characterization studies.
9, 30

  In comparing the dissolution 

from Ag NPs at the 0 h measurement, both 3 and 15 µg/mL have a similar concentration, 

which may be an indication of some equilibrium concentration of free Ag
+
 present in the 

purified nanoparticles that is observed at higher concentrations but not the lowest, 0.3 

µg/mL Ag NP concentration. 

In parallel experiments, nanoparticle dissolution was monitored with ICP-MS by 

analyzing the supernatant for Ag periodically throughout the 24 h dissolution 

experiment.  Comparisons of the ISE and ICP results are shown in Table 5.2, though 

again, ISE measurements are continuous and the values in the table are simply taken from 

the larger ISE trace.  Looking at the comparisons, ICP results demonstrate a similar 

kinetic pattern in dissolution (i.e. initial burst followed by a later plateau); yet, there are 

some significant differences (gray cells p<0.05, students pair-wise t-test) between the ISE 

and ICP results.  Because these experiments were run in parallel and samples were not 

taken of the same solution, these discrepancies are likely the result of varied oxygenation 
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of the samples, which influences the rate of dissolution (with higher oxygen content 

increasing nanoparticle dissolution).
30

  

 

Table 5.2 Concentration of Ag
+
 dissolved from Ag NPs as measured over time with ISE 

and ICP-MS.  Gray cells indicate a significant difference (p<0.05) between ISE and ICP-

MS measurements. 

 0.3 µg/mL Ag NP 3 µg/mL Ag NP 15 µg/mL Ag NP 
Time (h) ISE (µM) ICP-MS 

(µM) 

ISE (µM) ICP-MS 

(µM) 

ISE (µM) ICP-MS 

(µM) 

0 0.44±0.08 0.50±0.04 1.34±0.33 1.22±0.03 1.49±0.21 1.70±0.22 

2 0.75±0.10 1.32±0.18 3.28±0.58 2.78±0.02 4.76±0.45 4.65±0.22 

6 0.76±0.09 1.89±0.03 3.61±0.80 4.99±0.03 6.55±0.91 7.81±0.15 

12 0.78±0.10 0.95±0.2 3.59±1.00 4.29±0.08 7.59±0.93 9.59±0.27 

24 0.80±0.15 1.19±0.2 3.44±0.88 3.83±0.94 8.71±1.64 10.02±0.24 

 

To confirm that oxygen caused the difference between ICP and ISE experiments 

in Table 5.2 and to validate fluorous-phase ISE measurements, nanoparticle dissolution 

was monitored in MQ water with modulated oxygen levels.  Oxygen content was 

modified by alternately bubbling O2 or N2 through the solution to intentionally alter 

dissolution kinetics, during which ISE measurements and ICP samples were 

collected.  Comparisons of the ICP and ISE results can be seen in Figure 5.3, and there 

are no statistical differences between the ICP and ISE.  Therefore, the discrepancies 

observed in Table 5.2 are the results of varied dissolve oxygen levels, and ISE 

measurements provide a level of sensitivity and selectivity similar to ICP, which is 

considered to be the “gold standard” for the field. From these and the previous results, we 

used the ISE data to calculate a percent dissolution, which equated to 16-30%, 5-13%, 

and 1-6% for 0.3, 3, and 15 µg/mL, respectively.  These ranges represent the ranges of 

dissolution percentages over the entire 24 h experiment.  
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While characterization of dissolution in water provides important information as 

to the response of fluorous-phase ISEs to nanoparticle dissolution, it is an unrealistic 

solvent for performing bacterial toxicity studies. Since Ag
+
 can complex with 

coordinating species, possible complexation of free Ag
+
 with the components of bacterial 

growth broth should be investigated. Because ISEs only respond to free Ag
+
, the 

complexation of Ag
+
 will be reflected in the calibrations. For obtaining calibration 

curves, various volumes of 10 mM AgCH3CO2 were added to 100 mL of ferric citrate 

broth followed by measuring the EMF values. Although the same concentration of 

AgCH3CO2 was added to the same volume of water and broth, the resulting calibration 

curves show a significant difference between the ISE response in water and broth, 

reflected as large differences in the intercepts of the two calibration curves (Figure 5.4). 

More specifically, differences in the response were caused by complexation of Ag
+
 in the 

broth, resulting in depressed activity of Ag
+
. 

Figure 5.3 ISE and ICP measurements of 3 µg/mL Ag NP dissolution under 

varied oxygen content.  Prior to measurement, N2 was bubbled through the 

water followed by 1 h O2 and then N2 again. 
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5.3.3 Determination of Ag Complexes in Ferric Citrate Broth 

To quantify the effect of complexation on the response of the electrodes, we 

defined α as the ratio of activity of free Ag
+
 to the sum of activities of all species 

containing Ag
+
 (total Ag

+
 content in the solution,a,total,Ag+). As seen in Equations 5.2 and 

5.3, the response of ISEs follow the Nernst equation (Equation 5.2) where a, Ag+ is the 

activity of free Ag
+
, 
       

  
 (R is universal gas constant, T is temperature, F is Faraday’s 

constant and Z is the charge of the ion detected by the ISE, which ideally should be 59 

mV/decade at room temperature) is equal to S, and E
0
 is the standard potential, which is 

constant (Equation 5.2). Replacing a, Ag+ with (α.a,total,Ag+ ) results in Equation 5.3. 

 

(5.2)            
      

  
            

Figure 5.4 Calibration curves for Ag
+
 in MQ water (black) or ferric citrate broth (red). 
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(5.3)                    
      

  
    (           ) 

 

In the absence of complexation, α=1, and plots of EMF vs. a,Ag+ and EMF vs. a,total Ag+ 

would have the same intercept. However, in the case of complexation with Ag
+
, the value 

of α will be always smaller than 1, resulting in a lower intercept for the plot of EMF vs. 

a,total Ag+ compared to EMF vs. a,Ag+.  

To determine the specific Ag complexes contributing to the response in ferric 

citrate broth (Figure 5.4), calibration curves were performed with individual components 

of the ferric citrate broth, with the pH adjusted similar to the broth.  Based on this series 

of experiments, the intercept difference for calibration in ferric citrate broth and water 

can be explained by complexation of Ag
+
 with ammonia released from the dissociation of 

(NH3)2SO4, one the major components of the broth. The concentration of ammonia in the 

solution was measured indirectly by measuring the pH of the solution which was constant 

at various concentrations of Ag
+
 (pH=7.7). Using the value for concentration of ammonia 

and the known binding constants for silver ammonia complexes, the intercept change 

caused by complexation with ammonia was calculated, which agrees with the 

experimental data. Although the intercept difference predicted by complexation with 

ammonia is in agreement with the observed intercept difference of calibration curves in 

water and broth, there are other coordinating species in the broth such as lactate and 

citrate anions which can contribute to complexation as well. To confirm that Ag
+
 only 

complexes with ammonia, the ISEs were calibrated in 3 variations on the ferric citrate 

broth: broth lacking ferric citrate, broth lacking both sodium lactate, and broth lacking 

both ferric citrate and sodium lactate. All three calibration curves showed similar 
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intercept values, confirming that ferric lactate and sodium lactate do not interfere with 

complexation of Ag
+
 and ammonia. 

  Therefore, the only species that forms a complex with silver ions in the broth is 

ammonia, which results in lowering the activity of Ag
+
 to 5.67% of total silver activity in 

the solution of broth. The total Ag
+
 content is distributed between free silver and silver 

ammonia complexes to form 83.07% Ag(NH3)2
+
 , 11.26% Ag(NH3)

+
 and 5.67% free Ag

+ 

(See the Appendix for a detailed calculation). To our knowledge, this is the first example 

of quantification of free and complexed silver species in a real-time measurement, which 

could contribute greatly to the understanding of Ag NP toxicity. 

 

5.3.4 Characterization of Ag NP Dissolution in Ferric Citrate Broth 

Upon characterization of the complexation, the dissolution of 3 µg/mL Ag NP 

was characterized in ferric citrate broth. The experimental set up was the same as that 

described for the MQ water studies and monitored over 24 h, followed by re-calibration 

of the ISEs to assure proper response.  While the ISEs responded to changes in silver ions 

from the dissolving Ag NPs, ammonia complexation of free Ag
+
 caused a decrease in 

signal. The measured potentials were converted to the total concentration of silver ions 

using the calibration curve in the broth (Figure 5.4).  Figure 5.5 details the dissolution of 

Ag NP in broth as compared to water alongside the calculated free Ag
+
 that was corrected 

for complexation, and the total Ag measured with ICP-MS. Comparing the results of ISE-

measured dissolution in broth and water, there is clearly a higher degree of dissolution in 

the broth, with percentages ranging from 7-28%, depending on the time (0-24 h) in broth  
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as opposed to 5-13% in water, and the plateaued region is reached more slowly.  This is 

likely the result of Le Chatelier equilibria where the decrease in free Ag
+
, as the result of 

ammonia complexation, causes a greater percentage of the nanoparticle to dissolve.  It 

follows that a greater percentage of dissolution would take longer to reach equilibrium, 

accounting for the greater time to reach the plateau.  Interestingly, ICP-MS measurements 

follow more closely to the calculated concentration of free Ag
+
.  While it is possible that 

the parameters of Ag NP dissolution change in broth in a way that does not correlate to 

the method of generating the calibration curve, the differences in measured ICP-MS and 

ISE measurements of the total Ag is more likely the result of ICP-MS sample 

preparation.  That is, ferric citrate broth is known to contain insoluble iron hydroxide 

material as the result of adjusting the pH of ferric citrate with NaOH.  Since the ICP-MS 

sample preparation entails a filtration step, we hypothesize that some dissolved Ag 

Figure 5.5 Dissolution of 3 µg/mL Ag NP in water and broth as measured with an 

ISE and ICP-MS.  Free Ag
+

 was also calculated and plotted. 
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species (free or complexed) adsorbs to the precipitate and is removed from the 

supernatant during filtration.  This will be an area of future exploration.  

 

5.3.5 Assessment of Ag NP and Ag Ion Toxicity to S. oneidensis 

Characterization of the dissolution in broth was used to determine relevant 

concentrations of ion and nanoparticle to be compared in toxicity assessments.  A 

Live/Dead Baclight
TM

 assay was performed to determine the viability of S. oneidensis 

after varied time (0-24 h) and concentrations of exposure to Ag
+
 (1-10 μM) or Ag NPs 

(0.3-15 μg/mL) (Figure 5.6). Note, that the concentration of Ag
+
 denotes the total Ag ion 

added to the broth, not just the free Ag
+
 concentration that should only account for ~5% 

of the total Ag ion concentration. As seen in Figure 5.6, a significant decrease in the 

viability is observed after 6 h exposure to 4 μM Ag
+
 and 15 μg/mL Ag 

NPs.  Interestingly, at 24 h, lower concentrations of Ag
+
 tend to cause an increase in 

viability up until 3 μM Ag
+
, but viability drastically drops below the control at 4 μM 

Ag
+
.  A similar increase in viability is observed upon 24 h exposure to 0.3 μg/mL Ag NP, 

followed by a significant decrease in viability of S. oneidensis exposed to 3 and 15 

μg/mL.  The stimulation of S. oneidensis viability at lower concentrations of Ag
+
 and Ag 

NP is likely the result of S. oneidensis’  ability to respire a variety of metals, including 

Ag;
23

 therefore, increased respiration stimulates growth which is measured as increased 

viability in this assay.  It appears, however, that there is a sharp threshold whereupon the 

presence of Ag causes a decrease in viability because by 4 μM Ag
+
 and 3 μg/mL Ag NP, 

a reduction in viability is observed.   Comparison of bacterial viability at 3 µg/mL versus 

the equivalent total dissolved Ag
+
 measured in ISE experiments reveals a clear 
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discrepancy in induced toxicity, with higher toxicity observed in the Ag
+
 exposures 

(Figure 5.6C). One potential cause of these differences is that the duration of the ion 

exposure is for the entire 6 or 24 h, whereas the amount of ion released from the 

nanoparticle is not present at the given concentration for that entire 6 or 24 h period. 

Future efforts will be made to modulate the concentration of ion over the time of the 

toxicity experiment to better mirror the concentration measured by ISE.  Another cause of 

the discrepancy could be that the presence of bacteria alter the dissolution parameters of 

the nanoparticle so that nanoparticle dissolution is decreased. 

Another measurement of toxicity is the growth of the bacteria in the presence of 

Ag
+
 and Ag NP, where growth is monitored by measurement of optical density (Figure 

5.7).  As in the viability assessment, 4 μM Ag
+
 and higher concentrations of Ag

+
 cause no 

growth and in fact, a decrease in optical density is observed by 3 h, indicating cell 

death.  Lower Ag
+
 and all Ag NP concentrations, however, do not arrest growth, though 

there is a decrease in the rate of growth (Table 5.3). Again, relating the toxicity induced 

by 3 μg/mL Ag NP to the measured dissolved Ag
+
, there is a difference in the bacterial 

response. That is, most of the time during growth, S. oneidensis exposed to 3 µg/mL Ag 

Figure 5.6 Assessment of viability of S. oneidensis after (A) 6 h and (B) 24 h 

exposure to Ag
+
 and Ag NP. (C) demonstrates the comparison of Ag NP and ISE 

measured total dissolved Ag at the particular time point. Samples were made in 

triplicate and *p<0.05, **p<0.01, and ***p<0.001.  
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NP would be in the presence of 4 µM total dissolved Ag
+
, as measured at 2 h with ISE 

measurements; therefore, we would expect to see a significant decrease in growth at early 

time points, which was not observed. 

To explain the discrepancies in toxicity as observed between Ag
+
 and Ag NPs, it 

is hypothesized that this difference indicates that amount of Ag ions is different in the 

broth when bacteria are present. Subsequently, a dissolution experiment of 3 μg/mL Ag 

NP was performed in broth and the presence of 10
8
 cells/mL (data not shown).  The  

 

 
 

Table 5.3 Growth rate of S. oneidensis exposed to Ag
+
 or Ag NP as determined from the 

exponential phase in Figure 5.7 using Equation 4.1. 

Concentration 

Ag NP (µg/mL) 

Growth rate 

(generations/h) 

Concentrations 

Ag
+
 (µM) 

Growth rate 

(generations/h) 

Control 0.16 1 0.12 

0.3 0.09 2 0.12 

3 0.09 3 0.09 

15 0.09 4, 5, 7.5, and 10 no growth 

 

Figure 5.7 Growth curves of S. oneidensis in the presence of (A) Ag
+
 or (B) Ag NP.  
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dissolution kinetics were significantly different than measured in broth alone, and in fact, 

the measurement of free Ag
+
 was below the detection limit, indicating that the bacteria 

alter the dissolution kinetics.  This decrease in measured free Ag
+
 may be the result of 

less toxic ion released from the nanoparticle, which could explain the differences in 

toxicity observed between the nanoparticle and ion concentration as measured with ISE 

in broth only.  An alternative explanation is that the released Ag
+

 is reduced/precipitated 

by S. oneidensis, decreasing the free Ag
+
 in the broth that is measured by the ISE.  Again, 

S. oneidensis is a known metal reducer shown to respire Ag
+
,
23

 reducing Ag
+
 to Ag

0
, and 

has even been shown to biosynthesize Ag NPs from Ag salts.
31

 The respiration of Ag
+
 

from dissolved Ag NPs could explain the significant increase in viability observed after 

24 h exposure to 3 µM Ag
+
 as the Ag NPs are providing a usable nutrient source.  While 

we cannot elucidate which explanation accounts for the decrease in ISE-measured Ag
+
, 

we can conclude that these toxicity results support the literature precedent that Ag
+ 

is a 

major cause of Ag NP toxicity, as opposed to some nano-specific toxicity.
5
 ISE-measured 

Ag
+
 concentrations during Ag NP dissolution were significantly less in the presence of 

bacteria, which in turn resulted in a minimized toxic response from the Ag NP.  The 

discrepancy between ISE measurements with and without the presence of bacteria 

highlights the importance of in situ measurements of nanoparticle characteristics as the 

toxicity profile is different from that measured ex situ.  Future work will be aimed at 

performing simultaneous measurement of free Ag
+
 and bacterial toxicity. 
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5.4 Conclusions  

This works details the development of fluorous-phase ISEs for characterization of 

Ag NP dissolution, including the rate and extent of nanoparticle dissolution along with 

the characterization of the species of Ag that dissolved from the nanoparticle.  One 

important conclusion from this study is that even in a simplified, defined bacterial culture 

broth, the majority of silver dissolved from Ag NP will be in a complexed form, thus 

affecting the bioavailability and toxicity of silver ions.  In many realistic ecological 

compartments (e.g. rivers and oceans), complexed Ag
+
 forms will be the predominant 

species entering the environment from Ag NP release, and having the ability to determine 

percentages of each complexed species is a crucial advancement to determining the 

impact of nanoparticles on the environment. 

Considering the toxicity of Ag
+
 and Ag NPs to S. oneidensis, it was demonstrated 

that total Ag
+
 and Ag NP at low concentrations cause an increase in S. oneidensis 

viability but cause significant cell death above threshold concentrations; all 

concentrations of Ag
+
 and Ag NP slow the bacterial growth rate. However, the toxicity of 

Ag NPs compared to ex situ, ISE-measured Ag
+
 concentrations from said Ag NPs yielded 

major differences in the toxic response, which may indicate that less of the toxic species 

(i.e. Ag
+
) were presented to S. oneidensis. These results illuminate the importance of 

moving toward in situ nanoparticle characterization to realistically assess nanotoxicity. 

Better characterization of nanoparticles will lead to a superior mechanistic view of the 

nano-bio interaction, which could ultimately lead to design rules for sustainable use of 

nanotechnology.  
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Chapter Six 
 

Toward Correlation of In Vivo and In Vitro Nanotoxicology 

Studies in Relationship to Regulatory Guidelines 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter adapted from: 

 

M.A. Maurer-Jones, C.L Haynes. Toward Correlation in In Vivo and In Vitro 

Nanotoxicology Studies. Journal of Law, Medicine, and Ethics. 2012, (accepted). 
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6.1 Introduction 

As illuminated in the previous chapters, my thesis research has focused on a 

fundamental understanding of the nanoparticle-biological interaction that may ultimately 

lead to sustainable, safe use of nanotechnology. Beyond the science, however, it is 

important to consider the ethics regarding the implementation of nanotechnology, 

particularly in the area of biomedical applications, one of the largest growing areas of 

nanotechnology research.  

In the last couple years, discussions around nanoparticle therapies has focused on 

the question, “When have you reduced risk enough to move from bench/animal studies to 

“first in-human” studies?”  Building applied research ethics related to nanotherapeutics 

requires bench and clinical scientists to have a clear vision about how to test 

nanotherapeutic safety, and it is clear that there is still much to be considered at the steps 

before “in-human” assessment.  Herein, the perspective of the bench scientist is brought 

to bear on using in vivo and in vitro models to assess the safety of 

nanotherapeutics.  Much of this work falls under the purview of the field of 

nanotoxicology that aims to understand the toxicological impact of engineered nanoscale 

materials.  Engineered nanomaterials include a wide variety of materials that are 

manipulated and controlled on the nanoscale level where, typically, the nanoparticle or 

nanomaterial has some dimension that is less than 100 nm.  These materials are of 

interest for a wide variety of applications, including biomedical, due to the emergent 

properties of the materials, where emergent properties refers to the physical and chemical 

characteristics that are distinctive from both those of the atoms/molecules and the bulk of 

the same material.  
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The burgeoning use of nanoscale materials for biomedical uses has yielded many 

promising technologies for the treatment and diagnosis of diseases, particularly 

cancers.  The development of nanotechnology as disease therapy agents, or 

nanotherapeutics, has accelerated because of their potential use as drug delivery vehicles 

as there is preliminary evidence that nanotherapeutics efficiently traffic to the sight of 

treatment (e.g. a tumor) via enhanced permeability and retention and deliver a 

pharmaceutical payload with minimal side effects.
1
  Additionally, nanoparticles can be 

functionalized in many different ways to simultaneously enable drug delivery and 

imaging, propelling the personalized medicine trend forward.
2
  Currently, there are 33 

products that could be classified as nanotherapeutics approved for use by the Federal 

Drug Administration (FDA), with hundreds more in various stages of clinical trials.
3
 

With the development of nano-sized therapeutics, both the expanded use and the unique 

properties of nanomaterials, regulatory agencies are now faced with decisions regarding 

the regulation of such novel technologies.  

The FDA has begun to grapple with the regulatory implications of 

nanotherapeutics and now includes a nanoparticle size disclosure as an optional part of 

the approval process.
4
  However, there are ongoing arguments about whether or not 

nanoparticles require different regulation to ensure safe use of these products or if the 

current mechanisms will be sufficient. This consideration is complicated by the 

ambiguity associated with nanoparticle characterization (e.g. how the size, surface 

reactivity, etc. of nanoparticle is characterized).
5
   

Guidance from regulatory agencies is especially lacking at the pre-clinical stages 

of nanotherapeutic development, in which a suite of in vivo and in vitro assessments must 
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be carried out for products progressing from pre-clinical to clinical trials. In vivo studies 

are whole organism studies where nanotherapeutics are delivered via one of four 

pathways: inhalation, dermal, ingestion, or injection.  Using a variety of techniques, 

typical in vivo assessments include the determination of physiological localization and 

the concentration of material in specific tissues, rate of excretion, and macroscopic tissue 

and organismal toxicity.   In vitro assessments are the study of cells, either isolated from 

animals or an immortalized cell line, in a culture dish.  In general, the use of primary cells 

(isolated directly from animals) will give a more realistic toxicity result because immortal 

cell lines transform over time; however, the use of immortal cell lines is often preferred 

simply because they do not require animal sacrifice.  There is an abundance of in vitro 

assay options,
6-8

 many of which allow researchers to probe a nanoparticle’s mechanistic 

interaction with cells, which are fast and inexpensive to enable high-throughput cellular 

analysis.  To be clear, in vivo and in vitro studies each have limitations (e.g. expense and 

dosing, respectively).
6-8

  However, as both in vivo and in vitro studies provide necessary, 

and often complementary, information regarding the action of nanoparticle therapeutics, 

both in vivo and in vitro guidelines informed by oversight bodies have the potential to 

optimize technological progress. 

Bench scientists are at the forefront of designing and creating new nanomaterials 

and are being pushed to assess the interaction of nanomaterials with cells, tissue, and 

organisms in pre-clinical studies, though these areas are outside their expertise.  While 

contentious debate continues about whether new or additional regulation is required for 

nanotechnology, clear oversight guidelines will provide guidance for scientists in pre-

clinical studies toward the type of toxicity testing and model systems that would enable 
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quick and safe development of a products.
5
 The caveat to implementing new regulation 

beyond the current oversight is that nanoscale therapeutics must initiate a clear and 

unique toxicity response, where a unique response is considered to be a cellular or 

organismal response that has not been observed in previous toxicity studies with 

exposures to molecules.  Herein, following the four potential routes of biomedical 

nanoparticle administration (i.e. inhalation, dermal, ingestion, and injection), we examine 

the literature to correlate pre-clinical nanotoxicology studies where in vivo and in vitro 

testing is employed to determine any distinctive toxicity characteristics that should be 

considered in the oversight of nanotherapeutics.  Due to the complementary results 

yielded from in vivo and in vitro studies, correlating the results enables a deeper 

understanding of the mode of nanoparticle toxicity so that nanoparticles can be designed 

for optimized disease treatment and minimal unintentional toxicity.  Additionally, 

through these correlations, there is the potential to simplify the pre-clinical stages 

because results from in vitro studies may enable generalization of the in vivo toxicity 

response, thus reducing time and cost of developing highly effective therapeutics by 

eliminating some of the animal testing.  Figure 6.1 provides examples of results from in 

vivo and in vitro studies that are explored below. Within this comparison, in vivo studies 

are those where animals are exposed directly to nanoparticles, though cells/tissue may be 

extracted for analysis, whereas in vitro studies are those where the nanoparticle exposure 

is performed directly to isolated cells in a Petri dish.  For clarity, this comparison is 

limited to nanotherapeutic drugs, rather than including devices and combination products. 
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6.2 Correlation of In Vivo and In Vitro Toxicity 

6.2.1 Inhalation 

Currently, there is no nanotherapeutic on the market that has an inhalable delivery 

mechanism; however, there are a number of products in various stages of clinical trials 

for such diseases as bronchiolitis (i.e. severe airway damage/inflammation)
9
 or lung 

tumors,
10

 and it is conceivable that the treatment of lung diseases like asthma could 

include a nanoparticle-loaded inhaler.  Though literature precedent is lacking regarding 

inhaled nanotherapies, there has been extensive work aimed at understanding the in vivo 

and in vitro correlation of inhaled nanoparticles from the occupational health 

perspective.
11

 In vivo studies employ a variety of model animals, but primarily have 

Figure 6.1 Examples of in vivo (histology) and in vitro (viability) toxicity data.  In 

vivo: histological examination of porcine skin after application of silver nanoparticles 

(Ag NP).  Abbreviations within image refer to parts of the skin that are measured as 

part of the histological analysis (SC-stratum corneum, E-epidermis, D-dermis, and 

RP-rete peg).  Arrows and arrowheads indicate tissue damage (large arrows-

intracellular epidermal edema, small arrows-focal areas of intracellular epidermal 

edema, arrowheads-perivascular inflammation).  Adapted and reprinted with 

permission from reference 19.  In vitro: measurement of murine epidermal cell 

viability after exposure to single-wall carbon nanotubes (SWCNT) as measured with 

the Alamar Blue assay.  The SWCNT, partially purified (black circles) and 

unpurified (white squares), cause a dose dependent decrease in viability.  *p<0.05 vs. 

control, 
α
p<0.05 vs. 0.06mg/ml SWCNT, 

β
p<0.05 vs. 0.12mg/ml SWCNT. Reprinted 

with permission from reference 20 
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focused on mice and rats, exposing the animals to varying concentrations of various 

nanoparticles using either the instillation (lung entry through via the throat) or inhalation 

(lung entry through the nasal passage)  mode of nanoparticle introduction.  For in vitro 

studies, researchers commonly use the immortal (i.e. self-propagating) human lung cell 

lines A549 and BEAS-2B.
8
  

While in vitro assays modeling inhaled nanoparticle toxicity use a wide variety of 

assays, in vivo studies focus on extracted bronchoalveolar lavage fluid (BALF), or fluid 

that is retrieved from the lungs, after a nanoparticle exposure, examining molecular 

markers of oxidative stress and/or inflammation.  Often, markers measured within the 

BALF can be directly measured and compared to the same marker in the in vitro 

assays.
12-15

  During oxidative stress, generated free radicals, or reactive oxygen species, 

overwhelm the system’s innate ability to cope, which potentially leads to tissue 

damage.  For example, Horie et al. studied instilled nickel oxide nanoparticles on rats and 

demonstrated that there were elevated levels of hydroperoxy octadecadienoate (tHODE), 

an indicator of oxidative stress within the lungs. This increase in tHODE was correlated 

to elevated levels of oxidative stress in vitro over a similar time (~24h) of 

exposure.
12

  Warheit and coworkers demonstrated a similar correlation of in vivo and in 

vitro oxidative stress upon exposure to zinc oxide, though the magnitude of the oxidative 

stress response in vitro was smaller than in vivo;
13

 this discrepancy may be a result of the 

difficulty in equating in vitro and vivo dose. Biochemical markers for other lung 

cell/tissue damage can also be studied in the BALF, as was done by Nel and co-workers 

to identify fibrosis (i.e. lung damage) in vivo and in vitro.
16

 Beyond direct comparisons of 

similar markers within the BALF after in vivo nanoparticle exposure and in vitro assays, 
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in vivo studies also commonly utilize histology (see histology example in Figure 6.1 in 

vivo results) to examine tissue damage and compare to various in vitro assays that 

measure cell viability and/or markers of inflammation that would cause the observed 

histological damage.
16

  The same biochemical markers are measured using similar 

methods (e.g. BALF and histology) to assess inflammation and oxidative stress upon 

exposure to inhaled molecular therapeutics.
17

 

 

6.2.2 Dermal  

As in the inhalation nanotherapies, there is yet to be a FDA approved dermal or 

transdermal nanotherapeutic, though there are many commercially available products that 

utilize topical application of nanoparticles, namely sunscreens and cosmetics, which 

typically use nanoparticles for UV light protection and wound dressings that use 

antibacterial nanoparticles.  Porcine skin is the most common skin model used to test 

both traditional and nanoparticle products for human use and therefore, in vivo studies 

commonly use pigs.  In vitro cell lines to model skins cells are much less common, with 

most studies isolating intact skin (i.e. an ex vivo model).
8
 Alternatively, some studies that 

correlate in vivo to in vitro dermal toxicity make use of cell lines unrelated to the 

epidermis and assume generality across cell types.
18

 

Histological investigation is the most common in vivo method for 

assessing toxicity, in all exposure pathways, and this is true for dermal nanoparticle 

studies.  Skin characteristics monitored in the histological analysis after topical 

nanoparticle exposure have included skin thickness, abnormal tissue damage, and the 

presence of inflammatory lesions.  Monteiro-Riviere and coworkers examined edema and 
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erythema, signs of inflammation, upon in vivo exposure of pigs to nano-silver and 

correlated the response to inflammatory biomolecules generated by a human skin cell line 

in vitro. Results revealed that there was microscopic evidence of inflammation after 14-

day exposure in vivo and this correlated with inflammation biomarkers after 24 h silver 

nanoparticle in vitro exposure.
19

 Similarly, Murray et al. related the indicators of 

oxidative stress and inflammation in vitro (e.g. interleukin secretion and free radical 

generation) to increased levels of cell types in vivo that are known to migrate to sites of 

inflammation.
20

 While these studies show correlation of an inflammatory response in vivo 

to in vitro, another study using silver nanoparticles has indicated minimal skin irritation 

in vivo.
21

  The varied results shown between studies are likely a result of the parameters 

of the experiments such as length of exposure, nanoparticle dose, and nanoparticle 

surface chemistry. Similar disparities in toxicity results are found when exposure time 

and dose are varied for dermal application of molecular therapeutics, which commonly 

use similar models and evaluation criteria.
22

 

 

6.2.3 Ingestion 

Ultimately, the development of oral therapies to treat chronic disease, as an 

alternative to injected therapies, could be greatly facilitated by nanotechnology as 

nanoparticles lengthen the stability of drug molecules within the digestive system and 

enable favorable drug absorption in the intestines.
23

 However, there again is no FDA 

approved oral nanotherapy, though there are consistently more and more studies working 

to understand the relevant in vivo and in vitro toxicology correlation for this delivery 

mechanism.  Models for in vivo study of ingestion are highly variable, from typical 
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research rodents (i.e. mice and rats) to primates, but many in vitro studies utilize the 

immortalized colon cancer cell line known as Caco-2.
8
 

 

While research to understand the toxicology of ingested nanoparticles is being actively 

pursued, there is no consistent assay or method used at this point.  Some in vivo studies 

explore the distribution and localization of particles throughout an organism after oral 

nanoparticle exposure. For example, Shuler and coworkers examined the distribution of 

iron from ingested iron-polymer composite nanoparticles in chickens and correlated iron 

amounts to in vitro iron transport and uptake within Caco-2 and other immortal 

cells.
24

  In another example, Moulari et al. demonstrated localization of aminosalicylic 

acid-coated silica nanoparticles within inflamed colon regions of a colitis mouse model 

and observed the therapeutic effect the nanoparticles had on the colitis-induced 

inflammation. However, the parallel in vitro studies only examined cell viability and 

therefore make toxicity correlations difficult.
25

  One example of a better toxicity 

correlation for orally administered nanoparticles is work done with a polymer 

nanoparticle drug delivery vehicle for doxorubicin, a common chemotherapy agent.
26

  In 

this study, the drug-loaded nanoparticles administered orally caused reduction of breast 

tumors in rats and similarly caused a decrease in Caco-2 cell viability in an in vitro assay, 

showing that these nanoparticles influence cancer cells in general rather than breast 

cancer cells specifically.
26

  While both inhaled and dermal application of therapeutics are 

likely to act locally, ingested therapeutics must survive both the digestive system and be 

successfully distributed after absorption; this inherent difference makes nanoparticles 

especially promising but also make toxicity considerations significantly more 
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complicated.  So far, the most likely difference between orally administered molecular 

and nanoparticle therapeutics lies in the excretion routes which, in either the molecular or 

nanoparticle case, can only be accurately assessed using in vivo studies. 

 

6.2.4 Injection 

The most widely investigated exposure pathway for nanotherapeutics is injection, 

and all 33 currently approved FDA nanomedicines fall in this category.
3
  Nanoparticle 

injectables have been explored because they could potentially eliminate the negative side 

effects of traditional injectable drugs, particularly chemotherapy, where solubility and 

stability of drug molecules limit their use.  In fact, most of the approved nanoproducts are 

aimed at cancer diagnosis or therapy as are many injectable nanomaterials in 

development.  Therefore, many of the models for in vivo injection nanotoxicity are 

implanted cancer cells to stimulate tumor development (in a variety of animals), and in 

vitro studies generally use cancerous cell lines. Though it is possible to use similar 

cancerous cell lines as those implanted to create the in vivo tumor, few studies take this 

route.
8
 Some in vitro work has examined primary culture cells from blood, such as 

platelets or red blood cells, to determine blood compatibility. 

Since a major aim of injectable nanotherapeutics has been to treat cancer (i.e. be 

toxic to cancer cells directly or through targeted release of a drug payload), much of the 

in vivo toxicity assessments focus on the nanoparticle uptake into tumors followed by 

various characterizations of the progression of cancer (e.g. measuring tumor volume) 

along with the systemic biodistribution of administered nanoparticles to assess clearance 

and potential sites of unintentional toxicity.
27-29

  These in vivo studies are correlated with 
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in vitro viability assays that assess the percentage of cells, often cancer cells, that survive 

nanoparticle or drug-loaded nanoparticle exposure.  For example, Devalapally et al. 

assessed tumor suppression in mice after intravenous administration of polymer 

nanoparticles loaded with tamoxifen and paclitaxel, FDA approved molecular cancer 

treatments, and correlated a decrease in tumor size with in vitro studies of decreased cell 

viability with the same cancer cells used to implant the tumors.
28

 Singh et al. also 

examined nanotoxicity of nanoparticles after injection, though aimed at understanding 

unintentional consequences.
30

  After injection of graphene oxide nanoparticles, in vivo 

pulmonary thromboembolism (i.e. damage due to clotting) was histologically observed in 

the lungs of mice, which correlated in vitro to a decrease in blood 

compatibility.
30

  Injectable nanoparticles are the most advanced of the four therapeutic 

routes of administration, and accordingly, the effort to correlate in vitro and in vivo 

results are the most advanced and have been the most successful because of the aim to 

decrease cancer viability.  As with molecular therapeutics, there is a distinct advantage 

because it is possible to draw human blood and assess blood compatibility without 

harming the research subject or having to use an animal model.  Like orally administered 

nanotherapeutics, injectable nanoparticles may differ from molecular therapeutics in the 

excretion routes available; this possibility will have to be investigated using in vivo 

studies and will be an important part of in-human trials. 

 

6.3 Conclusions and Perspective 

Since the growth of nanotoxicology as a discipline (circa 2004), which has origins 

in the field of particle toxicology, there has been great concern that the emergent 



151 
 

properties of engineered nanomaterials would cause novel biological responses upon 

exposure.  Most would argue there are challenges in understanding nanoparticle toxicity 

that arise from the characterization of nanomaterials, both pre-treatment and during 

exposure to biological environments.
5, 31

 For example, nanomaterials have been shown to 

elicit a different level of toxicity based on their size, but the molecular complexity of a 

biological environment can influence effective nanoparticle size.  Based on studies in 

simulated biological environments, the nanomaterials are often transformed so that the 

effective size, or the size the cells or organism sees, is larger than originally 

intended.
2
  Other characteristics, such as adsorbed molecules on the nanoparticle 

surface
32

 and material integrity,
33

 are also easily transformed within the body and have a 

significant influence on toxicity. The gap in measurement technology that that makes 

dynamic, in situ measurements of nanoparticle characteristics currently impossible has 

been a great impediment to understanding and correlating in vitro and in vivo toxicity 

results.   

The question still remains whether nanoparticles cause a unique biological 

response that should inform our regulatory actions.  In examining the correlation between 

in vivo and in vitro studies above, there is yet to be evidence that the body’s toxicity 

response to nanoparticles is different than other molecular toxicants or larger, micron-

sized, particles that are already approved by the FDA.  One agreement that seems to arise 

from these comparisons is that oxidative stress and/or inflammation can be correlated 

between Petri dish and whole organism studies, but this is also seen with other non-

nanoparticle toxicants/therapeutics.
34

  While nanotherapeutics have not yet induced a 

unique toxicity response, the lack of novelty may be an artifact of the discrepancies 



152 
 

between in vivo and in vitro nanotoxicity comparisons, such as the dose and duration of 

nanoparticle exposure or the differences in model systems (i.e. cancerous cell lines versus 

healthy animals).  That is, there may be nuanced toxicity modes induced by nanoparticles 

that are not observed because the dose in vitro is not relevant in vivo or the in vitro cancer 

cell line does not behave in a way the mimics a whole organism.  These discrepancies are 

exacerbated by the fact that the field is relatively new.  Many of the literature studies 

currently available, including some highlighted here, are aimed at showing promising 

results of a particular nanotherapeutic and therefore only perform standard pre-clinical 

toxicity evaluations.   Generally, the standard toxicity evaluations do not attempt to 

achieve in vivo and in vitro correlation and are not aimed at elucidating mechanisms of 

nanoparticle toxicity. Clearly, more fundamental studies on this topic, for both nanoscale 

and molecular therapeutics, would benefit the field of toxicity at large.  

It is clear that we, as bench scientists, are still struggling with the basic science in 

defining nanotoxicity and have left many gaps in correlating in vivo and in vitro 

data.  However, striving for correlation among in vivo and in vitro data to achieve a better 

understanding of toxicity is not novel to nanoparticle toxicants.  Molecular toxicology 

has been grappling with similar problems and have been working on solutions that could 

inform regulation.
35

  This supports the idea of a “new toxicology” that has been 

introduced by Philbert and coworkers, whose work is speaking directly to emerging, 

sophisticated materials,
31

 but applies to molecular therapeutics as well. Based on the 

current state of the literature, it seems that, so far, there are no unique biomarkers or 

characteristics of nanoparticle toxicity, and thus, we see no justification for novel 

regulatory procedures at this point.  The most likely candidate for distinct behavior lies in 
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the fact that intact nanoparticles will likely be excreted through different routes than their 

molecular counterparts; this should be investigated systematically, but is impossible until 

the first in-human trials are performed. 
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Chapter Seven 
 

Toxicity of Nanoparticles to Brine Shrimp Laboratory – An 

Introduction to Nanotoxicity and Interdisciplinary Science 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter adapted from: 

 

M.A. Maurer-Jones, S.A. Love, S. Meierhofer, B.J. Marquis, Z. Liu, C.L. Haynes.  

Toxicity of Nanoparticles to Brine Shrimp: An Introduction to Nanotoxicity and 

Interdisciplinary Science. Journal of Chemical Education. 2012, (accepted). 
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7.1 Introduction for Instructors 

In modern science, the traditional disciplinary boundaries are increasingly 

blurred, where chemists study toxicology or material scientists work on cancer 

research.  Interdisciplinary research can propel innovation with different perspectives 

contributing to important scientific and technological problems.  One new field of 

research that benefits from an interdisciplinary approach is the field of nanotoxicology. 

Nanoparticles are frequently, but not strictly, defined as particles with at least one 

dimension less than 100 nm.  Because of their unique physical and chemical properties, 

which differ from atoms or bulk of the same material, nanomaterials have been 

increasingly incorporated into commercially available products, including silver 

nanoparticles in clothing to prevent odor and titanium dioxide in cosmetics as a 

sunscreen.  This increased use necessitates the understanding of the possible toxicity 

these nanoparticles pose for humans and the environment. As such, numerous scientists, 

including chemists, material scientists, biologists and toxicologists, have undertaken the 

study of the impacts of nanoparticles in biological and environmental models to better 

understand and hopefully predict their potential toxicity.
2 

In the experiment detailed herein, nanotoxicology is used as a platform to 

introduce chemistry students to interdisciplinary, collaborative science, including aspects 

from chemistry, materials science, toxicology, and statistics while also exposing them to 

an area of cutting-edge research. 

As is often the case in toxicology, a model organism is used to examine potential 

toxicity effects. Here students utilize a simple aquatic organism, brine shrimp, as the 

model of study because they are simple to hatch, grow, and maintain.
1
 While there are 
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many indicators of toxicity, viability is most commonly explored.  Viability, the toxicity 

measure that students will use in this experiment, can be defined as the ability of a cell or 

organism to survive exposure to a toxicant or the number/percentage of organisms living 

versus dead.  Students are tasked to examine brine shrimp survival after exposure to Ag 

or Au nanoparticles (that they have synthesized) at a variety of concentrations.  By 

varying the concentrations within this experiment, the students can then perform 

meaningful statistical analysis of their data. Pooling of the class’ replicate data allows 

students to practically apply these tools, leading to an understanding of differences in 

toxicity and when scientific data reveal statistical significance.  

During development, this experiment was tested with chemistry students in a 

Woodbury, MN high school.  An analysis of student comprehension, based on student’s 

paired pre- and post-experiment responses, is included herein; these data influenced the 

experimental procedure presented. 

 

7.2 Methods 

In this experiment, the students synthesize nanoparticles, perform a serial dilution 

of nanoparticle suspension, do a live/dead brine shrimp assessment, and analyze the 

resulting data.  In the interest of time and conservation of materials, it is best performed 

in groups of 2 or 4 (2 pairs of lab partners) so that the work is divided. This experiment 

was designed with high-school students in mind, but would also be applicable to an 

introductory level chemistry or environmental science class, providing that the lab met 

multiple days in a week as students need 2 or 3 consecutive days to complete all 
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components.  Herein, we describe the components of the experiment, including our vision 

for the division of tasks with the student worksheet. 

 

7.2.1 Nanoparticle Synthesis 

Both Au and Ag syntheses will be performed by the students using stock 

solutions, which should be prepared beforehand.  With the exception of sodium 

borohydride (NaBH4) that must be made on the day of nanoparticle synthesis, all stock 

solutions may be prepared and stored for 4-6 months provided that they are kept in the 

dark or in dark bottles.  They may even last longer, but should be tested before use if 

stored for longer. Transmission electron microscopy (TEM) images of prepared 

nanoparticles can be seen in Figure 7.1.  

 

 

7.2.1.1 Au 

Students will synthesize citrate-reduced Au nanoparticles from sodium citrate and 

HAuCl4 stock solutions as modified from the previously published method.
3
 In glass 

Figure 7.1 TEM images of Au and Ag nanoparticles that will be prepared by the 

students within this experiment. 
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vials, students add 15 mL of 1.1 mM HAuCl4 stock solution and begin heating on 

medium-high heat, stirring the solution with either a magnetic stir bar or every 30 

seconds with a stir rod.  When the HAuCl4 solution is boiling, or after 10 min, add 1.5 

mL of 50 mM sodium citrate stock solution.  Au nanoparticles should form within a 

couple minutes, if not immediately, and the solution should change from colorless/light 

yellow to deep purple.  Keep heating the Au nanoparticle solution for 10 min after the 

color change, making sure to stir every 30 seconds or continuously stir with stir 

bar.  Nanoparticles can be stored for extended periods as long as they are kept from light, 

by storage in amber colored storage bottles or under aluminum foil.    

 

7.3.1.2 Ag 

Citrate-capped Ag nanoparticles will be synthesized by students via NaBH4 

reduction of AgNO3 to Ag
0
, modified from a previously published method.

4
 In a glass 

vial/beaker, 13 mL of deionized water is added and heated, ideally under constant 

stirring, until water is beginning to boil, after which 1 mL of 7.5 mM AgNO3 and 1 mL 

of 7.5 mM sodium citrate should be added to the vial and stirred.  Next, 20 drops of 10 

mM NaBH4 is added, and the solution should immediately turn from colorless to yellow 

as the nanoparticles form.  Continue to heat and stir the nanoparticle suspension for 10 

minutes after color change.  Unlike the other stock solutions, NaBH4 solutions should be 

freshly prepared for each experiment.  Again, nanoparticles can be stored for many weeks 

as long as they are kept from light. 
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7.3.2 Exposure Solutions and Nanoparticle Dilution 

In this experiment, students will be comparing the toxicity of different 

concentrations of nanoparticles, along with water and metal ion (i.e. Ag
+
 or Au

3+
) 

controls, on brine shrimp.  To achieve the varied concentrations, a serial dilution is 

performed from the stock, as-synthesized particles yielding the following concentrations: 

100% nanoparticles, 50% nanoparticles, 25% nanoparticles, and 12.5% 

nanoparticles.  While the exact concentration of nanoparticles may differ in the syntheses, 

the concentration of the as-synthesized and diluted nanoparticles will be comparable for 

the toxicity assay.  For those with access to a UV-visible spectroscopy instrument (e.g. a 

Spec20), the nanoparticle concentration can be determined using Beer’s Law 

(Absorbance=εbc), where b is the cuvette pathlength in cm, ε is extinction coefficient of 

the nanoparticles, and c is the nanoparticle concentration.  The extinction coefficients for 

Au nanoparticles (at λ=542 nm, ε=2.4*10
8
 cm

-1
M

-1
) and Ag nanoparticles (at λ=390 nm, 

ε=8.7*10
8
 cm

-1
M

-1
) are used to solve Beer’s law for concentration.  Table 7.1 indicates 

the solutions that will be prepared and subsequently incubated with the brine 

shrimp.  Students should prepare solutions in vials/test tubes labeled a-f (see Table 7.1) 

and these solution can either be stored for future use or used immediately. 

 

7.2.3 Live/Dead Brine Shrimp Assay 

The brine shrimp assay entails a 24 h exposure (or longer) to control and 

nanoparticle solutions described above and determining if the brine shrimp are viable 

after exposure.  Viability of the brine shrimp is assessed based on movement, where live  
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Table 7.1 Volumes of solutions, either synthesized nanoparticle, water, or stock solution, 

that are needed to make the exposure solutions in the nanoparticle dilution instructions. 

Sample 

Label 

Sample Name Water 

Volume 

(mL) 

Nanoparticles 

Volume (mL) - 

from vial X 

Other specified 

solution Volumes 

a negative control 5 - - 

b ion control - - 5 mL Ag or Au stock 

solution 

c 100% nanoparticles - 10 - synthesis vial - 

d 50% nanoparticles 5 5 - vial c - 

e 25% nanoparticles 5 5 - vial d - 

f 12.5% nanoparticles 5 5 - vial e - 

 

brine shrimp (as seen in Figure 7.2) are those that move while dead shrimp do not.  2-3 

days prior to the viability experiment, brine shrimp should be hatched from eggs by 

placing ~0.4g eggs in 1 L of artificial sea water (35 g Instant Ocean® in 1 L deionized 

water) with constant aeration, either from an air pump or in a fish tank, and illuminated 

by a lamp to keep them warm. Brine shrimp eggs (inset on  Figure 7.2) should be stored 

in a cool, dry space and can be stored for years. 

The assay is best performed in a multi-well plate where the wells can hold at least 

2 mL each, though other containment is possible.  A Pasteur pipet marked with lines for 

measuring 0.5 and 1 mL is prepared by pre-measuring the volumes with a volumetric 

pipet and then taking up that volume into the Pasteur pipet and recording the height of the 

water with a permanent marker.  While this task can be completed by the instructor prior  

to the students experiment, it is also possible for the students to perform this task and is 

diagrammed in the student worksheet.  Students will measure 0.5 mL brine shrimp  
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suspension and count the moving brine shrimp while they are still in the pipet, then 

transfer the brine shrimp to an empty well and record the value and the well in which it 

was placed.  This part of the experiment has the greatest potential for error and therefore, 

students should take their time counting and transferring brine shrimp.  It may be easier 

to count the moving brine shrimp by holding the pipet against a dark surface.  Also, the 

addition of Protoslo® to the brine shrimp to slow them down can make it easier for 

students to count (20-30 drops Protoslo® to 20 mL brine shrimp aliquot).  Students 

should get 15-20 brine shrimp per 0.5 mL so if the brine shrimp are too dense from the 

hatching solution, add artificial sea water solution (35 g Instant Ocean in 1L water) to the 

suspension of brine shrimp to dilute to range.  Students should perform the viability in 

quadruplicate so that each control or nanoparticle concentration has multiple data 

points.  This means that if a student/lab pair within a larger group is testing the viability 

of 3 sample solutions, they should fill a total of 12 wells. 

Figure 7.2 Image of brine shrimp eggs (inset) and live brine shrimp. 
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After counting and recording the number of shrimp per well, the most time 

consuming portion of this experiment, students should add 1 mL serum solution (25% 

serum (e.g. bovine calf serum, fetal bovine serum, etc):75% artificial sea water by 

volume) to each well of brine shrimp to prevent nanoparticle aggregation and 1 mL of the 

control or nanoparticle solution to each well.  Again, if a student is performing the 

viability assay on 3 of the solutions, only one experimental solution should be used per 

well across the 4 replicate wells for that condition.  Upon exposure, brine shrimp should 

be covered with a clear cover (i.e. as commonly provided with well plates or plastic 

wrap), placed under a lamp, such as a desk or utility lamp, approximately 9 inches from 

the bulb and incubated for 24 h, after which the brine shrimp should be counted again, 

only counting the shrimp that are still moving (i.e. alive).  

 

7.2.4 Data Analysis 

An important component of chemistry, and science in general, is data analysis and 

statistics.  In this experiment, students use the viability data to perform simple 

statistics.  First, viability is calculated per well by Equation 7.1. 

 

(7.1)            (    )   
                                 

                                   
      

 

Once the viability is calculated per well, data can be combined for each exposure 

condition and students can calculate the average, standard deviation, and other statistical 

transformations (e.g. t-testing).  Using the combined data, students can then plot the data 

to see a graphical representation of the class’ results, making conclusions about the 
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relative toxicity of Au and Ag nanoparticles.  Variations to the viability experiment can 

be performed, such as varying the time of exposure (e.g. 24 vs. 48 or 72 h) and number of 

replicates, depending on the aim of this experiment. 

 

7.2.5 Hazards and Safety Considerations 

NaBH4 is flammable. Goggles should be worn during this experiment in addition 

to the optional use of gloves and lab aprons.  All nanoparticle solutions, including 

reagents and exposed brine shrimp, should be collected and disposed in accordance with 

hazardous waste procedures.    

 

7.2.6 Division of the Experiments 

This experiment can be split over 2 or 3 days and as previously mentioned, it 

saves time and resources to split tasks over multiple people or lab pairs. Table 2 depicts 

how the experiment can be divided in different roles and the division of tasks per day.  In 

groups of two (either individuals or lab pairs), we suggest students study one type of 

nanoparticle (i.e. Au or Ag) and the tasks of nanoparticle synthesis and dilution be split 

between the 2.  In this configuration, each unit of the duo would study the toxicity of 3 

exposure solutions for a single nanoparticle.   The breakdown of tasks per day is 

suggested as follows for a 3 day experiment: Day 1 - nanoparticle synthesis and dilution, 

Day 2 - count out brine shrimp and perform exposure, Day 3 - determine number of 

surviving brine shrimp and data analysis.  For a 2 day experiment, day 1 consists of 

nanoparticle synthesis, dilution, and brine shrimp counting/exposure and day 2 involves 

determining the number of surviving shrimp and data analysis.  Because nanoparticles 
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can be stored, one can imagine that this experiment could also be broken over multiple 

weeks within a semester, performing nanoparticle synthesis in prior weeks, so long as 

there are 2 consecutive days for the viability assay.  It may be beneficial to pre-synthesize 

a set of nanoparticles for the first class to use and the second class can utilize the 

nanoparticles made in the first class. This also enables the “diluter” role to begin at the 

same time as “synthesis.” The student worksheet below details a 3-day experiment with 

students working in groups of 2 lab pairs. 

 

Table 7.2 Suggested roles within lab groups and break down of experiments per day. 

Roles 3-day 2-day 

Ag 

   Synthesizer 

   Diluter 

    

Au 

   Synthesizer 

   Diluter 

   

Day 1: nanoparticle synthesis 

and dilution 

 

Day 2: brine shrimp counting 

and exposure 

 

Day 3: counting surviving brine 

shrimp and data analysis 

Day 1: nanoparticle synthesis, 

dilution, shrimp counting and 

exposure 

 

Day 2: counting surviving brine 

shrimp and data analysis 

 

 

7.3 Student Worksheet 

 

Name _________________________________  

Lab Partner_____________________________ 

 

Nanoparticle (circle one):      Au  Ag 

Group role (circle one): nanoparticle synthesis  dilution 

Exposure conditions (circle three): a b c d e f 

 

Nanoparticle Toxicity to Brine Shrimp 
 

Description: It is critical to determine the toxicity of substances to determine their 

safety.  This lab is designed to assess the toxicity of gold (Au) and silver (Ag) 

nanoparticles on brine shrimp viability.  Viability is a term to describe whether an 



165 
 

organism is alive or dead.  That is, if an organism is living, it is said to be viable.  In this 

lab, brine shrimp are a model organism to perform initial assessment of nanoparticle 

toxicity.  If the nanoparticles are found to be non-toxic, scientists would likely move to 

toxicity assessment in an organism higher in the food chain. 

 

Experimental Outcomes: 
 Synthesize nanoparticles and prepare nanoparticle solutions 

 Perform brine shrimp toxicity test with nanoparticles 

 Analyze toxicity results for statistical significance 

Instructions: You will be working with your lab partner and 2 other lab groups.  Each 

trio of lab partners will be working with one type of nanoparticle (Au or Ag), and each 

lab pair will use that nanoparticle to perform brine shrimp toxicity tests.  In addition, each 

lab group pair will have a group role within the trio of lab partners: nanoparticle 

synthesis, nanoparticle dilution, or data collection.   The instructions for each role are 

listed below.  You are responsible for answering the questions within the procedure 

section that you complete (i.e. answer the Au synthesis questions if that is your role, but 

you do not need to complete the questions in the dilution/data collection 

sections).  Additionally, there are questions at the end of each day’s procedure that 

everyone must answer.   

 

NOTE: Please remember to circle the nanoparticle your group will be working with and 

the group role that you have at the top of this page. 

 

 

Procedure – Day 1 

Safety: 
equipment: goggles (optional: gloves and lab apron) 

procedures:  wash hands completely after lab 

rinse skin with water upon contact with chemicals 

disposal:  unused nanoparticles in “Noble Metal” waste container 

      

Au Nanoparticle Synthesis 

Responsible parties__________________________ (only complete if this is your role) 

Supplies: 
 goggles 

 gloves (optional) 

 20 mL graduated cylinder 

 glass vial 

 hot plate 

 thermometer 

 glass stir rod * 

 timer 

 15 mL Gold (Au) stock solution 

 1.5 mL 50 mM sodium citrate solution for Gold 

 tongs, test tube holder, or “hot hands” 
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* hot plate w/magnetic stir bars may be used 

 

Method: 
1. Add 15.0 mL Au stock solution to glass vial using a graduated cylinder    

Actual volume of Au stock solution measured: __________mL   

 

2.   Heat Au solution to approximately 140°C (medium high heat) on hot plate. 

Actual solution temperature: ___________________ 

What color is the solution before 

heating?______________________________________ 

 

3.  Stir solution with stir rod every 30 seconds for the duration of the synthesis 

 

4. When Au solution is boiling (or after 10 minutes), add 1.5 mL sodium citrate 

stock solution using a graduated cylinder 

Actual volume of sodium citrate measured: __________mL 

What color is the solution after addition of sodium 

citrate?_________________________ 

When did the solution change colors? (immediately? after some 

time?)________________ 

 

5. Keep Au nanoparticle solution heating for 10 minutes after color change, making 

sure to stir every 30 seconds 

6. Remove synthesized Au nanoparticles from heat and give vial to the lab pair with 

the “dilution” role 

 

 

Silver (Ag ) Nanoparticle Synthesis 

Responsible parties___________________________ (only complete if this is your role) 

Supplies: 
 goggles 

 gloves (optional) 

 20 mL graduated cylinder 

 glass vial 

 hot plate 

 thermometer 

 glass stir rod * 

 timer 

 13 mL deionized water 

 1 mL 7.5 mM Silver (Ag) stock solution   WARNING: Ag stock solution will 

stain hands and clothing 

 1 mL 7.5 mM sodium citrate stock solution  

 1 mL 10 mM Sodium borohydride  

 tongs, test tube holder, or “hot hands” 
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* hot plate w/magnetic stir bars may be used 

 

Method: 
1. Add 13 mL deionized water to glass vial using a graduated cylinder 

Actual volume of water added: ______________mL 

2. Heat water on hot plate until small bubbles begin forming on side of vial 

(beginning to boil) 

3. Add 1 mL Ag stock solution and 1 mL sodium citrate stock solution to hot water 

using a pipette   

What color is the solution?____________________________________________ 

4. Add magnetic stir bar to glass vial and begin stirring the solution 

5. Add  1 mL (20 drops) sodium borohydride solution to vial 

    What color is the solution after addition of 

NaBH4?________________________ 

6. Keep Ag nanoparticle solution boiling for 10 minutes after color change, making 

sure to stir vigorously and continuously 

7. Remove synthesized Ag nanoparticles from heat and give vial to the lab pair with 

the “dilution” role 

 

Dilution of Gold (Au) Nanoparticles 

Responsible parties_________________________ (only complete if this is your role) 

Supplies: 
 goggles 

 gloves (optional) 

 permanent marker 

 6 empty vials w/ covers 

 10 mL graduated cylinder 

 20  mL deionized water 

 5 mL Gold stock solution 

 10 mL Gold nanoparticles 

 

Method: 
1. Label vials a-f 

2. Vial a: add 5 mL deionized water with a graduated cylinder 

3. Vial b: add 5 mL Au or Ag stock solution with a graduated cylinder 

4. Vial c: add 10 mL synthesized Au or Ag nanoparticles with graduated cylinder 
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5. Vial d: add 5 mL of solution from vial c + 5 mL deionized water with a graduated 

cylinder and stir 

6. Vial e: add 5 mL of solution from vial d + 5 mL deionized water with a graduated 

cylinder and stir 

7. Vial f: add 5 mL of solution from vial e + 5 mL deionized water with a graduated 

cylinder and stir 

8. Keep vials for Day 2 Viability Assay. 

What is the concentration of vial d as compared to vial c?______________________ 

What is the concentration of vial e as compared to vial d?______________________ 

What is the concentration of vial e as compared to vial c?______________________ 

What is the concentration of vial f as compared to vial c?______________________ 

 

 
 

Dilution of Silver (Ag) Nanoparticles 

Responsible parties________________________ (only complete if this is your role) 

Supplies: 
 goggles 

 gloves (optional) 

 permanent marker 

 6 empty vials w/ covers 

 10 mL graduated cylinder 

 20  mL deionized water 

 5 mL Silver stock solution WARNING: Ag stock solution will stain hands and 

clothing 
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 10 mL Silver nanoparticles  

           

Method: 
1. Label vials a-f 

2. Vial a: add 5 mL deionized water with a graduated cylinder 

3. Vial b: add 5 mL Au or Ag stock solution with a graduated cylinder 

4. Vial c: add 10 mL synthesized Au or Ag nanoparticles with graduated cylinder 

5. Vial d: add 5 mL of solution from vial c + 5 mL deionized water with a graduated 

cylinder and stir 

6. Vial e: add 5 mL of solution from vial d + 5 mL deionized water with a graduated 

cylinder and stir 

7. Vial f: add 5 mL of solution from vial e + 5 mL deionized water with a graduated 

cylinder and stir 

8. Keep vials for  Day 2 Viability Assay. 

What is the concentration of vial d as compared to vial c?______________________ 

What is the concentration of vial e as compared to vial d?______________________ 

What is the concentration of vial e as compared to vial c?_______________________ 

What is the concentration of vial f as compared to vial c?_______________________ 

 

 
Within the duo of lab groups, one lab pair should get vials a, d, f and one should 

get vials b, c, and e to perform brine shrimp viability assay 
 

Questions: (These questions have multiple components. Make sure to answer all parts 

of the question before day 2 of the procedure.) 

 

1.  What are nanoparticles?  What are two chemical and/or physical properties that 

differ between the Au and Ag nanoparticles? 
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2.  What type of dilution is used to make the nanoparticle solutions with varying 

concentrations?  Describe a different dilution scheme/method to arrive at the same 

concentrations. 

3. Why do we want to test varying concentrations of the nanoparticle solutions? 

4. Assume the synthesized nanoparticle solution is 100 nM (nanomolar, 10
-9

 

M).  Based on the dilution factors, what is the concentration of nanoparticles in vial c, 

d, e, and f? (You may need to get dilution factors from members within the group) 

 

 

Procedure – Day 2 

Safety: 
equipment:   goggles (optional: gloves) 

procedures: wash hands completely after lab 

  rinse with water upon chemical contact 

disposal: unused brine shrimp in 10% bleach for 30 minutes, then down  

drain 

   unused nanoparticles in “Noble Metal” waste container 

   unused serum solution down the drain 

 

Viability Assay (everyone completes) 

Part A:  Mark Pasteur pipette with .5 mL and 1 mL markings 

Supplies: 
 water 

 volumetric pipet 

 small beaker 

 Pasteur pipet 

 Protoslo® Quieting Solution 

(if desired) 

 

Method: 
1. Add 0.5 mL water to small 

beaker using volumetric or 

transfer pipet 

2. Pipet all 0.5 mL of water into 

Pasteur pipet and mark the 

meniscus location on the pipet 

ensuring that there are no 

bubbles in the water-filled 

region of the pipet (see 

pictorial depiction) 

3. Dispose of water but save 

pipet with the 0.5 mL marked 

upon it. 
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4. Add 1 mL water to the same small beaker 

5. Pipet all 1 mL of water into the same Pasteur pipet and mark the meniscus 

location on the pipet as done above 

6. Dispose of water.  Pipet should now have a 0.5 and 1 mL marks on it and will be 

used to measure out solutions for the brine shrimp assay 

 

Part B: Count and record living brine shrimp in 12 spot wells 

Supplies: 
 Pasteur pipet with .5 mL and 1.0 mL markings 

 pipet bulb or aid 

 6 mL brine shrimp 

 

Method: 
1. Pipet up 0.5 mL brine shrimp into glass Pasteur pipet 

2. Count brine shrimp that are moving while in the pipet.  Tip: it may be easier to 

see brine shrimp by holding pipet against a dark surface 

3. Following counting, put brine shrimp into one well of a 24-well plate 

4. Record the number of shimp below in the appropriate circle corresponding to the 

location of the brine shrimp in 24 well plate (shown below) 
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5. Repeat steps 7-10 until 3 columns (a total of 12 wells) contain brine shrimp 

 

Part C: Nanoparticle exposure of brine shrimp 

Supplies: 
 15 mL serum solution 

 synthesized nanoparticle solutions  

 incandescent 40 watt lamp 

 ring stand 

 pipet 

 noble metal waste container 

 

Methods: 
1. Add 1 mL 25% serum solution to each well of brine shrimp 

2. You will be given 3 exposure conditions per lab group, (as described in #8 of the 

dilution instructions), so 4 wells will be replicates of a single condition 

3. Add 1 mL exposure solution (control, ion, or nanoparticles) to each well and label 

the well plate above with which solution (a-f) was placed in the well 

4. Place well plate under lamp approximately 9 inches from the bulb with the wells 

covered  

5. Rinse pipet out with water and save for tomorrow 

6. Dispose of remaining nanoparticle and ion solutions (vials b-f) in the designated 

waste container 

After exposure to nanoparticle solutions, the brine shrimp will be incubated for ~24 

hours before you do the viability test in tomorrow’s class to see what fraction of 

brine shrimp survive exposure. 

 

 

Questions:  
1.  Hypothesize what will happen to the brine shrimp after exposure to all the exposure 

conditions.  That is, predict whether the shrimp with live or die upon exposure to 

solutions a-f.   

 

 

Procedure – Day 3 

Safety: 
 equipment:  goggles (optional: gloves) 

 procedures: wash hands completely after lab 

   rinse with water upon contact with chemicals 
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disposal:   Add 10% bleach to brine shrimp solution, then dispose in the  

“Noble Metal” waste container  

 

Part D: Brine shrimp viability assessment (everyone completes) 

Supplies: 
 bleach 

 noble metal waste container 

 pipet 

 calculator 

 

Method: 
1. Pull all solution from one well in the plate into glass Pasteur pipet 

2. Count brine shrimp that are still moving in pipet as well as any moving shrimp 

that are left behind in the well.  Do NOT include shrimp that are not moving 

(dead shrimp) in your count 

3. Record your brine shrimp count in the appropriate circle below for all 12 wells 

 
 

4. Using the values from yesterday (see the values you put into the well plate 

diagram yesterday), determine the fraction of brine shrimp that are alive today 

and convert it to a decimal fraction.  For example, if yesterday in well 1A you had 

20 brine shrimp alive and today you had 15 alive in well 1A, your fraction would 

be 15/20 and the decimal fraction would be 0.75. 

5. Record the decimal fraction value in the correct well in the well-plate diagram 

below 
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6. Determine average decimal fraction for each exposure condition you performed 

Exposure Condition (e.g. a or e): _____  Average: _________ 

Exposure Condition:_______________  Average: _________ 

Exposure Condition:_______________  Average: _________ 

 

7. CLEAN UP: Upon completion of the viability assay, discard all well contents into 

the designated waste container (Add 10% bleach to  brine shrimp, then dispose in 

the noble metal waste container) 

 

Data Collection 

1. Collect decimal fraction for all wells of each culture condition from your own 

data and the others in your duo 

2. Pool data with that of other duos that used the same nanoparticle (Au or Ag). 

Record the values on the class data graph 

3. Determine the class average for each exposure condition (a-f) of the 

nanoparticle you worked with 

Nanoparticle used: ___________ 

Class average for vial a (control): _____________ 

Class average for vial b (ion): _____________ 

Class average for vial c :____________ 

Class average for vial d:____________ 

Class average for vial e : ___________ 

Class average for vial f:___________ 

 

Concluding Questions 
1. Why do we include the ion exposure as one of the conditions? Why do we include the 

water exposure? 

 

2. What does a viability decimal fraction of 1 mean? What does a viability decimal 
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fraction of 0 mean? Considering the data from your entire trio, did the exposure to 

nanoparticles affect brine shrimp viability?   

 

3. How consistent was the data within your given group?  Across groups?  How might we 

represent this variability mathematically? 

 

4.  Do you think brine shrimp are a good model to predict human nanoparticle toxicity? 

 

 

 
 

7.4 Results and Discussion  

Three classes of high school chemistry students, two standard and one advanced 

placement level, performed this experiment during development. The students were given 

the following five question test, both prior to and following the experiment, to assess 

their level of comprehension of the core themes (interdisciplinary science, 

nanotoxicology, and statistics) presented:  

1. A nanoparticle is a very small particle. What does the prefix nano mean? 

2. Why would we worry about toxicity? 

      Where can you find nanoparticles? 

      To your knowledge, have you encountered nanoparticles before now? 

      How might you be exposed? 

3. How do you determine safety of a chemical/technology? 

4. Viability means the measure of organisms that survive exposure to a toxic 

substance.  If after expose to the substance, the viability is 70%±5%.  What does 

the ±5% mean? 

5. What fields of science ask questions related to toxicity? 

 

Pre-laboratory discussions were led by the experiment developers, in lieu of the high 

school teacher introductory lecture. Direct comparisons were made between the pre- and 

post-tests of individual students in each class; differences in responses (i.e.: changes 

between incorrect/correct and qualitative/quantitative answer) to the five posed questions 
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were assessed and tabulated for all anonymous, paired (pre- and post- experimental 

testing) responses. For question one, students were asked to define the “nano” prefix: 

responses ranged from qualitative (i.e.: very small, tiny) to quantitative (i.e.: correct 10
-9

 

and incorrect 10
9
). The most common error was an inversion in scale for those giving 

quantitative responses, for both the pre- and post-test responses. Overall, student 

comprehension shifted to more quantitative responses when students responded 

differently on the post-test. For question two, students were asked about their exposure to 

nanoparticles. Students largely (>65%) responded that they had been exposed to 

nanoparticles in the pre-test: post-testing showed students who had answered negatively 

changed their answers to affirmative responses. Question three asked students to describe 

safety determinations (for a chemical or technology); typical responses included testing 

(involving either animals or people) and experimentation for both pre- and post- test 

responses. The students were asked to interpret data suggesting viability of 70% ± 5% in 

question four: responses ranged from “give or take”, error/% error/range of error, and 

specifically stated ranges. Students responses were largely unchanged from pre- and post-

testing, while the roughly 5% that did respond differently provided more descriptive, 

appropriate responses (e.g. percent error became percent range of live brine shrimp). To 

assess the students understanding of interdisciplinary science, students were asked which 

fields of science ask questions related to toxicity. Student responses included various 

fields from physical and biological sciences, medicine, and a more general response of 

“all fields”.  Upon post-testing, student responses included similar branches of science 

but typically included more disciplines in their answers (e.g. toxicology became 

toxicology, chemistry, biology). The experiment was successfully completed in the 
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laboratory classroom and based on their pre- and post-testing answers, the students 

showed improvement in their understanding of nanotoxicology and interdisciplinary 

science: limited improvement was seen from the statistic question, where student 

responses were largely unchanged after performing the experiment. 

The described trial, with high school students, informed the final version of the 

experiment described in the methods section; changes were made to the division of 

experiments and the Ag nanoparticle synthesis.  Additionally, this beta-test illuminated 

the multi-component nature of nanotoxicity studies.  That is, this experiment has many 

components, and depending on pre-laboratory preparation and lecture, the emphasis 

could be placed preferentially on one area or another.  Clearly, based on the pre- and 

post-test question results above, our emphasis was placed largely on nanoparticles, 

nanotoxicity and the advantages of interdisciplinary science, which is the bias of our 

academic research.  However, we envision this experiment to be useful for a lot of 

different learning outcomes, depending on where emphasis is placed by the instructor.    

 

7.5 Classroom Science Standards 

The high school national science education standards (NSES) addressed by this 

activity include “Science as Inquiry,” “Physical Science,” “Science and Technology,” 

and “History and Nature of Science.” More details on specific national standards can be 

found in Table 7.3.  
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Table 7.3 National Science Education Standards (NSECs), grade 9-12, fulfilled by this 

experiment 

Science as 

Inquiry 

12 ASI Abilities 

necessary to do 

scientific 

inquiry 

12ASI1.2 Design and conduct 

scientific investigations 

Science as 

Inquiry 

12 ASI Abilities 

necessary to do 

scientific 

inquiry 

12ASI1.3 Use technology and 

mathematics to improve 

investigations and 

communications 

Science as 

Inquiry 

12 ASI Abilities 

necessary to do 

scientific 

inquiry 

12ASI1.6 Communicate and defend a 

scientific argument 

Physical 

Science 

12BPS Structure and 

properties of 

matter 

12BPS1.1 Matter is made of minute 

particles called atoms, and 

atoms are composed of 

even smaller components 

Science in 

Personal 

and Social 

Perspectives 

12FSPSP Natural and 

human-induced 

hazards 

12FSPSP5.4 Natural and human induced 

hazards present the need 

for humans to assess 

potential danger and risk 

Science in 

Personal 

and Social 

Perspectives 

12FSPSP Science and 

technology in 

local, national, 

and global 

challenges 

12FSPSP6.4 Individuals and society 

must decide on proposals 

involving new research and 

the introduction of new 

technologies into society 

 

 

7.6 Conclusions 

This experiment was designed to be flexible for a variety of instructional aims 

(e.g. emphasis on statistical analysis in chemistry) and can be used fully or only partially 

(e.g. only nanoparticle synthesis or only viability assay).   Through this experiment, 

students are exposed to the fields of nanotechnology and nanotoxicology, with hands-on 
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experience with basic chemical, material, toxicological, and statistical 

principles.  Beyond scientific principles, this experiment encourages class-wide 

collaboration and allows all students to contribute to the group data.   
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Appendix A 
 

Calculations of Distribution Coefficients of Ag
+
 and Ag-

ammonia Complexes 
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The pH of the broth solution has measured to be 7.7 and was constant in various 

concentrations of Ag
+
.  

 

Using the pKa value of 9.244 for ammonia (J. F. Rubinson and K. Rubinson 

Contemporary Chemical Analysis; Prentice Hall: 1998), the concentration of ammonia is 

calculated. The concentration of added Ag
+
 is negligible compared to concentration of 

NH4
+
, so [NH4

+
] has been set equal to the starting concentration. 

[NH3][H
+
]= [NH4

+
] Ka 

[NH4
+
]0  = 40mM , [H

+
]=10

-7.7
   

[NH3]= 1.143 x 10
-3 

 

Total silver ion content= [Ag
+
] + [ AgNH3

+
] + [Ag(NH3)2

+
] 

Total silver ion content= [Ag
+
] + ( [Ag

+
] [NH3] Kf,1) + ([Ag

+
] [NH3]

2
 Kf,1 Kf,2) 

Total silver ion content= [Ag
+
] (1+[NH3] Kf,1+[NH3]

2
 Kf,1 Kf,2) 

pKf,1=3.24 and pKf,2=3.81  where pKf,1 and pKf,2 are formation constants of silver-

ammonia complexes (J. A. Dean Lange's Handbook of Chemistry, Fourteenth Edition; 

McGraw-Hill: 1992) 

 

[Ag
+
] / Total silver ion content= 1 / (1+[NH3] Kf,1+[NH3]

2
 Kf,1 Kf,2) = 0.05667 

[ AgNH3
+
] / Total silver ion content = ([NH3] Kf,1) / (1+[NH3] Kf,1+[NH3]

2
 Kf,1 

Kf,2)=0.11257 

[Ag(NH3)2
+
] / Total silver ion content = ([NH3]

2
 Kf,1 Kf,2) / (1+[NH3] Kf,1+[NH3]

2
 Kf,1 

Kf,2) = 0.83075       
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 Pittsburgh Conference on Analytical Chemistry and Applied 

Spectroscopy, Atlanta, GA. March 2011. 

 

Invited Lecture.  “Fundamental Assessment of TiO2 Nanoparticle Toxicity Using 

Carbon-Fiber Microelectrode Amperometry.” Society of Toxicology Northland Chapter 

Meeting, St. Paul, MN. October 2010. 

 

Contributed Lecture.  “Functional Assessment of Metal Oxide Nanoparticle Effects on 

Cell Function.” Chemistry Graduate Student Research Symposium, Minneapolis, MN. 

May 2010. 

 

Contributed Poster.  “Toxicity of Metal Oxide Nanoparticles: A Study on the Impact of 

Porosity on Cell Function.”  4
th

 International Conference on Nanotechnology: 

Occupational and Environmental Health, Helsinki, Finland.  August 2009. 

 

Contributed Poster.  “Exploring the Effects of TiO2 Nanoparticles on Mast Cell 

Function.”  Society of Applied Spectroscopy Regional Meeting, St. Paul, MN.  May 

2009. 

 

Contributed Poster.  “Exploring the Effects of TiO2 Nanoparticles on Mast Cell 

Function.”  NIH Chemical Biology Interface Training Grant Symposium, St. Paul, MN.  

May 2009. 
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Contributed Poster.  “Exploring the Effects of TiO2 Nanoparticles on Cell Function with 

Carbon-Fiber Microelectrode Amperometry.”  60
th

 Pittsburgh Conference on Analytical 

Chemistry and Applied Spectroscopy, Chicago, IL.  March 2009.  

 

Contributed Poster.  “Extraction of Gas Phase Analytes from Aqueous Solutions Using 

Microdialysis Membranes.”  231
st
 National Meeting of the American Chemical Society, 

Atlanta, GA.  March 2006. 

 

Contributed Poster.  “Extraction of Gas-Phase Analytes from Aqueous Solutions.”  28
th

 

International Symposium on Capillary Chromatography and Electrophoresis, Las Vegas, 

NV.  May 2005. 

 

Contributed Poster.  “A Cryofocusing Sampling Technique to Determine Selenium-

Containing VOCs in Selenium Enriched Broccoli.”  18
th

 National Conference on 

Undergraduate Research, Indianapolis, IN.  April 2004. 

 

Contributed Poster.  “Exploration of Chromatographic Resolution Due to the Effect of 

Injection Pulse Duration.”  Minnesota Academy of Sciences meeting, St. Paul, MN.  

April 2003. 

 

Grants Co-Authored 

“Evaluating Beneficial Bacteria Function following Engineered Nanoparticle Exposure,” 

National Science Foundation, July 2011 - funded. 

 

“Evaluating Beneficial Bacteria Function following Engineered Nanoparticle Exposure,” 

National Science Foundation, February 2011. 

 

Teaching Experience 

Guest Lecturer (Spring/Fall 2011) - Department of Chemistry, University of Minnesota 

 CHEM 8152: Analytical Spectroscopy – Acted as substitute lecturer for Dr. 

Christy Haynes for two lectures and helped write an exam question 

 CHEM 2121: Process Analytical – Acted as substitute lecturer for Dr. Christy 

Haynes for two lectures and helped write exam questions   

Research Mentor (2009 – present) – Haynes Research Group, Department of Chemistry, 

University of Minnesota 
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 Directed Sarah Connolly’s research on reactive oxygen species (ROS) assay 

development to assess toxicity of TiO2 nanoparticles 

 Directed Jenna Christenson’s research on ROS assay development to assess 

toxicity of TiO2 nanoparticles, which resulted in her authorship on an article in 

Journal of Nanoparticle Research 

 Directed Gregory Gibson’s research on the development of Shewanella 

oneidensis as a nanotoxicity model organism 

 Directed Cole Christensen’s research on the toxicity of TiO2 nanoparticles to S. 

oneidensis, which has resulted in his authorship on an article that is in preparation 

Mentorship Program for Aspiring Chemistry Teachers (MPACT) Participant (Spring 

2011) – Department of Chemistry, University of Minnesota 

 Observed class lectures, led two lectures, helped write and grade exams, and 

aided the implementation of POGIL activities within classroom lectures  

Preparing Future Faculty – Teaching in Higher Education (Fall 2010) – Graduate School 

(GRAD 8101), University of Minnesota  

 Completed coursework dealing with a wide range of higher education teaching-

focused topics including pedagogical theory and curriculum development 

Teaching Assistant (2008 – 1 semester) – Process Analytical Chemistry (CHEM 4121) 

laboratory TA, University of Minnesota 

 Led pre-lab discussion, assisted students in learning laboratory techniques, 

designed and implemented grading rubric, held tutor and office hours 

Teaching Assistant (2007 – 1 semester) – General Chemistry (CHEM 1011) laboratory 

TA, University of Minnesota 

 Led pre-lab discussion, graded lab reports, held tutor and office hours 

Chemistry Tutor (2003-2006) – Focus on General Chemistry concepts, University of St. 

Thomas 

 Aided students in learning General Chemistry material 

 

Service and Leadership Activities 

Women In Science and Engineering (2008-present) – University of Minnesota 

Student Workshop Committee (2008-present) – Department of Chemistry, University of 

Minnesota 

Poster judge for undergraduate research proposals (2011) – Department of Chemistry, 

University of Minnesota 

Chemistry Day Outreach Event(2009-present) – West 7
th

 Community Center, St. Paul, 

Minnesota 
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Cool Chemistry Outreach (2008-2009, 2011) – Women in Science and Engineering, 

University of Minnesota 

Dragon Fly TV participant (2008) – Public Broadcasting Service 

ACS Student Affiliate Chapter President/Vice President (2004-2006) – University of St. 

Thomas 

Professional Affiliations 

American Chemical Society 

Society of Environmental Toxicology and Chemistry 

Iota Sigma Pi – Honor Society of Women in Chemistry 
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