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Abstract:
Nanoparticles have become more prevalent from their use in sunscreen to
antimicrobial agents in socks. In light of these applications, gaining a fundamental
understanding of how NPs interact with humans is crucial for their future.
Specifically, how cells interact with NPs and what factors drive the modes of
cellular uptake.

In this work gold nanoparticles (AuNPs) of three different

diameters 5, 10, and 20nm with a biomimetic coating are used to help understand
cellular internalization. Sum frequency generation (SFG) was utilized to probe the
interactions of the AuNPs with a lipid monolayer composed of a deuterated
phospholipid 1,2-dipalmitoyl-d62-sn-glycero-3-phosphocholine (dDPPC). SFG is a
powerful surface sensitive spectroscopic technique relying on a visible and tunable
infrared laser overlapping in space and time to produce a signal that contains
interfacial information. By probing different vibrational modes, SFG can distinguish
between the AuNPs and the lipid monolayer at the air/water interface through the
deuterated and non-deuterated lipids. Deuterated spectra were collected between
1950 and 2150 cm-1 looking at C-D vibrational modes, while the non-deuterated

spectra were collected between 2800 and 3000 cm-1 looking at C-C vibrational
modes. These spectra give insight into the conformation of lipids before and after
AuNP interaction with the lipid monolayer. SFG measurements showed that the 5
nm and 10 nm AuNPs were able to insert into the lipid monolayer, whereas the 20
nm AuNPs either warped the membrane conforming it to the curvature of the AuNP
or collapsed the monolayer. In vivo toxicity experiments show significant mortality
with the 5nm AuNPs at concentrations ≥ 20 mg/L in contrast to the 10 and 20nm
AuNPs which showed no significant mortality in the experiment. This toxicity
experiment agrees with the SFG data for the 5 and 20nm AuNPs, however the
10nm AuNPs show different results for the two experiments. The combination of
toxicology and SFG have resulted in a powerful platform for future work that
involves the study of nanomaterials and the cellular response.
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Chapter 1: Introduction
1.1 NPs Today
There are trillions of cells in the human body, the study of nanoparticle (NP)
and cellular interaction is critical to the continued development of in vivo NP
applications like drug delivery. The International Organization for Standardization
has defined a nanoparticle as a nanoscale object with at least one of the dimensions
between 1-100nm1 (for comparison a mammalian cell is about three orders of
magnitude larger). Piccinno et. al. has shown that there is a wide distribution of
engineered nanomaterials in use across the globe2. There is evidence of the NP
pervasiveness in everyday life from TiO2 NPs found in sunscreens3 to AgNPs used
as antimicrobial agents in everyday clothing like socks4. The size and tunable
chemistry of NPs are what make them a powerful tool for applications like drug
delivery and cancer therapies due to the high surface area to volume ratio that can
be achieved5. The surface area to volume ratio make NPs ideal candidates for these
applications because the relevant molecules can be loaded at such a high density.
The size of NPs can make them difficult to characterize and understand
mechanisms of cellular uptake. Objects on the nano-scale cannot be seen by the
human eye and require equipment like powerful microscopes to get a clear image of
their structure, shape, and size. At this scale it becomes complicated to track NPs
through complex environments similar to the one that surround cell membranes.
Hence, the increased study of NPs is required to reduce the unknowns in regards to
NP-cell interactions.
One of the first applications that involved NPs took place almost half a
century ago through drug delivery via micelles that contained solubilized drugs6.
Evidence of the progression in NP research can be found in the exponential growth
of NP publications since the mid-1990s7. In 1995, Lasic et. al. showed that NPs
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could be used as a carrier for drug delivery in the treatment of cancerous tumors by
the encapsulation of doxorubicin with liposomes8. Despite the substantial growth in
research, the scientific community has lacked a fundamental grasp on what
mediates the mechanisms of interaction between NPs and cells. Given the vast
number of applications that have employed NPs the challenge lies in the connection
of physical characteristics to NP-cell interactions. There is a concern amongst
researchers that the unknowns, which include NP-cell interaction, toxicity, and
stability, surrounding NPs paired with a high level of NP use has put us on a path to
repeat the catastrophe of asbestos9-12. Asbestos was once widely used in the
construction industry until it was banned because of links to lung cancers13. The
concern lies in the unknown regarding environmental and in vivo NP interactions as
it once did with asbestos. Further NP-cell interaction research is required to answer
the question of whether or not NP therapeutic benefits outweigh associated health
risks.
1.2 Toxicity of NPs
Even though, the number of nanoscale materials are growing exponentially,
there exists a lack of research regarding the impact and potential danger of these
materials concerning the health of humans14-16. One of the most common situations
where someone might be directly exposed to NPs is via magnetic resonance
imaging (MRI). NPs have been used as a powerful tool in the medical imaging
community, specifically as contrast agents for techniques like MRIs17. Super
paramagnetic iron oxide (SPIO) particles are covered widely in the literature as
useful contrast agents because of their strong magnetic moment18-21. SPIO particles
have been shown to enhance the images in that include the imaging of the liver and
spleen22-23, lymph nodes24-25, bone marrow26-28, kidneys29-31, and tumors32-35. The
increase in contrast allows for higher resolution which will result in a more accurate
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diagnosis. However, when it comes to SPIO particles their toxicity in vivo is not well
understood. Yet, the number of MRI exams are increasing year to year, 10% every
year from 1996 to 2010, totaling over 30 million for that 15 year period36. NPs as
contrast agents for MRIs and other imaging techniques will grow in their use due to
their observed effectiveness. In anticipation of this increased use, additional
research on the toxicity of SPIO particles should be explored for the health of future
patients for the following reasons. Iron oxide particles can form reactive oxygen
species (ROS) in vivo37. Iron catalyzed ROS has been shown to initiate cell death
via radical formation38. ROS and free radicals were shown to be a part of the
mechanisms by which asbestos induced toxicity of the lung39. Asbestos with high
iron content has been shown to generate ROS that can induce inflammation and
DNA damage40. MRI imaging is a widespread technique in the medical community
and the potential consequences of the continued use of SPIO contrast agents
warrants more research into the toxicity of the NPs. Especially when the NPs are
directly involved with the health of humans.
1.3 Cellular Uptake Pathways
The cellular membrane consists of a lipid bilayer and proteins that control the
uptake of particles into the cell. There are multiple mechanisms utilized by the cell
for the internalization of, in this case, NPs dependent on the size, shape, and
surface chemistry of the particle (Figure 1)41-42 . The mechanisms involved are
phagocytosis, clathrin mediated endocytosis (CME), caveolin dependent
endocytosis (CDE), clathrin and caveolae independent endocytosis (CCIE),
macropinocytosis, and direct penetration. Phagocytosis is carried out by
phagocytes, where the particle, usually greater than 500nm in size, is marked via
proteins like immunoglobulins and internalized in a phagosome43. This phagosome
binds with a lysosome and the contents are enzymatically digested at low pH41. The
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CME pathway is dependent on the protein clathrin where NPs are trapped in an
intracellular vesicle which can then bind to lysosomes. The lysosomes then
enzymatically break down the contents at an acidic pH44. CDE is reliant on the
membrane protein caveolae, when the caveolin leaves the membrane it will attach to
caveosomes44. The caveosomes are at a neutral pH and able to internalize material
through the membrane into the cytoplasm ignoring lysosomal entrapment. This
route is commonly used by viruses and bacteria because CDE avoids enzymatic
breakdown found in CME41, 45. CCIE can take place in cells absent of any clathrin or
caveola 44-45. CCIE is usually mediated by the lipids in cholesterol rich areas of the
membrane, where particles essentially penetrate directly into the cytoplasm45.
Macropinocytosis takes place when the membrane envelopes a large volume of
extracellular fluid called a macropinosome41, 45. This mechanism is important for the
uptake of large micron sized particles that would not be achieved by other pathways
like CME or CDE. The final mechanism for cellular uptake is the direct penetration
of NPs through the membrane this typically is observed with smaller NPs, less than
10nm44-45. These pathways can be exploited for specific applications of NP
internalization, for example CME involves the lysosomal entrapment of NPs in a
vesicle where CDE does not. This is explored by Benyettou et. al. making use of the
lower pH in the new lysosome, where the NPs release drugs via a pH sensitive
linkage46. The best explanation for what specifically dictates the mechanism or
mechanisms a NP will proceed by for cellular internalization is the size of the NP.
1.4 Applications of NPs
Drug delivery is one of the more prominent applications of NPs because their
high surface area to volume ratio makes them ideal candidates for loading large
quantities of a target molecule. Delivery using AuNPs have been used in gene and
cancer therapies. The Au core allows for a range of modifications, usually through
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thiol chemistries, to tune the functionalization of the NP. Gene therapy is a
promising method for the treatment of genetic and acquired diseases including
hemophilia, neurodegenerative, and immune disorders47. AuNPs are an effective
non-viral means for transporting DNA to a target, although less efficient48. The
benefit of NPs for this type of delivery is a more predictable immune response than
viral vectors. Similar to applications in gene therapy, NPs have also been used to
suppress viruses like HIV49-50. Cancer therapies are being developed, with the
principles of drug delivery, reliant on specific properties of tumor growth. These
techniques include using functionalized AuNPs to image cancerous cells51-52,
utilization of the surface plasmon resonant frequency of gold to melt cancerous
cells52-53, or the intra and extracellular glutathione concentrations54. Agasti et al.
have developed a payload technique for combatting cancerous cells through a
photoactive delivery system51. The anti-cancer drug 5-FU is attached to an AuNP
through a nitrobenzyl group. This linkage is sensitive to 365 nm light, where upon
absorption of this wavelength cleavage will occur to release the drug. Glutathione is
a thiol containing molecule and has many functions including the reduction of
oxidative stress on cells55-56. The intracellular concentration of glutathione (0.210mM)55 is much higher than extracellular levels of thiols (1-10µM)56. Due to the
abundance of glutathione within the cell, this can be exploited for drug delivery
through ligand exchange. Kim et. al. made use of the differences in glutathione
levels to release doxorubicin, a cancer treatment drug, through ligand disassociation
within the cell57. The applications mentioned above provide motivation for
understanding NP-cell interaction as an important path to follow for the future study
of cellular uptake. If interactions can be better understood the knowledge will allow
for better design of NPs for their application like the ones mentioned above.
1.5 Understanding NP interactions in vivo
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The size of nanoparticles present unique challenges in terms interactions with
its immediate environment as tracking a single particle in a complex medium can be
difficult. Ideally, a scientist could use a microscope in real time and gather
interactions at cellular level with a membrane in vivo. However, no such technique
exists in the scientific arsenal of tools. Therefore, creative solutions have been
adopted to analyze the cellular uptake of NPs. Simulations of NP-cell interactions
have been used to further the understanding of fundamental mechanisms that
dictate NP-cell interaction and internalization58-62. One of the most complete
descriptions of NP internalization into a cell comes from the Van Lehn group63-66 . A
“snorkeling” effect has been described with Monte Carlo simulations using alkane
functionalized AuNPs. Where the hydrophobicity of the ligands create a driving
force for insertion into a lipid bilayer64. More work shows that the “snorkeling” effect
is not only size, but coating dependent on the free energy of insertion65-66. This work
provides a likely mechanism for simple NP penetration into a cell membrane. The
snorkel mechanism would be difficult to obtain with experimental techniques and is
valuable for understanding the cellular uptake of NPs. Theoretical work paired with
experimental techniques can fill in gaps left by each method.
Zebrafish models provide a method for determining NP toxicity in vivo.
Zebrafish are used for understanding dose dependent toxicity of specific drugs
because they possess similar physiology to other vertebrates like humans67-68. This
provides a model that can address drug toxicity relevant to human health. Instead of
looking at interactions within a specific cell line, which is a more common method for
reporting NP toxicity38, 49, 51, 69. Specific examples include using zebrafish to detail
the toxicity of AgNPs. Asharani et. al. have revealed a dose dependent toxicity of
AgNPs by using electron microscopy. The authors have shown the presence of
AgNPs within the brain, nervous system, and blood stream of the zebrafish70.
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Powerful microscopy techniques that quantify NP uptake on a cellular level, coupled
with a zebrafish model that can provide toxicity data for an organism results in a
powerful combination for evaluating NP internalization.
1.6 NP Characteristics
A major area of concern that surrounds NP research is the degree and rate of
cellular internalization for a specific NP. Once inside the body, as long as the
diameter falls between 5-200nm, the NP will have reached many unique
environments as it moved through the vasculature71. Each of these situations will
present new challenges that need to be accounted for in the design of NPs. Such as
changing pH, NP surface chemistry will be sensitive to a pH shift which could affect
its performance as a vehicle for drug delivery. There are endless physical
characteristics of NPs to consider (Figure 2)72 when assessing the viability and
efficacy of a NP in vivo73. Including, but not limited to, the shape74-75, coating type69,
76-77,

particle size69, 78, and surface charge79-80. It is believed that each of these

factors will play a role in the cellular uptake and toxicity of the NP within the body.
However, it is unclear which of these characteristics, or combinations, will have the
greatest impact on cellular internalization and rate of uptake. The cytotoxicity of a
NP is dependent on how it entered the cell and its localization within the cell41. A
fundamental understanding of how NP characteristics affect cellular uptake will
inform the degree of cytotoxicity for that NP and improve future designs.
At the nanoscale, the shape of a NP is an important parameter to consider in
terms of efficient cellular internalization. The shape of a NP is not easily observed,
requiring powerful microscopes to elucidate a structure81-86. A paper from Ma et. al.
showed how gold NPs (AuNPs), Au nanospikes, and Au nanorods exhibit different
levels of cellular internalization75. This study compared the shape of these
nanostructures and cellular interactions. Despite a constant size, coating, and
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concentration there was still a noticeable difference in uptake by the cells. Where
the AuNPs had the greatest cellular uptake followed by the nanospikes then the
nanorods. This work is confirmed by Chithrani et. al. with results that have shown
that spheres have a higher probability of cellular internalization than nanorods87.
The charge of a NP surface can vary and will be dependent on the surface chemistry
of the NP and pH of the environment. The membrane of mammalian cells are
comprised of a variety of lipids, the majority of which are zwitterionic
phosphatidylcholines88. The charge of the lipids can have significant consequences
for the efficacy of NPs if not taken into account. Xiao et. al. have shown that the
surface charge of NPs are crucial to their ability to distribute throughout the body79.
The authors compared PEGylated NPs that included a positively and negatively
charged amino acid. They were able to conclude that a high surface charge
(positive or negative) would get the NP removed by the body. In contrast, Yuan et.
al. synthesized NPs with a zwitterionic surface coating, to target tumor cells through
their pH80. The coating was engineered to be taken up by tumor cells at a pH of 6.8,
while avoiding interaction with cells at a physiologic pH of 7.4. This work shows that
the surface chemistry is directly related to the charge and uptake of NPs into cells.
The coating of a NP will directly influence any interactions it has with its
environment. Once a NP enters the body, via the bloodstream, there is an
immediate exposure to proteins in varying quantities with different affinities for the
NP. The coating will mediate the interaction between the NPs and these blood
proteins. The protein/coating that the cell “sees” will dictate how it responds to the
NP as a whole. There are many types of coatings and can be as simple as a
PEGylated thiol76, or as complex as an antibody76. The functionalization of NPs can
affect the hydrodynamic radius, charge, and colloidal stability. These factors will
change how the NP interacts with cells and possible uptake. A review from
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Khlebtsov and Dykman show over three dozen unique coatings that have been
published, specifically for AuNPs69. Work from Connor et. al. looks at three distinct
coatings on a AuNP to asses cytotoxicity with K562 leukemia cells77. The authors
found that one of the coatings (CTAB) at low concentrations was cytotoxic while the
other two coatings (citrate and biotin) showed no signs of cytotoxicity. The
cytotoxicity of NPs is affected by the surface coating, however there are a number of
other factors, like size, that must be considered when looking at cytotoxicity as a
whole.
The size of NPs typically range from 1-200nm69, this distribution is large
enough to observe different responses from cells. Within the literature there is a
general trend stating that smaller NPs are more toxic than larger ones69, 89-90.
However, there are studies that show a different trend. Chen et. al. injected mice
with “naked” AuNPs with sizes ranging from 3-100nm 78. The authors reported no
adverse effects for 3, 5, 50, and 100nm AuNPs. However, they report 8 and 37nm
AuNPs “induced severe sickness” 78. These findings are difficult to interpret
because there are no obvious explanations for why NPs on the same size scale
would elicit such different responses. There is no clear correlation on the size of a
NP and the response it would elicit from a cell. The most likely reason for lack of a
correlation is the difference in coatings used from study to study. Additional research
would help fill in the knowledge gaps with regards to the role size plays in the
cellular uptake of NPs.
Silver NPs (AgNPs) have been shown to be an effective antimicrobial
alternative, reliant on a positive charge for the penetration of a bacterial
membrane90-92. There are competing theories as to what physical properties
influence the antibacterial nature of these NPs. Lok et. al. described the diameter of
the AgNP as the most important parameter for its activity91. Where smaller AgNPs
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were more effective and penetrating the bacterial membrane. Baker et. al. states
that a larger surface area to volume ratio is the key to greater antimicrobial activity
92.

Shrivastava et. al. have shown that the concentration of AgNPs is the most

important factor 93. There are a lot of variables than can vary with respect to the
design of NPs although there is not a clear consensus which of the NP features are
the most impactful in terms of delivery, toxicity, and distribution. This starts with
understanding the life cycle of a NP in a human body, from the first exposure to
protein. Work from Mandal and Kraatz showed that the shape of a nanoparticle is an
important parameter when considering how proteins will interact with it94.
Specifically, how the role of curvature plays an important role in determining
secondary structure of proteins. Where more curvature yielded a higher percentage
of beta sheet content in the protein. This correlation has implications for the design
of NPs because secondary structure of protein can affect their activity95. Curvature
is a potentially overlooked characteristic of NPs, however this can have important
consequences for the uptake of NPs into cells.
1.7 The Protein Corona and NPs
Effectively negating the functionality of a NP coating could limit the viability
and efficiency of the NP for cellular uptake. The protein corona has garnered
interest in recent years because cells interact with both the coating and the protein
corona around the NP96. The coating of the NP has a direct influence on the
proteins that make up the corona. The prioritization of physical characteristics like
size, shape, and surface chemistry in the design of NPs is a challenge because few
studies can be compared against one another. Understanding what happens to a
NP immediately after entering the body is the first event to take in to account for NP
design. When a NP is injected into a blood vessel it will be covered in protein,
albumin at first, via the vroman effect. Vroman and Adams discovered the
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phenomenon almost half a century ago by showing the adsorption of blood proteins
on a foreign surface and their subsequent exchange97-98. Abundant proteins like
albumin will initially adsorb around the surface and will be later displaced by proteins
with higher affinities like high molecular weight kininogen98. It is important to note
that this is not a fixed layer of protein, there are on/off rates (Figure 3)99 of over
3700 different proteins100 hence the “corona”. The protein corona is clearly seen
through a study that used PEGylated AuNPs101. Larson et. al. showed that the
thiolated PEG attached to the AuNP is displaced by cysteine molecules that lead to
the formation of a protein corona101. This work shows that an initial coating on a NP
surface may be rendered useless due to adsorbed protein.
One of the most important questions facing the field of NP-cell interactions is
how to make apples to apples comparisons with the myriad of NPs in existence. To
alleviate this problem Lynch and Dawson have proposed that each NP (excluding
size and shape) will have a specific corona of protein99. Where each NP is
essentially fingerprinted by their corona and could be categorized then compared.
This approach makes sense because categorization is now dependent on the
reaction from the body of instead of a pristine NP. The protein corona has been
shown to be a mediator for cellular internalization87. The authors discuss proteins,
such as α and β globulins, that are readily taken up by cells will lead to more
efficient internalization of NPs if they are a part of that NPs protein corona. The
characterization of the protein corona will be a future challenge that will require new
experimental approaches102.
Microscopy has typically been employed to characterize the NPs, revealing
information on the shape and size distribution of the particles. However, microscopy
can also provide additional information such as the number of NPs that are, or are
not, within a cell. The specific techniques used for the characterization are
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Transmission electron microscopy (TEM)81-83 and scanning electron microscopy
(SEM)84-86. To use these microscopy techniques the NPs must be in vacuum
friendly conditions requiring the sample to be frozen or masked with a conductive
metal such as Au. The techniques can help visualize and quantify NP uptake within
a cell. While simulations can provide information from a theoretical perspective,
other experimental techniques should be pursued to fill in the informational gaps left
by microscopy.
1.8 SFG and NP-Cell Interactions
A promising technique that has been used to look at NP interactions with cells
in a model system is Sum frequency generation (SFG) vibrational spectroscopy.
SFG is reliant on a second order non-linear optical process where two lasers are
overlapped in space and time to produce a new wavelength of light equal to the sum
of the two initial wavelengths of light (Figure 4). This new wavelength of light
carries information on areas where an interface exists, or where the centrosymmetry of the bulk has broken. Interfaces are inherently asymmetric and in order
for SFG to take place the molecules at the interface must have a net polar
orientation. The intensity of the generated light is resonantly enhanced when the
frequency of one incident wavelength of light matches a vibrational mode of a
molecule at an interface. This is typically achieved with a tunable infrared laser.
The electric field created by a light wave will apply a force on the valence
electrons of the molecules within any medium. The electric field (E) then induces
dipoles through the interaction with the valence electrons. The sum of the dipoles
can be represented as a dipole per unit volume termed the bulk polarization (P).
The bulk polarization is dependent on the average polarizability of all molecules in
the medium where the induced dipole oscillates and emits light at the same
frequency of the incident light.

The average of the polarizability is termed the first
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order linear susceptibility (𝜒𝜒 (1) ). 𝜒𝜒 (1) is related to linear optical processes used in

infrared and Raman spectroscopies. The hyperpolarizability (α) is a measure of

how easily a dipole is induced within a molecule. The average of all the molecular
hyperpolarizabilities (β) is deemed the second order non-linear susceptibility (𝜒𝜒 (2) ).

Strong pulsed lasers are required for the electrons to experience a sufficiently

strong electric field that can induce non-linear effects. For SFG this culminates into
Equation 1.
(2)

𝑃𝑃𝑆𝑆𝑆𝑆 = 𝜀𝜀0 𝜒𝜒 (2) 𝐸𝐸𝑣𝑣𝑣𝑣𝑣𝑣 𝐸𝐸𝐼𝐼𝐼𝐼

(1)

Where 𝜀𝜀0 is the vacuum permittivity, 𝐸𝐸𝑣𝑣𝑣𝑣𝑣𝑣 and 𝐸𝐸𝐼𝐼𝐼𝐼 are the electric fields generated by
the visible and infrared beams respectively. The surface sensitive information is
contained within the second order non-linear susceptibility tensor 𝜒𝜒 (2) .

The

intensity (I) of the generated SFG signal is proportional to 𝜒𝜒 (2) Equation 2 and only

changes with infrared wavelength.

(2)

𝐼𝐼 𝑆𝑆𝑆𝑆𝑆𝑆 ∝ �𝜒𝜒 (2) �𝜔𝜔𝐼𝐼𝐼𝐼 𝜔𝜔𝑉𝑉𝑉𝑉𝑉𝑉

As the infrared beam is scanned to a resonant vibrational mode of a molecule the
resonance increases the SFG signal via 𝜒𝜒 (2) . To fit the produced spectra the

following equation can be applied Equation 3.
(2)

𝜒𝜒 (2) (ω) = χ𝑁𝑁𝑁𝑁 + �
q

Aq
ω − ωq + iΓq

(3)

The intensity of the resultant SFG signal is sensitive to different polarization
combinations of light (s and p). Where the infrared, visible, and collected SFG
signal are subject to both polarizations of light. Different polarization combinations
can lead to increased signal dependent on the interface.
The research that has studied NP-membrane interactions using SFG has
mostly used lipid bilayes103-105. However, there is work that has included the
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characterization of lipid monolayers and different biomolecules like proteins or
peptides106-108. Mammalian cells are comprised of many lipids that form the outer
and inner leaflets of their membrane, where the majority of lipids are a phospholipid
called phosphatidylcholine88, 109. Using these lipids, a model membrane can be
created to mimic a lipid membrane. More importantly, the model membranes can
be made with a similar degree of “packing” or ordering found in mammalian cell
membranes88, 110-111. Deuterated phosphatidylcholine lipids can be used to look at
interactions between the NP and model membrane104-105, 110, 112. Deuteration of a
lipid allows for separation of vibrational modes, CD vs. CH stretches, where the CD
modes from the lipid can be distinguished from CH modes in a NP. The creation of
the model membranes are the basis for studying NP-cell interactions with SFG.
The literature surrounding the use of model membranes and SFG discuss two
methods for creating such a system. The lipids can be ordered into a monolayer111,
113-116

or bilayer112, 117-121. Lipid monolayers can be created at the air/water interface

by simply adding a solution of lipids, dropwise at the surface. The ordering and
packing of the lipids are related to the number of molecules within a given area.
This approach is dependent on the concentration of lipids in solution and the volume
added to the surface. To verify the presence, packing, and ordering of the lipids
SFG and a tensiometer can be used to confirm the desired parameters110-111.
Vibrational spectra provided by SFG give insight into how lipid tails are ordered at
an interface. In the case of an air/water interface deuterated lipids have been used
to directly measure lipid responses to biomolecules like proteins107 and
antimicrobial peptides108. SFG requires a non-centrosymmetric environment, or an
interface, for new light to be generated at the sum of the two frequencies of light.
This rule can be exploited at an air/water interface with lipid monolayers. Through
the CH2 (2850 cm-1) and CH3 (2875 cm-1) symmetric stretches of lipids the relative

15
packing density of the lipids can be determined (Figure. 5). When lipids are first
dropped at the interface the collective signal will initially be low. As the surface
pressure increases with an increasing number of lipids, there will be a greater
degree of ordered lipids. This order gives rise to the CH2 and CH3 symmetric
stretches. With less order the CH2 peak will dominate due to gauche defects, or
kinks, in the lipid tails. As the lipids become more ordered the CH3 peak will
increase and the CH2 stretches will cancel out because the backbone of the lipid
tails have straightened out and created a new symmetric environment. The newly
formed symmetry of the lipid tail backbones is forbidden and no SFG signal will be
produced from the CH2 stretches. This technique can be implemented for both
hydrogenated and deuterated lipids to measure their response to molecules like
proteins, NPs, or peptides. Similar approaches have made use of lipid bilayers,
although they are more complicated in their formation and analysis.
A lipid bilayer is more complicated in its fabrication than a lipid monolayer
because of the equipment required. The bilayer is typically mounted onto a support
surface and created in a Langmuir-Blodgett trough104, 117, 121. This method can be
used to control the surface pressure of both mono- and bi-layers. Groups that use
bilayers will typically mount them to a prism, which has the benefit of improving
signal for SFG experiments. This technique is used by Zhan Chen’s group to study
the interaction of Au104 and AgNPs105 with lipid bilayers. The authors found that
pH, surface coating, and coverage affected the degree of “flip-flop” in the bilayer.
The term “flip-flop” represents the switching of a deuterated lipid in one leaflet with a
non-deuterated lipid of the other leaflet in the bilayer. One downside is that the
bilayer requires one leaflet to be deuterated while the other is not. This complicates
analysis because separating the lipid signal from the NP interaction is no longer as
trivial as looking at a different vibrational mode. Where using a lipid monolayer
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allows for the separation of the two vibrational modes which translates to two
different signals (lipid and NP).
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1.10 Figures

Figure 1. Figure depicting different cellular uptake pathways to be taken by
NPs.
Foroozandeh, P., & Aziz, A. A. (2018). Insight into cellular uptake and
intracellular trafficking of nanoparticles. Nanoscale research letters, 13(1), 339.
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Figure 2. Nanoparticles can be designed with a variety of different
functionalization’s and characteristics.
Reprinted with permission from Chou, L. Y.; Ming, K.; Chan, W. C.,
Strategies for the intracellular delivery of nanoparticles. Chemical
Society Reviews 2011, 40 (1), 233-245.
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Figure 3. Representation of the protein corona around a NP
showing the on/off rates of two proteins.
Reprinted with permission from Lynch, I.; Dawson, K. A., Proteinnanoparticle interactions. Nano today 2008, 3 (1-2), 40-47.
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IR
SFG
Visible

Figure 4. Sum frequency generation with infrared and
visible lasers overlapped in space and time. The sum of
which is the resultant SFG signal.
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Figure 5. SFG spectra in the CH region of the DPPC lipids at
three different surface pressures.
Reprinted with permission from Roke, S., Schins, J., Müller, M., &
Bonn, M. (2003). Vibrational spectroscopic investigation of the
phase diagram of a biomimetic lipid monolayer. Physical review
letters, 90(12), 128101.
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2.1 Abstract
Humans are intentionally exposed to gold nanoparticles (AuNPs) where they
are used in variety of biomedical applications as imaging and drug delivery agents as
well as diagnostics and therapeutic agents. Consequently, it critical that we gain a
better understanding of how physiochemical properties such as size, shape, and
surface chemistry drive cellular uptake and AuNP toxicity in vivo. Understanding and
being able to manipulate these physiochemical properties will allow for the production
of safer and more efficacious use of AuNPs in 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. To understand
how the physical features of AuNPs influence uptake through cellular membranes
Sum frequency generation (SFG) was utilized to assess the interactions of the AuNPs
with a biomimetic lipid monolayer composed of a deuterated phospholipid 1,2dipalmitoyl-d62-sn-glycero-3-phosphocholine (dDPPC). SFG measurements showed
that 5 nm and 10 nm AuNPs are 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 hybrid lipid-coated AuNPs. Toxicity of the AuNPs were assessed both in
vitro and in vivo to determine how AuNP curvature and uptake influence cell health.
In vitro toxicity assessed in human embryonic kidney cells (HEK 293T) 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 contrast, 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 difference in
toxicity in vitro and in vivo is largely due to the presence of other proteins in cell culture
media that are not present in the zebrafish media. By combining information from
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membrane models using SFG spectroscopy with in vivo and in vitro toxicity studies a
better mechanistic understanding of how nanoparticles (NPs) interact with
membranes is developed to understand how the physiochemical features of AuNPs
drive nanoparticle-membrane interactions, cellular uptake, and toxicity.
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2.2 Introduction
Nanoparticles (NPs) have many novel applications in medicine, one of which is
the development of nanoparticle-based therapeutics and imaging agents.1
Incorporating drugs into NP platforms that serve as drug delivery vehicles provide a
variety of benefits: improved solubility and clinical efficacy as well as decreased
degradation, physiologic clearance rates, systemic toxicity.2 However, these benefits
do not come without their costs. Since the approval of the first FDA-approved
nanotherapeutic Doxil® in 1995 was followed by more than 50 other nanotherapeutics
for use in clinical trials.3 Most nanoparticle-based delivery systems are based on
liposomal or polymer formulations; however, metal-based colloidal systems such as
gold nanoparticles (AuNPs) are also being investigated for use in cancer therapy.4 For
example, AuNPs have also been heavily researched for use in plasmonic
photothermal therapy (PPTT),4-9 tumor-targeted drug delivery,
fight multi-drug resistant cancers.

12-15

4, 10-11
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Consequently, their growing use in clinical

trials, cancer therapies, and other biomedical applications have brought to light a need
to better understanding of interactions between nanomaterials and biological
systems.16 That is, there is a critical need to better understand how the physiochemical
properties of NPs, such as size, shape, surface area, charge, and surface chemistry
drive cellular uptake and toxicity. An improved understanding of nanoparticlebiological interactions (NBI’s) and toxicity are critical if we are 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,17 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
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distribution,18
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pharmacokinetics, excretion, and tumor uptake in mice.19 The coating on the surface
of AuNPs provides many 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 applications. For example, natural ligands such as glutathione and
modified peptide-derivatives, when coated onto AuNPs, were found to be
biocompatible in zebrafish compared to those that had impurities.20 More recently,
poly-ethylene-glycol (PEG)-coated AuNPs showed lower hepatotoxicity in rats when
compared to uncoated AuNPs.21 In addition to surface charge and coating, 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.22-24 This size-dependent biodistribution
and excretion of AuNPs has been observed in mice exposed to repeated doses of
AuNPs and is often attributed to their differential mechanisms of cellular uptake.25
Mironava et al. showed that 45 nm AuNPs penetrate cells via clathrin-mediated
endocytosis, while the smaller 13 nm AuNPs entered cells via phagocytosis.26 While
these studies assess the size-dependent nature of AuNP toxicity, they do so
independently of the studies that assess size-dependent cellular uptake making it
difficult to understand the connection between the two as various properties of AuNPs
vary from study-to-study. In order to adequately assess and corelate the sizedependent nature of AuNP uptake and toxicity a single study must be performed,
assessing the interactions of the AuNPs at various levels of biological complexity
ranging from cellular to organism.
While in vitro and in vivo studies of NP uptake have provided a wealth of
knowledge regarding the mechanism and efficiency of NP uptake, distribution, and
toxicity, consensus regarding dosimetry based on NP size is still lacking as these
studies have not agreed on which is more important size, shape, or surface area.27-30
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There is a critical need for a systematic study to correlate the effects of the
physiochemical features of NPs with cell membrane response if we are to design
better NPs with minimal human health impact for biomedical applications. One
approach to a systematic study is through the use of well-studied biomimetic lipid
monolayers that have been employed to assess the interactions of biomolecules or
NPs with a lipid monolayer.31-40 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.41-45 Through the
utilization of a fixed visible laser, pulsed in 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 NPs and model cell membranes with molecular resolution.32-40, 46-54 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 to provide fundamental understand of how NPs interact with
cells to drive uptake and if this correlated with toxicity.
Here, our objective is 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 in
vitro and in vivo toxicity and cellular uptake through interactions of AuNPs with a
biomimetic model cell membrane. For these studies, 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 more
efficient integration into cellular membranes, and thus uptake into cells at a lower
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energetic cost than their larger 10 nm and 20 nm counterparts. The 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 efficacy
of NP therapies.55 The kidney has also been identified as a common area for
biodistribution of AuNPs. 19, 25, 56 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.57-62 Embryonic
zebrafish have very similar molecular signaling processes, cell structure, anatomy,
and physiology as other higher-order vertebrates, including humans.63-66 Hence,
embryonic zebrafish allow for observation of whole organism toxicity in a model that
is relevant to human health. Combining in vivo and in vitro toxicity studies with
complementation studies using SFG spectroscopy and model membranes we are able
to elucidate our gap in knowledge in understanding of how NP size and curvature
influence interactions with membranes to drive uptake and toxicity.
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2.3 Methods and Materials
2.3.1 Reagents
Aqueous solutions of 5, 10, and 20 nm gold citrate-capped nanoparticles were
purchased from Ted Pella. Chloroform (CHCl3) and L-α-phosphatidylcholine
hydrogenated soy (HPC) was purchased from Sigma Aldrich while 1,2-dipalmitoyld62-sn-glycero-3-phosphocholine (dDPPC) was from Avanti Polar Lipids Inc,
Alabaster, AL, USA. 95% 1-hexanethiol (HT) and sodium oleate was from Sigma
Aldrich. 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 Milli-Q ultra-pure system. Potassium cyanide
(KCN) was from Mallinckrodt. All reagents were used as received.
2.3.2 Physical Measurements
UV-Vis spectra were recorded in ultra-pure water using a USB4000 UV−visibleNIR spectrophotometer (Ocean Optics, Dunedin, FL, USA) with a 1.0 cm path length
quartz cell.
2.3.3 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 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
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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 for
5 nm, 1 µL for 10 nm, and 0.65 µL for 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 liposome-free 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).
2.3.4 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. 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 Au-SOA-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

47
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.
2.3.5 SFG Vibrational Spectroscopy and Lipid Monolayer Formation
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).
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 (spolarized SFG, s-polarized visible, p-polarized IR) in the C-D vibrational region (19002250 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 4.34, 67-68
Aq

(2)

𝜒𝜒 (2) (ω) = χ𝑁𝑁𝑁𝑁 + ∑q ω−ω

q +iΓq

(4)

Where 𝐴𝐴𝑞𝑞 , Γ𝑞𝑞 and 𝜔𝜔𝑞𝑞 are the amplitude, full width half max and frequency of the qth
(2)

vibrational mode, respectively. 𝜒𝜒 (2) and χ𝑁𝑁𝑁𝑁 are the second order nonlinear
susceptibility tensor and the nonresonant background, respectively.

A lipid monolayer comprised of deuterated phospholipids was formed at the
air/water interface in a polytetrafluoroethylene (PTFE) trough containing
approximately 10 mL of MQ H2O. The monolayer consisted of a deuterated 1,2dipalmitoyl-d62-sn-glycero-3-phosphocholine (dDPPC) (Figure 6). 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
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dDPPC contains isotopically labeled acyl chains to distinguish the vibrational modes
from the lipid monolayer and NPs. After letting the CHCl3 evaporate, approximately
15 min, spectra were collected to ensure the desired packing of lipids at the air/water
interface. Two packing densities of lipids were used for the experiment, according to
Ingolfsson et. al. the average area per lipid on the outer leaflet of a cell membrane is
between 51 and 55Å2 per molecule.69 This range is on the border of what is
described by Roke et. al. as the liquid condensed (LC) and the mixed liquid
condensed and liquid expanded (LC+LE) region.70 The LC region exists beneath
areas of 47Å2 per molecule, while the LC+LE region exists between areas of 5080Å2 per molecule. To achieve a lipid monolayer within the range of what is
observed in a cellular membrane we chose to use two different packing densities to
achieve the LC and LC+LE environments for the AuNPs to interact. 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-SOA-HPC-HT injection,34 the
nanoparticles were allowed to equilibrate for four hours with the lipids to ensure
homogeneity in the trough.
2.3.6 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
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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.
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
light-dark cycle.71 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.72 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.73 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.74-75 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.”

72

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
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with national care and use guidelines and approved by the Institutional Animal Care
and Use Committee (IACUC) at Oregon State University.
2.3.7 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.
2.3.8 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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2.4 Results & Discussion
For this study, hybrid lipid-coated AuNPs were prepared using a previous
strategy where AuNPs were coated with SOA and pre-formed liposomes comprised
of L-a-phosphatidylcholine that are anchored to the AuNP surface with a long chain
hydrophobic thiol.76-78 AuNP colloids with diameters of 5, 10, and 20 nm were coated
with hydrogen phosphatidylcholine (HPC), which has two saturated hydrocarbon tails.
These diameters were chosen because to represent a range of sizes with unique
radius of curvature that can be systematically studied to evaluate their uptake how
size and radius of curvature affect interactions with membrane model systems, uptake
into cells, and toxicity. The AuNP core, surface chemistry, and charge was kept
constant.
To ensure that the HPC membrane was completely covering the NP surface in
a tight packing arrangement, a cyanide (CN-) etch test was performed. CN- is a wellknown etchant of gold and oxidizes Au0 to AuI.77, 79 Upon exposure to CN-, the UV-Vis
spectra of the hybrid lipid-coated AuNPs after 1 h showed no change in the localized
surface plasmon resonance (LSPR) of the AuNPs (Figure 7) indicating that there is
no “bare” patches of gold surface and that the HPC lipid membrane is in a tight packing
arrangement that CN- is unable to penetrate through the lipid bilayer for CN- to etch.
Resistance to CN- etch was observed for the 5, 10, and 20 nm and is consistent with
previous studies (Figure 8).76-77

2.4.1 Stability of hybrid lipid-coated AuNPs
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 in biological media is important.
Therefore, stability studies at a range of physiological pH and ionic strengths with the
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5, 10, and 20 nm Au-SOA-HPC-HT were performed. 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 Au-SOA-HPC-HT 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. To evaluate the effect of physiological salt
concentrations on the stability of the Au-SOA-HPC-HT, samples were exposed to
varying NaCl concentrations ranging from 50 mM to 200 mM and the UV-Vis spectra
taken after 1 and 24 h of incubation. The percent change in the O.D. and λmax was
monitored to assess NP aggregation and dipole-dipole coupling.80-81 For all Au-SOAHPC-HT diameters under varying salt concentrations the percent change in λmax for
all hybrid Au-SOA-HPC-HT was 2.5% or less. More distinct differences were observed
with change in O.D. and was used as an indicator of NP stability. Minimal change in
O.D. is observed with the 5 nm Au-SOA-HPC-HT upon exposure to the 50 - 200 mM
NaCl concentrations (Figure 9, A). 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
10) upon incubation with 200 mM NaCl. A much more significant decrease in the O.D.
is 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 10). Based on these
changes in O.D. it would appear that the 5 and 10 nm Au-SOA-HPC-HT are most
stable compared to the 20 nm, however, the amount of salt exposed number of NPs
present in the solution must be taken into account. That is, the number of 20 nm NPs
per mL (4.7 x 1011 nps/mL) is less than that of the 5 nm (4.7 x 1012 nps/mL) and 10
nm (4.7 x 1011 nps/mL) under the same salt exposure concentrations. In addition, the
number of ligands on the 20 nm AuNP surface area, that aides in increasing solubility
and decreasing aggregation, is less for the 20 nm < 10 nm < 5 nm. Therefore, 20 nm
Au-SOA-HPC-HT due are exposed to a much higher amount of Cl in a 1 mL solution
leading more NP-NP interactions than the 5 and 10 nm NPs. This is confirmed by
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adjusting the 20 nm Au-SOA-HPC-HT concentrations to have the same number of
NPs at the 10 nm sample at 8.2 x 1011 nps/mL with an O.D. of 1.4, the stability of the
20 nm improved greatly compared to lower concentrations upon exposure to salt for
1 h and 24 h (Figure 11). Lastly, since in this study the Au-SOA-HPC-HT NPs will be
exposed to zebrafish embryos the stability was also evaluated and monitored in fish
water (FW). Au-SOA-HPC-HT mixed with the FW in a 1:1 ratio are found to be
relatively stable in the FW media as indicated by the minimal change in the O.D. (Error!
Reference source not found.Figure 12). This is as expected since the fish water
solution is at a neutral pH and its salinity is minimal. Overall, hybrid lipid-coated AuNPs
are stable under physiological concentrations of salts and in FW.
It is well-known that nanomaterials are taken up into cells into lysosomal
compartments where the pH is 5 and cellular level interactions can induce changes in
the physicochemical properties of the NPs, changes physiological structure of the cell
and its behavior, and toxicity.82-85 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 by UV-Vis spectroscopy. All diameters of Au-SOA-HPC-HT are stable at
pH 8.0, as was expected, since the HPC head group remains in its zwitterionic form
suspending the AuNPs in aqueous solution (data not shown). Reducing the pH to 5
did not have a significant effect on the stability of the 5 nm hybrid NPs. However, after
1 h, at pH 5 and pH 2, the 10 nm and 20 nm HPC-AuNPs aggregated and there is a
lost in stability as evidenced by the significant decrease in O.D. (Figure 9, B). A much
higher ratio of H+ ions to available lipids on the 10 and 20 nm Au-SOA-HPC-HT is
present and protonates the PC headgroups to neutral charge to cause aggregation.
This loss in stability is much more noticeable at pH 2 where 40 % and 88 % decrease
in O.D. is observed for 10 and 20 nm Au-SOA-HPC-HT, respectively. Regardless of
aggregation the hybrid lipid membrane anchored to the AuNPs remains intact to shield
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the surface of the AuNPs as no shift in the LSPR band is observed. These studies
help to elucidate how the behavior in their media might influence cellular uptake and
toxicity.
2.4.2 Lipid Monolayer Interactions
Insight into how a cell membrane lipid interface responds to the presence of
AuNPs of various sizes can be gained by collecting SFG spectra at a nanoparticlelipid interface. SFG has been used to study how DNA,86 proteins,34 and NPs53
manipulate lipid membranes. Previous investigations of NP-lipid interactions indicate
that NP size and coating dictate the mechanism by which the particles transport
themselves through a lipid interface. Recent characterizations of interactions between
a lipid bilayer and spherical citrate coated AuNPs of different sizes demonstrate with
SFG that for all sizes flip-flopping of the lipids that made up the bilayer always
occurred.87 Where the lipid “flip-flop” describes a process undertaken by the cell for
a variety of processes including apoptosis, viral infection, and membrane growth. The
flip-flop observed in SFG experiments induced by NPs at a lipid interface represents
the penetration of the particle through a cell membrane.88 While an additional
investigation using SFG showed that AuNPs with a specific charge or coating can
induce lipid conformation around the particle.54

The idea of a lipid membrane

wrapping around a particle is supported by other work examining NP uptake by
cells.89-90 This body of work implies that factors such as size and coating, directly
influence particle-lipid interactions.
To identify how the structure of the lipid monolayer is affected by the
presence of Au-SOA-HPC-HT particles, SFG spectra were taken before and after
the AuNPs were injected under a model lipid monolayer. Similar experimental
setups have been described elsewhere.34, 87, 91 All the spectra contain features
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related to C-D vibrational modes within the deuterated lipids (Figures 13, 14).34, 92-93
Assignments for each spectral feature can be found in (Table 1). The deuterated
dDPPC allows us to isolate the carbon species within the lipid monolayer from the
non-deuterared DPPC on the nanoparticles. In this study changes in the peaks
related to the symmetric CD2 stretch at 2100 cm-1 and asymmetric CD2 stretches
present at 2202 cm-1 provide insight into the structure of lipid tails at the air/water
interface. Specifically, changes in the CD2 peak height indicate a shift in the packing
of the lipid monolayer. Therefore, variations of the intensities of the CD2 vibrational
modes were measured before and after nanoparticle injection.

For a monolayer in

a LC state the acyl chains of the lipid will be packed tightly resulting in an all-trans
conformation. In this case signal generated from the CD2 vibrational modes, will
cancel each other out, leading to no observable SFG signal. Consequently, with a
less ordered monolayer, the acyl chains are no longer packed as tightly and have
freedom to move, leading to gauche defects, therefore, the intensity of the CD2 peak
within the resulting SFG spectrum will become more prominent. Changes in the CD2
peak height after NP injection give insight into the mechanism by which the AuNPs
interact at the lipid interface.
Interactions between the 5 and 10nm AuNPs and dDPPC lipids show the same
response no matter the initial packing density (LC and LC+LE states), (Figure 13).
Each of the lipid monolayers are packed together more tightly after AuNP injection.
This is confirmed by the intensity of the CD2 peaks in the SFG spectra (Figure 13). In
the case of 5 nm and 10 nm AuNPs there is an observed reduction in the CD2 peak
at 2100 cm-1 following the injection of AuNPs (Figure 13, A & B). The change shows
that the lipids in the monolayer are being pushed together because the CD2 peak has
disappeared. In this study the binding of 5 and 10 nm AuNPs to the lipids, in both the
LC and LC+LE states, adopted an increasingly trans conformation shown in the

56
reduction of the CD2 peak at 2100cm-1 (Figure 13). When lipids adopt a greater
degree of trans conformation this indicates a compression of the lipid monolayer.37
This observation implies that the NP inserts itself into the lipid monolayer. Effectively
pushing the lipids closer together similar to the “snorkel” effect observed in Monte
Carlo simulations assessing free energy changes of lipid penetration.94 The same
simulation shows the lowest energy barrier for the “snorkeling” of a spherical AuNPs
with a diameter slightly below 5 nm, in agreement with observed SFG spectra. In
contrast, the 20nm AuNPs CD2 peak either remained or disappeared after AuNP
injection. Compared to the smaller sized particles, the 20nm AuNPs exhibit a different
interaction with the lipid monolayers. Additionally, the lipid response to the 20 nm
AuNPs is dependent on the lipid packing density of the monolayer. For the LC+LE
monolayer, there is a lack of CD2 or CD3 at 2100cm-1 and 2075cm-1 peaks,
respectively, after NP injection shown in (Figure 14, A). This lack of SFG signal in
the less dense layer, after AuNP injection, at these vibrational modes is likely do to
the collapse of the lipid monolayer, producing a random ordering of the lipids within
the monolayer.

However, this is not the case for the denser lipid monolayer. CD3

and CD2 peaks at 2075cm-1 and 2100cm-1 are still present within SFG spectra
collected as the 20nm AuNPs interact with the LC monolayer (Figure 14, B). Thereby,
implying that the LC monolayer remains intact in the presence of the 20nm AuNPs.
The CH vibrational modes provide more information on the lipid response to the
AuNPs because only the tails of the lipid are deuterated.
The CH region is used to probe stretches on the head group of the lipids at the
AuNP surface (Figure 6). The head group of the lipids are not deuterated, the CD
vibrational modes come from the tails only. The SFG spectra showed two distinct
modes visible near 2913 and 2963 cm-1 assigned to the asymmetric stretches of the
methyl and methylene groups of the lipids and other ligands on the AuNP surface
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(Figure 15 & 16).86, 92-93, 95-96 A similar response has also been observed by Ma and
Allen with the same lipids.37 Symmetric stretches were present with comparably low
signal for the lipid monolayer and AuNPs.37 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.97-98 This is due to 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. It is important to also note that observation of the head
group orientation is not dependent on the degree of packing density for the lipid
monolayer.37 This is in contrast to lipid tails, whose orientation becomes more uniform
with increasing packing densities.
Analysis of the SFG spectra show that the 5 and 10nm AuNPs push their way
into the LC+LE monolayer, where the 20nm AuNPs are large enough collapse it. The
CH spectra confirm the presence of AuNPs at the interface and that this collapse only
occurs because of the AuNPs. Of the three AuNP’s used in this study the 20nm AuNP
was the only one dependent on the initial state of the lipid monolayer for its interaction.
It either binds to the monolayer, inducing curvature, keeping it intact or sufficiently
disrupts the monolayer to cause disorder. While the 5 and 10nm induce the same
lipid response, pushing the lipids that make up the monolayer closer together, implying
that both “snorkel” through the layer.
The collection of SFG spectra indicate that size is an important factor for NP
penetration, evident by the different responses observed when comparing the 5 and
10nm AuNPs to the 20nm AuNPs (Figure 13, 14). In the LC monolayer there are
changes in the CD vibrational modes (CD3 and CD2) (Figure 14, A) after the 20nm
NPs have been injected. Indicating that the lipid monolayer’s packing has an impact
on the response to larger AuNPs. Shown in the LC monolayer where the lipids are
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packed tightly enough to resist the 20nm NP from “snorkeling” into the monolayer.
The interaction between the 20nm NP and the lipid monolayer is kept intact, evident
from the remaining CD signal (Figure 14, B). This binding induces a curvature of
the monolayer while holding together the structure of the monolayer. The idea of a
lipid monolayer curving around a NP 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.99 The
integrity of the lipid monolayer when interacting with 20nm AuNPs is dependent on
the initial degree of packing in the monolayer. With the LC+LE monolayer, there
was a lack of signal and no distinguishable vibrational modes in the CD region after
20nm NP injection. This shows that the 20nm AuNPs have broken the noncentrosymmetric environment leading to a disordering effect on the lipids. In the
LC+LE monolayer the lipids are more loosely packed and the 20nm AuNP is now
able to “snorkel” into the monolayer but causes a significant enough disruption to
disorder the lipids at the interface. Consistent with the lack of SFG signal observed
in (Figure 4, A), this is in contrast to “snorkel” behavior with the 5 and 10nm AuNPs.
2.4.3 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 17). 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 permeability, but it is unlikely. A large
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quantity of cells exposed to the 5 mg/L were preserved for imaging. SEM 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 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.20
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 18, A) and at 120 hpf (Figure 18, 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.
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.100 Significant sublethal malformations were observed at 24 hpf in the 5 nm and
10 nm AuNPs (Figure 19, A and B). No significant malformations were observed in
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the zebrafish exposed to the 20 nm AuNPs (Figure 19, C). There were no significant
sublethal endpoints observed at 120 hpf, only mortality.
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 sizedependent toxicity patterns of AuNPs.22-24
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 simulations94 and studies of
other NPs,101 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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2.5 Conclusion
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. SEM
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 sizedependent 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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Figure 7. Representative UV-Vis spectra of 5 nm diameter Au-SOA-HPC-HT i)
before and ii) after the addition of 6.14 mM KCN for 1 h in H2O.

Figure 8. 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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Figure 9. Percent change in O.D. of hybrid lipid capped Au-SOA-HPC-HT in 10 mM
sodium phosphate buffer pH 8.0 1 h after A) exposure to 50 mM, 150 mM, or 200 mM
NaCl (aq) and B) adjustment of pH to 2 and 5 with 2 M HCl. Data mean ± SE reported
for n = 3.
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Figure 10. 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.
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Figure 11. Percent change in O.D. of hybrid lipid capped 20 nm diameter HPC-AuNPs
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.

82

Figure 12. Percent change in O.D. of hybrid lipid capped Au-SOA-HPC-HT mixed
with FW in a 1:1 ratio. Data mean ± SE reported for n = 3.
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Figure 13. SFG spectra in the CD region of (A) LC+LE monolayer and (B) a LC
monolayer before and after the injection of 5nm AuNPs. 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 symmetric CD3 stretch is at 2075cm-1 with the
symmetric CD2 stretch at 2100cm-1. The symmetric CD2 peak disappears after NP
injection for both LC (A) and LC+LE (B) monolayers indicating the NPs pushed the
lipid tails into a trans conformation.
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Figure 14. Representative SFG spectra in the CD region of (A) with a LC+LE
monolayer and (B) with a LC monolayer. 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 symmetric CD3 stretch is at 2075cm-1 with the
symmetric CD2 stretch at 2100cm-1. The LC+LE (A) monolayer SFG signal
disappeared indicating a collapse of the lipid monolayer. In the LC (B) monolayer
the small CD2 peak shows an intact monolayer. These spectra exhibit the difference
the initial monolayers have on AuNP-lipid interactions.
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Figure 15. SFG spectra showing the CH region for each of the 5, 10, 20 nm AuSOA-HPC-HT. The NPs are at an air/water interface free of any lipids. The CH2
asymmetric stretch is at 2913cm-1 with the CH3 asymmetric stretch at 2963cm-1.
The NPs exhibit only asymmetric stretches which indicates strong ordering of the
lipid coating.
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Figure 16. Representative SFG spectra showing the CH region for the lipid
monolayer, 20 nm Au-SOA-HPC-HT and the NP-dDPPC lipid interface. The black
squares correspond to only the lipid monolayer at the air/water interface. The red
triangles corresopnd to only the Au-SOA-HPC-HT. The blue circles correspond to the
interaction of nanoparticles and the lipid monolayer at the surface after 4 hours. The
CH2 asymmetric stretch is at 2913cm-1 with the CH3 asymmetric stretch at 2963cm-1.
The spectra show that NPs are at the NP-dDPPC interface and responsible for the
observed structural changes in the lipid monolayer.
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Figure 17. 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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Figure 18. Concentration-response curves of zebrafish mortality at (A) 24 hpf and (B)
120 hpf. 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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Figure 19. Malformations assessed at 24 hpf show delayed developmental
progression, notochord malformations, and effects on spontaneous movement in the
zebrafish exposed to the (A) 5 nm, (B) 10 nm, and (C) 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 (pvalue < 0.05).
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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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Table 2. Fits for lipids and nanoparticles in CD region

dDPPC

dDPPC + 5nm

dDPPC + 20nm (LC)

dDPPC + 20nm (LE)

NR bkg.

ϕ

0.0035

2.70

0.0035

0.0068

-

2.70

1.86

-

ωq (cm-1)

Γq (cm-1)

Aq

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

-

-

-
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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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3.0 Future Work
The work presented has shown that size is a key factor for the uptake of NPs
into cells. This was shown through the combination of toxicology and SFG
experiments that helped demonstrate aspects of what is required for NP uptake into
a cellular membrane. The 20nm AuNPs were shown to be unable to directly
penetrate the lipid monolayer. In contrast, the 5nm AuNPs were able to “snorkel”
into the lipid monolayer. The results agreed with toxicology data that used a
zebrafish model to assess the toxicity of the AuNPs. The zebrafish model data
reported observations of 5nm AuNPs within the cells, while the 20nm AuNPs did not.
The 10nm AuNP results were mixed, the 10nm AuNPs snorkeled through the lipid
monolayer shown via the SFG/lipid monolayer experiment. However, the data from
zebrafish model showed no significant uptake of the 10nm AuNPs. The difference
between the SFG and toxicity data can be attributed to one that took place in a
model setup and the other within a living organism.
SFG and a biomimetic lipid monolayer paired together can serve as a
platform to bridge the gap between biophysics and toxicology by probing bulk
interactions at a cellular interface. Where biophysics has provided information on
single particle interactions. Toxicology studies have looked at larger scale systems
interested in bulk phenomena. The SFG/lipid monolayer platform has provided bulk
level information on an interfacial scale. The collected data can be analyzed for
mechanistic details that would be otherwise difficult to acquire. This work has shown
that SFG paired with a lipid monolayer can be used to test NP-cell interactions in
order to further understand how various NPs interact with cells.
With the presented platform various nanomaterials can be analyzed in the
context of cellular uptake. There are a number of characteristics to be considered in
the design of NPs such as size, surface chemistry, core type, and others. To
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understand the impact of each characteristic this SFG/lipid monolayer platform can
be used to determine what is important and what can be ignored. Given the work
previously mentioned there are a number of modifications to the AuNPs that could
be implemented for more insight into NP-cell interaction. The core type could be
changed from Au to Ag or Cu. The surface chemistry could be modified from a
phosphatidylcholine to a phosphatidylserine. The lipid monolayer can be turned into
a mixed monolayer or a different lipid monolayer altogether. NPs have emerged as a
powerful delivery, diagnostic, and therapeutic tool and will have continued growth as
new applications are discovered. SFG/lipid monolayer platforms have provided the
groundwork for the continued growth of NP use through greater comprehension of
their interactions.

