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ABSTRACT

Jiejun, Gao, Ph. D., Purdue University, December 2016. Nanoparticle Toxicity and Molecular
Mechanisms in Fish: A Case Study with Silver Nanoparticles. Major Professor: Dr. Maria S.
Sepúlveda.
Nanoparticles (NPs) are widely used in a myriad of commercial and industrial products making
their entry to the environment a likely event. NPs have unique physical-chemical properties that
result from their small size and high surface area to volume ratio, making them highly reactive
and potentially toxic. In Chapter 1, we summarize the effects and mechanisms of metal-based
NPs on the vascular system. In vitro studies have shown that NPs are anti-angiogenic because
they cause inflammation, oxidative stress, and apoptosis of endothelial cells resulting in
increased permeability and decreased proliferation and migration. Whole animal studies
examining the effects of NPs on the vascular system are scarce and although the few available
studies do not disproof the anti-angiogenic properties of NPs, the mechanisms and long-term
effects of these changes are poorly understood. Considering the key physiological role of the
vascular system, there is a need for more studies in this area. In Chapter 2, we show that blood
proteins can quickly bind to the surface of NPs, which might greatly change their biological
identity. We present novel data on the formation of a “protein corona” (PC) after incubation of
polyvinylpyrrolidone-coated AgNPs (PVP-AgNPs, 50 nm) in fish (smallmouth bass) plasma. Both
gender and length of incubation affected the types of proteins identified from PC. The most
common proteins were related to immune function, red blood cell function and clotting, and
lipid and cholesterol transport. Vitellogenin and zona pellucida egg proteins were only detected
in PCs incubated with female plasma. We propose that fish plasma serves as a good media for
the characterization of PC in future studies with NPs and that binding of egg proteins to the
surface of PVP-AgNPs could result in enhanced movement of particles to developing oocytes
and maternal transfer to developing embryos. In Chapter 3, vascular effects of PVP-AgNPs ( 60
nm) were evaluated on transgenic zebrafish (TG fli1a: EGFP) embryos. Exposure to 1 and 10
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mg/L PVP-AgNPs during the period of vascular development caused a delay in vascular
development; however, expression of genes within the vascular endothelia growth factor (VEGF)
signaling pathway was enhanced. This apparent contradiction was explained by the induction of
hypoxic conditions in the embryo via agglomeration of NPs on the surface of eggs. Hypoxia is a
potent stimulant of the VEGF signaling pathway, but blood vessel development is not enhanced
because no increased production in VEGF protein was observed, likely because of impaired
translation due to AgNP toxicity to the endoplasmic reticulum. In Chapter 4, we evaluated the
toxicity of a commercial product (socks) containing AgNPs. Importantly, we demonstrate that
the toxicity of this leachate to zebrafish embryos was not due to AgNPs, but instead to the
presence of unknown chemical(s). At the time this study was published, there was no data on
the toxicity of AgNPs released from any commercial products. Overall, this set of studies
advances our current understanding on the mechanisms of toxicity of AgNPs by providing novel
molecular and whole animal data that can be used for future risk assessment for this emerging
class of contaminants.
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CHAPTER 1 INTRODUCTION

1.0 Summary
Nanoparticles (NPs) are widely used in a myriad of commercial and industrial products making
their entry to the environment a likely event. Organisms can be exposed to NPs via inhalation,
orally or dermally. The vascular system plays critical roles in nutrient transport, gas exchange,
and regulating homeostasis and is one of the first functional organ systems that develop in
embryos. This mini-review focuses on the effects of metal or metal oxide engineered NPs on the
vertebrate vascular system. We start by briefly reviewing the overall mechanisms involved in the
development of the vascular system in vertebrates. Next, we discuss some unique challenges in
nanotoxicology research. We then separate vascular NP toxicity findings between in vitro and in
vivo studies and discuss the different molecular mechanisms reported. We end with some major
conclusions and needs for future research in this area.
1.1 Nanoparticles in the environment
Because of their small size (1-100 nm) nanoparticles (NPs) are highly reactive and catalytic and
therefore have found their way in a myriad of applications including cosmetics, textiles and food
packaging. Government and industry around the world are developing nanotechnologies in
various fields, and as a result, the market for these products was estimated at over $3 trillion US
dollars in 2015 (Flynn and Wei, 2005). The most commonly used core material for engineered 1dimensional NPs are silica dioxide (SiO2), titanium dioxide (TiO2) and silver (Ag). Next-generation
2- and 3-dimensional NPs are also being produced in large amounts and applied to all sorts of
products (Huang et al., 2014; Kerativitayanan et al., 2015). Although the fate and transport of
NPs in the environment is largely unknown, models estimate that the environmental
concentrations of NPs in surface water, wastewater and sediments range from 0.003 parts per
trillion (fullerenes in surface water) up to 89 parts per billion (TiO2NPs in sludge-treated soil)
(Mueller and Nowack, 2008; Gottschalk et al., 2013). Therefore, whether it is through the use of
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cosmetics, household products, medical applications, or drinking of contaminated water,
exposure to NPs is likely.
NPs can enter organisms via dermal, nasal, ocular, respiratory and gastrointestinal routes and
distribute through the circulatory and lymphatic systems to major organs (Buzea et al., 2007;
Asharani et al., 2008). Although recent reviews have addressed toxicity of NPs to major organs
and systems (Card et al., 2008; Crosera et al., 2009; Simkó and Mattsson, 2010; Lettiero et al.,
2012), specific effects of metal-based NPs to the vascular system has been largely ignored. This
is in contrast to carbon-based NPs where one review published in 2009, summarized the
literature on their effects on the cardiovascular system mostly induced via inflammatory
pathways that lead to fibrosis and loss of function (Simeonova and Erdely, 2009).
In the current review, we summarize the effects of metal or metal oxide engineered NPs on the
vertebrate vascular system. Naturally occurring NPs (such as those produced from
photochemical reactions, volcanic eruptions, forest fires, or simple erosion), carbon air pollution
particles, and organic NPs are not included in this review. We do not focus on effects on the
heart per se, since we could not identify nanotoxicity studies with the NPs of interest that have
focused specifically on cardiac effects. In addition, studies that report very general
cardiovascular toxicity effects such as pericardial edema or changes in heart rates after NP
exposure, are not reported here. We start by briefly reviewing the overall mechanisms involved
in the development of the vascular system in vertebrates. Next, we discuss some unique
challenges in nanotoxicology research. We then separate vascular NP toxicity findings between
in vitro and in vivo studies and discuss molecular mechanisms reported from different types of
endothelial cells (ECs) as well as vascular responses in whole animals. Because toxicity of NPs is
not only related to dose, but also to size, shape, coating, and surface charge (Ehrhart et al.,
2015) we also present this information whenever possible. We end with some conclusions and
needs for future research in this area.
1.2 Vascular development
The heart and vascular system are the first to functionally develop in embryos. Vascular
formation occurs in two phases: vasculogenesis, the de novo vascular formation via assembly of
endothelial precursors called angioblasts; and angiogenesis, the sprouting of pre-existing vessels
by migration and proliferation of ECs (Beck and D'Amore, 1997; Ellertsdóttir et al., 2010).
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Normal vascular development depends on EC differentiation, migration and proliferation;
extracellular matrix remodeling; and cell-cell communication (Herbert and Stainier, 2011; Tal et
al., 2014). ECs have the remarkable capacity of giving rise to vessels with diverse functional,
morphological and molecular signatures (Herbert and Stainier, 2011). Proangiogenic signals
induce fundamental changes in EC behavior including loosening of cell-cell junctions leading to
degradation of the surrounding basement membrane and initiating new blood vessel sprouting
(Herbert and Stainier, 2011). A small proportion of ECs (Tip Cells, TCs) result in newly sprouting
vessels (Gerhardt et al., 2003; De Smet et al., 2009). ECs that trail TCs, or Stalk Cells (SCs), are
less motile but support the extension of sprouting vessels, generating the trunk of new
capillaries and maintaining connectivity within the parental vessel (Kamei et al., 2006; Adams
and Alitalo, 2007; Iruela-Arispe and Davis, 2009). After TCs contact other ECs, tight junctions are
generated and fuse with recipient vessels to form a lumen (Herbert and Stainier, 2011).
Decades of research have uncovered key signaling pathways involved in vascular development.
The vascular endothelial growth factor (VEGF) and Notch signaling pathways are major
controllers of EC behavior during blood vessel sprouting. VEGF signaling promotes ECs
proliferation, filopodia extension, degradation of the extracellular matrix, and chemotaxis
(Herbert and Stainier, 2011) via activation of multiple downstream intermediaries such as
mitogen-activated protein kinases (MAPKs), phosphoinoside 3-kinases (PI3Ks), protein kinase B
(PKB, also known as AKT), phospholipase Cγ and small GTPases (Herbert and Stainier, 2011).
Over-expression of vegf leads to several abnormalities in heart development and embryonic
lethality in mice (vegfa, vegf-mouse genome informatics) (Miquerol et al., 2000); formation of
abnormal endothelial precursor cells and disorganized vascular structures in Xenopus embryos
(vegf) (Cleaver et al., 1997); and ectopic vasculature development in zebrafish embryos (vegfa,
both isoforms, including vegf165 and vegf121) (Liang et al., 2001). Knock-down of vegfa in
zebrafish results in blood vessel deficiencies with no or reduced numbers of circulating red
blood cells and enlargement of the pericardium (Nasevicius et al., 2000). Mouse embryonic stem
cells from embryos with dysfunctional VEGF receptor2 (VEGFR2) are unable to migrate to the
correct location and form blood islands (Shalaby et al., 1997) and die without developing ECs
and yolk-sac blood islands (Shalaby et al., 1995).
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1.3 Critical issues in assessing the toxicity of NPs
The field of ‘nanotoxicology’ is relatively new, with the first manuscripts published in late 2004
(a search using “Web of Science” (Information Science Institute, www.isi.edu) between 20042016 identified a total of 1,518 manuscripts using “nanotox*” as the keyword). This body of
literature has characterized a wide range of NP toxicities affecting all major organ systems
(Borm et al., 2006; De Jong and Borm, 2008; Aillon et al., 2009). Challenges of testing the toxicity
of NPs are related to their unique physical-chemical properties, largely, their large surface area
to volume ratio, which makes them highly biologically and chemically-active (Oberdörster et al.,
2005; Buzea et al., 2007). In addition, NPs elicit quantum effects, creating optical, electrical and
magnetic behaviors that are sometimes vastly different from bulk materials (Buzea et al., 2007).
Studies have demonstrated that smaller-size NPs are generally more toxic compared to larger
ones. This is likely because smaller NPs can generate more radical oxygen species (ROS) and
inflammation compared to larger-size particles (Choi and Hu, 2008; Karlsson et al., 2009; Scown
et al., 2010). For example, the cytotoxicity of gold nanoparticles (AuNPs) indicate that 15 nm are
nontoxic, but ~ 10 times lower size (1.4 nm) increases the cytotoxicity 60 to 100-fold.
Interestingly, the type of cellular response was also size-dependent: 1.4 nm AuNPs caused cell
death via necrosis whereas 1.2 nm AuNPs induced programmed cell death or apoptosis instead
(Pan et al., 2007). AgNP cell toxicity has also been shown to be size-dependent in macrophages,
with 15 nm causing more oxidative stress and inflammation compared to 30 and 50 nm (Carlson
et al., 2008).
Another unique feature of NP toxicity is the formation of a biomolecular layer on their surface,
referred to as “Protein Corona” (PC). Via van der Waals, electrostatic, hydrogen bonding and
hydrophilic/hydrophobic interactions, biomolecules such as lipids, sugars and especially
proteins, will bind to the surface of NPs once in contact with biological fluids (Xia et al., 2010;
Monopoli et al., 2012). The composition of this PC is important because research has shown it
can affect agglomeration, toxicokinetics, signaling, and ultimately, toxicity (Tenzer et al., 2013).
For instance, negatively charged NPs will attract positively charged biomolecules, which in turn
will increase interactions with the negatively charged cell membrane (Setyawati et al., 2015).
This also has implications for interpreting toxicity results across different animal models and
exposure scenarios (Shannahan et al., 2016).
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1.4 Vascular toxicity of NPs in vitro
Researchers have used different EC lines to investigate the vascular toxic mechanisms of NPs in
vitro. In general, effects of NPs on ECs are core material- and concentration-dependent. For
instance, zinc oxide (ZnON), magnesium oxide (MgON) and copper oxide (CuO) NPs increased EC
permeability and oxidative stress starting from 1 ppm, while AuNPs and iron oxide (Fe3O4) NPs
were significantly less toxic at threshold concentrations of 25 and 400 ppm, respectively (Table
1.1.) (Sun et al., 2011).

Figure 1.1 Effects of nanoparticles (NPs) on endothelial cells (ECs). Endothelial nitric
oxide synthase (eNOS); Glutathione peroxidase (GSH-Px); Interleukin 1 beta (IL-1b);
Lactate dehydrogenase (LDH); Malondialdehyde (MDA); Nitric oxide (NO);
Phosphoinositide 3-kinase (PI3K); Protein kinase B (PKB, also known as Akt); Protooncogene tyrosine-protein kinase Src (Src kinase); Reactive oxygen species (ROS);
Vascular endothelial growth factor (VEGF).
Size of NPs has also been identified as a key factor influencing EC uptake and vascular toxicity.
NPs (50-80 nm) enter ECs via caveolin-mediated endocytosis, while larger NPs (100-200 nm)
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interact with surface receptors triggering the formation of clathrin coated pits which transport
NPs into cells via clathrin-mediated endocytosis (Fröhlich, 2012; Setyawati et al., 2015). Smaller
AuNPs (15 nm) inhibited VEGF-induced EC proliferation and migration at a lower observed effect
concentration (24 ppm), compared to 59 ppm for 50 nm AuNPs (Karthikeyan et al., 2010; Pan et
al., 2014a). As already discussed, surface charge can also influence vascular toxicity. The
kallikrein-kinin system (KKS) is involved in regulating vascular permeability. Only negatively
charged AgNPs activate the plasma KKS pathway by triggering Hageman factor auto-activation
(Long et al., 2016).
Regardless of differences on physical-chemical properties, all NPs tested are anti-angiogenic as
they inhibit the VEGF signaling pathway affecting EC permeability, proliferation and migration.
They do this via induction of inflammation, oxidative stress, and apoptosis (Fig. 1.1) (Gurunathan
et al., 2009; Kalishwaralal et al., 2009; Rosas-Hernández et al., 2009; Sheikpranbabu et al., 2009;
Sheikpranbabu et al., 2010; Chang et al., 2015). Inflammation by NPs increases endothelium
permeability resulting in enhanced NP cellular uptake, and inhibition of Akt, Src kinase, Pi3k and
VEGF signaling pathways by NPs results in EC death. In Human Umbilical Vein Endothelial Cells
(HUVECs), AuNPs bind to the vascular permeability factor/VEGF and basic fibroblast growth
factor inhibiting endothelial and fibroblast cell proliferation due to a decrease in VEGFR-2
phosphorylation and intracellular calcium release (Mukherjee et al., 2005). NPs induce oxidative
stress, interfering with lysosomal hydrolases (LH), cathepsins B (CTSB) and cathepsins D (CTSD),
which negatively impact mitochondria membrane potential (Gojova et al., 2007; Apopa et al.,
2009; Liu and Sun, 2010; Zhu et al., 2010; Halamoda Kenzaoui et al., 2012; Su et al., 2012; Duan
et al., 2013a; Duan et al., 2013b). EC proliferation can also be inhibited by NPs via triggering
production of nitric oxide (NO) and endothelial nitric oxide (eNOS), which are critical for
maintaining vascular homeostasis and vessel dilation, protecting from platelet aggregation,
leukocyte adhesion and controlling proliferation and migration of vascular smooth muscle cells
(Rosas-Hernández et al., 2009; Zhu et al., 2010; Su et al., 2012).
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Table 1.1 Toxicity of nanoparticles to endothelial cells.
Nanoparticle

Size (nm)

Cell line

Response

Ref(s).

Copper oxide

40

HUVEC

1-100 mg/L ↓ cell survival

(Chang et al.,

(CuO)

2015)
180

HCMEC

1-100 mg/L ↑ permeability,

(Sun et al.,

inflammatory response,

2011)

expression vcam-1, icam-1, mcp2, IL-8, LDH
Gold (Au)

5

HUVEC

From 67 nM ↓ VEGFR2

(Mukherjee et

phosphorylation, intracellular

al., 2005)

calcium release, RhoA activation
leading to ↓
endothelial/fibroblast cell
proliferation, permeability and
angiogenesis
15

24 mg/L ↓ VEGF migration and

(Pan et al.,

tube formation by affecting cell

2014a)

surface ultrastructure,
cytoskeleton and might affect
angiogenesis via the Akt
pathway
50

BRPEC

59 mg/L ↓ VEGF-, IL-1β-

(Karthikeyan et

induced proliferation and

al., 2010)

migration by suppression of Src
kinase signaling pathway

8
> 30 µg NPs/cm2 ↑ autophagy

(Halamoda

and oleic

and ROS interfering with LH,

Kenzaoui et al.,

acid-coated)

CTSD and CTSB

2012)

2-100 mg/L ↑ NO, oxidative

(Zhu et al.,

stress, apoptosis, ↓

2010)

Iron oxide

8 (uncoated

(IO)

Fe2O3

22

HCEC

HUEC

mitochondria membrane
potential
47

HAEC

50 mg/L no inflammation

(Gojova et al.,
2007)

298

HMVEC

50 mg/L ↑ permeability, ROS

(Apopa et al.,

oxidative stress-modulated

2009)

microtubule remodeling,
Akt/GSK-3β- signaling pathways
Fe3O4

15-

HUVEC

20
43

Magnesium

39

400 mg/L ↑ NO, Enos activity,

(Su et al., 2012)

↓ CAV1
HUEC

HCMEC

oxide (MgO)

2-100 mg/L ↑ oxidative stress,

(Zhu et al.,

NO, apoptosis

2010)

1-100 mg/L ↑ permeability,

(Sun et al.,

inflammatory response,

2011)

expression vcam-1, icam-1, mcp2, il-8, LDH
Silica (Si)

20, 62

HUVEC

≥ 25 mg/L ↓ SOD, GSH-Px,

(Liu and Sun,

mitochondrial membrane

2010; Duan et

potential ≥ 50 mg/L, JNK, C-Jun,

al., 2013a;

P53, NF-Kb signaling pathways,

Duan et al.,

↑oxidative stress, apoptosis

2013b)

9
> 30 µg NPs/cm2 ↑ autophagy

(Halamoda

and ROS interfering with LH,

Kenzaoui et al.,

CTSD and CTSB

2012)

20-100 mg/L membrane

(Zhao et al.,

(mesoporous

deformation, internalization of

2011)

coated)

NPs inside of RBCs, hemolysis

25, 50

600

Silver (Ag)

40-50

HCEC

RBC

PREC

BREC

5 mg/L ↓ VEGF-, IL-1β- induced

(Sheikpranbabu

endothelial permeability

et al., 2009;

through inactivation of Src

Sheikpranbabu

kinase pathway

et al., 2010)

54 mg/L ↓ VEGF-induced cell

(Gurunathan et

proliferation, migration,

al., 2009;

capillary-like tube formation,

Kalishwaralal et

angiogenesis via inhibition of

al., 2009)

PI3K/Akt signaling pathways,
↑apoptosis via CASP3 activity
42

HREC

Triggering Hageman factor

(Long et al.,

autoactivation  plasma KKS,

2016)

bradykinin, B2 receptors, VEcadherin, paracellular
permeability
45

CEC

≤ 10 mg/L ↓ cell

50 & 100

(Rosas-

proliferation, ↑

mg/L ↑ NO-

Hernández et

vasoconstriction

dependent

al., 2009)

by inhibiting

proliferation

Ach-induced

via activation

NO-mediated

of eNOs and

relaxation

vasodilation

10
> 15 µg NPs/cm2 ↑ autophagy

(Halamoda

dioxide

and ROS interfering with LH,

Kenzaoui et al.,

(TiO2)

CTSD and CTSB

2012)

≥ 10 mg/L ↑inflammatory

(Gojova et al.,

response, expression icam-1, il-

2007)

Titanium

Yttrium

21

20-60

HCEC

HAEC

oxide (Y2O3)

8, mcp-1
Zinc oxide

45

HCMEC

(ZnO)

1-100 mg/L ↑ permeability,

(Sun et al.,

expression vcam-1, icam-1, mcp-

2011)

2, il-8, LDH
100-200

HAEC

≥ 10 mg/L ↑ inflammatory

(Gojova et al.,

response, expression mcp-1

2007)

Acetylcholine (Ach); Bovine Retinal Endothelial Cells (BRECs); Bovine Retinal Pigment Epithelial Cells
(BRPECs); Caspase-3 (CASP3); Cathepsins B (CTSB); Cathepsins D (CTSD); Caveolin-1 (CAV1); c-Jun Nterminal kinase (JNK); Coronary Endothelial Cells (CECs); Human Aortic Endothelial Cells (HAECs); Human
Cardiac Microvascular Endothelial Cells (HCMECs); Human Cerebral Endothelial Cells (HCECs); Human
Microvascular Endothelial Cells (HMVECs); Human Retinal Endothelial Cells (HRECs); Human Umbilical
Vein Endothelial Cells (HUVECs); Endothelial nitric oxide synthase (Enos); Glutathione peroxidase (GSHPx); Glycogen synthase kinase 3 beta (GSK-3b); Intercellular adhesion molecule 1 (icam-1); Interleukin 1
beta (IL-1b); Interleukin 8 (IL-8); Lactate dehydrogenase (LDH); Lysosomal hydrolases (LH); Monocyte
chemoattractant protein 2 (mcp-2); Nitric oxide (NO); Nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-Kb); Phosphoprotein 53 (P53); Porcine Retinal Endothelial Cells (PRECs); Protein
kinase B (PKB, also known as Akt); Proto-oncogene tyrosine-protein kinase Src (Src kinase); Ras homolog
gene family, membrane A (RhoA); Reactive oxygen species (ROS); Red blood cells (RBCs); Superoxide
dismutase (SOD); Vascular cell adhesion protein 1 (vcam-1); Vascular endothelial growth factor (VEGF).
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1.5 Vascular toxicity of NPs in vivo
In vivo studies examining the vasculotoxicity of NPs are scarce. NPs have been identified as
responsible for the formation of blood clots, leading to vessel obstruction and slowing of blood
flow. And similarly to what has been reported in vitro, NPs have been shown to have antiangiogenic properties in vivo (Table 1.2.).
Table 1.2 Toxicity of nanoparticles to the vascular system of vertebrates.
Nanoparticle

Size (nm)

Animal Model/Age

Response

Ref.

Copper oxide

40

Zebrafish TG

100 mg/L for 5 d ↓

(Chang et

(nacre/fli1: EGFP)/

number subintestinal

al., 2015)

embryos

vessels, ↓ expression

(CuO)

vegfAa, vegfr1
Gold (Au)

5

Nude mice/ 6-8 weeks

Two injections of 10

(Mukherjee

old

µL, 670 nmol/L AuNPs

et al., 2005)

into mice ear on 2nd
and 4th day
↓VEGF121-induced
permeability and
angiogenesis
13.5

Male ICR mice

>550 µg/kg ↓RBCs,

(Zhang et

body weight and

al., 2010)

hematocrit
Iron
oxide
(IO)

Fe2O3

6.8

BALB/Cj mice/ 7-10

10 mg/L for 12-24 h ↓

(Iversen et

weeks

arterial blood

al., 2013)

pressure, contractility
of small mesenteric
arteries

12
Fe3O4

15-20

BALB/c mice/ 15-20 g

20 mg/kg for 72 h

(Su et al.,

body weight

damage to

2012)

endothelium in the
aortic root, ↑ serum
NO, eNOS, ↓
expression CAV-1
Silica

62

(Si)

Zebrafish/
embryos

100 mg/L for 96 h ↓

(Duan et al.,

expression p-VEGFR2,

2013a)

p-ERK1/2 à ↓
angiogenesis,
abnormal heart
development

ICR mice/ 8 weeks and

178 mg/L for 14 d

(Duan et al.,

20-22 g in body weight

autophagic activity in

2014)

ECS and pericytes à
↓ angiogenesis
Silica dioxide

170

CD-1 mice

(SiO2)

450 mg/kg for 10 d ®

(Yu et al.,

thrombosis of

2012)

endocardium, heart
and lung, anemia
600 mg/kg ↓
hemoglobin, ↑
alanine
aminotransferase
Silver
(Ag)

10 (coated

C57BL/6 mice/ 10

500 mg/L for 1 h ↑

(Long et al.,

with

weeks old male and 22

retinal vascular

2016)

mecaptoun-

g in body weight

permeability, KKS

deonic acid)

signaling pathway

13
50 (coated

Zebrafish

10 mg/L for 96 h

(Gao et al.,

with PVP)

TG(fli1a:EGFP)/embryos

↓growth

2016)

intersegmental
vessels, ↑ VEGF
signaling pathway
Titanium

Male mature syrian

10, 100 mg/L for 14

(Mahdieh et

dioxide

mice/ 2 weeks old and

days ↑ lymphocytes,

al., 2015)

(TiO2)

30 g in body weight

↓neutrophils

Sprague-Dawley rats/

The parent rats were

(Stapleton

250-275 g Female; 300-

inhalation exposed to

et al., 2015)

325 g Male

TiO2NPs for 7 days

20

21

with daily deposition
of 43.8 µg. Pups were
delivered and grew
into adulthood with
endotheliumdependent dilation
and active
mechanotransduction
in coronary and
uterine arterioles
impaired, combining
with reduction in
mitochondrial
respiration in left
ventricle and uterus.
Caveolin-1 (CAV-1); Endothelial cells (ECs); Endothelial growth factor (EGF); endothelial nitric oxide
synthase (eNOS); Kallikrein-kinin system (KKS); Mitogen-activated protein kinase (MAPK, also known as
ERK); Nitric Oxide (NO); Polyvinylpyrrolidone (PVP); Red blood cells (RBCs); Transgenic (TG); Vascular
endothelial growth factor (VEGF); Vascular endothelial growth factor receptor 1 (VEGFR1); Vascular
endothelial growth factor receptor 2 (VEGFR2).
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NPs cause platelet aggregation causing abnormal blood flow. For instance, female CD-1 mice
exposed to nonporous nanospheres SiO2 (170 nm in DI water, 450 mg/kg) cause thrombosis of
endocardium and lungs leading to heart congestion and failure (Yu et al., 2012). Besides altering
platelets, NPs have also been associated with decreased red blood cells (anemia) (Zhang et al.,
2010; Mahdieh et al., 2015).
Two studies were identified where NP exposure was related with altered contractility of blood
vessels. In one study, an injection of polyacrylic acid (PAA) coated Υ-Fe2O3 NPs (6.8 nm, 10
mg/kg) to BALB/Cj mice caused an acute decrease in mean arterial blood pressure after 12-24
hours associated with a decreased contraction of small mesenteric arteries (Iversen et al., 2013).
In another study, inhalation of TiO2 NPs (21 nm) by Sprague-dawley female rats resulted in
microvascular impairments in offspring. In this study, multigenerational effects were also
observed. Pups born from mothers exposed to TiO2 NPs developed impaired endotheliumdependent dilation in coronary and uterine arterioles and had reduced maximal mitochondrial
respiration in these heart and uterus as adults (Stapleton et al., 2015). These results
demonstrate prenatal NP exposure can potentially lead to later-in-life adverse effects to the
vascular system.
Effects on blood vessel formation is a common finding in animals exposed to NPs. Indeed, NPs
change vascular permeability, inhibit vascular development, and in some instances, lead to
abnormal heart development (Yu et al., 2012; Duan et al., 2013a; Duan et al., 2014; Chang et al.,
2015; Gao et al., 2016; Long et al., 2016). ENPs showed autophagic activity impairing the
endothelium of the aortic root and negatively impacted angiogenesis involving CAV-1, ICAM-1,

Figure 1.2 Intersegmental vessels (ISVs, white arrows) of transgenic zebrafish (TG: fli1a: EGFP)
at 24 hours post fertilization in controls and 10 mg/L PVP-AgNP treated embryos. AgNPs
decreased growth of ISVs and inhibited filopodia formation on the tips of ISVs.
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VCAM-1, and LC3 (Su et al., 2012; Duan et al., 2014). In addition, disruption of angiogenesis by
NPs has been associated with both the VEGFR2-mediated autophagy and the VEGF signaling
pathways in zebrafish embryos and nude mouse (Mukherjee et al., 2005; Duan et al., 2013a;
Duan et al., 2014; Chang et al., 2015; Gao et al., 2016).
Our research group recently investigated the vascular effects of polyvinylpyrrolidone-coated
AgNPs (PVP-AgNPs, 60 nm) on transgenic zebrafish (TG fli1a: EGFP) embryos. Our results show
that exposure to 1 and 10 mg/L PVP-AgNPs during the period of vascular development causes a
delay in the growth of intersegmental vessels (Fig. 1.2). Similar results were reported in another
study with TG zebrafish exposed to CuO NPs (Chang et al., 2015). In our study, however,
expression of genes within the VEGF signaling pathway was enhanced. This apparent
contradiction was explained by the induction of hypoxic conditions in the embryo via
agglomeration of NPs on the surface of eggs. Hypoxia is a potent stimulant of the VEGF signaling
pathway, but blood vessel development is not enhanced because no increased production in
VEGF protein was observed, likely because of impaired translation due to AgNPs toxicity to the
endoplasmic reticulum (Gao et al., 2016).
1.6 Conclusions
NPs are currently being used in a variety of commercial products, therefore, human exposure is
likely. In this review, we summarize the effects and mechanisms of metal-based NPs on the
vascular system. In vitro studies show that NPs are anti-angiogenic because they cause
inflammation, oxidative stress, and apoptosis of ECs resulting in increased permeability and
decreased proliferation and migration. Mechanistic studies show that NPs induce NF-Kb, P53, IL8 and eNOS activity, while inhibiting the VEGF signaling pathway. Whole animal studies
examining the effects of NPs on the vascular system are scarce. Although the few available
studies do not disproof the anti-angiogenic properties of NPs, the mechanisms and long-term
effects of these changes are poorly understood. Considering the key physiological role of the
vascular system, there is a need for more studies in this area, particularly assessing the impact
of different NP properties (size, shape, surface coatings, etc.) on the development of the
vascular system.
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CHAPTER 2 PROTEIN CORONA FROM SILVER NANOPARTICLES EXPOSED TO FISH PLASMA

2.0 Summary
Immediately after exposure, nanoparticles (NPs) come in contact with biological fluids, resulting
in physical and chemical changes to the NPs themselves which could impact their biodistribution
and toxicity. One of these changes involves the formation of a protein corona (PC) on the
surface of NPs. Studies with mammalian serum/plasma and cells have shown that PC formation
changes intracellular uptake and toxicity of NPs. In this study, we report for the first time, the
formation of PCs after incubation of polyvinyl pyrrolidone-AgNPs (PVP-AgNPs, 50 nm) in fish
(smallmouth bass, Micropterus dolomieu) plasma. We hypothesized that a PC would form
similarly to what has been reported in mammals, and that both length of incubation (1 or 24 h)
and gender would influence the protein profile of PCs. Particle characterization analyses
indicated increased instability and agglomeration of NPs after being incubated with plasma. Size
of NPs increased with length of incubation (overall increase of 3.95 nm and 10 nm after 1 and 24
h incubation, respectively). Size changes were also gender-dependent with particles incubated
with male plasma resulting in overall smaller particle sizes (average increase of 8.6 nm
compared to an increase of 11.4 nm for female plasma). Using label-free mass spectrometrybased proteomic approaches, we determined that both gender and length of incubation
affected the types of proteins identified. Over 300 different proteins were identified, and as
with previous studies, the most common proteins related to immune function (complement,
immunoglobulins, ceruloplasmin, and transferrin), red blood cell function and clotting
(hemoglobin, plasminogen, and fibrinogen/fibronectin), and lipid and cholesterol transport
(lipoproteins and apolipoproteins). Causes for the much larger number of unique proteins
identified from PCs formed with male plasma deserves further investigation. As expected,
vitellogenin and zona pellucida egg proteins were only detected in PCs incubated with female
plasma. We propose that fish plasma serves as a good media for the characterization of PC in
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future studies with NPs and that binding of egg proteins to the surface of PVP-AgNPs could
result in enhanced movement of particles to ovaries and developing eggs.
2.1 Introduction
The manipulation of materials at the nanoscale (1-100 nm), has become a multi-billion dollar
industry resulting in the development of a myriad of products containing different types of
nanoparticles (NPs) many of which are used in common household and other commercial
products. Therefore, exposure to NPs by humans and other organisms is a likely event
(Eigenheer et al., 2014). Immediately after exposure, NPs come in contact with biological fluids,
resulting in physical and chemical changes to the NPs themselves which could impact their
biodistribution and toxicity. One of these changes involves the formation of a protein corona
(PC) on the surface of NPs (Treuel and Nienhaus, 2012). Studies have shown that PC formation
on the surface of NPs changes their intracellular uptake as binding with membrane surface
ligands could allow particles to interact with complementary molecules or receptors on the cell
membrane, resulting in receptor-mediated endocytosis (Decuzzi and Ferrari, 2007; Nel et al.,
2009).
The binding of proteins to NPs is governed by the affinity of proteins to NPs as well as proteinprotein binding affinity. Protein layers with high binding affinity form what is known as “hard
corona”, while protein layers involving low binding affinity are referred to as “soft corona”
(Milani et al., 2012). Several factors influence the composition of PCs including size, shape,
surface material, surface charge and core material of NPs; composition of biological fluids; and
exposure duration (Lundqvist et al., 2008; Tenzer et al., 2013; Pozzi et al., 2015). For instance,
profiles of human PC formed on silica (Si) and polystyrene (Ps) NPs of varying sizes (30 to 150
nm) and surface functionalization found changes in the amount of bound proteins as a function
of time (from 0.5 to 120 min), with composition staying about the same (Tenzer et al., 2013).
Therefore, the interaction of proteins with NPs is a dynamic process, with abundant proteins
with high association rate constants initially occupying the surface of NPs, and later being
replaced by less abundant proteins with slower exchange rates and higher affinity.
Silver NPs (AgNPs) are one of the best studied in relation to PC formation. Regardless of route of
exposure (dermal, oral, inhalation) AgNPs translocate into the circulatory system leading to the
formation of PCs. Most studies so far have used mammalian biological fluids (serum or plasma)
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or cells for studying PCs (Treuel et al., 2010; Ding et al., 2013; Shannahan et al., 2013; Wen et al.,
2013; Eigenheer et al., 2014; Walkey et al., 2014). A recent study using human plasma
investigated the impact of gender in the formation of PC in citrate-AgNPs (20 nm) and polyvinyl
pyrrolidone-AgNPs (PVP-AgNPs, 20 nm) and reported > 70% of the proteins were shared
between females and males for both types of NPs (Huang et al., 2016). No other studies were
identified that have examined the impact of gender on PC composition.
The formation of a PC can change cellular uptake and toxicity of NPs. A study with citrate-coated
gold (Au) NPs (15, 40, and 80 nm) reported increased internalization and cytotoxicity for the
smallest NPs, but only when incubated with one of the two medium tested (Roswell Park
Memorial Institute Medium, RPMI) (Maiorano et al., 2010). In another study, silica NPs
(AmSiNPs, 30 nm) pre-coated with human plasma for < 30 min were less toxic to human vascular
endothelial cells (HUVECs) and microvascular endothelial cell lines (ISO-HAS1), while PCs formed
after prolonged exposure to plasma (> 30 min) didn’t counteract toxicity further, indicating the
biological relevance of short exposure time (Tenzer et al., 2013). In addition, internalization of
SiNPs (50 nm) into A549 cells decreased significantly resulting in less accumulation in the
cytosol, compared to naked NPs incubated under serum-free conditions (Lesniak et al., 2012).
In this study, we report for the first time, the formation of PCs after incubation of PVP-AgNPs
(50 nm) in fish (smallmouth bass, Micropterus dolomieu) plasma. We hypothesized that a PC
would form similarly to what has been reported in mammals, and that both length of incubation
(1 or 24 h) and gender would influence the protein profile of PCs. Female fish (and all egg-laying
animals) produce hepatic proteins (vitellogenin, VTG; zona pellucida, ZP) that are needed for the
proper development of eggs. Therefore, we collected the fish at the peak of their spawning
season (late March in northern Indiana) and hypothesized these egg proteins would be
identified only from PCs incubated with female plasma. We identified over 300 different
proteins and PCs differed in their composition based on length of incubation and gender, with
VTG and ZP present only in PCs incubated with female plasma. We discuss these findings in
relation to previous research with mammalian biological fluids and propose that binding of VTG
and ZP to the surface of PVP-AgNPs could result in enhanced movement of particles to ovaries
and developing embryos.
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2.2 Materials and methods
2.2.1 Smallmouth bass plasma collection
Adult bass (6 females and 4 males) were collected from the St. Joseph River, Elkhart, northern
Indiana, USA, during the peak of their spawning season (late March). Fish were captured using
electroshocking and transported alive in an aerated live well, and within < 3 h of capture, bled
from the caudal vein. Blood samples (~ 1 mL) were saved in lithium heparinized vials, kept on ice
until centrifuged at 1,000 g for 20 min, and plasma stored at -80°C until processed. After
bleeding, fish were euthanized with 200 mg/L tricaine methanesulfonate (MS-222) and
dissected for final gender determination.
2.2.2 Western blotting of VTG and VEGF
Western blot was used to confirm the presence or absence of VTG in plasma from females and
males, respectively. Total plasma protein concentration was determined using bicinchoninic acid
kDa
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Figure 2.1 Western blot of plasma from adult female and male smallmouth bass sampled in the
peak of spawning season for northern Indiana (March). As expected, vitellogenin (VTG) was only
found in female plasma whereas vascular endothelial growth factor (VEGF) was constitutively
expressed in all fish and thus used as a reference protein.
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(BCA Assay Kit, Thermo scientific, Rockford, IL, USA). A total of 20 µg protein was loaded onto a
sodium dodecyl sulfate (SDS)-12% polyacrylamide gel (PAGE) and proteins transferred to a
polyvinylidene difluoride (PVDF) membrane. The primary antibody used was a polyclonal antiVTG from Biosense (Bergen, Norway) and the secondary antibody was ere IR-DYE700 (Li-Cor,
Lincoln, NE, USA). In addition, vascular endothelial growth factor (VEGF) was used as a reference
protein since it was stably expressed in all fish plasma (Fig. 2.1). VEGF was detected using a
polyclonal anti-primary antibody from Anaspec (Fremont, CA, USA) and a secondary antibody
(IR-DYE 800) from Li-Cor. Western blot image analysis was done using an Odyssey infrared
imager. Since only female plasma had VTG with none being present in males, plasma samples
were pooled by gender and stored at -80°C for all PVP-AgNP incubation experiments.
2.2.3 Characterization of PVP-AgNPs before and after incubation with fish plasma
PVP-AgNPs (Nanocomposix Inc, San Diego, CA, USA) were incubated with either female or male
bass plasma (ratio of NPs to proteins was 1:500 µg/µg) for 1 h or 24 h. Aggregation of NPs was
evaluated with ultraviolet–visible spectroscopy (UV-Vis) tests performed using a Varian Cary 50
UV-Vis spectrophotometer (Varian, Inc. Palo Alto, CA, USA). Nanoparticle tracking analysis (NTA)
(Nanosight LM-10, Malvern Instruments, Worcestershire, UK) was used for quantifying particle
size distribution at 25°C. All samples were diluted 10,000 times using particle-free water.
Stability of NP solutions was evaluated by measuring zeta potential using a Malvern Zetasizer
Nano ZS (Malvern, UK, λ=633 nm) also at 25°C. Samples were equilibrated inside the instrument
for 30 s prior to analysis and measurements were based on the mean of three runs performed
with rates of 10 kcps. PVP-AgNPs not incubated with fish plasma (“naked” particles) as well as
fish plasma with no PVP-AgNPs were also analyzed.
2.2.4 PC-PVP-AgNP pellet preparation and silver stain of SDS-PAGE
PVP-AgNPs and plasma proteins (1:1 µg/µg) were incubated for 1 h or 24 h at 30 °C. After
incubation, samples were centrifuged at 15,300 g at 4°C for 20 min in order to separate the NPprotein complexes from plasma (Docter et al., 2014). The supernatant was discarded and the
pellet washed with a phosphate-buffered solution twice and preserved at -80°C until processed.
An SDS-PAGE silver stained gel was used to image the size distribution of PCs in all 4 incubation
groups as well as from plasma not incubated with NPs. A total of 50 µL lysis buffer (8M urea, 2%
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CHAPS, stored at -20°C) was added to the PC-PVP-AgNP pellets to elute bound proteins from the
surface of NPs after a 5 min incubation at 95°C. Samples were then centrifuged at 15,300 g at
room temperature for 15 min and the supernatant transferred to a fresh tube and loaded onto a
12% SDS-PAGE and stained with a silver stain kit (Thermo Fisher Scientific Inc. Rockford, IL, USA)
(Docter et al., 2014).
2.2.5 Liquid chromatography-mass spectrometry/MS analysis of protein corona
Protein corona pellets were digested in 10 µL of 10 mM of dithiothreitol (DTT) and 25 Mm of
ammonium bicarbonate (ABC) and incubated for 1 h at 37°C. Next, 10 µL of a freshly made
alkylation reagent mixture (97.5% acetonitrile, ACN; 0.5% triethylphosphine, TEP; and 2%
iodoethanol, IEtOH) was added to each sample and incubated at 37°C for 1 h. Samples were
dried for 30 min under a vacuum centrifuge after incubated with 80 µL of an Lys-C/trypsin
mixture (dissolved in 25 mM ABC to a final concentration 0.05 µg/µL). Samples were transferred
to barocycler microtubes, sealed and placed in a barocycler (Pressure Biosciences, South Easton,
MA, USA) set at 50°C; 50 s at 20 kpsi; and 10 s at atmospheric pressure for a total 120 cycles (2
h). After digestion, reverse phase C18 columns (silica based C18 ultramicrospin column kit, The
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Figure 2.2 UV-Vis of naked PVP-AgNPs and of PVP-AgNPs after incubation with plasma
from adult female or male smallmouth bass for 1 h or 24 h. All PVP-AgNPs UV-Vis
absorptions shifted to higher wavelengths after incubation with fish plasma compared
with naked PVP-AgNPs.
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Nest Group, Inc. Southborough, MA, USA) were used for sample purification. Columns were
conditioned by adding 100 µL 100% ACN and centrifuged for 1 min at 110 g, followed with
washes with purified water (100 µL) and centrifuged each time at 110 g for 1 min. Next,
peptides were loaded onto the column and centrifuged at 110 g for 1 min. A total of 100 µL
0.1% formic acid (FA) (v/v) was then loaded into the column and centrifuged for 1 min at 110 g
twice to remove organic buffers. Peptides were eluted using 50 µL 80% CAN/0.1% FA (v/v) and
centrifuged at 110 g for 1 min three times. Samples were vacuumed-dried and re-suspended in
97% purified water/3 % CAN/0.1 % FA (v/v) for LC-MS/MS analysis (Hedrick et al., 2015).
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Figure 2.3 Nano tracking analysis (NTA) showing changes in the size of PVP-AgNPs
(mode ± standard error) and Z potential after incubation with plasma from adult
female (F) or male (M) smallmouth bass for 1 h or 24 h. * p < 0.05 compared with
1 h PVP-AgNPs zeta potential; #: p < 0.05 compared with 24 h PVP-AgNPs zeta
potential.
Protein samples were run on a Dionex UltiMate 3000 RSLC Nano System coupled to a Q
ExactiveTM HF Hybrid Quadrupole-Orbitrap MS (Thermo Scientific, Waltham, MA, USA). Peptides
were loaded into a trap column (20 µm x 350 mm) and washed with 98% purified water/2%
ACN/0.01% FA using a flow rate of 5 µL/min. The trap column was then switched in-line with the
analytical column after 5 min. Peptides were separated using a reverse phase acclaim pepmap
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RSLC C18 (75 µm x 15 cm) column for 120 min at a flow rate of 300 nL/min. Mobile phase A
consisted of 0.01% FA in water and mobile phase B consisted of 0.01% FA in 80% ACN. The linear
gradient started with 5% B and reached 30% B in 80 min, 45% B in 91 min, and 100% B in 93 min.
The column was held at 100 % B for 5 min before being brought back to 5% B and held for 20
min. Samples were injected into the QE HF using a Nanospray FlexTM Ion source fitted with an
emission tip. Data acquisition was performed by monitoring the top 20 precursors at 120,000
resolutions with an injection time of 100 milliseconds. LC-MS/MS database (NCBInr-Chordata)
search was performed using Mascot MS/MS Ion Server (www.matrixscience.com). Search
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Figure 2.4 Nano tracking analysis (NTA) of PVP-AgNPs after incubation with
smallmouth bass plasma from adult female (F) or male (M) for 1 h (A) or 24 h (B).
Shown are also NTA analyses from fish plasma (no PVP-AgNPs) and naked PVP-AgNPs.
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parameters were as follows: peptide tolerance ± 0.05 Da; MS/MS tolerance ± 0.1 Da; and
peptide charge of 2+, 3+ and 4+. Decoy selection was checked and final results were exported
with a false discovery rate (FDR) set at <5%.
2.2.6 Statistical analysis
All statistical analyses were conducted using SPSS 22.0. One-way analysis of variance (ANOVA)
followed by post-hoc Tukey’s multiple comparison tests were used to compare means across
treatments.
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Figure 2.5 SDS-PAGE gel silver stain of protein corona (PC) isolated from PVP-AgNPs
after incubation with plasma (P) from adult female (F) or male (M) smallmouth bass
for either 1 h or 24 h. Both length of incubation and gender affected PC. Smaller sized
proteins (< 24 kDa) were only found in PC from M (black arrows). A decrease in the
abundance of proteins 50-80 kDa was detected after 24 h from F plasma. Plasma
without PVP-AgNPs are also shown for comparison.
2.3 Results
2.3.1 Characterization of PVP-AgNP protein corona
Results from UV-Vis analyses indicated that pure PVP-AgNPs had a unique absorption at 430 nm,
whereas the absorbance of PVP-AgNP-PC mixtures peaked at ~ 440 nm indicating a “red shift”
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(Fig. 2.2). After 1 h incubation with bass plasma the size of PVP-AgNPs increased from an
average of 52.6 nm to an average of 57.3 nm in female plasma and to an average of 56.1 nm in
male plasma (Figs. 2.3 and 2.4A). After 24 h, the size of pure PVP-AgNPs decreased to 49.4 nm,
but continued to increase to an average of 60.8 nm in female plasma and 58.0 nm in male
plasma (Figs. 2.3 and 2.4B). Increase in size was not statistically significant, but as discussed
below, an increase in > 5 nm is considered biologically significant. Zeta potential data indicated
that the surface charge of PVP-AgNPs changed significantly after incubation with fish plasma
regardless of length of incubation and fish gender (Fig. 2.3).

Figure 2.6 Venn diagram of proteins identified in protein corona (PC) of PVP-AgNPs
incubated with fish plasma from either female (F) or male (M) smallmouth bass for 1 h
or 24 h.
2.3.2 Silver stain
A representative image of an SDS-PAGE silver stain gel is shown in Fig. 2.5. The size and amount
of proteins binding to the surface of particles was gender-specific and time-dependent.
Compared to proteins from female plasma, the protein profile from male plasma contained
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smaller proteins (~ 20 - 23 kDa) (see arrows in Fig. 2.5). Regardless of gender, there were also
more proteins bound to the particles after a 1 h incubation compared to 24 h.
2.3.3 LC-MS/MS proteomic analysis
A Venn diagram summarizing the differences and similarities of the proteins identified from PC
populations across the four types of incubation conditions is shown in Fig. 2.6. Overall, a total of
135 and 147 proteins were identified from the PC of female plasma incubated for 1 h and 24 h,
respectively. In males, the number of proteins were 194 and 193 for the same incubation
periods. Sixty proteins were shared across all conditions. Within females, 89 proteins were
shared across conditions, and 19 and 26 proteins were unique to the 1 h and 24 h incubation
periods, respectively. In males, 109 proteins were shared across all conditions, and 67 and 24
were only detected after a 1 h or 24 h of incubation, respectively (Fig. 2.6).
As already presented in Fig. 2.5, the size of proteins identified ranged from < 20 kDa to > 125
kDa (Fig. 2.7). Regardless of incubation conditions and compared to pure fish plasma, most
proteins found bound to the surface of PVP-AgNPs were < 70 kDa (% fraction ranging from 8992%). In particular, there was a higher percentage of smaller proteins (<20 kDa) in PCs of
females which increased with length of incubation. Medium-sized proteins (50-70 kDa) were
more common in PCs incubated with male plasma (see also Fig. 2.5).
A summary showing the percent contribution of the different proteins identified based on their
functions from all conditions tested is presented in Figs. 2.8 and A.2.1. A detailed list with the
names of all proteins identified is shown in Table 2.1 (Table A.2.1 also includes detailed
information on accession numbers and number of significant peptide sequences identified). The
major components of all PCs consisted of different forms of immunoglobins (Ig), hemoglobin
(Hb), fibronectin/fibrinogen, apolipoproteins, and complement components. Female-specific
proteins VTG and ZP were detected only in female plasma regardless of length of incubation
(Figs. 2.8 and A.2.1). Angiotensinogen was only found in PC of males after 24 h (Figs. 2.8 and
A.2.1).
2.4 Discussion
In this study, we investigated the effects of fish gender and length of incubation on the
formation of PC on the surface of negatively charged PVP-AgNPs (50 nm). Since this is the first

27
study that uses fish plasma to characterize PCs from NPs, we first validated methods developed
in mammals for characterization of PC formation and later isolation of proteins for
identification. We show that a PC developed on the surface of PVP-AgNPs and that both gender
and length of incubation affected the size of the PC formed and the types of proteins isolated.
We propose that fish plasma serves as a good media for the characterization of PC in future
studies with NPs as our findings more or less replicate what others have reported using human
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Figure 2.7 Percent distribution of different size proteins obtained from protein corona (PC)
from PVP-AgNPs incubated with plasma from adult female (F) or male (M) smallmouth bass
for 1 h or 24 h. Plasma without PVP-AgNPs are also shown for comparison.
Incubation of PVP-AgNPs with fish plasma resulted in increased agglomeration (Fig. 2.2) and
increased instability (Fig. 2.3) of test solutions and these changes were most evident in the case
of male plasma incubated for 24 h. The zeta potential for samples incubated with female plasma
increased by 31% and 42% after 1 h and 24 h of incubation, respectively. These same values for
samples incubated with male plasma were 45% and 49%. Similar results have been reported
with negatively charged NPs (Casals et al., 2010; Tenzer et al., 2013; Huang et al., 2016).
We also observed changes in the size of PVP-AgNPs after being incubated with fish plasma (Figs.
2.3 and 2.4) with increased length of incubation resulting in increased NP size. After 1 h
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incubation with fish plasma, the size of PVP-AgNPs increased an average of 3.95 nm (an overall
8% increase). This increase in size was more dramatic after 24 h, with an average increase of 10
nm (20% increase). Size change was also gender-dependent with particles incubated with male
plasma resulting in overall smaller particle sizes, but this was noticeable only after 24 h of
incubation. Indeed, particles increased an average of 8.6 nm when incubated with male plasma,
compared to an increase of 11.4 nm for female plasma.
Overall these results suggest that PCs were affected by both incubation lengths and gender of
fish. Similar results have been reported with citrate-coated AgNPs (10 nm size; red-shift of ~ 5
nm in wavelength) incubated with human ubiquitin for 24 h (Mangini et al., 2014), silica
nanoparticles (30 nm; 140 nm, from 0.5 min up to 120 min) incubated with human plasma
(Tenzer et al., 2013), and metallic AuNPs (4-40 nm, from 0 h to 48 h) after incubation with 10%
fetal bovine serum (Casals et al., 2010). The only study identified evaluating gender effects on
PCs from citrate and PVP-AgNPs (20 nm) incubated with human plasma found minimal
differences between genders (Huang et al., 2016).
A total of 337 proteins were identified from all PCs (Fig. 2.6). However, > 82% (n = 278) of these
proteins were unique to males. Further, there was a large number of proteins unique to the 1 h
(n = 67) and 24 h (n = 64) male incubation conditions. In contrast, the number of unique proteins
isolated from female plasma incubated with NPs was much lower (n = 59), with 19 and 26 being
unique to the 1 h and 24 h treatments, respectively. This is an interesting finding and deserves
further investigation.
In general, PCs mirrored the size distribution of proteins identified in the plasma of the fish
studied (Fig. 2.7). Interestingly, smaller proteins (< 25 kDa) were more common in PCs formed in
female plasma, increasing in percentage with length of incubation. This shift resulted in a slight
decrease in the percent of medium-sized proteins (50 – 70 kDa). Proteins > 70 kDa were
uncommon in the fish plasma used for these studies which was reflected in their overall low
representation in the PCs evaluated. Previous studies have also reported small molecular weight
plasma proteins (70% of PCs were < 60 kDa) from the surface of citrate- and PVP-coated AgNPs
(20 nm) after incubated with human plasma (Huang et al., 2016). In another study, size of
proteins was core-material dependent with PCs from polystyrene nanoparticles (PsNPs)
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containing mostly proteins ~60-70 kDa, compared to PCs from SiNPs which contained larger size
proteins (150-200 kDa) (Tenzer et al., 2013).
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Figure 2.8 Percent distribution of different classes of proteins obtained from protein corona
(PC) from PVP-AgNPs incubated with plasma from adult female (F) or male (M) smallmouth
bass for 1 h or 24 h. Plasma without PVP-AgNPs are also shown for comparison. Each graph
shows a unique set of proteins. CaMKII: Calcium/calmodulin-dependent protein kinase;
VTG: Vitellogenin; ZP: Zona pellucida. A. Includes the most frequent proteins detected; B.
Includes less frequently observed proteins.
The most common class of proteins identified related to immune function (complement, Ig’s,
and acute-phase proteins, including amyloid A, antitrypsin, kallikrein, kininogen, and vitamin Kdependent protein), red blood cell function and clotting (Hb, plasminogen, and
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fibrinogen/fibronectin), and lipid and cholesterol transport (lipoprotein and apolipoprotein)
(Figs. 2.8 and A.2.1). Proteins associated with coagulation, platelet, complement activation and
immune responses were also found to bind to the surface of PVP-AgNPs (20 nm), citrated-AgNPs
(20 nm), SiNPs (35, 120 and 140 nm), and PsNPs (35, 120 and 140 nm) in previous studies
(Lundqvist et al., 2008; Tenzer et al., 2013; Huang et al., 2016). Proteins involved in the control
of blood pressure (angiotensinogen) as well as in the production of eggs (VTG and ZP) were
identified in the present study. For the most part, the same proteins detected in free plasma
samples were also found in the different PCs examined (Fig. 2.8), with some interesting
exceptions. Angiotensinogen was present only in the PC from male plasma samples incubated
for 24 h, despite their presence in free plasma from both genders. Similarly, parvalbumin was
almost absent from PCs, but was detected in plasma from both genders. With the exception of
complement proteins, the frequency distribution of proteins differed between free plasma
samples and PCs. For instance, Ig’s, ceruloplasmin and plasminogen were more commonly found
associated with PCs. In contrast, macroglobulin, lipoproteins and apolipoproteins were less
common. The only proteins that were female specific were the egg proteins VTG and ZP and
both were also detected in female PCs. This was expected since fish were collected in the peak
of the breeding season when VTG and ZP are highest.
Apoliporoteins binding to the surface of NPs could affect fate and transport into cells and organs
(Fig. 2.9). High density lipoproteins (HDL, ApoA) were associated with PVP-AgNPs regardless of
gender or length of incubation. ApoB-100 and ApoE were found in all PCs, indicating that PVPAgNPs were associated with very low density lipoproteins (VLDL) and low density lipoproteins
(LDL), similarly to what was reported by Lundqvist et al. (Lundqvist et al., 2008). Binding of
CaMKII could drive NPs reuptake in cardiomyocytes. In addition, AgNPs binding to angiotensin
might also affect vasoconstriction and blood pressure control.
This is the first study reporting female specific egg proteins in PCs. This is of importance,
because it could lead to increased movement of NPs to the ovary since these proteins are taken
up by developing follicles via receptor-mediated endocytosis (Pan et al., 1969; Wallace, 1985).
This could at least partially explain movement of different types of NPs to fish ovaries (Liu et al.,
2016; Zhang et al., 2016) leading to abnormal follicular development and ultimately negatively
impacting fecundity and reproductive success (Chatterjee and Bhattacharjee, 2016). In addition,
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this could result in exposure of early-life stages (embryos and larvae) to NPs resulting in
decreased survival (Austin et al., 2012; Lee et al., 2012; Tabatabaei et al., 2015; Morishita et al.,
2016) (Fig. 2.9). However, this hypothesis needs to be confirmed with additional studies.

Figure 2.9 Proposed mechanisms of silver nanoparticles (AgNPs) distribution inside a fish.
When AgNPs enter into fish blood plasma, proteins could immediately bind to the surface of
particles, inducing receptor-mediated phagocytosis, blood clotting, and move into vascular
endothelial cells. Lipoproteins and apolipoproteins could also bind to AgNPs, which could
facilitate the biodistribution of particles to almost a variety of tissues and organs. Vitellogenin
binding to the surface of NPs could drive particles transport to developing follicles within the
ovaries which might result in maternal transport to embryos.
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2.5 Conclusions
In this chapter, we report for the first time, the formation and characterization of PCs in fish
plasma. Both gender and length of incubation affected the changes in NP size observed as well
as the types of proteins identified, with > 300 different proteins identified overall. As with
previous studies, the most common proteins identified related to immune and red blood cell
function. Causes for the much larger number of unique proteins identified from PCs formed with
male plasma deserves further investigation. The lipoprotein and Apo binding to the surface of
NPs could drive particle to a variety oforgans and tissues. Finally, egg proteins were only
detected in PCs incubated with female plasma. We propose that binding of VTG and ZP to the
surface of PVP-AgNPs could result in enhanced movement of particles to ovaries and developing
embryos (Fig. 2.9).
Table 2.1 Proteins isolated from the protein corona (PC) of PVP-AgNPs after incubation for 1
or 24 h with plasma from either adult female (F) or male (M) smallmouth bass. CaMKII:
Calcium/calmodulin-dependent protein kinase; Ig: Immunoglobulin; VEGF: Vascular
endothelial growth factor; VTG: Vitellogenin; ZP: Zona pellucida.
Protein

PC-F-1

PC-F-24

PC-M-1

PC-M-24

Angiotensinogen
Ö

angiotensinogen
Ö

angiotensinogen precursor
Apolipoprotein
A-I

Ö

Ö

Ö

Ö

A-I precursor

Ö

Ö

Ö

Ö

A-IV

Ö

Ö

Ö

B

Ö

Ö

Ö

Ö

B-100

Ö

Ö

Ö

Ö

C-II

Ö
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Ö

D
Ö

Ö

Ö

Ö

Ö

Ö

Ö

Ö

Ö

Ö

Ö

ceruloplasmin

Ö

Ö

Ö

Ö

ceruloplasmin isoform X1

Ö

Ö

Ö

Ö

Ö

Ö

Ö

E

Ö

Ö

beta-2-glycoprotein 1 (apolipoprotein H)
CaMKII
subunit alpha isoform 1
subunit delta
Ceruplasmin

Red Blood Cell Function
Blood Coagulation
alpha-1-antitrypsin

Ö

alpha-1-antitrypsin homolog
antithrombin-III

Ö

beta-fibrinogen

Ö

fibrinogen alpha chain

Ö

fibrinogen beta chain

Ö

Ö

Ö

Ö

fibrinogen beta chain precursor

Ö

Ö

fibrinogen gamma chain

Ö

Ö

Ö

Ö

fibrinogen gamma protein

Ö

Ö

Ö

gamma fibrinogen

Ö

Ö

Ö

kallikrein

Ö

Ö

Ö

Ö
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Ö

kininogen
kininogen-1 isoform X1

Ö

plasminogen

Ö

plasminogen precursor

Ö

Ö

Ö

Ö

Ö

Ö

serum amyloid A

Ö

Ö

Ö

Ö

serum amyloid A protein

Ö

Ö

Ö

Ö

vitamin K-dependent protein C

Ö

Ö

Ö

Ö

Hemoglobin
beta chain

Ö

Ö
Ö

beta embryonic-2
Ö

beta-2 subunit

Ö

embryonic subunit alpha

Ö

subunit alpha-1

Ö

Ö

Ö

Ö

subunit alpha-2

Ö

Ö

Ö

Ö

subunit alpha-A

Ö

Ö

Ö

Ö

Ö

Ö

Ö

Ö

Ö

Ö

Ö

Ö

Ö

subunit beta
subunit beta-1

Ö

Ö

Transferrin
serotransferrin

Ö

transferrin

Ö

Immune Function
Complement

Ö
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C1q protein 4

Ö

Ö

Ö
Ö

C1qB

Ö

C1qC
Ö

C1r/s-A isotype

Ö

Ö

C1s subcomponent
C3

Ö

Ö

Ö

Ö

Ö
Ö

C3-2
C3-2 precursor

Ö

Ö

C3 isoform X1

Ö

Ö

Ö

Ö

Ö

Ö

C4

Ö

Ö

C4-B
C5

Ö

Ö

Ö

Ö

C6

Ö

Ö

Ö

Ö

C7

Ö

Ö

Ö

Ö

C8 alpha

Ö

Ö

Ö

Ö

C8 beta

Ö

Ö

Ö

Ö

C8 gamma chain isoform X1

Ö

Ö

Ö

C9

Ö

Ö

Ö

Ö

Ö

factor B
Ö

factor H

Ö

factor I
pro-C3-1

Ö

Ö

Ö

Ö

Ö
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Immunoglobulins
delta heavy chain

Ö

domain-containing receptor 1

Ö

Ö

Ö

Ö

Ö

Ö

gamma heavy chain variable region
Ö

heavy chain

Ö

heavy chain BrE-3 - mouse (fragment)

Ö

heavy chain precursor

Ö
Ö

Ö

kappa chain V region Mem5

Ö

Ö

kappa chain V-II region RPMI 6410 precursor protein

Ö

Ö

kappa chain V-IV region JI precursor

Ö

kappa light chain

Ö

lambda light chain VLJ region

Ö

lambda polypeptide 1 precursor

Ö

heavy chain variable region

Ö

Ö

Ö

light chain isotype 1

Ö

Ö

light chain isotype L1

Ö

Ö

light chain

Ö

Ö

Ö

Ö

Ö

light chain precursor
light chain precursor L

Ö

light chain type 1

Ö

Ö

Ö

Ö

Ö

Ö

M heavy chain

Ö

Ö

Ö

Ö

mu heavy chain

Ö

Ö

Ö

Ö
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mu heavy chain secretory form

Ö
Ö

mu heavy chain variable region
Ö

Ö

Ö

Ö

Ö

Ö

Ö

Ö

Ö

Ö

Ö

mu/tau heavy chain
tau heavy chain
Macroglobulins
alpha-2-macroglobulin

Ö

alpha-2-macroglobulin-1
alpha-2-macroglobulin-P

Ö

Ö

VEGF
Ö

Ö

VTG

Ö

Ö

VTG A

Ö

VTG Aa

Ö

Ö

VTG Ab

Ö

Ö

VTG C

Ö

Ö

VTG-1

Ö

Ö

ZP glycoprotein 2.3 precursor

Ö

Ö

chain A
Female-specific Egg Proteins

Ö

Ö
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2.6 Appendix
Table A.2.1 Major proteins identified from the different protein coronas (PC) with their
accession number from Mascot Daemon and the number of significant peptide sequences
identified for each protein. A: PC-F-1h; B: PC-F-24h; C: PC-M-1h; D: PC-M-24h.
Num. of sig. seq.
Protein

Accession Number

A

B

C

D

angiotensinogen

gi|343459201

0

0

0

2

angiotensinogen

gi|213511078

0

1

0

0

A-I

gi|736298162

1

1

1

1

A-I precursor

gi|118344628

1

1

1

1

A-IV

gi|551495886 gi|734628151 gi|498985280

3

0

2

2

Angiotensinogen

precursor
Apolipoproteins

gi|736294062
B

gi|740529756 gi|226731853

3

3

1

3

B-100

gi|657567867 gi|734622166 gi|499036286

21

7

11

9

gi|734622170 gi|736191546 gi|617302261
gi|542201992 gi|657567865 gi|432945483
C-II

gi|193795860

1

0

0

0

D

gi|657534183

0

0

0

1

E

gi|193795858

5

5

5

5
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beta-2-glycoprotein

gi|617447201 gi|323650112

0

0

1

2

gi|395504846

0

1

1

1

gi|657737225

2

2

3

2

gi|657597079 gi|736207854 gi|348543049

15 15

11

18

8

10

9

6

1 (apolipoprotein
H)
CaMKII
subunit alpha
isoform 1
subunit delta
Ceruplasmin
ceruloplasmin

gi|734642589
isoform X1

gi|551507474 gi|657739145

Red Blood Cell Function
Blood Coagulation
alpha-1-antitrypsin
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Figure A.2.1 Heatmap of identified protein fractions (%) from protein corona (PC) isolated from
PVP-AgNPs incubated with plasma from adult female (F) or male (M) smallmouth bass for 1 h or
24 h. Protein fractions are compared to plasma not treated with PVP-AgNPs (first two columns).
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CHAPTER 3 VASCULAR TOXICITY OF SILVER NANOPARTICLES TO DEVELOPING
ZEBRAFISH (DANIO RERIO)

Reproduced from: Gao, J., Mahapatra, C. T., Mapes, C. D., Khlebnikova, M., Wei, A., &
Sepúlveda, M. S. (2016). Vascular toxicity of silver nanoparticles to developing zebrafish (Danio
rerio). Nanotoxicology, 1-10 (Gao et al., 2016).

3.0 Summary
Nanoparticles (NPs, 1–100 nm) can enter the environment and result in exposure to humans
and other organisms leading to potential adverse health effects. The aim of the present study is
to evaluate the effects of early life exposure to polyvinylpyrrolidone-coated silver nanoparticles
(PVP-AgNPs, 50 nm), particularly with respect to vascular toxicity on zebrafish embryos and
larvae (Danio rerio). Previously published data has suggested that PVP-AgNP exposure can
inhibit the expression of genes within the vascular endothelial growth factor (VEGF) signaling
pathway, leading to delayed and abnormal vascular development. Here we show that early
acute exposure (0–12 hour post-fertilization, hpf) of embryos to PVP-AgNPs at 1 mg/L or higher
results in a transient, dose-dependent induction in VEGF-related gene expression that returns to
baseline levels at hatching (72 hpf). Hatching results in normoxia, negating the effects of AgNPs
on vascular development. Interestingly, increased gene transcription was not followed by the
production of associated proteins within the VEGF pathway, which we attribute to NP-induced
stress in the endoplasmic reticulum (ER). The impaired translation may be responsible for the
observed delays in vascular development at later stages, and for smaller larvae size at hatching.
Silver ion (Ag+) concentrations were < 0.001 mg/L at all times, with no significant effects on the
VEGF pathway. We propose that PVP-AgNPs temporarily delay embryonic vascular development
by interfering with oxygen diffusion into the egg, leading to hypoxic conditions and ER stress.
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3.1 Introduction
The vascular system is one of the first organs to develop in embryonic vertebrates. Vascular
development occurs in two phases: vasculogenesis, de novo formation of vessels, and
angiogenesis, which involves the sprouting of new vessels from pre-existing ones (Shirinifard et
al., 2013). The vascular endothelial growth factor (VEGF) signaling pathway regulates
vasculogenesis and angiogenesis via endothelial cell proliferation, promoting cell migration and
inhibition of apoptosis (Herbert and Stainier, 2011). In zebrafish (Danio rerio), VEGFa is the main
driver of vascular development; vegfa is transferred maternally and expressed at a very early
stage (1-4 cell stage), declining to very low levels at 8.5 hours post fertilization (hpf) or 80%
epiboly (Liang et al., 2001; Covassin et al., 2009). Expression of embryonic vegfa begins at 12 hpf
reaching peak levels at 24-30 hpf (Liang et al., 2001). Loss of endothelium-specific receptor
tyrosine kinase, VEGFR-2, and VEGF function inhibit vascular development (Gore et al., 2012). In
contrast, overexpression of vegfa results in ectopic vasculature development as well as
pericardial edema in later stages of zebrafish embryos (Liang et al., 2001). Similar results have
been reported in mice with overexpression of VEGF resulting in severe abnormalities in heart
development and embryonic lethality (Miquerol et al., 2000).
Hypoxia is a major regulator of blood vessel formation, and stimulates angiogenesis in order to
increase oxygen delivery to hypoxic regions. Hypoxia increases expression of several genes
within the VEGF signaling pathway (Liu et al., 1995; Stone et al., 1995; Neufeld et al., 1999). A
very sensitive molecular marker of hypoxia is the hypoxia-inducible factor 1 (HIF1), which
triggers the VEGF signaling pathway in vascular endothelial cells (Liu et al., 1995).
Zebrafish is a popular vertebrate model for investigating vascular toxicity, as its gene pattern of
vasculogenesis and angiogenesis is similar to humans. Embryonic zebrafish develop ex utero and
are also transparent, allowing for the visualization of vascular morphological changes in real
time (Stainier et al., 1993; Serbedzija et al., 1999; Liu and Stainier, 2012; Quaife et al., 2012;
Delov et al., 2014). For instance, vascular development in zebrafish larvae can be tracked in real
time by visualizing the whole circulatory system using transgenic lines with fluorescent markers
(Raldúa and Piña, 2014). In addition, zebrafish embryos are not completely dependent on a
functional cardiovascular system during early embryo development, allowing for the study of
severe cardiovascular defects (Bakkers, 2011).
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Silver nanoparticles (AgNPs) are commonly used as bactericides in many commercial products.
Nearly 400 commercial products are known to contain AgNPs, culminating in the global
production of approximately 320 tons of AgNPs per year (Vance et al., 2015). A handful of in
vitro studies have reported that AgNPs are vasculotoxic. In endothelial cells, AgNPs (40–50 nm: 5
mg/L) inhibit vascular development via the Src kinase and PI3K/Akt pathways, both downstream
of the VEGF signaling pathway (Gurunathan et al., 2009; Kalishwaralal et al., 2009;
Sheikpranbabu et al., 2009). Other inorganic nanoparticles (copper oxide: 100 mg/L; 15- and 40nm gold particles: 25 mg/L) can also inhibit vasculogenesis via the VEGF signaling pathway (Pan
et al., 2014b; Chang et al., 2015). In human umbilical vein endothelial cells, gold NPs inhibit cell
migration and tube formation via Akt phosphorylation downstream of VEGFR2/PI3K affecting
cell-surface ultrastructure and cytoskeleton formation (Pan et al., 2014b). Finally, both micronsized particles (PM2.5) and ultrafine particles (carbon black, < 100 nm) alter the development of
endothelial cells. In hepatic vessels, they cause platelet accumulation, which has been
associated with prothrombotic changes and elevated risk of myocardial infarction (Peters et al.,
2001; Khandoga et al., 2004).
Evidence for the vascular toxicity of nanoparticles on whole organisms is mostly anecdotal, with
the majority of published studies not designed to specifically test for these effects. Zebrafish
embryos exposed to AgNPs (5–35 nm: > 50 mg/L) responded with decreased blood flow,
pericardial edema and cardiac arrhythmia (Asharani et al., 2008). These are, however, nonspecific responses that can be induced by a myriad of causes. In a follow-up study, the same
AgNPs were shown to cause abnormal cardiac development and circulatory defects (Asharani et
al., 2011). Further, increased mortality and deformity rates were partly attributed to depressed
heart rates resulting in diminished blood flow to the brain and the spinal cord (Asharani et al.,
2008; Massarsky et al., 2013).
The objective of the present study is to evaluate the vascular toxicity of polyvinylpyrrolidonecoated silver nanoparticles (PVP-AgNPs) on embryonic zebrafish, following exposure during
vascular (2–96 hpf) and heart (48–96 hpf) development. Based on previously published data, we
reasoned that exposure of embryonic zebrafish to PVP-AgNPs would inhibit the VEGF signaling
pathway, leading to delayed and abnormal vascular development. This is the first study to
systematically investigate the mechanisms of vascular toxicity by PVP-AgNPs in vivo.

50
3.2 Materials and methods
3.2.1 Characterization of PVP-AgNPs
PVP-AgNPs (50 nm) were purchased from Nanocomposix Inc. (San Diego, CA, USA). The original
concentration of PVP-AgNPs was 4,730 mg/L and was stored at 4°C under dark conditions. PVPAgNP solutions were diluted 10,000 times in embryo media (Replenish®, Seachem Laboratories
Inc., Madison, GA, USA: 13–14% calcium, 1% magnesium, 0.12% potassium, and 0.6–0.7%
sodium) and particle-free water separately before analysis. Particle size distributions were
obtained using nanoparticle tracking Analysis (NTA) (Nanosight LM-10, Malvern Instruments,
Worcestershire, UK). Zeta potentials of particles in fish embryo media (12 μL Replenish in 100
mL test solution) were measured using a Malvern Zetasizer Nano ZS (Malvern, UK; λ=633 nm) at
25°C (Table 1) (EPA, 2002). Samples were allowed to equilibrate for 30 s inside the instrument
prior to analysis; measurements were based on the mean of 12–16 runs performed at rates of
30–70 kcps.
3.2.2 Toxicity tests
Transgenic adult zebrafish (TG(fli1a: EGFP)) expressing enhanced green fluorescent protein
(EGFP) under control of the fli1 promotor were obtained from ZFIN (Eugene, OR, USA).
Transgenic and AB wild-type (WT) zebrafish were maintained separately at the Aquatic Ecology
Laboratory (Purdue University) at a temperature of 28 ± 1°C and a photoperiod of 14L:10D. Fish
were fed twice daily with a combination of hatched Artemia nauplii in the morning and
commercial food (Tetramin) in the afternoon. Genders were housed separately until the day
before breeding, then placed in tanks at a 2:1 male:female ratio. Fish were left undisturbed
overnight and fertilized embryos were collected 1 h after the light was turned on the next
morning. Embryos within 1 hpf were randomly placed in plastic petri dishes containing 25 mL
exposure solutions. Half of the exposure solution was renewed daily. Each test consisted of
three replicates and each experiment was repeated at least three times from embryos collected
from different mating events. Ultrapure water (Millipore; R >18 MΩ·cm) was used for diluting
PVP-AgNPs into a series of concentrations (0.1, 1.0, and 10 mg/L) as exposure solutions. Every
100 mL of exposure solution contained 12 μL embryo medium. Mortality was recorded at 24, 48,
72 and 96 h.
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3.2.3 Silver ion release from PVP-AgNPs
Ag+ release from PVP-AgNPs was quantified from exposure solutions at 0, 24, 48, 72 and 96 h
using an ion-selective electrode (ISE, Model 9616BNWP, Thermo Fisher Scientific, USA). The
system was calibrated with a series of silver nitrate (AgNO3) concentrations (1–20,000 µg/L).
Concentrations were quantified immediately prior to exposure tests.

100 μm

Control 24 hpf

A
a
b

200 µm

c
Yolk

B

C

D

Figure 3.1 A. Representative trunk region of transgenic (TG) (fli1a) zebrafish
embryo from a 24-hour post fertilization (hpf) control. Boxed area contains five
ISVs used to measure these parameters; arrow “a” points to length of ISV (dashed
line); arrow “b” points to angle between ISV and DA; arrow “c” points to interval
spacing between ISVs. B. Embryos treated with 0.1 mg/L PVP-AgNPs exhibit
disordered ISVs; C, D. Embryos treated with 1.0 and 10 mg/L PVP-AgNPs exhibit
atrophied ISVs, relative to A.
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3.2.4 Effects on the cardiovascular system
3.2.4.1 Vascular development and size of larvae at hatching
Development of intersegmental vessels (ISV) in zebrafish follows a well-defined pattern with
pairs of ISVs sprouting from the dorsal aorta (DA) at regular spatial and temporal intervals
following an anterior to posterior sequence (Childs et al., 2002; Isogai et al., 2003). The common
cardinal vein (CCV) grows across the yolk of zebrafish embryos and is extensively remodeled and
regresses as the heart migrates dorsally within the pericardium.
ISV length, interval between ISVs, angles between ISVs and the DA, and regression of CCV were
recorded from TG (fli1a: EGFP) embryos using an Olympus BX-51 optical microscope fitted with
a DP71 camera (Olympus America, Jupiter, FL, USA). Measurements of eggs were collected after
enzymatic dechorionation using pronase (2 mg/mL in embryo media for 1 min) and after
anesthesia with tricane methanesulfonate (MS222, 0.2 g/kg). Measurements were taken from
digital images from at least 15 embryos per dose and developmental stages (24, 48, 72 and 96
hpf) from the first 5 ISVs located anterior to the yolk sac extension (see insert in Fig. 3.1A, red
rectangle indicates the position of ISVs). Additional endpoints, which could be quantified in
transparent WT embryos, included measurement of standard larvae length using a Nikon SMZ
1500 (Nikon USA, Melville, NY, USA) and NIS-Elements D 3.2 software, and quantification of
heartbeat rates using an Olympus CX-41 with a DP70 camera.
3.2.4.2 Oxygen consumption
Oxygen intake by WT zebrafish larvae was quantified using a multi-frequency phase fluorometer
(MFPF) (Tau Theta LLC, USA). Oxygen sensors were prepared by mixing hydrophobic
platinum(II)-5,10,15,20-tetrakis-(2,3,4,5,6-pentafluorophenyl)-porphyrin (PtTFPP) (Frontier
Scientific, Logan, UT) and TiO2 microparticles (Sigma-Aldrich, St. Louis, MO, USA) in a
polystyrene matrix. These were deposited onto the bottoms of 1.5-mL clear glass vials using
200-μL micropipette tips, which were cured in the dark overnight (Stensberg et al., 2014b).
Larvae (48-hpf) were added into each vial with test solution, which were immediately sealed
with Teflon-lined caps. Changes in oxygen levels were recorded every 6 h until 96 hpf using Tau
theta software (Tau Theta LLC). Negative controls with PVP-AgNPs dispersed in “fish tank” water
without larvae were tested in parallel. Each treatment had a minimum 8 biological replicates.
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3.2.4.3 Gene expression
Gene expression within the VEGF pathway (vegf, vegfr, pi3k, pkc, plc, bcl2) was quantified at
several time points (2, 4, 6, 12, 24 and 72 hpf) using quantitative RT-PCR (qRT-PCR). Expression
of hif1 in the 10 mg/L PVP-AgNP group and controls was quantified at 12, 24, 48, and 72 hpf. For
more information on primers used, see Table A.2.1. A minimum of three biological replicates
consisting of groups of six-pooled zebrafish embryos/larvae was used per condition and were
ran in triplicate. Total RNA was extracted using TriSure (Bioline) following re-suspension of RNA
in water treated with diethyl pyrocarbonate. Total RNA was quantified using a Nanodrop 2000
spectrophotometer (Thermo Fisher Scientific, USA). DNase I (Thermo Scientific, Lithuania) was
added at 37°C for 30 min to remove genomic DNA contamination, and cDNA was synthesized
using high-capacity reverse-transcription kits (Applied Biosystems, USA) following the
manufacturer’s instruction. Elongation factor 1 alpha 1 (ef1a) was used as the housekeeping
gene, as it is stably expressed throughout zebrafish development and is unaffected by AgNP
exposure (data not shown). Primers were purchased from Integrated DNA Technologies
(Coralville, IA, USA) and gene expression quantified using a Bio-Rad CFX96 system (Bio-Rad
Laboratories, Philadelphia, PA, USA). Each reaction (20 μL total volume) contained 10 μL of 2X
iQTM SYBR Green Supermix (Bio-Rad Laboratories 170-8880), 10 μM gene specific primers
(forward and reverse), 60 ng of cDNA template, and nuclease-free water. All quantitative PCR
reactions were performed in duplicate. Gene expression levels were determined by the
comparative Cq method (Livak and Schmittgen, 2001).
3.2.4.4 Protein expression
Western blotting was used to characterize the effect of PVP-AgNPs on VEGF protein expression
at 12 and 24 hpf. Twenty embryos were placed in a tube and homogenized using a lysis buffer
(50 mM Tris, pH 7.8, 150 mM NaCl, 1% Nonidet P-40). Total protein concentration was
determined using bicinchoninic acid (BCA Assay Kit, Thermo Scientific, Rockford, IL, USA).
Samples were resolved using a 12% SDS–polyacrylamide gel, then transferred to polyvinylidene
difluoride (PVDF) membranes for Western blot analysis using an Odyssey infrared imager (Li-Cor,
Lincoln, NE, USA). Primary antibodies used include polyclonal anti-VEGF (Anaspec, Fremont, CA,
USA) and polyclonal anti β-actin (GenScript, Piscataway, NJ, USA), which showed stability at
different developmental stages of zebrafish, including PVP-AgNP treated groups. Secondary
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antibodies were labeled with IR-DYE 800 and IR-DYE 700 (Li-Cor). Intensity of the VEGF
immunoreactivity was normalized to the level of β-actin in the sample.
Table 3.1 Zeta potential values in fish embryo medium.
PVP-AgNPs test solution

0.1 mg/L

1 mg/L

10 mg/L

25

Temperature (°C)
Mean value (mV)

-7.52

-9.27

-13.10

Standard deviation (mV)

7.20

7.80

15.6

3.2.5 Data analysis
All statistical analyses were conducted using SPSS 22.0. Unless otherwise noted, results are
expressed as means ± SE (standard error) of three or more biological replicates. Data was first
assessed for normality. One-way analysis of variance (ANOVA) followed by post-hoc Tukey’s
multiple comparison tests and LSD tests (for Western blot protein expression test) were used to
compare means across treatments.
3.3 Results
3.3.1 Characterization and stability of PVP-AgNPs
The hydrodynamic diameter of PVP-AgNPs in freshly prepared fish embryo medium was
determined by NTA to be 51.1 nm with a relative standard deviation of 4%, comparable to the
size of PVP-AgNPs dispersed in pure water (53.3; Fig. A.3.1). All zeta potential values were
negative, ranging from –7.52 to –13.10 mV (Table 2.1). For Ag+ concentrations, an ISE standard
curve was developed for the range between 1 and 20,000 µg/L and applied toward the analysis
of AgNP solutions in fish media, which were monitored for up to 96 h. In all cases, Ag+
concentrations were below detection levels (1 µg/L; data not shown).
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Figure 3.2 Changes in intersegmental vessel (ISV) morphology across development in control
and PVP-AgNP treated embryos. A. ISV length increased with development. A reduction of ISV
sprout growth was observed at 24 hpf in embryos exposed to 1 and 10 mg/L (n = 20), and at
48 hpf in all treated embryos (n 10). B. Angle between ISVs and DA decreased with
development. Angle was significantly larger at 72 hpf (n = 10) and 96 hpf (n = 5) in embryos
exposed to 10 mg/L PVP-AgNP, relative to control. C. Interval distance between ISVs increased
with development stage. At 72 hpf and 96 hpf, embryos treated with 10 mg/L PVP-AgNP had a
smaller interval distance relative to control. * p < 0.05; # p < 0.1. Lines over tops of bars
denote significant differences
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3.3.2 Vascular developmental morphology
Early ISV sprouting and sprout extension development occurs between 20-25 hpf. Disruption of
somite shape or on the VEGF signaling pathway can perturb the orientation of ISV sprouting
relative to the DA. As expected, effects on vascular development were highly dependent on the
embryonic stage. Compared with
the 24-hpf control group, embryos

100 μm

exposed to 1.0 and 10 mg/L PVPControl

0.1 mg/L

AgNPs experienced a delay in
vasculogenesis, made evident by a
decrease in ISVs length and a
complete lack of ISV development

1 mg/L

10 mg/L

(Figs. 2.1B-D and 2.2A). This delay
was also evident in the 0.1 mg/L
group at 48 hpf. No differences in

Figure 3.3 Effects of PVP-AgNPs on common cardinal vein
(CCV) regression; boxed area indicates region of interest.
The CCV (white arrow) in the control specimen is a tube
of vascular endothelial cells along the anterior margin of
the yolk at 72 hpf; however, no regression is observed in
embryos treated with 10 mg/L PVP-AgNP. Bar = 200 μm.

ISV length were observed at 72 hpf
between treated and control
specimens, however the highest
dose (10 mg/L) caused a decrease
in interval distance between ISVs

(Fig. 3.2C). In contrast, the angle between ISV and DA decreased by roughly 20% during
development between 24 to 96 hpf. The reduction in sprout-to-DA angle occurred at a delayed
rate, as no changes were observed between 48 and 96 hpf (Fig. 3.2B). CCV is the only vessel
passing over the yolk for the first 60 h of zebrafish development, providing all venous blood and
return to the heart during the first week (Bello et al., 2004). We observed a clear delay in
regression of the CCV in the PVP-AgNP treated group. In control specimens and at the lowest
PVP-AgNP dose, the CCV was remodeled into a tube by 72 hpf (Fig. 3.3), however, regression
had not yet occurred in larvae treated with 1.0 or 10 mg/L PVP-AgNP. But, by 96 hpf, there was
no longer any difference in the degree of CCV regression between groups (data not shown).
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3.3.3 Functional tests
PVP-AgNP effects on heart rate (48 and 72 hpf), oxygen consumption (48 to 96 hpf), and
standard body length (96 hpf) were quantified in order to examine whole-organism responses.
PVP-AgNPs induced dose-dependent bradycardia in larvae at 48 and 72 hpf exposure, starting at
1 mg/L PVP-AgNP (Fig. 3.4). Further, a significant decrease in oxygen consumption was observed
in all concentrations starting at 84 hpf (Fig. 3.5A). From 91 to 96 hpf, groups treated with 1.0
and 10 mg/L PVP-AgNP responded with a significant decrease in oxygen consumption compared
with controls (Fig. 3.5B). Oxygen was also measured over time in control vials filled with fish
embryo media without larvae, with no apparent changes (data not shown). This confirmed that
oxygen consumption was driven by larvae rather than microbial sources (e.g., bacteria). Finally,
a significant reduction in total standard length was observed for larvae exposed to PVP-AgNPs at
1.0 and 10 mg/L, and high mortality was caused at 10 mg/L group at 96 hpf (Figs. 3.6 and A.3.2).
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Figure 3.4 Heartbeats (mean ± SE) of zebrafish embryos at 48 and 72 hpf. Significant
reduction in heartbeat rate was observed at 48 hpf for embryos treated with 10 mg/L
PVP-AgNP; a decrease in heartbeat rate was also observed at 72 hpf for embryos treated
with 1 mg/L PVP-AgNP (* p < 0.05). C = control.
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3.3.4 Molecular mechanisms: gene and protein expression
The VEGF signaling pathway plays a critical role on cardiovascular development and is upregulated under hypoxia. HIF1 is a transcription factor highly inducible by cellular hypoxic
conditions. To investigate the molecular mechanisms of PVP-AgNPs’ effect on vascular
development in embryos, relative expression of genes within the VEGF pathway (vegf, vegfr,
pi3k, pkc, plc and bcl2) was quantified at six time points (2, 4, 6, 12, 24 and 72 hpf) (Figs. 3.7 and
A.3.3A). Except for bcl2, the expression of all other genes changed in a dose- and timedependent manner. The highest concentration of PVP-AgNPs (10 mg/L) significantly induced
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Figure 3.5 Changes in oxygen level (mean ± SE) after exposing embyros to PVP-AgNPs, up
to 96 hpf. A. Continuous decrease in oxygen level was observed for zebrafish embryos at
all AgNP doses, but with significantly less consumption versus control at 84 hpf (a–c: 0.1,
1.0 and 10 mg/L groups, p < 0.05); at 96 hpf, only the two highest AgNP doses (1.0 and 10
mg/L) differed from control ( b, c: p < 0.05). B. Expansion of boxed area.
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vegf, vegfr, plc, pkc, and pi3k from early life stage embryos (4 and 6 hpf). A peak in expression of
pi3k was observed at 4 hpf, whereas expression of the other genes peaked at 12 hpf and
decreased thereafter. By 24 hpf, gene
expression in specimens treated with

*
*

10 mg/L

PVP-AgNP was much reduced although

1 mg/L

still higher than the controls, and was

0.1 mg/L

completely back to background levels

C

2500

3000

3500

around the time of hatching (72 hpf).
4000

Body Length (µm)

Expression of the same six genes was
also measured in embryos exposed to

silver ion (AgNO3, 0.01, 0.1 and 1.0
Figure 3.6 Body length (mean ± SE) of zebrafish larvae
after exposure to PVP-AgNPs for 96 h; larvae exposed mg/L) at 2, 4, 6, 12 and 24 hpf (Fig.
to 1 and 10 mg/L AgNPs were smaller (* p < 0.05). C =
A.3.3B); with the exception of bcl2,
control.
gene expression did not change
significantly during this period. Expression of hif1 was also quantified at 4 time points (12, 24, 48
and 72 hpf) in controls and groups treated with 10 mg/L PVP-AgNP (Fig. 3.8). PVP-AgNPs treated
group, hif1 peaked in expression at 12 hpf and decreased gradually thereafter until reaching
baseline levels at 72 hpf. To determine whether changes in gene expression could be induced by
other nanoparticles, we performed a control study with 50-nm PVP-AuNPs at 10 mg/L. However,
its impact on mRNA expression of VEGF-related genes was modest at best, relative to that
observed for PVP-AgNPs (Fig. A.3.3C). Finally, to determine if the above changes in mRNA were
translated to the protein level, changes in the expression of VEGF after PVP-AgNP exposure was
performed in 12 and 24 hpf zebrafish embryos (Fig. 3.9). However, VEGF expression did not
differ across treatment groups.
3.4 Discussion
We evaluated the vascular toxicity of 50-nm PVP-AgNPs on zebrafish embryos and larvae for up
to 96 hpf. NTA and zeta potential values indicated the AgNPs were stable in solutions over this
period. Very importantly, our results indicate that the vasculotoxic effects are induced by the
AgNPs themselves, as the Ag+ concentrations were consistently < 1 μg/L. We show that an acute
(0–12 hpf) exposure of embryos to PVP-AgNPs results in a reversible dose-dependent induction
in VEGF-related gene expression, which reverts to baseline levels just around hatching.
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Increased gene transcription, however, was not followed by the translation and production of
VEGF. Correlating with the lack of VEGF expression, vascular development of PVP-AgNPs treated
embryos was delayed rather than enhanced. The threshold for delayed vascular development
and growth by PVP-AgNPs was determined to be 1 mg/L.
We propose that zebrafish eggs exposed to PVP-AgNPs at 10 mg/L experience a physical
interference that limits the diffusion of oxygen, leading to embryonic hypoxia and subsequent
alterations in gene transcription (Fig. 3.10A). In this scenario, the overexpression of genes within
the VEGF pathway in the early life stages of embryos may be induced from the lack of oxygen.
This argument is supported by the high levels of expression of hif1 at 12 hpf, with reversion to
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Figure 3.7 Relative increases in mRNA expression (mean ± SE) for vegf, vegfr, plc, pkc, pi3k,
and bcl2, at different time points of exposure to PVP-AgNPs (* p < 0.05). C = control.
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baseline levels by 24-72 hpf (Fig. 3.8). Exposure to PVP-AgNPs, however, did not result in
increased VEGF production, possibly because of NP aggregation on the endoplasmic reticulum
(see below) (Fig. 3.10B). Hatching results in normoxia, effectively removing the hypoxia-driven
effects of NPs on gene expression.
Effects on cardiovascular development after exposure to PVP-AgNPs were consistent with
Control

PVP-AgNPs 10 mg/L

Fold change

15
10

previous studies with zebrafish
embryos reporting bradycardia
and decreased peripheral

*

circulation (Asharani et al., 2008;
Massarsky et al., 2013). Abnormal

5

or delayed development of ISVs

0
12hpf

24hpf

48hpf

72hpf

Figure 3.8 Relative increase of mRNA expression for
hypoxia-induced factor (hif), induced by 10 mg/L PVPAgNPs at 12, 24, 48, and 72 hpf (* p < 0.05).

and dorsal migration of the CCV
caused by PVP-AgNPs could
explain smaller growth rates of
larvae at hatching.
NPs are known to aggregate on

the chorion surface of fish eggs (Laban et al., 2010), causing the depletion of oxygen exchange
and hypoxia (Zhu et al., 2012). In Japanese medaka (Oryzias latipes), 35-nm AgNPs (62.5–1,000
μg/L) have been reported to disrupt the network of fine filaments from eggs, resulting in
increased anaerobic respiration by embryos (Wu and Zhou, 2012). Individual AgNPs (up to 46
nm) are known to be transported into embryos through chorion pore canals (CPCs) (Lee et al.,
2007); AgNPs can also aggregate on the chorion exterior of zebrafish embryos within the first 24
hours (Osborne et al., 2013). These earlier observations support our hypothesis that the early
induction (12 hpf) of mRNA expression of hif1 and other genes within the VEGF signaling
pathway is caused by the physical blockage of oxygen diffusion by AgNPs.
The absence of VEGF production, despite a three to five-fold upregulation of vegf, is in accord
with recent findings indicating the inhibition of protein translation by NP aggregation on the
endoplasmic reticulum (ER). Internalization of NPs into the ER has been reported for citrateAgNPs and PVP-AgNPs (75–100 nm), as well as zinc oxide NPs (42 nm) and hydroxyapatite NPs
(60 nm) (Zucker et al., 2013; Chen et al., 2014; Han et al., 2014). The accumulation of NPs can

62
induce ER stress, a self-protection mechanism against ER damage or dysfunction (Lin et al.,
2008; Garg et al., 2012). ER stress has been studied in human Chang liver cells and Chinese
hamster lung fibroblasts exposed to AgNPs < 100 nm, and is thought to be caused by the
phosphorylation of RNA-dependent protein kinase-like ER kinase (PERK) and its downstream
eukaryotic initiation factor 2α,
phosphorylation of inositol-
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Figure 3.9 VEGF protein expression by whole zebrafish
embryos, as a function of PVP-AgNP exposure (in mg/L). A.
Representative Western blots of VEGF and β-actin
produced by embryos at 12 and 24 hpf, showing negligible
changes in VEGF production. B. Changes in VEGF protein
expression (mean ± SE) at 12 and 24 hpf; again, no
significant differences were observed between groups (p >
0.05). C = control.

2013). The induction of ER
stress in zebrafish embryos by
PVP-AgNPs may explain why
the induced expression of
VEGF-related genes is not
accompanied by protein
translation.

3.5 Conclusions
PVP-AgNPs causes dose-dependent hypoxia in zebrafish embryos starting at loadings of 1 mg/L,
resulting in delayed vascular development and decreased larvae growth. PVP-AgNPs also caused
bradycardia and impaired the tolerance of larvae to hypoxia. The adverse effect on vascular
development appears to be specific to AgNPs, as a parallel study with PVP-AuNPs did not
produce a significant response (Fig. A.3.3C). This is the first in vivo study to focus specifically on
the vascular toxicity of PVP-AgNPs; the consequences of lower larvae size at hatching on longterm viability remain unknown, and may require additional studies for a more comprehensive
correlation with NP-induced changes in vascular development. We note that 1 mg/L of AgNP is a
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relatively high concentration that is unlikely to be environmentally relevant (Gottschalk et al.,
2009; Gottschalk et al., 2013). Lastly, the apparent disconnect between AgNP-induced mRNA
expression and protein translation may be attributable to the simultaneous induction of ER
stress by the same NPs.

Figure 3.10 Mechanistic model accounting for the observed effects of PVP-AgNPs on the
cardiovascular development in zebrafish embryos. A. PVP-AgNPs coat the surface of eggs,
inducing hypoxia and subsequent expression of genes in the VEGF signaling pathway, with
peak expression at 12 hpf and reduction to background levels by 72 hpf. Induction of these
genes, however, does not lead to increased protein production. At 48 hpf, delayed vascular
development and bradycardia become evident; at 85 hpf, oxygen consumption is
significantly decreased. Upon hatching (> 96 hpf), larvae exposed to PVP-AgNPs are
released into normoxia but are also smaller relative to control specimens. B. Proposed
molecular mechanism of vascular toxicity by PVP-AgNPs. At the embryonic stage, the
chorion is covered by PVP-AgNPs, blocking oxygen intake. Hypoxia-induced expression of
VEGF pathway genes increases rapidly; at the same time, intracellular PVP-AgNPs enter the
endoplasmic reticulum (ER) and block protein synthesis. The latter effect not only blocks
hypoxia-induced angiogenesis, but can also increase the mortality of zebrafish embryos at
a later development stage.
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3.6 APPENDIX
Table A.3.1 Biological function of genes and primers information. F: Forward sequence; R:
Reverse sequence.
Gene

Primer Sequence

Biological Function

Accession
No.

vegf-Aa

F-TGCTCCTGCAAATTCACACAA
R-ATCTTGGCTTTCACATCTGCAA

vegfrkdr

F-ATAAGAGCCCGCCAAAAGAG
R-AGACACCAGACAGGGAATGA

Angiogenesis endothelial cell

XM_0092

proliferation, patterning blood

92018.1

vessels.
Mediates VEGF-induced

NM_0010

endothelial proliferation,

24653.2

survival, migration, tubular
morphogenesis and sprouting.

plcgamma

pkc-α

F-ACGGTGCTTTCCTTGTTAGG
R-AACTCCGAGGTTCCCAAAAC

F-TTGAGGCAGAAAAACGTCCA
R-TGGCACTGAAATCCTTGCTT

pi3k

F-GTGAAGTTTGAGGGCAGTGA
R-AGGCTGTAGTCCTCTGGTTT

bcl2

F-ATGGCGTCCCAGGTAGATAAT
R-CAAGCCGAGCACTTTTGTTAG

hif1a

F-GATGTCATGTTGCCCTCTTC
R-GGGAATTGGTCGTGTTGTAG

Mediates distinct aspects of

NM_1944

artery development and controls

07.1

the strength of heart beating.
Receptor desensitization,

NM_0012

membrane structure events,

56241.1

transcription and cell growth.
Regulate cellular proliferation,

NM_2011

survival, degranulation, vesicular

99.1

migration.
Regulates programmed cell

NM_0010

death or apoptosis.

30253.2

Play roles in cellular response to

NM_0013

systemic oxygen levels.

08559.1
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ef1a

F-ATGGGAAAGGAAAAGACCCAC
R-TCCACCGCATTTGTAGATCAG

Enzymatic delivery of aminoacyl

NM_1312

tRNAs to ribosome.

63.1
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Figure A.3.1 PVP-AgNPs particle size characterization using Nano Tracking Analysis (NTA). Mean
size of PVP-AgNPs in fish embryo medium was 53.3 nm.
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Figure A.3.2 Mortality rate of zebrafish embryos exposed to PVP-AgNPs over exposure time.
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Figure A.3.3 Heatmap summarizing gene expression profiles for the PVP-AgNPs, AgNO3 and PVPcoated gold nanoparticles (PVP-AuNPs) treated groups. A. PVP-AgNPs (0.1, 1 and 10 mg/L)
treated groups at 2,4,6,12,24 and 72 hpf; B. AgNO3 (0.01, 0.1 and 1 mg/L) treated groups at 2, 4,
6, 12 and 24 hpf. C. PVP-AuNPs (10 mg/L) treated groups at 12, 24, 48 and 72 hpf.
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CHAPTER 4 NANOSILVER COATED SOCKS AND THEIR TOXICITY TO ZEBRAFISH (DANIO
RERIO) EMBRYOS

Reproduced from: Gao, J., Sepúlveda, M. S., Klinkhamer, C., Wei, A., Gao, Y., & Mahapatra, C. T.
(2015). Nanosilver-coated socks and their toxicity to zebrafish (Danio rerio) embryos.
Chemosphere, 119, 948-952(Gao et al., 2015).
4.0 Summary
Silver nanoparticles (AgNPs) are being incorporated and are known to be released from various
consumer products such as textiles. However, no data are available on the toxicity of AgNPs
released from any of these commercial products. In this study, we quantified total silver
released from socks into wash water by inductively coupled plasma mass spectrometry (ICP-MS)
and determined the presence of AgNPs using transmission electron microscopy (TEM). We then
exposed zebrafish (Danio rerio) embryos for 72 h to either this leachate (‘‘sock-AgNP’’) or to the
centrifugate (‘‘spun-AgNP’’) free of AgNPs and compared their toxicity to that of ionic silver
(Ag+). Our data suggest that AgNPs do get released into the wash water, and centrifugation
eliminated AgNPs but did not decrease total silver concentrations, indicating that most of the
silver in the sock-AgNP solution was in the ionic form. All embryos died during the first 24 h
when exposed to undiluted sock-AgNP and spun-AgNP solutions resulting in significantly lower
LC50 values (0.14 and 0.26 mg/L) compared to AgNO3 (0.80 mg/L). Similarly, at 72 hpf, both sockderived solutions were more potent at affecting hatching and inducing abnormal development.
These results suggest that both sock-AgNP and spun-AgNP solutions were more toxic than
AgNO3. Previous studies have consistently shown the opposite, i.e., AgNPs are about 10 times
less toxic that Ag+. All together our results show that the high toxicity induced by the leachate of
these socks is likely not caused by AgNPs or Ag+. More studies are needed to evaluate the
toxicity of the myriad of AgNP-coated commercial products that are now estimated to be close
to 500.
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4.1 Introduction
Silver nanoparticles (AgNPs) are being applied as bactericidal agents in different consumer
products (Morones et al., 2005; Duran, 2007; Kim et al., 2007; Shahverdi et al., 2007; Kokura et
al., 2010; Lansdown, 2010). According to the recent Nanotechnology Consumer Products
Inventory on emerging nanotechnology, there are

425 consumer products containing AgNPs,

a 26% increase since 2011 (http://www.nanotechproject.org). From this same report, the use of
AgNPs in textiles represents an important emerging application. Studies have shown that AgNPs
can be released from textiles into wash water. For instance, AgNP-coated socks released as
much as 650 μg of ionic silver (Ag+) into 500 mL of distilled water (Benn and Westerhoff, 2008).
The same group also reported that Ag+ was released in quantities of up to 45 μg/g (ppm) from
shirts, medical masks, toothpaste, shampoo, and detergent (Benn et al., 2010). Although no
studies have quantified the concentration of AgNPs in the environment, concentrations ranging
from 0.09 to 320 ng/L in surface water have been estimated (Blaser et al., 2008; Gottschalk et
al., 2009).
Despite the high potential of AgNP-coated commercial products to leach AgNPs and Ag+ into
wash water and from there into aquatic systems, no studies have evaluated the toxicity of these
leachates. In contrast, several recent studies have evaluated the toxicity of different types of
AgNPs on a variety of animal models. In zebrafish (Danio rerio) embryos, it has been
demonstrated that AgNPs can induce sublethal effects such as developmental abnormalities
including bent notochord and pericardial edema (Lee et al., 2007; Asharani et al., 2008; Bar-Ilan
et al., 2009) and delayed hatching (Asharani et al., 2011; George et al., 2011; Powers et al.,
2011) at concentrations ranging from 1 to 50 mg/L depending on the type and size of AgNPs.
Effects are also age-dependent, with highest sensitivity observed during early stages (64-128 cell
stage) (Asharani et al., 2008).
The objective of the present study was to evaluate the toxicity of leachates from AgNP-coated
socks to zebrafish embryos using a combination of standard toxicity assays and molecular
endpoints and to compare these results to previous reports on AgNP toxicity in this animal
model. We hypothesized that leachates from commercial socks impregnated with AgNPs would
elicit toxic effects to zebrafish embryos in a manner similar to those observed with pure AgNPs.
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4.2 Materials and methods
4.2.1 Preparation of exposure solutions
We followed the method used by Benn and Westerhoff (2008) to prepare the socks’ leachate.
One pair of socks (FoxRiver Mills, X-Static Odor Free Crew Socks, Osage, IA, USA) coated with
AgNPs was placed in 3 L ultrapure Millipore Q (MQ) water and agitated for 24 h on an orbital
shaker at 50 rpm (Benn and Westerhoff, 2008). Socks were then removed, the leachate
collected (herein referred to as “sock-AgNP”) and immediately centrifuged at 17,000 rpm for 1 h
to separate AgNPs from the solution (herein referred to as “spun-AgNP”) (Chao et al., 2011). A
silver nitrate (AgNO3) (Sigma-Aldrich) stock solution (10 g/mL total silver) was prepared by
dissolving it in deionized water. All solutions were stored at 4˚C.
4.2.2 Embryo exposure and toxicity testing
Adult AB wild-type zebrafish were maintained at the Aquatic Ecology Laboratory (Purdue
University) with a photoperiod of 14L:10D and a temperature of 28 ± 1°C. Fish were fed ad
libitum twice daily with a combination of hatched Artemia nauplii and commercial food
(Tetramin). Male and female zebrafish were housed separately for a week and the day before
eggs were required, they were placed in breeding tanks at a 2:1 male to female ratio. Fish were
left undisturbed overnight and eggs collected 1 h after the light was turned on the next morning.
Eggs were rinsed in 0.0002% methylene blue and 20 blastula-stage embryos (6 hours post
fertilization, hpf) were randomly placed in plastic Petri dishes containing 25 mL of each of the
exposure solutions and exposed until 72 hpf. Treatment solutions were diluted 2, 25, 50, 100
and 200 times using RO water and every 100 mL of this solution contained 15 µL of embryo
media (13-14% calcium, 1% magnesium, 0.12% potassium, and 0.6-0.7% sodium; Replenish,
Seachem Laboratories Inc., Madison, GA, USA). These dilutions corresponded to 0.01, 0.02, 0.03,
0.04, 0.05, 0.09, 0.4, 0.8 mg/L of total silver in sock solution; and 0.01, 0.03, 0.04, 0.06, 0.07,
0.08, 0.18, 0.36 mg/L in spun solution. Half of the test solution was renewed daily. Each test
consisted of three replicates and each experiment was repeated at least three times from
embryos collected from different mating events. Number of dead embryos, hatched larvae, and
developmental abnormalities were recorded using a Nikon SMZ 1500 stereomicroscope
equipped with a Nikon Digital Sight camera. A representative number of surviving larvae were

71
randomly collected from each of the treatments and immediately frozen and stored at −80˚C for
gene expression assays.
4.2.3 Quantification of total silver and characterization of AgNPs
Total silver was quantified in the sock-AgNP and spun-AgNP solutions using inductively coupled
plasma-mass spectrometry (ICP-MS) as described by Stensberg et al. (2014a). Briefly, 8 mL of
each of these samples was placed in 15 mL falcon tubes and 2 mL of 2% nitric acid added to
enhance dissolution. Concentration of dissolved Ag in these samples was quantified using AgNO3
as a standard with concentrations ranging from 0.5 to 500 µg/L. For TEM analysis, a 25 times
more concentrated sample of sock-AgNP and spun-AgNP solution was prepared separately with
a Centrifan TM PE Personal evaporator/condenser. The concentrated test solutions were then
placed on a copper grid coated with a continuous carbon support film, air-dried at room
temperature and analyzed under a Philips CM 100 transmission electron microscope. The core
size of AgNPs was measured at 92,000-time magnification (accelerating voltage 100 kV) and the
detection of Ag+ was performed using electron dispersive X-ray analysis (EDX) (Oxford INCA 250
X-MAX 80 silicon drift). Dynamic light scattering (DLS) and zeta potential measurements were
conducted using a Malvern Zetasizer Nano ZS (Malvern, UK) at 25°C in embryo medium (15 μL
Replenish in 100 mL test solution) (EPA, 2002). Each sample was analyzed in triplicate.
Table 4.1 Primer sequences for sod and actin genes.
Gene

Primer Sequence

Accession No.

sod

F-GACTGGTGAAATTACTGGCCTTAC

NM 131294.1

R-GGTCTCCGACGTGTCTAACACTAT

b-actin

F-CTAAAAACTGGAACGGTGAAGG

NM 181601.4

R-AGGCAAATAAGTTTCGGAACAA
4.2.4 Gene expression analysis
It has been previously reported that a main mechanism of toxicity of Ag+ is oxidative stress (Choi
et al., 2010). Superoxide dismutases (sod) catalyze the dismutation of superoxide (O2−)
into oxygen and hydrogen peroxide and in that way protect cells from oxidative damage caused
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by reactive oxygen species. Therefore, sod expression in zebrafish embryos was analyzed by
quantitative RT-PCR (qRT-PCR). For each test replicate, three 72 hpf zebrafish larvae were
pooled for total RNA extraction using TriSure (Bioline) reagent following re-suspension of RNA in
DEPC (diethyl pyrocarbonate) treated water. Total RNA was quantified using a Nanodrop 2000
spectrophotometer (Thermo Fisher Scientific) at absorbance 260 nm and only samples with ratio
of absorbance 260/280 nm > 1.8 were used for further analysis. Samples were treated with
DNase I (Fermentas) at 37˚C for 30 minutes to remove genomic DNA contamination and cDNA
was synthesized using a high-capacity reverse-transcription kit (Applied Biosystems) according
to the manufacturer’s instructions. Primers for sod and the reference gene beta-actin (ß-actin)
were purchased through Integrated DNA Technologies (Table 4.1) and gene expression was
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Figure 4.1 A. Measured concentrations of total silver in socks-AgNP and spun-AgNP
solutions using inductively coupled plasma mass spectrometry (ICP-MS) from four
independent experiments. B. Particle size distribution of silver nanoparticles in socksAgNP and spun-AgNP solutions from three independent experiments. Values were
measured at the start of the experiment.
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quantified using a Bio-Rad CFX96 system (Bio-Rad Laboratories). Each reaction (20 µL total
volume) contained 10 µL of 2X iQ™ SYBR® Green Supermix (Bio-Rad Laboratories 170-8880), 10
µM gene-specific primers (forward and reverse), 60 ng of cDNA template, and nuclease free
water. All quantitative PCRs were performed in duplicate with no template negative controls.
The threshold cycle (Ct) values between replicates were averaged. A minimum of three
biological replicates (i.e. embryos from three independent exposure tests) were used per
exposure concentration. Target gene expression was normalized to that of ß-actin and gene
expression levels determined by the comparative CT method (Livak and Schmittgen, 2001).
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Figure 4.2 Transmission electron micrograph (TEM) and Energy-dispersive X-ray
spectroscopy (EDX) of silver nanoparticles: (A & B) Silver nanoparticles (< 20 nm) found in
the sock-AgNP solution. Agglomeration of AgNPs is seen on the fabric surface of AgNPcoated socks (arrows). (C) EDX analysis confirms the presence of silver. (D) Fiber residue
found in spun-AgNP solution. No AgNPs were found in the spun-AgNP solution. (E) EDX
analysis shows that no silver peaks were present in the fiber.
4.2.6 Data analysis
All statistical analyses were conducted using SPSS 16.0. Results of exposure assays and qPCR are
expressed as means ± SE (standard error) of three or more independent determinations. Tow-
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way analysis of variance (ANOVA) followed by post hoc Tukey’s multiple comparison test was
used to compare means across treatments and doses. Probit analysis was used to quantify
effects on survival. Significance was declared at p < 0.05.
4.3 Results and discussion
4.3.1 Quantification and characterization of silver nanoparticles
The concentration of total Ag+ in the test solutions (sock-AgNP and spun-AgNP) is summarized in
Fig. 4.1A. Although the same procedure was used to prepare the leachate, the amount of total
Ag+ quantified in the sock-AgNP leachate ranged from 0.83−2.24 mg/L across different
replicates. This difference could suggest an uneven addition of AgNPs into the commercial socks
used in the present study. To investigate the extent to which AgNPs accounted for the overall
toxicity observed, AgNPs were removed by centrifugation and the supernatant (spun-AgNP) was
used to expose embryos. The amount of total Ag+ in the spun-AgNP solutions was also variable,
ranging from 0.36−1.95 mg/L (Fig. 4.1A). Furthermore, there were no significant differences in
mean total Ag+ between these two solutions (1.49 ± 0.60 mg/L and 1.34 ± 0.69 mg/L, for sockAgNP and spun-AgNP, respectively).
A

1mm
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c
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Figure 4.3 Example of the major types of abnormalities observed in silver nanoparticles
exposed zebrafish embryos after 72 hrs. (A) Normal larvae (B & C) deformed larvae a.
Pericardial edema. b. Yolk sac edema. c. Spinal curvature.
The hydrodynamic diameter of the AgNPs by DLS ranged from 37 to 165 nm in the sock-AgNP
solution (mean ± SE, 78 ± 11 nm) and from 14 to 50 nm in the spun-AgNP solution (39 ± 17 nm).
The mean zeta potential values in the sock-AgNP and spun-AgNP solutions were -15.8 ± 8.06 mV
and -18.5 ± 9.69 mV, respectively (Fig. 4.1B), implying that particles in both solutions were
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relatively stable. TEM and EDX analysis were performed to confirm the presence of AgNPs (Fig.
4.2). TEM results indicated that AgNPs were released into wash water (Fig. 4.2A) and although
not quantified, the majority of the particles were observed stuck to the fibers (Fig. 4.2B). EDX
analysis confirmed these particles contained silver (Fig. 4.2C). In contrast, no AgNPs were
observed in the spun-AgNP solution (Figs. 4.2D-E), although some fibers remained. Even though
it is possible some AgNPs remained after centrifugation, the absence of detectable
nanoparticles in the TEM analyses strongly suggest we were able to significantly
decrease/eliminate them from the test solutions. The particulate matter detected in the spunAgNP solution by DLS but the absence of Ag+ suggests the presence of other unknown particles
and not AgNPs. Altogether, this data suggests that (i) AgNPs do get released into the wash
water, and (ii) centrifugation (17,000 rpm) eliminated AgNPs but did not decrease total silver
concentrations. This implies that most of the silver in the sock-AgNP solution was in the ionic
form, in agreement with a previous study by Benn and Westerhoff (2008) using the same brand
of socks and similar wash method.
Table 4.2 72h-LC50 and EC50 responses in zebrafish embryos exposed to sock-AgNP, spun-AgNP
and AgNO3. Concentrations are in mg/L.
Lethality (%)

Hatchability (%)

Abnormalities (%)

LC50

95% C.I.

EC50

95% C.I.

EC50

95% C.I.

Sock-AgNP

0.26

0.12-1.3

0.05

0.02-0.11

0.15

0.08-0.75

Spun-AgNP

0.14

0.07-0.8

0.04

0.005-0.22

0.12

0.08-0.78

AgNO3

0.80b

0.47-1.9

0.14c

0.03-0.41

-a

-

a

b

No values are provided since no abnormalities were induced by the AgNO3 treatment; Significant
c
difference with Sock-AgNP and Spun-AgNP (P value < 0.005); Significant difference with Sock-AgNP and
Spun-AgNP (P value = 0.05).
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4.3.2 Toxicity tests
Acute toxicity tests were conducted with different concentrations (range 0.010−0.83 mg/L) of
sock-AgNP, spun-AgNP and AgNO3. Zebrafish embryos (6 hpf) were exposed to these solutions
until 72 hpf and lethal and effective concentrations resulting in 50% death or effects (percent
hatching) were calculated (72 h-

Fold Change

Sock

Spun

AgNO3

*

10
8
6
4
2
0

LC50 and 72 h-EC50, Table 4.2). All
embryos died during the first 24 h
when exposed to undiluted sockAgNP and spun-AgNP solutions
resulting in significantly lower LC50

0

0.1

0.4

0.8

1.2

Total Ag Concentration (mg/L)

Figure 4.4 Relative superoxide dismutase (sod) mRNA
levels in zebrafish embryos exposed to different
concentrations of sock-AgNP, spun-AgNP and AgNO3
solutions quantified by qRT PCR (n = 3 per treatment).
Only spun-AgNP caused a marked up-regulation of sod
(* p=0.007)

values (0.14 and 0.26 mg/L)
compared to AgNO3 (0.80 mg/L;
~an order of magnitude lower
compared to another study that
tested the same age zebrafish
embryos, Griffitt et al., 2008).
Similarly, at 72 hpf, both sock-

derived solutions were more potent at affecting hatching and inducing abnormal development
(Table 4.2). Further, no abnormalities were observed with AgNO3 (see Fig. 4.3 for the most
commonly observed abnormalities). Altogether, these results suggest that sock-AgNP and spunAgNP solutions were more toxic relative to AgNO3. These results are in disagreement with
previous studies in zebrafish and other organisms, which have consistently shown that AgNPs
are less toxic compared to Ag+ (Asharani et al., 2008; Bar-Ilan et al., 2009; Bilberg et al., 2012;
Massarsky et al., 2013). It is worth noting that in these earlier studies the investigators tested
pure AgNPs, whereas our source of AgNPs was derived from a commercial textile product. These
results suggest the toxicity is being elicited by other elements or compounds added during the
manufacturing process, rather than AgNPs.
4.3.3 Oxidative stress gene expression
Sod controls a group of critical proteins that protect cells from oxidative damage caused by
reactive oxygen species. We tested sod mRNA level after exposure to the sock-derived solutions
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and to AgNO3 and found a significant up-regulation only at the highest concentration (1.2 mg/L)
of spun-AgNP (Fig. 4.4). There are previous studies that have measured sod expression after
exposure to AgNPs, which have reported either an up regulation (soil nematode, < 100 nm at
0.05-0.5 mg/L), no changes (adult zebrafish livers, 5-20 nm at 120 mg/L, zebrafish embryos)
(Choi et al., 2010) (Massarsky et al., 2013) or down-regulation (earthworms, 10-50 nm at 100 500 mg/kg) (Tsyusko et al., 2012). Studies identified that there were no significant sod
expression changes caused by AgNO3 exposure (soil nematodes, 0.05-0.5 mg/L; zebrafish
embryos, 0.03-1.55 mg/L) (Roh et al., 2009, Massarsky et al., 2013). We did not see any
differential expression of sod mRNA upon sock-AgNP or AgNO3 exposure. Therefore, the
oxidative stress observed with the spun-AgNPs is not likely caused by AgNPs or Ag+ present in
the wash water.
4.4 Conclusions
This study is the first to determine the toxicity of commercial products (socks) coated with
AgNPs. Our results show that the high toxicity induced by the leachate of these socks is likely
not caused by AgNPs or Ag+. More studies are needed that evaluate the toxicity of AgNP-coated
commercial products.
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CHAPTER 5 RESEARCH SUMMARY, GLOBAL CONCLUSIONS & FUTURE DIRECTIONS

5.1 Protein corona of AgNPs in fish plasma
5.1.1 Impact to field
In Chapter 2, we demonstrated for the first time, the use of fish (smallmouth bass) plasma for
the study of protein corona (PC) formation and composition on the surface of PVP-AgNPs. We
show differences in the size and composition of PC that were time and gender-dependent. Over
300 different proteins were identified, with the majority being < 75 kDa in size. The most
common proteins included immunoglobulins, complement components, hemoglobin, blood
coagulation proteins and apolipoproteins. In addition, female-specific egg proteins (vitellogenin
and zona pellucida glycoproteins) were discovered binding to the particles only in female
plasma. We propose that fish plasma can be used for future PC studies. The implications of PC
formation on toxicity and biodistribution of PVP-AgNPs remain unknown.
5.1.2 Future research needs
Previous research has shown that NP size, shape, surface charge, functionalization and core
material can impact the composition of PCs. Therefore, it is of importance to study how changes
on any of these physico-chemical parameters can affect PC formation using fish plasma. For
instance, different size AgNPs (5, 10, 20, 100 nm) and coating (citrate) could be tested.
Additional core materials, such as gold and titanium, should also be studied since previous
research has shown that the size distribution of proteins is highly dependent on this important
factor. Another area that needs exploring relates to the implications of PC formation on AgNP
toxicity and organ distribution. Although we detected egg proteins on the surface of AgNPs, we
did not quantify the movement of these particles into the ovary. It would also be of interest to
study potential maternal transfer of AgNPs into the developing embryos. More studies are
needed that evaluate the overall impact of PC formation on toxicity. Finally, an interesting
hypothesis that needs further study is the relationship between the types of proteins that
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associate to NPs and the organs were they move to. This area of research could also be useful in
the field of nanomedicine that seeks to target specific cells and organs for diagnostic and
treatment purposes.
5.2 Vascular toxicity of AgNPs
5.2.1 Impact to field
In Chapter 3, we reported that early acute exposure (0–12 hours post-fertilization, hpf) of
zebrafish embryos to PVP-AgNPs (50 nm) at 1 mg/L or higher results in a transient, dosedependent induction in vascular endothelial growth factor (VEGF)-related gene expression that
returns to baseline levels at hatching (72 hpf). Hatching results in normoxia, negating the effects
of AgNPs on vascular development. Interestingly, increased gene transcription was not followed
by the production of associated proteins within the VEGF pathway, which we attribute to NPinduced stress in the endoplasmic reticulum (ER). The impaired translation may be responsible
for the observed delays in vascular development at later stages, and for smaller larvae size at
hatching. Silver ion (Ag+) concentrations were < 0.001 mg/L at all times, with no significant
effects on the VEGF pathway. We propose that PVP-AgNPs temporarily delay embryonic
vascular development by interfering with oxygen diffusion into the egg, leading to hypoxic
conditions and ER stress.
5.2.2 Future research needs
Additional studies should be conducted to corroborate NP-induced stress to the ER since this
could impact the translation of additional proteins within and outside the VEGF pathway.
Another area that needs further research relates to the long-term impact of a delay in vascular
development in zebrafish embryos. Although our data suggests changes are transitory and
reversible, we did find a decrease in larvae size which could negatively affect larvae and juvenile
survival.
5.3 Toxicity of commercial products containing AgNPs
5.3.1 Impact to field
In Chapter 4, we confirmed the release of AgNPs from commercial products (socks) into wash
water and demonstrated that toxicity of this leachate to zebrafish embryos was not due to silver
in the NP form as we removed it using ultracentrifugation and confirmed their absence using
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transmission electron microscopy. Centrifugation, however, did not decrease total silver
concentrations, indicating that most of the silver in the sock-AgNP solution was in the ionic
form. Further, the toxicity of this leachate was much higher (LC50 0.14 - 0.26 mg/L) compared to
that of ionic silver (0.80 mg/L). All together our results showed that the high toxicity induced by
the leachate of these socks was likely not caused by AgNPs or Ag+, but by unknown chemical(s).
At the time this study was published, there was no data on the toxicity of AgNPs released from
any commercial products.
5.3.2 Future research needs
Considering the large number of commercial products (several hundred) that now contain
AgNPs, there is a real need to determine movement of NPs and/or Ag+ to different
environmental media. Additionally, more studies are needed that evaluate the toxicity of these
products. The mere presence of AgNPs in a commercial product does not necessarily imply that
silver will be released and adversely impact organisms. In the case of textiles, it would be of
interest to better understand the additional types of chemicals that are added in order to
incorporate AgNPs into them. As we observed with the socks examined, these chemicals could
have higher toxicity than silver.
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