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Nanoparticles (NPs), particles defined by their size in a single dimension (1-100
nm), are being increasingly incorporated into commercial and industrial products due to
their high surface area to volume ratio that gives them unique properties, such as optical
tunability and higher reactivity than their bulk counterparts. NPs can be designed for a
diverse variety of applications through tuning of their physicochemical properties: core
composition, surface chemistry, size, and shape. The unique properties of NPs make them
of great interest in the medical field, where silver and gold nanoparticles are being
increasingly employed as antimicrobials and nanomedicines. As humans are being actively
and intentionally exposed to these NPs, understanding how the various physiochemical
properties affect the nanoparticle-biological interactions (NBIs) and drive toxicity is of
critical importance. In this thesis, I address some of the physiochemical properties of
interest for both silver and gold nanoparticles.
Silver nanoparticles (AgNPs) are currently used in a variety of industrial and
commercial products due to their well understood antimicrobial properties. However, a
major confounding factor of all AgNP research is the contribution that silver ions (Ag+)

dissolution has to the toxicity of the particles. Here I employ the use of differentially coated
silver nanoparticles of two geometries, spherical and triangular plate, to assess the effects
that shape has on AgNP toxicity while the confounding factor of Ag+ dissolution is
controlled for. A suite of 10 AgNPs, five varieties of surface coatings for each the spherical
and triangular plate AgNPs, were monitored over a 4-week period to fully understand their
differential surface shielding and protection from Ag+ dissolution. Toxicity of the particles
was assessed in vivo using the embryonic zebrafish model. This suite of NPs provides an
improved platform to use when assessing the biological interactions of AgNPs.
Gold nanoparticles (AuNPs) are being engineered into pharmaceuticals and show
great potential in cancer therapies. Due to their growing use in nanomedicines and
intentional exposure to humans, it is of critical importance to understand the effects that
changing a single physiochemical property can have on the toxicity of AuNPs. Gold and
uncoated AuNPs are well studied and understood to be non-toxic; however, when a surface
coating is applied, an essential component of all AuNP nanomedicine applications, AuNPs
show altered properties and sometimes elicit toxicity. Here I utilized AuNPs coated with a
lipid bilayer at three different sizes, 5 nm, 10 nm, and 20 nm. These AuNPs were tested at
three different levels of biological organization (biomimetic lipid-monolayer, in vitro, and
in vivo) to fully assess the differential NBIs that drive their toxicity.
The studies presented in this thesis provide a better understanding of the NBIs that
drive the toxicity of gold and silver NPs. This work provides insight into how we can
modify the physiochemical properties of gold and silver NPs to increase their effectiveness
while also improving safety.
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Assessing Changes in Biological Interactions of Lipid-Coated
Gold and Silver Nanoparticles Based on Physicochemical
Properties
1

Introduction

The use and manipulation of matter at a nanoscale (1-100 nm) has been termed
“nanotechnology.” Nanotechnology has become a platform for innovative technology
spanning across the fields of medicine, chemistry, engineering, and manufacturing [1].
Nanoparticles (NPs) are particles that are less than 100 nm in one dimension [2, 3]. The
small size of NPs results in a very large surface area to volume ratio, with a large number
of the atoms exposed on the surface of the NP [4]. This increased surface area to volume
ratio leads to increased reactivity and dissolution, particularly for metal-based NPs [5-7].
Some NPs exhibit unique physical and chemical properties that differ from both their bulk
or molecular form [7-10]. These differential properties can present themselves in various
ways, such as: increased surface reactivity [11], increased tensile strength [9], or tunable
optical properties [12]. With various advantages over their bulk counterparts, NPs are
widely used in broad range of consumer products such as cosmetics, consumer electronics,
filters, antibacterial products, and industrial products such as semiconductors [13]. The use
of NPs and nano-enabled technology is rapidly growing and expected to continuously
increase. It is estimated that there will be a rise in global consumption of nanomaterials
from approximately 308,322 metric tons in 2016 to 733,220 metric tons in 2021 [14]. The
most widely used and produced NPs are metal and metal oxide particles, especially
titanium dioxide (TiO2), silicon dioxide (SiO2), carbon nanotubes (CNTs), zinc oxide
(ZnO), silver (Ag), and cerium dioxide (CeO2) [15]. This increased production of NPs is
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leading to increased exposure to humans as NPs are released into air, water, soil, and
sediment as they move through their life cycle [16].
Although NPs show great promise for improving both human and environmental
health, many of the mechanisms that govern their fate, transport, and toxicity remain
unknown. The development of nanotechnology is out pacing our understanding of
implications of increased exposure. Risk assessment of NPs is complicated by the fact that,
unlike chemicals, which are defined by a singular molecular structure, NPs are defined by
their core composition, shape, size, and surface coating [17]. To add further complexity,
NPs will undergo transformations due to changes in ionic strength, pH, temperature, and
presence of organic matter, including biomolecules that effectively alter the NP surface
and available surface area [18]. This thesis will focus on the physiochemical characteristics
that drive the toxicity of silver and gold nanoparticles, two types of particles widely used
in various medical applications.
Silver nanoparticles (AgNPs) are widely used due to their well understood
antimicrobial properties [19-29]. They are being utilized in a variety of consumer and
commercial products, as well as industrially for wastewater treatment. AgNPs have been
used to fight HIV-1 [20], aid in wound care [30], utilized as a antimicrobial coating in
cardiac devices, catheters and surgical appliances [31], used as biosensors [32], and utilized
in wastewater treatment [33]. The uses of AgNPs are continuously growing. From 1980
to 2010 there were 7,422 patents filed for commercial products utilizing AgNPs and 932
patents filed for consumer products utilizing AgNPs, with the US, Korea, and China being
the major players in the use of both consumer and commercial AgNP products [34].
Because of their high demand in a variety of fields, over 500 tons of AgNPs are
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manufactured annually [35]. There are various sources of human and environmental
exposure to AgNPs, yet very little is known about the physiochemical properties that drive
AgNP toxicity.
As opposed to AgNPs, where humans are mostly passively exposed through various
consumer and commercial products, gold nanoparticles (AuNPs) are being designed as
pharmaceuticals that are prescribed to humans. Most nanotherapeutic delivery systems
used for drug delivery are based on liposomal or polymer platforms; however, colloidal
elemental particles, such as gold, are also being investigated as clinical delivery systems.
Specifically, AuNPs show great potential in cancer therapy [36]. AuNPs have been heavily
researched for use in plasmonic photothermal therapy (PPTT) [37-42], tumor-targeted drug
delivery [37, 43, 44], and utilized to fight multidrug resistant cancers [45-47]. With humans
being intentionally exposed to AuNPs it is of the utmost importance that the
physiochemical characterizes that drive AuNP toxicity be understood so that AuNP-based
treatments can act as effectively and safely as possible.
This thesis will assess three of the key physiochemical characteristics believed to
govern toxicity of AuNPs and AgNPs: shape, size, and surface chemistry. Chapter 2
focuses on AgNPs, assessing the effects that shape may have on their toxicity while
controlling for the confounding factor of Ag+ dissolution. A suite of AgNPs with
increasingly complex surface coatings was created for two common geometries, spherical
and triangular plate. Dissolution studies presented show differential surface shielding
based on the surface coating of the AgNP suite, accompanied by embryonic zebrafish
toxicity tests showing the relationship between not only the complexity of the surface
coating, but also the shape of the particle. Chapter 3 will focus on AuNPs, assessing the
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effects that size may have on membrane interactions, cellular uptake, and ultimately
toxicity. Three AuNPs (5 nm, 10 nm, & 20 nm) were synthesized and coated with a lipid
bilayer. AuNP interactions with a biomimetic lipid monolayer measured using sum
frequency generation (SFG), cellular viability, and embryonic zebrafish toxicity studies
presented begin to explore potential mechanisms AuNP’s size-dependent membrane
interactions and toxicity. The data and results presented in this thesis allow for a greater
understanding of the roles that shape, size and surface chemistry play in the toxicity of
AuNPs and AgNPs.
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Hybrid lipid-coated silver nanoparticles with long-chain
hydrophobic thiol surface coatings show decreased toxicity
compared to those without robust surface coatings

Arek M. Engstrom, Henry Wu, Marilyn R. Mackiewicz, and Stacey L. Harper

*In preparation for submission to a peer-reviewed journal
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2.1

Abstract
Silver nanoparticles (AgNPs) are one of the most widely used and advertised

nanomaterials due to their well-documented antimicrobial properties. They are used in a
variety of consumer and commercial products as well as in industrial applications such as
wastewater treatment. While the antimicrobial properties of the AgNPs are likely
controlled by their physiochemical properties such as size, shape and surface chemistry,
these properties are often hard to study as they are confounded by AgNPs propensity to
undergo Ag+ ion dissolution. Due to their wide and varying uses, there is a need to
understand the biological interactions of AgNPs with diverse physiochemical
characteristics while controlling for the release of Ag ions. Here a suite of 10 hybrid lipidcoated spherical and triangular plate shaped AgNPs were created with increasing
complexity of their surface-coating. Dissolution studies showed that increased complexity
of the hydrophobic thiol surface-coating protected the AgNP from surface oxidation and
ionic release. Embryonic zebrafish were then exposed the suite of AgNPs at exposure
concentrations ranging from 0.03125 mg Ag/L to 4 mg Ag/L confirmed by ICP-MS for
each of the synthesized AgNPs. Decreased rates of morbidity and mortality were observed
in the AgNPs with the longest chain thiol surface coatings. At the concentrations tested, no
significant toxicity was observed for the longest chain surface composition in either the
spherical and triangular plate geometries. In contrast, AgNPs smaller chain thiol surface
coatings allowed for Ag+ leaching or increased surface oxidation which resulted in higher
mortality rates across both geometries. The higher surface area spherical AgNPs showed
increased toxicity over the triangular plate AgNPs with the same surface coating. The
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ability to control the Ag+ ion dissolution of the AgNPs allowed us to gain a better
understanding of the size and shape effects that drive the toxicity of AgNPs.
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2.2

Introduction
Silver nanoparticles (AgNPs) are widely used due to their well understood

antimicrobial properties [19-29]. They are being utilized in a variety of consumer and
commercial products, as well as industrially for wastewater treatment [33]. In biomedical
applications, AgNPs have been used to fight HIV-1 [20], aid in wound care [30], utilized
as a antimicrobial coating in cardiac devices, catheters and surgical appliances [31], and
used as biosensors . The uses of AgNPs are continuously growing. From 1980 to 2010
there were 7,422 patents filed for commercial products utilizing AgNPs and 932 patents
filed for consumer products utilizing AgNPs, with the US, Korea, and China being the
major players in the use of both consumer and commercial AgNP products [34]. Because
of their high demand in a variety of fields, over 500 tons of AgNPs are manufactured
annually [35].
The growth in nanotechnology applications comprised of silver nanoparticles has
led to a significant interest in understanding their possible environmental and human health
impacts. The diversity of commercially available AgNP products are often proprietary, not
well-defined, and undergo rapid surface oxidation and dissolution of silver ions (Ag+)
making their assessment difficult to study. Consequently, there is a gap in our current
understanding of the relative contribution of physiochemical parameters such as shape,
size, and surface coating to nanoparticle stability, nanoparticle-biological interactions
(NBI), biouptake, and ecotoxicity. Current debate in the literature over the relative
influence of Ag+ to AgNP impacts needs to be directly investigated to inform risk
management decisions. Most studies, thus far, have focused on the environmental and
biological effect of Ag+, which provides a baseline for the potential effects and impacts of
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AgNPs to organisms and ecosystems especially as AgNPs undergo dissolution to Ag+.
Thus, studies designed to evaluate the effects of AgNPs have been limited and their toxicity
currently is presumably closely related to the release of Ag+. There is a critical need to
determine if the biological and environmental impacts of AgNPs are the result of its size
or shape aside from its ionic constitution (Ag+).
Various studies have suggested that the physiochemical characteristics (size, shape,
surface coating) of AgNPs play a role in uptake and toxicity. For example, smaller AgNP
spheres have been shown to have increased antibacterial activity than their larger
counterparts, due to increased relative surface area, allowing for greater release of Ag+ [20,
48], increased toxicity in zebrafish embryos [49, 50], increased toxicity to zebrafish gills
and intestines [50], increased cytotoxicity in mammalian cells [51], and increased acute
toxicity in mice [52] . When looking at shape, silver nanoplates were found to have
increased antibacterial activity over silver nanospheres and silver nanorods [53]. Silver
nanoplates exhibited increased toxicity to zebrafish than nanospheres or nanowires due to
surface defects that had a negative impact on cell membranes [54], and silver nanospheres
and nanoplates showed increased inhibition of growth of Caenorhabditis elegans
compared to silver nanowires [55]. While these studies and others show differential toxicity
based on shape of AgNPs, they are difficult to contextualize as changes to the shape of the
AgNPs result in changes to other, potentially confounding properties such as size, surface
area, and Ag+ dissolution. Some studies have attempted to control all nanoparticle
parameters, only varying one such as shape [56-58]. While these studies show differential
toxicity elicited by changes in physiochemical properties, they do not control for Ag+
dissolution during manufacturing, nor the continued release of Ag+ from AgNPs over time.
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This makes it very difficult to assess if the increased toxicity is due to the physiochemical
properties of the AgNPs or due to the Ag+ dissolution.
While Ag+ capture agents such as cysteine [59], covalent surface ligands such as
Polyvinylpyrrolidone (PVP) [56] and Polyethylene glycol (PEG) [60], and aminated
surface ligands with silica shells [19] have been applied to protect the surface to some
degree from Ag+ ion release, Ag+ dissolution it is still a major interference complicating
AgNP studies. The lack of well-characterized AgNP batches without major Ag+ dissolution
is a major bottleneck in assessing the effects that the various physiochemical properties of
AgNPs have on their fate, uptake, and toxicity. Thus, we set out to design a suite of AgNPs
differentially shielded from surface oxidation and Ag+ dissolution in both spherical and
triangular plate geometries. This would allow for the assessment of the effects of shape on
AgNP toxicity, while simultaneously controlling and assessing confounding contribution
of Ag+. We hypothesized that the hybrid lipid-coated AgNPs of both geometries with a
robust coating should elicit minimal toxicity, whereas a decrease in surface coverage
should lead to a respective increase in toxicity. Regarding shape, we hypothesized that the
triangular plate AgNPs would have increased toxicity over the spherical AgNPs with the
same surface coating due to the angles of the triangular plates.
We created a suite of spherical (Sph) and triangular plate (Tri) AgNPs with five
different surface coatings created from citrate (Cit), phosphatidylcholine (PC),
propanethiol (PT), hexanethiol (HT), and sodium oleate (SOA). The suite of AgNPs varied
in robustness of the composition of their surface coating: (least robust) Sph/Tri-Cit <
Sph/Tri-Cit-SOA-PC < Sph/Tri-Cit-SOA-PC-PT < Sph/Tri-Cit-SOA-PC-HT = Sph/TriSOA-PC-HT (most robust). Dissolution studies were performed to assess the ability of the
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surface coating to protect the AgNP from surface oxidation and Ag+ dissolution. In
addition, we assessed the toxicity of the suite of AgNPs using embryonic zebrafish (Danio
rerio) as a model organism due to their rapid development and ease of use in
nanotoxicology studies [61-66]. Zebrafish have very similar molecular signaling processes,
cell structure, anatomy, and physiology as other higher-order vertebrates, including
humans [67-70]. Their rapid development and transparent body makes observing
morphological and physiological malformations easy.
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Methods and Materials

Reagents
Trisodium citrate dihydrate 99% (Na3C6H3O7) and 1-hexanethiol 95% (HT) was
purchased from Sigma Aldrich and silver nitrate 98% (AgNO3) from G. Frederick Smith
Chemical Company (GFS). Hydrogen peroxide 30% (H2O2) and sodium borohydride 99%
(NaBH4) were obtained from VWR Chemicals. L-α-phosphatidylcholine (PC) were
purchased from Avanti Lipids. Sodium Oleate 97% (SOA) was from Tokyo Chemical
Industry Co, Ltd. Sodium phosphate buffer (PBS) was prepared for PC suspension at pH
8.6. Nanopure water was from a Milli-Q ultrapure system. All chemicals were used as
received.

Synthesis of Citrate-capped Silver Nanoparticles (AgNPs)
The synthesis of AgNPs was modified from a similar procedure.[71] Briefly, in a
125 mL Erlenmeyer flask, AgNO3 (43 mL of 0.109 mM in H2O) was combined with H2O2
(120 µL of 30% w/w) and sodium citrate (Cit) (3.68 mL of 30 mM in H2O). The reaction
mixture was allowed to stir for approximately 1 minute at 600 RPM with a stir bar. A
freshly prepared aqueous solution of NaBH4 (220 µL of 100 mM in H2O) was rapidly
added to the mixture. After NaBH4 addition, the solution undergoes rapid color change and
stabilizes at blue which are indicative of obtaining triangular silver nanoplates (TriAgNPs). Spherical AgNPs were prepared in the same fashion with the NaBH4 volume
reduced to 100 µL followed by 1 µL drops until it stabilizes at golden yellow. The solution
was then stirred for an additional 10 min before incubating overnight in a refrigerator at 4
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C and was then then filtered with a 0.2 µm PTFE filter. The UV-Vis spectra of both

spherical and triangular AgNPs in H2O had a λmax at 402 nm and 738 nm, respectively.

Synthesis of Hybrid Lipid-Coated AgNPs
Hybrid-lipid assembly of the AgNPs was previously described.[72] Briefly, 1.1 µL
SOA (9.4 mM in H2O) is added to 1 mL of the citrate-capped AgNPs (Ag-Cit) in a 20 mL
scintillation vial. This mixture was then vortexed for 5 seconds and incubated for 20 min
at room temperature to produce Ag-Cit-SOA nanoparticles. PC liposomes (10.4 µL, 0.32
mM in 10 mM PBS pH 8) were added and the solution was vortexed for another 5 seconds
and incubated another 40 min at room temperature to form Ag-citrate-SOA-PC
nanoparticles. This is then followed by the addition of 1.4 µL hexanethiol (HT) or
propanethiol (PT) (30 mM in ethanol), vortexing for 5 seconds, and incubating for a
minimum of 30 minutes to produce Ag-citrate-SOA-PC-X (X = HT or PT) nanoparticles.
Both spherical and triangular AgNPs were prepared with the following compositions AgCit, Ag-Cit-SOA-PC, Ag-Cit-SOA-PC-PT, Ag-Cit-SOA-PC-HT, Ag-SOA-PC-HT(P)
(purification is done by ultracentrifugation after incubation with 20 µL 10 mM Tween 20
per mL of AgNP for 30 min followed by washing 5 mL of AgNPs with 10 mL of H 2O 6
times).

Stability and Ag+ Dissolution Studies with AgNPs
To determine if the hybrid lipid-coated AgNPs (Ag-Cit-SOA-PC-X (X = PT or HT)
were shielded from oxidation, a well-known cyanide (CN-) etch test was performed.[73]
CN- is used to oxidize metals such as Au0 and Ag0 to AuIII or AgI in the presence of O2. An
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800 µL solution of a 1:1 ratio of AgNPs with an optical density (O.D.) of 0.4 in H2O was
incubated with 20 µL of 307 mM KCN in a 5 mL scintillation for 1 h. To evaluate the
release rate of Ag+ from Ag-Cit, Ag-Cit-SOA-PC, Ag-Cit-SOA-PC-PT, Ag-Cit-SOA-PCHT, Ag-SOA-PC-HT(P) nanoparticle derivatives in the presence of fish water (FW) over
a 1-month span, AgNPs samples were diluted 1:2 in FW and kept at room temperature
during the study. From these samples, 1 mL AgNPs were retrieved and centrifuged using
a Vivaspin ultracentrifugal concentrator with a PES membrane with a molecular weight
cut-off of 3K. Samples were ultracentrifugation using a Thermo Scientific Sorvall ST 40R
at 4700 RPM for 4 min and the filtrates collected for ICP-MS analysis. The shift in the
localized surface plasmon resonance (LSPR) band or O.D. was also monitored over time
by UV-Vis spectroscopy for all samples in the presence of CN- or FW.

ICP-MS Spectroscopy
Samples of AgNPs (1:9 ratio of AgNPs and H2O) were prepared. ICP-MS analysis
of the AgNPs were conducted at the Elemental Analysis Core at Oregon Health Sciences
University (OHSU). The samples were further diluted by a dilution factor of 6.05 with 1%
HNO3 (trace metal grade, Fisher) into 15 mL acid-rinsed centrifuge tubes (10 µL of sample
was added to 1000 µL 1% HNO3). The obtained data were quantified using a 10-point (0,
0.5, 1, 2, 5, 10, 20, 50, 100, 500 ng/g, ppb) calibration curve using a multi-element standard
(VHG-SM70B-100) for Fe, Cu, Zn, and Ag. Samples were run in triplicate studies and data
were averaged. A coefficient of variance (CoV) was determined from frequent
measurements of a sample containing ~10 ppb of the multi-element standard (VHGSM70B-100). An internal standard (Sc, Ge, Bi) was continuously introduced with the
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sample was used to correct for detector fluctuations and to monitor plasma stability.
Elemental recovery was evaluated by measuring a NIST reference material (water, SRM
1643f) and found to be >90 % for all determined elements.

Transmission Electron Microscopy (TEM) and UV-Vis Spectroscopy
Samples were prepared by drop casting dilute solutions of nanoparticles onto
carbon-coated (300 Å) Formvar films on copper grids (Ted Pella). Samples were allowed
to sit for 5 min before excess sample is wicked off by with a piece of filter paper and the
process was repeated 3 times. Transmission electron micrographs were acquired on a
Tecnai F-20 FEI microscope using a CCD detector at an acceleration voltage of 200 kV.
Nanoparticle size and interparticle spacing were performed using ImageJ Software.
Absorbance measurements were performed with an Ocean Optics USB2000 UV-visible
spectrophotometer using a 1.0 cm path length quartz cell.

Characterization of AgNPs in Exposure Media
All zebrafish experiments were carried out in fish water (FW), so the interlaboratory characterization of the AgNPs was done in FW as well. FW was prepared by
mixing 0.26 g/L Instant Ocean salts (Aquatic Ecosystems, Apopka, FL, USA) in deionized
water and adjusting the pH with sodium bicarbonate to 7.2 ± 0.2. Conductivity was verified
to be between 480-520 µS/cm. Each AgNP was characterized as received using a Malvern
Zetasizer Nano (Malvern Instruments Ltd, Worcestershire, UK). Hydrodynamic diameter
(HDD) and zeta potential were measured for each AgNP. HDD estimates the agglomerate
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size in the given media, and zeta potential approximates the AgNPs surface charge relative
to the media.

Toxicity Testing
Adult zebrafish (Danio rerio) were maintained at Oregon State University’s
Sinnhuber Aquatic Research Laboratory (SARL) in a water flow-through system under
standard laboratory conditions: constant temperature of 28 ⁰C under a 14:10 hour lightdark cycle [74]. Embryos were collected and staged from group spawns of wild-type
tropical 5D zebrafish. Staging is important to ensure that all embryos are at the same
developmental stage at the start of each experiment [75]. Embryos were enzymatically
dechorionated at 6 hours post fertilization (hpf) using pronase (Sigma Aldrich, St. Louis,
MO, USA) following the procedure of Usenko et. al. [76] Removal of the chorion is critical
as the chorion has been shown to protect the embryo from exposure, serving as a physical
barrier and sink for nanomaterials and other chemicals [77, 78]. At 8 hpf, the dechorionated
embryos were individually exposed to 200 μL of AgNP suspensions varying from 0.03125
mg Ag/L to 4 mg Ag/L in FW in clear, flat bottom 96-well plates (n = 24 per concentration).
All exposure concentrations of AgNPs were normalized based on mass of silver, allowing
for the isolation of shape and surface coating as the variables of interest. Zebrafish exposure
solutions of AgNPs were made by diluting the stock solutions of AgNPs in FW and then
briefly vortexing. Plates were then incubated at 26.9 ⁰C under a 14:10 hour light-dark
cycle.
At 24 hpf, embryos were observed, using a dissecting microscope, for mortality,
developmental progression, notochord malformations, and presence of spontaneous
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movement. Spontaneous movement is a behavioral end point described by Kimmel et. al.
as “rhythmic bouts of swimming” [75]. At 120 hpf, embryos were again observed for
mortality along with a suite of other physiological, behavioral, and morphological
endpoints. The endpoints assessed at 120 hpf include: malformations of the body axis,
brain, eye, caudal fin, pectoral fin, jaw, otic, altered pigmentation, snout, swim bladder,
and somites; edema of the yolk sack and pericardium; alterations to circulation; and
changes in behavioral response to touch. In this study, the most commonly observed sublethal malformations were pericardial edema (PE), yolk sack edema (YSE), and
malformations of the jaw (Jaw).
All experiments were performed in compliance with national care and use
guidelines and approved by the Institutional Animal Care and Use Committee (IACUC) at
Oregon State University.

Statistical Analyses
Statistical analyses were performed using Sigma Plot 13.0 (Systat Software, San
Jose, CA, USA). Fisher’s exact test was used to compare specific developmental endpoints
between treatment and controls in the embryonic zebrafish assay. Analysis of variance
(ANOVA) was used to evaluate differences among treatment groups across equivalent
concentrations. Differences were considered statistically significant at p ≤ 0.05 for all
analyses.
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2.3

Results and Discussion

Preparation of Citrate-capped AgNPs and Hybrid Lipid AgNPs Derivatives
Here a suite of spherical and triangular AgNPs with a variety of coatings were
prepared to evaluate their stability, ability to undergo surface oxidation, and toxicity.
AgNPs were prepared using an established procedure with citrate capping agents or hybrid
lipid membrane compositions that comprised of either SOA-PC or SOA-PC-X and X (PT
or HT).[72] The hybrid lipid, membrane coated AgNPs are similar to that previously
reported of gold,[79-81],[82] gold-silica core shell,[83] and silica[84] where long chained
hydrophobic thiols are used to anchor membranes to solid supports. It is expected that
AgNPs with citrate and SOA-PC will be unshieled and susceptible to surface oxidation
where Agº is oxidized to Ag+, while the hybrid lipid membranes with a thiol anchor will
be robust and shield the surface from oxidation as seen previously.[72] For yellow AgNPs,
a sharp and narrow localized surface plasmon resonance (LSPR) band is observed at max
402 nm.
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Figure 1. A) Representative UV-vis spectra of A) spherical AgNPs and B) Triangular with Ag-Cit, Ag-CitSOA-PC, Ag-Cit-SOA-PC-PT, Ag-Cit-SOA-PC-HT, Ag-SOA-PC-HT(P). Representative TEM micrographs
of C) spherical Ag-Cit (scale bar 10 nm) and D) triangular Ag-Cit (scale bar 20 nm).

Surface Oxidation Studies of Shielded and Unshielded AgNPs
The hybrid lipid-coated AgNPs with a thiol anchor are expected to be completely
shielded from surface oxidation similar to hybrid lipid-coated AuNPs that have unique
stability in the presence of strong etchants such as cyanide (CN-).[79-81],[82]
Consequently, in this study, the propensity to undergo surface oxidation of the hybrid lipidcoated AgNPs in the presence of CN- was tested. These studies are important to
demonstrate that the hybrid lipid membrane with a thiol anchor is completely covering the
AgNP and preventing surface oxidation, allowing us to rule out the presence of Ag+ as a
factor in toxicity studies. Briefly, CN- was added to a sample of spherical or triangular Ag-
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SOA-PC-HT-P in H2O and the UV-Vis spectra recorded before and after incubation with
CN- for 1 h. No significant decrease in O.D. or shift in the LSPR band was observed within
1 h, 24 h, and for weeks in the presence of CN- indicating that the AgNPs are completely
covered in a tight packing arrangement protecting the surface from etching or oxidation.
Furthermore, this is consistent with previous studies of hybrid lipid-coated AuNPs and
AgNPs.[79-81],[72, 82] Note: addition of CN- to citrate capped AgNPs degraded within
minutes of addition. CN- etch studies were performed with each batch of hybrid lipidcoated AgNPs prepared and before any toxicity or other stability studies.

Figure 2. Representative UV-Vis spectra of Spherical and Triangular Ag-SOA-PC-HT-P a) before and after
the addition 20 µL of 307 mM KCN.

Stability Studies of Shielded and Unshielded AgNPs in FW
To evaluate the long-term stability the various AgNP platforms were exposed to
the same conditions used for evaluating their toxicity in fish water (FW) over a 1-month
period. Briefly, 1 mL samples of the spherical and triangular AgNPs in FW (1:1 ratio of
AgNP to FW) were retrieved and UV-Vis spectra were collected at each time point (1 h, 1
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day, and weeks 1, 2, 3, and 4). The UV-Vis spectra of the spherical AgNPs (Ag-Cit, AgCit-SOA-PC, Ag-Cit-SOA-PC-PT, Ag-Cit-SOA-PC-HT, and Ag-SOA-PC-HT(P) showed
significant changes in the O.D. over time for all AgNP types except for the shielded AgCit-SOA-PC-HT, and Ag-SOA-PC-HT(P) that was also stable in the presence of CN(Figure 3). The Ag-Cit AgNPs were the least stable and showed the greatest changes
within the first 24 h with a 50% reduction in O.D. and color. Within 1 week these AgNPs
underwent went rapid dissolution of AgNP to Ag+ and was colorless (Figure 3, A). The
UV-Vis spectra of the Ag-Cit-SOA-PC and Ag-Cit-SOA-PC-PT showed a much slower
decrease in the O.D. over the month and indicates the SOA-PC and the SOA-PC-PT
coating offers some protection of surface oxidation over time (Figure 3, B and C). In
addition to partial surface oxidation the decrease in O.D. observed Ag-Cit-SOA-PC also
undergoes aggregation over time as evident by the aggregation and sedimentation visually
observed (Figure S1). The most protection was offered with unpurified and purified hybrid
lipid-coated AgNPs with a long-chained thiol anchor, where no change in O.D. (Figure 3,
D and E) or color was observed over 1 month (Figure S1). The spherical AgNPs can be
ranked in the order of increasing stability where Ag-Cit < Ag-Cit-SOA-PC  Ag-Cit-SOAPC-PT < Ag-Cit-SOA-PC-HT = Ag-SOA-PC-HT(P).
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Figure 3. Representative UV-vis spectra of spherical Ag-Cit, b) Ag-Cit-SOA-PC, c) Ag-Cit-SOA-PC-PT, d)
Ag-Cit-SOA-PC-HT, e) Ag-Cit-SOA-PC-HT(P) in the presence of FW (1:1 ratio of AgNP to FW) at pH 7.4
from initial (1 h), 1 day, and weeks 1, 2, 3, and 4.
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Interestingly, more significant changes were observed with the triangular AgNPs
derivatives. Addition of FW to the Ag-Cit led to rapid conversion of triangular to sphericalshaped AgNPs as indicated by a change in color from blue to green as well as the
appearance of intense and sharp LSPR band at 395 nm (Figure 4, A). Similarly, the AgCit-SOA-PC nanoparticles showed a rise of an LSPR band at 460 nm indicating it
underwent a partial conversion of triangular Ag-Cit-SOA-PC to spheres and remains stable
over a month (Figure 4, B). The UV-Vis spectra show that Ag-Cit-SOA-PC-PT showed a
significant decrease in the O.D. after 1 week (Figure 4, C) and, upon visual inspection,
aggregation was observed (Figure S1). A similar decrease in O.D. was observed for
unpurified Ag-Cit-SOA-PC-HT (Figure 4, D) which showed evidence of precipitation in
FW (Figure S1). Not surprising, there was no change in the O.D. of the purified Ag-SOAPC-HT set of nanoparticles that were found to be extremely stable in FW with no
aggregation. It is surprising that the unpurified hybrid lipid-coated Ag-Cit-SOA-PC-HT
nanoparticles aggregated (Figure S1) and this is most likely the result of nanoparticlenanoparticle interactions from the presence of citrate and excess lipids. The triangular
AgNPs can be ranked in the order of increasing stability where Ag-Cit < Ag-Cit-SOA-PC
 Ag-Cit-SOA-PC-PT < Ag-Cit-SOA-PC-HT < Ag-SOA-PC-HT(P).
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Figure 4. Representative UV-vis spectra of spherical Ag-Cit, b) Ag-Cit-SOA-PC, c) Ag-Cit-SOA-PC-PT, d) AgCit-SOA-PC-HT, e) Ag-Cit-SOA-PC-HT(P) in the presence of FW (1:1 ratio of AgNP to FW) at pH 7.4 from initial
(1 h), 1 day, and weeks 1, 2, 3, and 4.
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ICP-MS Quantifying Ag+ release from AgNPs
To further elucidate the cause of the changes observed in the O.D. and max of the
LSPR band of the spherical and triangular AgNPs in the presence of FW by UV-Vis, ICPMS studies were performed. More specifically, ICP-MS was used to monitor Ag+ ion
release from the AgNPs over time in FW. Briefly, 1 mL samples of the spherical and
triangular AgNPs in FW (1:1 ratio of AgNP to FW) were retrieved and centrifuged with a
Vivaspin centrifugation tube with a MWCO of 3k to separate the AgNPs form Ag+ in the
filtrate. Filtrate were collected at 1 h, 1 day, and weeks 1, 2, 3, and 4 for ICP-MS analysis.
The ICP-MS analysis of filtrate of spherical AgNPs showed increased concentrations of
Ag+ ions for the Ag-Cit and Ag-Cit-SOA-PC nanoparticles with the greatest concentrations
released within 24 h followed by a decrease over time. In contrast, the level of Ag+ was
below the detection limit for Ag-Cit-SOA-PC-PT, Ag-Cit-SOA-PC-HT and Ag-SOA-PCHT(P) (Figure 5, A). This indicates that minimal Ag ion was released from the hybrid
lipid-coated AgNPs with the PT and HT thiol anchors that are completely shielded from
surface oxidation and confirms that the decrease in stability observed for Ag-Cit-SOA-PCPT was due to AgNP aggregation (Figure 3, C). Similarly, the highest level of Ag+ ion
concentration was observed for the triangular-shaped Ag-Cit and Ag-Cit-SOA-PC within
1 h followed by a decrease over time (Figure 5, B). No detection Ag+ levels were observed
for the Ag-Cit-SOA-PC-PT, Ag-Cit-SOA-PC-HT and Ag-SOA-PC-HT(P) (Figure 5, B).

26

Figure 5. ICP-MS analysis of spherical and triangular AgNPs: Ag-Cit (blue) Ag-Cit-SOA-PC (orange), AgCit-SOA-PC-PT (grey), Ag-Cit-SOA-PC-HT (yellow), and Ag-Cit-SOA-PC-HT(P) (dark blue) in the
presence of FW after 1 h (1), 1 day (2), week 1 (3), week 2 (4), week 3 (5), and week 4 (6).

TEM Characterization of Purified Hybrid-Lipid AgNPs
The purified spherical and triangular hybrid-lipid AgNPs (Figure 6, A and B)
showed minimal changes throughout the surface oxidation study. As shown by the images
of particles after 4 weeks (Figure 6, A(iii) and B(iii)), the sizes of these Ag-SOA-PCHT(P) for both shapes remained similar compared to the sizes of the stock solution (Figure
1, C and D). The diameter of the spherical AgNPs at week 4 were 9.69 ± 2.08 nm compared
to the spherical stock at 9.30 ± 3.58 nm. The triangular AgNPs had an edge length of 35.06
± 4.11 nm whereas the stock solution were 34.50 ± 8.30 nm. There were no significant
observations seen in both spherical and triangular AgNPs indicating the particle surfaces
were robust in the presence of FW.
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Figure 6. Representative TEM images of the A) Sph-Ag-SOA-PC-HT(P) and B) Tri-Ag-SOA-PC-HT(P) at
after 1 hour (i), 1 week (ii), and 4 weeks (iii).

Toxicity Testing
Embryonic zebrafish were exposed to each of the ten AgNPs at concentrations
ranging from 0.03125 mg Ag/L and 4 mg Ag/L for 120 hours, and were observed at 24
hours and 120 hours for the suite of end points previously described. Mortality at 120 hpf
decreased as the thiol chain length of the AgNP surface coating increased (Figure 7). The
Sph-Cit and Sph-Cit-SOA-PC AgNPs elicited the highest mortality, with significant
toxicity observed at 0.5 mg Ag/L and 100% toxicity at 4 mg Ag/L. The lowest mortality
was observed both the Sph-Cit-SOA-PC-HT and Tri-Cit-SOA-PC-HT AgNPs, showing no
significant mortality across any of the concentrations tested. When AgNPs with the most
robust surface coating were purified, removing the citrate, a slight increase in toxicity was
observed; both the Sph-SOA-PC-HT and the Tri-SOA-PC-HT showed significant
mortality at the highest concentration of 4 mg Ag/L. Toxicity data not only shows a
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decrease in toxicity associated with an increased complexity of surface coating, but also a
decrease in toxicity of the triangular plate AgNPs (Figure 7, B) compared to the spherical
AgNPs with the same surface coating (Figure 7, A).

Figure 7. (A) Concentration-response curves of zebrafish mortality at 120 hpf exposed to spherical AgNPs.
(B) Concentration-response curves of zebrafish mortality at 120hpf exposed to triangular plate AgNPs. This
data represents three experimental replicates of n = 8 for a total of n = 24 for each exposure condition. *
indicates significant difference from control (p-value < 0.05).

Aside from increased mortality, the spherical AgNPs also generally caused
increases in sublethal malformations of the zebrafish (Table 1). Specifically, significant
occurrences of pericardial edema, yolk sack edema, and jaw malformations were observed.
Pericardial edema (Figure 8, B and C) is swelling of the heart and cardiac area, where as
yolk sack edema (Figure 8, B and C) is swelling of the yolk sack and surrounding area.
Both are likely caused by ionic changes in the media during the embryo’s development.
More interestingly, a small, but significant, number of jaw malformations occurred in both
the Shp-Cit and the Sph-Cit-SOA-PC. Jaw malformations (Figure 8, C) are a much less
common developmental malformation and are most likely due to the AgNP causing and
adverse effect during the developmental window of formation of the jaw.
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Table 1. Sublethal effects of AgNP suit observed at 120 hpf indicates significant occurrence of jaw malformations (Jaw), pericardial edema (PE), and
yolk sack edema (YSE). Lowest observable effect level was determined to be the concentration where a significant number of fish were affected by the
given malformation, as calculated by a Fisher’s Exact Test (p < 0.05). This data represents three experimental replicates of n = 8 for a total of n = 24 for
each exposure condition.
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Figure 8. (A) Control zebrafish at 120 hpf. (B) Zebrafish exposed to 0.5 mg Ag/L Sph-Cit expressing
pericardial edema and yolk sack edema. (C) Zebrafish exposed to 1 mg Ag/L Tri-Cit-SOA-PC expressing a
jaw malformation (Jaw), pericardial edema (PE), and yolk sack edema (YSE).

The AgNPs with increased complexity of their surface coatings showed decreased
toxicity, supporting out hypothesis. This is believed to be due to their increased protection
from surface oxidation and dissolution, as demonstrated in the FW dissolution studies.
Sublethal malformations seen are consistent with the literature showing the tendency of
silver nanoparticles to accumulate in various tissues (gills, intestines, and muscles) within
the zebrafish resulting in sublethal toxicity [50]. Amongst these malformations, edema of
the pericardium and yolk sack are common [19, 85] and likely due to the ionic changes
created by the dissolution of the silver ions [86]. Jaw malformations are a more rare
morphological malformation, but have been seen in previous AgNP studies [19, 87]. The
jaw and head of the zebrafish are particularly vulnerable to NP effects as they are primarily
cartilage allowing for smaller NPs to have more pronounced effects on their development
[88]. When comparing the relative toxicity of these malformations, Harper et al. proposed
an embryonic zebrafish metric (EZ Metric) to use to compare the both the mortality and
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morbidity observed in embryonic zebrafish development [61]. This metric assigned various
weights to each malformation based on the impact of the given sublethal malformation.
Under this metric mortality at 24 hps is weighted at a 1.0, mortality at 120 hpf is weighted
at a 0.95, pericardial edema is weighted as a 0.12, yolk sack edema is weighted as a 0.1,
and malformations to the jaw are weighted as a 0.04 [61]. Using this combined measure of
mortality and morbidity to compare the toxicity of the AgNPs, we can see two distinct
trends arise: 1) general decrease in toxicity in both the spherical AgNPs and triangular plate
AgNPs as the complexity in surface coating increases, with a subtle increase when the
hexane thiol surface coating was purified; 2) distinctly lower toxicity of the triangular plate
AgNPs when compared with the spherical AgNPs with the same surface coating, again
with the exception of the purified hexane thiol AgNPs.
The combined mortality and morbidity analysis along with the dissolution data
confirms what has been shown in previous studies on AgNPs; Ag+ dissolution is one of
the driving toxic mechanisms. The pattern of decreasing toxicity with increasing
complexity of the hydrophobic thiol surface coating was observed across both the
spherical and triangular plate geometries, indicating that it is the difference in surface
coating that is altering the toxicity across the suite of AgNPs.
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2.4

Conclusions
The ability to control for Ag+ dissolution could not only provide valuable insight

into the various physiochemical properties that play a role in AgNP toxicity but could also
greatly enhance the various uses of AgNPs. AgNPs with complex long-chain hydrophobic
thiol surface coatings not only showed a decreased rate of Ag+ dissolution over their less
shielded counterparts, they also displayed lower toxicity. This slower release of Ag+ and
decreased toxicity could be useful in not only improving the shelf-life of commercial AgNP
antimicrobials but could also be tuned and utilized as a timed released antimicrobial in
various medical applications such as stents and other implanted devices, to prolong their
effective life span. Future studies could use this platform to assess the other physiochemical
properties that may play a role in AgNP toxicity such as, size and various other primary
particle geometries. Toxicity in other species should also be assessed.
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3.1

Abstract
Humans are intentionally exposed to gold nanoparticles (AuNPs) through a variety

of biomedical applications such as pharmaceuticals and aid in the treatment of various
types of cancer. Due to their growing use in cancer therapies, it is critical that we gain a
better understanding of the physiochemical properties, such as size, shape, and surface
chemistry, that drive AuNP toxicity. Understanding and being able to manipulate these
physiochemical properties will allow for the production of safer and more efficacious
AuNP biomedical applications. Here AuNPs of three sizes, 5 nm, 10 nm, and 20 nm, were
coated with a lipid-bilayer composed of sodium oleate, hydrogenated phosphatidylcholine,
and hexanethiol. Sum frequency generation (SFG) was utilized to assess the interactions
of the AuNPs with a biomimetic lipid monolayer composed of a deuterated phospholipid
1,2-dipalmitoyl-d62-sn-glycero-3-phosphocholine (dDPPC). SFG measurements showed
that the 5 nm and 10 nm AuNPs were able to phase into the lipid monolayer with very little
energetic cost, whereas, the 20 nm AuNPs warped the membrane conforming it to the
curvature of the AuNP surface coating the hybrid lipid-coated AuNPs. Toxicity of the
AuNPs were assessed both in vitro and in vivo. In vitro toxicity was assessed in human
embryonic kidney cells (HEK 293T) and showed no changes in the cell viability after 12
hours for any of the AuNPs across any of the concentrations tested (4 μg/mL to 5 mg/L).
In vivo toxicity tested in embryonic zebrafish showed rapid toxicity of the 5 nm AuNPs,
with significant 24 hpf mortality occurring at concentrations ≥ 20 mg/L whereas the 10 nm
and 20 nm AuNPs showed no significant mortality throughout the five-day experiment.
This assessment of the size-dependent nature of AuNPs at three different levels of
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biological complexity gives much greater insight into the size-dependent interactions and
mechanisms that may be driving AuNP toxicity.
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3.2

Introduction
Nanoparticles (NPs) have many novel applications in medicine, one of which is the

development of nanoparticle-based therapeutics and imaging agents [89]. Incorporating
drugs into NP platforms that serve as drug delivery vehicles provide a variety of benefits:
improved solubility, decreased degradation or physiologic clearance rates, decreased
systemic toxicity, and improved clinical efficacy [90]. However, these benefits do not come
without their costs. The approval of the first FDA-approved nanotherapeutic, Doxil®, in
1995 brought to light the need for a better understanding of the interactions between
physicochemical, nano-technological, and biological principles [91]. Since 1995, more
than 50 other nanotherapeutics have entered clinical trials [92]. Most nanoparticle-based
delivery systems are based on liposomal or polymer formulations; however, metal-based
colloidal systems such as gold nanoparticles are also being investigated. Specifically, gold
nanoparticles (AuNPs) show great potential in cancer therapy [36]. AuNPs have been
heavily researched for use in plasmonic photothermal therapy (PPTT) [37-42], tumortargeted drug delivery [37, 43, 44], and utilized to fight multi-drug resistant cancers [4547]. Due to their growing use in cancer therapies and other biomedical applications, it is
critical that we gain a better understanding of how the physiochemical properties, such as
size, shape, and surface chemistry, drive toxicity. A better understanding of how these
physiochemical properties drive toxicity will allow for the design of safer and more
efficacious AuNP-based platforms that can be used for imaging and drug delivery.
Although the core of AuNPs is considered to be non-toxic and biologically inert
[93], many studies show that changes to the size, shape, surface charge and coating of
AuNPs can elicit different toxic responses. For example, changing the surface charge on
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AuNPs results in differential suborgan distribution [94], pharmacokinetics, excretion, and
tumor uptake in mice [95]. The coating on the surface of AuNPs provides many of benefits
such as allowing for the delivery of small molecules to specific sites in the body and plays
a major role in the biocompatibility of AuNPs for use in biomedical application. For
example, natural ligands such as glutathione and modified peptide-derivatives, when
coated onto AuNPs, were found to be biocompatible in zebrafish [96]. More recently, polyethylene-glycol (PEG)-coated AuNPs showed lower hepatotoxicity in rats when compared
to uncoated AuNPs [97]. While surface charge and coating are critical components that can
play a role in toxicity, the size and shape of the AuNPs also critically affect efficacy and
toxicity. Studies have shown that smaller gold nanospheres have increased cellular uptake,
compared to their larger AuNPs with the same surface coating [98-100]. Size-dependent
biodistribution and excretion of AuNPs was observed in mice exposed to repeated doses
of AuNPs [101]. The size-dependent nature of AuNP toxicity and biodistribution is often
attributed to their differential cellular uptake. Mironava et al. showed that 45 nm AuNPs
penetrate cells via clathrin-mediated endocytosis, while the smaller 13 nm AuNPs entered
cells via phagocytosis [102]. While these studies assess the size-dependent nature of AuNP
toxicity, they do so independent of the studies that assess size-dependent cellular uptake
making it difficult to understand the connection between the two as various properties of
the AuNPs vary from study-to-study. In order to adequately assess the size-dependent
nature of AuNP toxicity a single study must be performed, assessing the interactions of the
AuNPs at various levels of biological complexity.
Here, our objective was to evaluate the in vivo and in vitro effects of various sized
AuNPs (5 nm, 10 nm, and 20 nm core size) and establish relationships between toxicity
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and interactions of AuNPs with a biomimetic model cell membrane. AuNPs were coated
with robust and tightly-packed lipid bilayer composed of sodium oleate (SOA),
hydrogenated phosphatidylcholine (hPC), and hexanethiol (HT). We hypothesized that the
smaller, 5 nm, AuNPs would cause increased toxicity as their smaller size will allow for
their integration into cellular membranes, and thus uptake into cells at a lower energetic
cost than their larger 10 nm and 20 nm counterparts.
Membrane interactions of the AuNPs were evaluated through utilization of a
biomimetic lipid monolayer. The use of biomimetic lipid monolayers is well studied and
employed when assessing the interactions of biomolecules or NPs with a lipid monolayer
[103-112]. Structural changes in the biomimetic lipid monolayer are monitored by sum
frequency generation (SFG) vibrational spectroscopy, a second-order nonlinear optical
technique. SFG is capable of detecting the adsorption and orientation of biomolecules at
sub-micromolar concentrations [113-117]. Through the utilization of a fixed visible laser,
pulsed in a temporal and special synchronicity with a tunable infrared laser, SFG can
measure sum frequency photons. Sum frequency photons generated by nonlinear optical
frequency mixing carry a vibrational spectrum sensitive to molecular order. SFG is capable
of directly identifying interactions between nanoparticles and model cell membranes with
molecular resolution [104-112, 118-126]. Using SFG to directly probe the order of the acyl
chains of the lipid monolayer, allows for direct observation of how the AuNPs change the
packing and ordering of the lipids of the model cell membrane.
Toxicity of the AuNPs were assessed both in vitro and in vivo. Human embryonic
kidney cells (HEK 293T cells) were used when assessing in vitro toxicity and cellular
uptake of the AuNPs. Previously, HEK 293T cells have been used as a model for assessing
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efficacy of NP therapies [127]. The kidney has also been identified as a common area for
biodistribution of AuNPs [95, 101, 128]. Utilizing human embryonic kidney cells allows
for the direct assessment of the AuNPs cellular interactions and monitoring of cellular
uptake in a cell type known to be exposed to AuNPs in treatment. For the in vivo toxicity
testing, embryonic zebrafish (Danio rerio) was used as a model organism because of their
rapid development and ease of use in nanotoxicology studies [61-66]. Embryonic zebrafish
have very similar molecular signaling processes, cell structure, anatomy, and physiology
as other higher-order vertebrates, including humans [67-70]. Hence, embryonic zebrafish
allow for observation of whole organism toxicity in a model that is relevant to human
health.
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3.3

Methods and Materials

Reagents
Aqueous solutions of 5, 10, and 20 nm gold citrate-capped nanoparticles were
purchased from Ted Pella. Chloroform and L-α-phosphatidylcholine hydrogenated soy
(HPC) was purchased from Sigma Aldrich while 1,2-dipalmitoyl-d62-sn-glycero-3phosphocholine (dDPPC) was from Avanti Polar Lipids Inc, Alabaster, AL, USA). 95%
1-hexanethiol (HT) and sodium oleate was from TCI America. Tween-20 was purchased
from Sigma Aldrich. Sodium phosphate monobasic monohydrate, sodium phosphate
dibasic heptahydrate, sodium chloride, and hydrochloric acid were from BDH Chemicals.
Sodium bicarbonate was from J.T. Baker. Nanopure water was from a Mili-Q ultra-pure
system. Potassium cyanide (KCN) was from Mallinckrodt. All reagents were used as
received.

Physical Measurements
UV-Vis spectra were recorded in water using a USB4000 UV−visible-NIR
spectrophotometer (Ocean Optics, Dunedin, FL, USA) with a 1.0 cm path length quartz
cell.

Preparation of hybrid lipid-coated spherical AuNP (Diameter = 5, 10, or 20 nm)
SOA (9.1 µL for 5 nm, 2.2 µL for 10 nm, and 0.514 µL for 20 nm AuNPs of a 9.3
mM solution in H2O) was added to 1 mL of AuNPs (0.8 O.D. for 5 nm, 0.8 O.D. for 10
nm, and 1.08 O.D. for 20 nm in H2O) and stirred for 20 min. This was followed by the
addition of HPC liposomes (87 µL for 5 nm, 20 µL for 10 nm, and 8.7 µL for 20 nm of a
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0.54 mM solution in sodium phosphate buffer pH 8) and incubation for 40 min. The HPC
liposomes were prepared using a well-established method where a solution of HPC (50 µL
of a 21.6 mM solution in CHCl3) was evaporated under a stream of N2 as a thin film and
placed under vacuum of 12 h to remove trace organic solvents prior to re-suspension in 2
mL of 10 mM phosphate buffer at pH 8.0 for a final concentration of 0.54 mM. The solution
was shaken vigorously to re-suspend the lipids and sonicated for 90 min until the cloudy
solution was transparent. Finally, HT (4.2 µL = 5 nm, 1 µL = 10 nm, and 0.65 µL = 20 nm
of a 10 mM solution in ethanol) was then added to the AuNP-SOA-HPC solution and
stirred for an additional 30 min. Before purification by ultracentrifugation, each 1 mL
solution of Au-SOA-HPC-HT was stirred with Tween-20 (47.2 µL for 5 nm, 10.1 µL for
10 nm, and 4.3 µL for 20 nm of a 10 mM solution in H2O) for 30 min to break up liposomefree nanoparticles for removal. Purification of Au-SOA-HPC-HT was performed by
ultracentrifugation with a Thermo Scientific Sorvall ST 40R at 4700 rpm using GE
Healthcare ultracentrifugal concentrators with a PES membrane (Vivaspin 20, MWCO =
10 kDa) in a 10 mM sodium phosphate buffer at pH 8.0 (4 min x 10 rounds).

Stability and Cyanide Etch Studies
For NaCl studies, 1 mL solutions of Au-SOA-HPC-HT (X = 5, 10, or 20 nm) with
an O.D. of 0.8 (or concentrations of 4.7 x 1013 nps/ml = 5 nm, 4.7 x 1012 nps/ml = 10 nm,
and 4.7 x 1011 nps/ml = 20 nm) were exposed to 5 M NaCl (aq) to yield final concentrations
of 50 mM, 150 mM, and 200 mM NaCl. For the pH study, the pH was adjusted to 2 or 5
by the addition of 2 M HCl (aq). For FW studies, a solution of FW at pH 7.4 was prepared
by adding 0.26 grams aquarium salt and 0.01 grams sodium bicarbonate to 1 L DI water.
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A 1 mL aliquot of the FW solution was combined with 1 mL of Au-SOA-HPC-HT (5, 10,
or 20 nm at O.D. 0.8) for a final concentration of (2.3 x 1013 nps/ml = 5 nm, 2.3 x 1012
nps/ml = 10 nm, and 2.3 x 1011 nps/ml = 20 nm). To measure the robustness of the AuSOA-HPC-HT, 20 µL of 307 mM of KCN was added to the nanoparticles for a final
concentration of 6.14 mM KCN. All samples were incubated with the KCN for 1 hour
before the UV-Vis spectra was taken and the percent change in the λmax as well as O.D.
was recorded to assess nanoparticle stability.

Toxicity Studies
In vitro Cellular Membrane Permeability
Cell lines were obtained from ATCC (Manassas, VA, USA) and maintained
according to manufacturer’s instructions. The HEK 293T cells, cell line H69AR (ATCC)
were cultured in DMEM medium (Corning, Manassas, VA, USA) containing 10% FBS
(VWR Life Science, Radnor, PA, USA), 100 U/mL penicillin, and 100 mg/mL
streptomycin (Corning). All cell lines were maintained at 5% CO2 and 37°C. Cells assessed
for viability were exposed 500 μL of Au-SOA-HPC-HT varying from 4 μg/mL to 5 mg/L
in DMEM medium in clear flat-bottom 24-well plates. Plates were then maintained at 5%
CO2 and 37°C for 12 h. Cells were then rinsed with PBS (137 mM NaCl, 2.7 mM KCl, 8
mM Na2HPO4, and 2 mM KH2PO4), stained with eBioscience™ Fixable Viability Dye
eFluor™ 506 (Thermo Fisher Scientific, Waltham, MA, USA) and analyzed using flow
cytometry according to the manufacturer’s instructions.
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In vivo Embryonic Zebrafish Toxicity
Adult zebrafish (Danio rerio) were maintained at Oregon State University’s
Sinnhuber Aquatic Research Laboratory (SARL) in a water flow-through system under
standard laboratory conditions: constant temperature of 28 ⁰C under a 14:10 hour lightdark cycle [74]. Embryos were collected and staged from group spawns of wild-type
tropical 5D zebrafish. Staging is important to ensure that all embryos are at the same
developmental stage at the start of each experiment [75]. Embryos were enzymatically
dechorionated at 6 hours post fertilization (hpf) using pronase (Sigma Aldrich, St. Louis,
MO, USA) following the procedure of Usenko et. al. [76] Removal of the chorion is critical
as the chorion has been shown to protect the embryo from exposure, serving as a physical
barrier and sink for nanomaterials and other chemicals [77, 78]. At 8 hpf, the dechorionated
embryos were individually exposed to 200 μL of AuNP suspensions varying from 2.5 mg/L
to 50 mg/L in fish water in clear flat bottom 96-well plates (n = 24 per concentration).
Plates were incubated at 26.9 ⁰C under a 14:10 hour light-dark cycle. At 24 hpf, embryos
were evaluated for mortality, developmental progression, notochord malformations, and
presence of spontaneous movement. Spontaneous movement a behavioral end point
described by Kimmel et al as “rhythmic bouts of swimming” [75]. All three 24 hpf end
points occurred in a significant number of fish exposed to the AuNPs in this study. At 120
hpf, embryos were evaluated for a second time for mortality along with a suit of other
physiological, behavioral, and morphological endpoints. In this study, there were no
significant sublethal malformations observed at120 hpf. All experiments were performed
in compliance with national care and use guidelines and approved by the Institutional
Animal Care and Use Committee (IACUC) at Oregon State University.
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Scanning Electron Microscopy Imaging of Cells
Cells preserved for imaging were exposed to 1 mL of Au-SOA-HPC-HT at 5 μg/L
in DMEM medium in clear flat-bottom 12-well plates maintained at 5% CO2 and 37°C for
12 h, rinsed in PBS, preserved in fixative (2.5% glutaraldehyde, 1% paraformaldehyde in
0.1 M Sodium cacodylate buffer), and stored at 4°C for 72 h. This was followed by rinsing
with 0.1 M sodium cacodylate buffer and post fixing with 1.5% potassium ferrocyanide
and 2% osmium tetroxide in H2O. Cells were then T-O-T-O stained followed by uranyl
acetate and lead aspartate. Cells were then dehydrated in a graded series of acetone (10%,
30, 50, 70, 90, 95, 100-100%) for 10-15 min each. Samples are embedded with araldite
resin, ultrathin sectioned on an RMC Ultra Microtome and placed on formvar copper grids.
Images were taken with a FEI Helios Nanolab 650 Scanning Electron Microscope (FEI,
Hillsboro, OR, USA) in STEM mode.

Lipid Monolayer Formation
A lipid monolayer comprised of deuterated phospholipid dPPC were formed at the
air/water interface in a polytetrafluoroethylene (PTFE) trough containing approximately
10 mL of MQ H2O. The monolayer consisted of a deuterated phospholipid 1,2-dipalmitoyld62-sn-glycero-3-phosphocholine (dDPPC) (Avanti Polar Lipids Inc, Alabaster,AL,
USA). The lipids were dissolved in CHCl3 at a concentration of 0.125 mg/mL and added
dropwise to the surface of the H2O layer using a Hamilton micro syringe in 5 µL
increments. The dDPPC lipid contains acyl chains were isotopically labeled to distinguish
the vibrational modes from the lipid monolayer and NPs. After letting the

CHCl 3
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evaporate, approximately 15 min, spectra were collected to ensure the desired packing of
lipids at the air/water interface. This was followed by the injection of Au-SOA-HPC-HT
beneath the air/water interface for a final concentration of 20 mg/L. Following Au-SOAHPC-HT injection, [106] the nanoparticles were allowed to equilibrate for four hours with
the lipids to ensure homogeneity in the trough.

SFG Vibrational Spectroscopy
For the SFG setup an EKSPLA Nd:YAG laser, operating at 50 Hz, was used to
generate both a fixed visible (532 nm-1) and tunable IR beam (1000-4000 cm-1). The visible
(265 µJ/pulse) and IR (60µJ/pulse CD region and 80µJ/pulse CH region) beams were
focused to approximately a 1mm diameter spot at the interface. The visible and IR beams
overlapped in space and time to produce SFG photons. Spectra were collected in 2 cm-1
steps with 200 acquisitions per step. Three consecutive spectra were collected and summed
before and after the NPs interacted with the lipid monolayer. SFG spectra were collected
in the ssp polarization combination (s-polarized SFG, s-polarized visible, p-polarized IR)
in the C-D vibrational region (1900-2250 cm-1) and the C-H vibrational region (2800-3000
cm-1). The SFG spectra were normalized by dividing the collected signal at each
wavelength by the visible and infrared beam intensities. The SFG spectra were fit with
Equation 1 [106, 129, 130].
Aq

(2)

𝜒 (2) (ω) = χ𝑁𝑅 + ∑q ω−ω

q +iΓq

(1)

Where 𝐴𝑞 , Γ𝑞 and 𝜔𝑞 are the amplitude, full width half max and frequency of the qth
(2)

vibrational mode, respectively. 𝜒 (2) and χ𝑁𝑅 are the second order nonlinear susceptibility
tensor and the nonresonant background, respectively.
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Statistical Analyses
Statistical analyses were performed using Sigma Plot 13.0 (Systat Software, San
Jose, CA, USA). Fisher’s exact test was used to compare specific developmental
endpoints between treatment and controls in the embryonic zebrafish assay. Analysis of
variance (ANOVA) was used to evaluate differences among treatment groups across
equivalent concentrations. Differences were considered statistically significant at p ≤ 0.05
for all analyses.
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3.4

Results

AuNP Stability Studies
To determine how stable the hybrid lipid-coated AuNPs are under physiological
conditions, in varying pH and in fish water, stability studies were performed with the 5 nm,
10 nm, and 20 nm Au-SOA-HPC-HT. The 1 mL samples of Au-SOA-HPC-HT with an
O.D. of 0.8 for 5, 10, and 20 nm were exposed to 50 mM, 150 mM, and 200 mM of NaCl
(aq) and the shift in the localized surface plasmon resonance band (LSPR) band and change
in O.D. was monitored at 1 and 24 h. A minimal change in O.D. was observed with the 5
nm Au-SOA-HPC-HT upon exposure to the 50-200 mM NaCl concentrations. The 10 nm
Au-SOA-HPC-HT exhibited a 14 % decrease in O.D. at 1 h (Figure 9, A) and declined
further (24 %) after 24 h (Figure S1) upon incubation with 200 mM NaCl. A significant
decrease of the O.D. was observed for the 20 nm Au-SOA-HPC-HT in the presence of 50
mM – 200 mM NaCl within 1 h (Figure 9, A) and remained that way over 24 h (Figure
S1).
To investigate the stability of the Au-SOA-HPC-HT in the FW media in which the
embryonic zebrafish are grown, stability studies were done with Au-SOA-HPC-HT mixed
in a 1:1 ratio with fish water. All hybrid lipid-coated HPC nanoparticles were generally
stable in the fish water with a decrease in the O.D. of 5.56 % or less (Figure 9, B). The 5
nm hybrid AuNPs showed no significant change in O.D. at 1 hour and minimal change at
24 h (1.26 %). The 10 nm Au-SOA-HPC-HT was observed with a decreased O.D. of
3.74 % at 1 h and then 1.83 % at 24 h. The 20 nm Au-SOA-HPC-HT had the largest
decrease in O.D. out of the three at both 1 h (5.05 %) and 24 h (5.56 %).
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Figure 9. Percent change in O.D. of hybrid lipid capped Au-SOA-HPC-HT in 10 mM sodium phosphate buffer pH
8.0 after (A) 1 h exposure to 50 mM, 150 mM, or 200 mM NaCl (aq) and (B) after a 1:1 mixture with a fish water
solution. Data mean ± SE reported for n = 3.

The stability of the AuNPs under varying pH conditions was examined by adjusting
the acidity of the hybrid nanoparticle solutions with 2 M HCl (aq) and monitoring the
change in O.D. All hybrid lipid-coated HPC nanoparticles were stable at pH 8.0. Reducing
the pH to 5 did not have a significant effect on the stability of the 5 nm hybrid nanoparticles.
However, after 1 h, at pH 5 the 10 nm and 20 nm HPC-AuNPs aggregated and lost stability
as evidenced by the significant decrease in O.D. (Figure 10). At pH 2 the 5 nm
nanoparticles showed relative stability with a decrease in O.D. of 6 %, while the 10 nm and
20 nm HPC-AuNPs continued to lose stability with a decreased O.D. of 40 % and 88 %
respectively.
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Figure 10. Percent change in O.D. of hybrid lipid-capped HPC-AuNPs at 1 h after adjustment of
pH to 2 and 5 with 2 M HCl (aq). Data mean ± SE reported for n = 3.
Lipid Monolayer Interactions
To assess interactions between the lipid monolayer and Au-SOA-HPC-HT, SFG
was used to detect vibrational modes at the air/water interface. SFG spectra were taken
before and after the Au-SOA-HPC-HT were able to interact with the lipid monolayer.
These spectra show five different vibrational modes for the deuterated lipids in the C-D
region [106, 131, 132]. The modes are assigned in (S.T1) for each of the stretches. In the
case of 5 nm and 10 nm AuNPs a similar change in spectra is observed with a reduction
in the CD2 peak after the injection of AuNPs (
Figure 11, A and B). With a well-ordered monolayer the acyl chains of the lipid
will be in an all-trans conformation resulting in an environment that is forbidden. This is
confirmed by the intensity of the CD2 peaks in the SFG spectra shown in
Figure 11. Consequently, with a less ordered monolayer, the intensity of the CD2
peak will rise because the acyl chains are no longer oriented in a centrosymmetric
environment.
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Figure 11. SFG spectra in the CD region of (A) tightly packed monolayer and (B) loosely
packed monolayer before and after the injection of NPs. The black squares show the lipid
monolayer before NPs were injected. The blue circles show the lipid monolayer and NP
interaction after four hours.

The 20 nm AuNPs exhibit two different responses depending on the degree of
packing of the lipid monolayer. For the loosely packed monolayer, there is a lack of signal
after NP injection shown in (Figure 12, A and B) where it is difficult to see any CD2 or
CD3 signal. A different response to the NP injection was observed for a tightly packed
monolayer (Figure 12, C and D). In this situation there were still discernable CD3 and CD2
peaks.
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Figure 12. SFG spectra in the CD region of (A) and (B) a loosely packed monolayer and
(C) and (D) a more tightly packed monolayer.
The SFG spectra showed the CH region for the lipids where two distinct modes
were visible near 2915 and 2965 cm-1 assigned to the asymmetric stretches of the methyl
and methylene groups of the lipids and other ligands on the AuNP surface [131-135]. For
each of the three AuNPs, only the asymmetric methyl and methylene stretches were
prominent in the spectra (Figure 14). Symmetric stretches were observed with comparably
low signal for the lipid monolayer and AuNPs (Figure 14). With only asymmetric stretches
being noticeable, it is likely that the headgroup of the lipids, the source of the CH signal
for dDPPC, lie closer to the surface than the surface normal. This is because of the stretches
that can be observed in the ssp polarization combination. If the plane of symmetry for the
methyl group lies parallel to the surface only the asymmetric stretches will be observed.
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This observation along with the CD data indicate that the deuterated tail group of the lipid
lies along the surface normal. While the headgroup adopts a more variable conformation
because it is not as constrained by the other head groups as opposed to the tails of the lipids
being forced into an all-trans conformation with increasing lipid concentrations.

Figure 13. SFG spectra showing the CH region for the lipid monolayer, 20 nm Au-SOAHPC-HT and the NP/lipid interface. The black squares correspond to only the lipid
monolayer at the air/water interface. The red triangles corresopnd to only the Au-SOAHPC-HT. The blue circles correspond to the interaction nanoparticles and the lipid
monolayer at the surface after 4 hours.
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Figure 14. SFG spectra showing the CH region for each of the 5, 10, 20 nm Au-SOA-HPC-HT.
Toxicity and Cell Permeability Studies
In vitro Cellular Membrane Permeability
Cellular membrane permeability was assessed using a fluorescent fixable cellular
viability dye (eBioscience™ Fixable Viability Dye eFluor™ 506). HEK 293T cells
exposed to cellularly relevant concentrations of the AuNPs (40 μg/L – 5 mg/L) showed no
significant alterations in their membrane permeability after 12 h of exposure (Figure 15).
Higher concentrations (> 20 mg/L) were able to significantly alter the cells membrane
permeability; however, these are unrealistically high exposure concentrations for a cell.
Longer exposures at the cellularly relevant concentration may lead to increased cellular
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permeability, but it is unlikely. A large quantity of cells exposed to the 5 mg/L were
preserved for imaging on SEM. After 3 h of imaging there were no AuNPs of any size
detected in the cells or cell membranes.

Figure 15. No significant impact on cell viability was observed in HEK 293T cells H69AR
exposed to varying concentrations of AuNPs when assessed with eBioscience™ Fixable
Viability Dye eFluor™ 506.
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In vivo Embryonic Zebrafish Toxicity
Embryonic zebrafish were exposed individually to each of the AuNPs at
concentrations ranging from 2.5 mg/L to 50 mg/L. Mortality was observed at both 24 hpf
(Figure 16, A) and at 120 hpf (Figure 16, B). Significant mortality was observed in
zebrafish exposed to the 5 nm AuNPs at concentrations higher than 20 mg/L starting at 24
hpf. This trend continued with significant 120 hpf mortality observed in the zebrafish
exposed to 20 mg/L or more of the 5 nm AuNPs. No significant mortality was observed in
either the 10 nm or 20 nm AuNPs at either of the time points.

Figure 16. Concentration-response curves of zebrafish mortality at 24 hpf (A). Significant
24 hpf mortality was observed in zebrafish exposed to concentrations of 20 mg/L or greater
for 5 nm AuNPs, but no significant mortality for in the zebrafish exposed to the 10 nm or
20 nm AuNPs. Concentration-response curves of zebrafish mortality at 120 hpf (B).
Significant mortality was observed in zebrafish exposed to concentrations of 20 mg/L or
greater for 5 nm AuNPs, but no significant mortality for in the zebrafish exposed to the 10
nm or 20 nm AuNPs. This data represents two experimental replicates of n = 12 for a total
of n = 24 for each exposure condition. * indicates significant difference from control by a
Fisher’s exact test (p-value < 0.05).

Aside from mortality, three significant sublethal malformations were observed at
24 hpf. Malformations in the notochord, delayed developmental progression, and impacts
on spontaneous movement may be predictive of teratogenic outcomes at 120 hpf [136].
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Significant sublethal malformations were observed at 24 hpf in the 5 nm and 10 nm AuNPs
(Figure 17, A and B). No significant malformations were observed in the zebrafish
exposed to the 20 nm AuNPs (Figure 17, C). There were no significant sublethal endpoints
observed at 120 hpf, only mortality.
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Figure 17. Malformations assessed at 24 hpf show significant delayed developmental
progression, notochord malformations, and effects on spontaneous movement in the
zebrafish exposed to the 5 nm AuNPs (A). Significant delays in developmental progression
were also observed in the zebrafish exposed to the 10 nm AuNPs (B). There were no
significant malformations in the zebrafish exposed to the 20 nm AuNPs (C). This data
represents two experimental replicates of n = 12 for a total of n = 24 for each exposure
condition. * indicates significant difference from control by a Fisher’s exact test (p-value
< 0.05).
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Discussion
For this study, hybrid lipid-coated AuNPs were prepared from hydrogenated
phosphatidylcholine (HPC) with a zwitterionic polar headgroup and two saturated tails
with no double bonds. These hybrids were prepared with a method previously developed
by Mackiewicz et al. for the preparation of hybrid lipid-coated AuNPs with phospholipid
vesicles [79]. This technique involves coating AuNPs with pre-formed lipid vesicles of a
uniform size followed by stabilization of the membrane on the surface with a long chain
hydrophobic thiol [80, 137]. Similarly, in this study, the HPC membrane surrounding the
AuNPs was anchored with a long hydrophobic tail, hexanethiol (HT) to AuNP colloids
gold nanospheres of diameters 5, 10, and 20 nm. To elucidate the amount of reagents
needed for the synthesis, we first determined the minimal number of lipids to coat the
AuNP colloids. This strategy reduced the amount of free liposomes available in solution
and minimized purification steps. Calculations were then estimated for a bilayer to cover
the surface of the AuNPs. The other reagent amounts, SOA and HT, were then calculated
based off the amount of lipids needed. (Lipid calculations and synthesis can be found in
supplemental materials).
After the hybrid synthesis was complete, cyanide stability studies were performed
to determine if the AuNP surface was completely covered by the hydrogenated L-αphosphatidylcholine (HPC) membrane. Cyanide is a well-known etchant of gold and
oxidizes Au0 to AuI [80, 138]. Therefore, resistance to etch is an indication that the lipid
bilayer is fully encompassing the nanoparticle surface. Previously, Mackiewicz et al. has
shown that AuNPs become resistant to cyanide with the addition of long chain hydrophobic
alkyl thiols and lipids, and this demonstrates that the lipids are evenly distributed across
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the nanoparticle surface [79, 80]. It was also observed that thiol-stabilized nanoparticles
without lipids would be etched in cyanide solution. This was shown by a rapid decrease in
the surface plasmon resonance (SPR) (within 2 min) of bare or SOA-coated AuNPs without
any HT on their surface. Cyanide (6 mM) was added to the hybrid HPC-AuNPs (a greater
than 150-fold excess compared to gold atoms in 1 mL 5 nm AuNP at 0.8 OD, which is the
most concentrated solution out of the 3 sizes of HPC-AuNP synthesized). The SPR and
O.D. were monitored for any change for 1 h and the UV-Vis spectra revealed no change in
the SPR or O.D. for the X nm HPC-AuNP (X = 5, 10, or 20), indicating that the cyanide
ions were unable to penetrate the lipid bilayer and HT to etch the gold surface. This also
indicated that the lipid bilayer was evenly distributed, fully intact, and ion-impermeable.

i
ii

Figure 18. UV-Vis absorption spectra of 5 nm diameter i) Au-SOA-HPC-HT and ii) Au-SOAHPC-HT in the presence of 6 mM cyanide for 1 h.
Figure 3:

Since, the ultimate target of hybrid lipid-coated AuNPs is for in vitro cellular
studies and in vivo embryonic zebrafish studies as well as their potential use in biomedical
applications in vivo, their stability at a range of pH and ionic strengths is important.
Therefore, stability studies with the 5, 10, and 20 nm Au-SOA-HPC-HT were performed.
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In order to standardize our results for comparison of all three sizes, an O.D. of 0.8 was used
for all AuNPs. This equated to concentrations of 4.7 x 1013 nps/ml = 5 nm, 4.7 x 1012 nps/ml
= 10 nm, and 4.7 x 1011 nps/ml = 20 nm. This difference in concentration appeared to play
a role in the difference in stability between the AuNP sizes. These varying concentrations
of hybrid gold nanoparticles were exposed to a NaCl solution between 50 mM to 200 mM
and monitored at 1 hour and 24 h incubation times. The percent change in the O.D. and
λmax was monitored to assess nanoparticle aggregation and dipole-dipole coupling [139,
140]. For all salt concentrations used in this study, the percent change in λmax for all hybrid
Au-SOA-HPC-HT was 2.5% or less. Since more distinct differences were seen with the
change in O.D., it was used as an indicator of nanoparticle stability. Under these conditions
the 5 nm hybrids showed complete stability, showing that these AuNPs do not aggregate
and are stable under physiological salt concentrations within 1 h and remain stable after 24
h, where as a drop in stability was seen in the larger sized AuNPs. This followed the trend
of decreased concentration of HPC-AuNPs in solution: 4.7 x 1013 nps/ml = 5 nm > 4.7 x
1012 nps/ml = 10 nm > 4.7 x 1011 nps/ml = 20 nm. Therefore, the instability of the 20 nm
hybrids, and to a lesser degree the 10 nm, is at least in part, due to a higher ratio of salt ions
to nanoparticles in solution. The greater amount of salt ions per a nanoparticle react with
the zwitterionic polar head group of the L-α-phosphatidylcholine on the hybrid lipid
membrane surface causing them to aggregate. The higher concentration of Au-SOA-HPCHT in the 5 nm solution had less NaCl ions per a nanoparticle and therefore the dipoledipole interactions occurring between the HPC head groups and the Na+ and Cl- ions were
not strong enough to cause the hybrid nanoparticles to aggregate.
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To evaluate the stability of the AuNPs under varying pH conditions, the acidity was
adjusted with 2 M HCl (aq) and the change in O.D. was monitored. All hybrid lipid-coated
HPC nanoparticles were stable at pH 8.0, as was expected, since the HPC head group
remains in its zwitterionic form suspending the AuNPs in aqueous solution. Reducing the
pH to 5 had minimal impact on the stability of the 5 nm hybrid Au-SOA-HPC-HT and
remained that way at pH 2. AuNPs stability at pH 5 showed the same trend of increasing
stability with decreased size and increased concentration as the salinity study did. There
was a higher ratio of H+ ions to Au-SOA-HPC-HT for the 10 nm and 20 nm hybrids, which
can protonate the PC headgroups that lose their charge, while the cationic choline groups
are canceled out by the Cl- from the HCl. This effectively neutralizes the normally polar
phosphatidylcholine head groups. With the loss of charge, the hybrid nanoparticles lose
their ability to stay suspended in an aqueous solution, aggregate, and precipitate.
Nanoparticle-biological interactions and toxicity studies were performed using an
embryonic zebrafish model. In order to conduct toxicity studies, these AuNPs need to be
stable in fish water. The HPC-AuNPs were mixed with the fish water solution at a 1:1 ratio.
All three sizes of hybrid Au-SOA-HPC-HT showed relative stability in the fish water. This
is as expected since the fish water solution is at a neutral pH and its salinity is minimal.
Even though the change in O.D. was marginal, there was a distinct trend of decreasing
stability from the smallest, most concentrated (5 nm) to the largest, most dilute (20 nm)
Au-SOA-HPC-HT, which is consistent with that observed in the salinity and pH studies.
To determine if the difference in stability between the 5, 10, and 20 nm HPCAuNPs was affected by concentration, a salinity and pH study was conducted using 20 nm
HPC-AuNPs at (OD 0.8 = 4.7 x 1011 nps/ml) and (OD 1.4 = 8.2 x 1011 nps/ml). The 20 nm
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HPC-AuNPs at the higher concentration of 8.2 x 1011 nps/ml showed a 2 to 3 times greater
stability than the 4.7 x 1011 nps/ml 20 nm hybrids at all three NaCl (aq) concentrations after
1 h (Figure S3A). The higher concentration of 20 nm HPC gold nanoparticles continued
to show more stability at 24 h NaCl incubation, but the difference was only by 10 to 20%
(Figure S3B). For the pH studies, the difference in stability between the 4.7 x 1011 nps/ml
and the 8.2 x 1011 nps/ml was not as pronounced. The only significant difference was seen
at pH 5 where the higher concentration of 20 nm HPC-AuNPs had a 30 % less decrease in
O.D. than the lower concentration. However, at pH 2, both concentrations of 20 nm HPCAuNPs appeared to be overwhelmed with decreases in O.D. approaching almost 100 %
(Figure S3C).
In this study, the differences between the 5 nm, 10 nm, and 20 nm hybrid Au-SOAHPC-HT was their diameter and concentration in solution. The overall trend observed was
that stability was greater with a decrease in the diameter of hybrid HPC-AuNPs and an
increase in their concentration in solution, which was consistent across the salinity, pH,
and fish water studies. To determine if we could rule out concentration as a factor of
stability, we conducted a study of the 20 nm HPC-AuNPs at two different concentrations.
It was shown that the stability of the 20 nm Au-SOA-HPC-HT was greater with increased
concentration. However, since the stability of the 5 nm, 10 nm or 20 nm HPC-AuNP
hybrids was not compared at equal concentrations, the possibility of AuNP diameter
playing a role in hybrid stability cannot be dismissed at this time. For concentration, the
greater the number of nanoparticles in solution the more divided, protons for acidic pH,
and Na+ and Cl- ions for salinity studies, will be in solution. This reduction of solutes per
a nanoparticle, that would otherwise interfere with their suspension in solution, is a likely
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reason for increased stability at higher concentrations of hybrid AuNPs as indicated in the
20 nm concentration stability study. However, the possible effects of AuNP diameter
cannot be dismissed without further testing. The difference in surface to volume ratio and
well as the curvature of the nanospheres could all play some part in the nanoparticles ability
to stay suspended in solution at varying levels of pH and salinity. To continue to tune these
hybrid nanoparticles as biomedical platforms it is important to find out what the optimal
size for stability under physiological conditions is and warrants further study but is outside
the needs of this one.

The SFG spectra collected give insight into how the lipid monolayer responds to
the presence of different sizes of AuNPs with the same surface-coating. The deuterated
dDPPC allows for comparison of the lipid monolayer and the hydrogenated DPPC on the
nanoparticles. For 5 and 10 nm NPs the CD2 peak dropped after nanoparticle injection,
indicating that more lipids adopted the trans conformation. It is believed that the NP
inserted itself into the lipid monolayer effectively pushing the lipids closer together similar
to the “snorkel” effect seen in simulations [141]. That same simulation shows greatest free
energy gain for a spherical AuNPs with a diameter slightly below 5 nm, which is in
agreement with the SFG spectra. In contrast, the 20nm AuNPs CD2 peak either remained
or disappeared after AuNP injection.
The 20 nm AuNPs exhibit a different behavior when interacting with the lipid
monolayer compared to the smaller AuNPs. With a less ordered lipid monolayer, there was
a lack of signal for any of the vibrational modes in the CD region after nanoparticle
injection. However, in a more ordered monolayer there are still clear modes after the
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nanoparticles have been injected. Indicating that the lipid monolayer’s packing has an
impact on the response to larger AuNPs. The 20 nm AuNP apparently interacts with the
monolayer containing gauche defects, disordering the lipids at the interface (Figure 19C).
In this situation, the AuNP were able to overcome the elasticity holding the monolayer
together and were unable to induce random conformational changes at the interface. In a
more tightly packed monolayer of lipids, the 20 nm AuNP appears to bind with the lipid
monolayer keeping its elasticity intact. The AuNP has induced a curvature of the
monolayer by forcing it to conform around itself (Figure 19B). This is supported by an
atomistic simulation where a negatively charged NP, absent of any coating, induces
curvature of a DPPC membrane through gains in electrostatic energy at the loss of elastic
energy [142]. Another study showed that lipids may conform around NPs with sizes greater
than 22 nm, however in this study silica NPs were used without any coating [143]. This
was only observed for NPs of 20 nm and shows the importance of size and coating for NP
absorption. This is in contrast to studies that looked at spherical AuNPs of a different size
with a citrate coating, where flip-flopping occurred in the lipid bilayer for all sizes [144].
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Figure 19. Model of (A) nanoparticle insertion into the monolayer, (B) binding of the
nanoparticle into the monolayer and (C) disruption of the loosely packed monolayer.

In vitro cell permeability test yielded few significant results, with none of the
concentrations eliciting significant loss in cell membrane permeability. TEM imaging
showed no AuNPs in the membranes or intercellular space of the embryonic kidney cells.
While this has not been recorded in other studies, it is not unusual for NPs with altered
physiochemical properties (surface chemistry in this case) to display properties vastly
different from similarly studied NPs. The lipid-bilayer surface coating could have
prevented interaction with the kidney cells preventing uptake, or may have preferentially
interacted with the proteins in exposure media preventing interaction with the cells. While
these cells do not interact with the AuNPs, we know from both the biomimetic lipid
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monolayer study and the embryonic zebrafish toxicity testing that these AuNPs have the
potential to interact with cellular membranes and are causing a toxic response in vivo.
Further AuNP uptake in zebrafish has been observed and attributed to their toxicity [96].
The significant mortality and morbidity observed at 24 hpf in the embryonic
zebrafish exposed to the 5 nm AuNPs further substantiates the rapid insertion and uptake
of the Au-SOA-HPC-HT due to minimal free energy cost. This rapid uptake and
accumulation in cells potentially led to interference in intercellular and intracellular
communication, disruptions in cell differentiation or proliferation, or some other cellular
disruption resulting in rapid mortality. The 10 nm AuNPs elicited moderate morbidity at
24 hpf and no mortality at 120 hpf indicating some uptake and minor developmental
effects. The largest, 20 nm AuNPs, elicited no mortality or morbidity at 24 hpf or 120 hpf,
indicating very little uptake of the particles. Others have showed similar size-dependent
toxicity patterns of AuNPs [98-100].
We believe that when coated with a lipid bilayer, smaller AuNPs will phase through
cell membranes, whereas larger (>10 nm) AuNPs have to be endocytosed into cells. This
was demonstrated through the differential ordering and interactions of the dPPC lipids with
the AuNPs at the air-water interface, imaged in vitro in human kidney cells, and shown in
vivo in embryonic zebrafish toxicity tests. These findings and proposed mechanism of
action are consistent with simulations [141] and studies of other NPs [143], leading to the
belief that this is a viable mechanism of uptake and toxicity. It would be beneficial to
further assess the size-dependent interactions of AuNPs by utilizing larger and smaller
particles tested to further confirm the proposed mechanism.
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3.5

Conclusions
The size-dependent behavior of AuNPs, is well understood in the literature.

AuNPs of varying sizes display greatly different biouptake, biodistribution, excretion,
and ultimately toxicity. Many mechanisms of cellular uptake, toxicity, and membrane
interaction have been proposed independently, but never investigated together. Here, the
size-dependent interactions of AuNPs were assessed using a suite of particles with well
controlled surface coatings and sizes across various levels of biological complexity.
AuNP interactions with a biomimetic lipid monolayer measured using SFG highlighted
the size-dependent nature of the particles. The SFG measurements showed that the 5 nm
and 10 nm AuNPs were able to phase into the membrane, due to low energetic cost to do
so, whereas the largest, 20 nm AuNP, induced curvature of the lipid monolayer. In vitro,
human embryonic kidney cells exposed to AuNPs showed no significant difference in
viability across any concentrations tested. TEM imaging confirmed no interaction or
uptake of the AuNPs into the cells, potentially due to the lipid-bilayer surface coating on
the AuNPs preventing interaction with this specific cell type. In vivo, the rapid uptake of
the 5 nm AuNPs was further confirmed with the 5 nm AuNPs inflicting significant
mortality and morbidity at 24 hpf in embryonic zebrafish. The 20 nm AuNPs showed no
significant mortality or morbidity at 24 hpf nor at 120 hpf, confirming their less
energetically favorable, slower uptake into cells. Intermediate to both the 5 nm and 20 nm
AuNPs the 10 nm AuNPs showed moderate morbidity at 24 hpf but no mortality or
morbidity at 120 hpf. Assessing the size-dependent nature of AuNPs at three different
levels of biological complexity gives much greater insight into the interactions and
mechanisms that may be driving their toxicity.
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4

Conclusions

This thesis addressed three of the physiochemical properties that drive toxicity of
AgNPs and AuNPs: shape, size, and surface coating. As the use of AgNPs and AuNPs
continues to grow and diversify in the medical, commercial, industrial, and consumer
fields, it is critical to consider these foundational properties that govern NP toxicity.
In Chapter 2, the effects of shape on AgNPs were assessed while controlling for the
confounding variable of Ag+ dissolution. Through the creation of a suite of AgNPs with
varying complexities of their hydrophobic thiol surface-coatings, the shape of the AgNPs
was isolated as the variable of interest. The varying complexities of their hydrophobic thiol
surface-coatings proved to differentially shield the suite of AgNPs from surface oxidation
and ion release in fish water. Intra-shape variations in zebrafish toxicity for both the
spherical and triangular plate geometries confirmed that decreased surface shielding results
in increased surface oxidation and ion release, as well as increased toxicity of the AgNPs.
Whereas, comparing across the two geometries showed a significant decrease in toxicity
of the triangular plate AgNPs for each particle in the suite. This study not only showed the
importance that shape plays in determining the toxicity of AgNPs, but it also showed the
importance of controlling for the confounding effects of Ag+ dissolution when studying
AgNPs. The control of Ag+ dissolution could also be utilized to improve shelf-life of
AgNP-based products and medical coatings. Future studies should continue to employ
similar shielding techniques when studying AgNPs in order to adequately and definitively
assess the physiochemical property of interest.
Chapter 3 assessed the size-dependent behavior of AuNPs. It is well understood in
the literature that AuNPs of varying sizes display greatly different biouptake,
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biodistribution, excretion, and ultimately toxicity. Many mechanisms of cellular uptake,
toxicity, and membrane interaction have been proposed independently, here they were
assessed using the same suite of particles with well controlled surface coatings and sizes.
AuNP interactions with a biomimetic lipid monolayer measured using SFG highlighted the
size-dependent nature of the particles. For the SFG measurements, it was believed that the
5 nm and 10 nm AuNPs were able to phase into the membrane, due to low energetic cost
to do so; whereas, the largest, 20 nm AuNP, caused folds in the lipid monolayer. These
theories were tested in vitro using human embryonic kidney cells. Exposing the cells to the
AuNPs elicited no toxicity across any concentrations tested. In vivo the rapid uptake of the
5 nm AuNPs was further confirmed with the 5 nm AuNPs inflicting significant mortality
and morbidity at 24 hours post fertilization (hpf) in embryonic zebrafish. The 20 nm AuNPs
showed no significant mortality or morbidity at 24 hpf nor at 120 hpf, confirming their less
energetically favorable, slower uptake into cells. Intermediate to both the 5 nm and 20 nm
AuNPs the 10 nm AuNPs showed intermediate mortality and morbidity at both 24 hpf and
120 hpf. Assessing the size-dependent nature of AuNPs at three different levels of
biological complexity gives much greater insight into the interactions that may be driving
their toxicity.
Taken together the data presented in this thesis highlights the importance in
experimental design when working in the complex realm of nanotoxicology. It has long
been known that the various physiochemical properties (size, shape, and surface coating)
of NPs are what drive their toxicity and other unique properties; however, assessing these
properties takes very careful planning to control for potential confounding variables while
also ensuring a robust enough data set is collected to paint the full picture of the effects
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that a single physiochemical property has on a NPs function. The approaches taken here
will contribute to NP assessments, hopefully resulting in advancements in medical uses of
NPs.
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Appendices
A. Supporting Information for Chapter 2

Supplemental Figure 1. Spherical (top row) and triangular (bottom row) AgNPs with
compositions of (from left to right) Ag-Cit, Ag-Cit-SOA-PC, and Ag-Cit-SOA-PC-PT
were observed in fishwater at (A) initial, (B) 1 week, and (C) 4 weeks.

Supplemental Figure 2. From left to right, Sph-Ag-Cit-SOA-PC-HT, Sph-Ag-SOA-PCHT(P), Tri-Ag-Cit-SOA-PC-HT, and Tri-Ag-SOA-PC-HT(P) were observed in fishwater
at (A) initial, (B) 1 week, and (C) 4 weeks.
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B. Supporting Information for Chapter 3

Supplemental Figure 1. Deuterated 1,2-dipalmitoyl-d62-sn-glycero-3-phosphocholine
(dDPPC)

Supplemental Table 1. Peak assignments for lipids and nanoparticles
ω (cm-1)

CD3-SS

CD2-SS

CD3-FR

CD2-AS

CD3-AS

CH2-AS

CH3-AS

2075

2100

2130

2200

2222

2913

2963
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Supplemental Table 2. Fits for lipids and nanoparticles in CD region

dDPPC

dDPPC + 5nm

dDPPC + 20nm (t)

dDPPC + 20nm (l)

NR bkg.

ϕ

ωq (cm-1)

Γq (cm-1)

Aq

0.0035

2.70

2073

12

0.0651

2101

12

0.0233

2130

55

0.2226

2200

15

-0.0226

2222

12

-0.0408

2076

12

0.0602

2097

12

0.0051

2130

55

0.1774

2200

50

-0.1002

2222

12

-0.0156

2077

12

0.0482

2099

12

0.0177

2130

55

0.4210

2200

50

-0.0650

2222

12

-0.0150

-

-

-

0.0035

0.0068

-

2.70

1.86

-
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Supplemental Table 3. Fits for lipids and nanoparticles in CH region

dDPPC

5nm

10nm

20nm

NR bkg.

ϕ

ωq (cm-1)

Γq (cm-1)

Aq

0.0014

4.43

2852

12

0.0100

2877

12

0.0061

2912

12

0.0264

2940

35

0.0514

2967

12

0.0404

2858

12

0.0139

2883

12

0.0071

2915

12

0.0432

2940

35

0.1596

2963

12

0.0364

2913

12

0.0647

2940

60

0.2044

2964

12

0.0317

2913

12

0.0581

2940

60

0.1639

2964

12

0.0206

0.0014

0.0014

0.0014

4.43

4.43

4.43
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Supplemental Figure 2. Percent change in O.D. of hybrid lipid capped Au-SOA-HPC-HT in 10
mM sodium phosphate buffer pH 8.0 after 24 h exposure to 50 mM, 150 mM, or 200 mM NaCl
(aq). Data mean ± SE reported for n = 3.

Lipid calculation and synthesis of hybrid HPC-AuNPs
The amount of lipids necessary to fully encapsulate the AuNPs is derived from
beer’s law and Equation S1, which converts the absorbance of the stock solution into
concentration. This is based on previous studies using similar gold nanospheres (X. Liu,
Atwater, Wang, & Huo, 2007; Mackiewicz et al., 2010).
𝑙𝑛 𝜀 = 𝑘 𝑙𝑛 𝐷+𝑎

(S1)

Where D is the diameter of the nanoparticles to be covered, k and a are constants 3.32 and
10.8 respectively, and ε is the extinction coefficient. The number of entities (N) in 1 mL of
solution is then derived by multiplying the concentration of the gold nanoparticles, C, by
Avogadro’s number, NA.
𝑁=𝑁A𝐶

(S2)

There is no difference between the head group of PC or HPC therefore the same
estimation used for a non-hydrogenated PC membrane holds true for a hydrogenated
phosphatidylcholine membrane. The head group size of PC is approximately 69.4 Å2 and
from this a rough estimate is made for the amount of lipids needed to completely cover the
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surface of the AuNPs (Nagle & Tristram-Nagle, 2000). Using these parameters, it is
estimated that a single AuNP of 5 nm, 10 nm, or 20 nm diameters needs 113 lipids for 5
nm, 452 lipids for 10 nm, and 1810 lipids for 20 nm to make a monolayer of hydrogenated
phosphatidylcholine. An additional 367 lipids are needed for 5 nm, 887 lipids are needed
for 10 nm, and 2607 lipids are needed for 20 nm to produce a bilayer-coated with an
estimated outer diameter of 9 nm for 5 nm core, 14 nm for a 10 nm core, 24 nm for a 20
nm core. This comes to a total of 37.5 nmol of lipids for 5 nm, 10.5 nmol of lipids for 10
nm, and 4.7 nmol lipids for 20 nm AuNP to produce a lipid bilayer covering all
nanoparticles in a 1 mL AuNP solution with an O.D. of 0.8 for 5 nm, 0.8 for 10 nm, and
1.08 for 20 nm. However, a 1 nm water cushion has been anticipated to form between the
nanoparticle surface and lipid bilayer, as seen with lipid-coated glass beads in previous
studies (Bayerl & Bloom, 1990). Furthermore, there is the possibility of a loss of lipids
during their transfer to the nanoparticle surface. In addition, the nanoparticles are an
average of 5 nm, 10 nm, and 20 nm but there could be a variance on individual nanoparticle
size in solution. To compensate for these possibilities 47.7 nmol of lipids were used to
cover 5 nm, 10.9 nmol lipids for 10 nm, and 4.8 nmol lipids for 20 nm AuNPs in a 1 mL
solution with an O.D. of 0.8 for 5 nm, 0.8 for 10 nm, and 1.08 for 20 nm.
For the synthesis of the hybrid HPC-AuNPs, sodium oleic acid (SOA) was added
to the AuNP solution prior to the addition of the hydrogenated phosphatidylcholine. After
the AuNPs were incubated with SOA for 20 min they were then incubated with the HPC
lipids for an additional 40 min. This is followed by the addition of Hexanethiol for a final
30 min. The finished hybrid Au-SOA-HPC-HT are then subjected to cyanide etch studies
to test that their membranes are intact and robust.
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Supplemental Figure 3. UV-Vis absorption spectra of (A) 10 nm and (B) 20 nm diameter i) AuSOA-HPC-HT and ii) Au-SOA-HPC-HT in the presence of 6 mM cyanide for 1 h
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Supplemental Figure 4. Percent change in O.D. of hybrid lipid capped 20 nm diameter HPCAuNPs at (OD 0.8 = 4.7 x 1011 nps/ml) and (OD 1.4 = 8.2 x 1011 nps/ml) after exposure to 50
mM, 150 mM, or 200 mM NaCl (aq) in 10 mM sodium phosphate buffer pH 8.0 after (A) 1 h
and (B) 24 h, as well as (C) after adjustment of pH to 2 and 5 with 2 M HCl (aq) after 1 h. Data
mean ± SE reported for n = 2.
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