
ABSTRACT 

RYAN, JOSEPH ANTHONY. Quantification via Inductively-Coupled Plasma Optical 
Emission Spectroscopy (ICP-OES) of the Cellular Internalization and Nuclear Localization 
of Gold Nanoparticles Passivated with BSA-SV40 Large T NLS Conjugates after Incubation 
with Human Cervical Cancer (HeLa) Cells. (Under the direction of Dr. Stefan Franzen). 
 

Rhodamine-labeled, cysteine-modified SV40 large T NLS peptide sequences were 

conjugated in varying amounts (~ 3 to 15 molar ratio) with bovine serum albuin (BSA) via 

the heterobifunctional linker succinimidyl-4-(N-maleimidomethyl)cyclohexane-1-

carboxylate (SMCC).  These conjugates were then used to passivate nanomolar aliquots of 

citrate-coated gold nanoparticles of varying diameter (5, 10, 15, and  20 nm), and the stability 

of these nanoparticle complexes were evaluated with respect to: 1) amount of large T-BSA 

per nanoparticle (found to be stable under the following BSA:nanoparticle ratios: 5 nm 

diameter = 125:1, 10 nm diameter = 250:1, 15 nm diameter = 250:1, and 20 nm diameter = 

500:1), 2) ionic strength of solution (critical coagulation concentration values above 0.85 M),  

and 3) temperature (found to be stable at 4, 25, and 37 degrees Celsius).  A robust method 

was developed using inductively-coupled plasma optical emission spectroscopy (ICP-OES) 

as a means to quantify the internalization of nanoparticle complexes after incubation with 

human cervical cancer cells (HeLa) under many differing conditions.  It was determined 

cellular internalization increased as a function of: 1) increasing amount of large T per 

nanoparticle complex, 2) longer incubation times, 3) temperature (which is to say incubations 

at 4 degrees Celsius afforded nearly no internalization), and 4) increasing nanoparticle 

diameter.  Additionally, data from a pulse-chase experiment demonstrated that these 

nanoparticle complexes tend to remain associated with HeLa cells in similar concentration up 

to twelve hours after initial exposure.  Lastly, a sub-cellular fractionation kit was used to 



extract nuclei from HeLa cells post-incubation with 5 nm diameter gold nanoparticle 

complexes.  It was observed that nuclear localization of these nanoparticle complexes 

increased as a function of large T:nanoparticle ratio, but that resulting cell viability decreased 

dramatically at the highest large T:nanoparticle ratio. 
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1.1.  Introduction and Background. 

 The main focus of this dissertation is the development of a gold nanoparticle-based 

cellular delivery vehicle which targets the nuclei of cancerous cells, although it should be 

noted that the technology described herein can also be used for other applications in drug 

delivery and contrast agents.  The description starts in this Chapter with a brief overview of 

current cancer research followed by a discussion of existing delivery vectors. This will 

include a brief review of the inherent cellular processes, of which these vectors are designed 

to take advantage.  The full details of the experiments, used to validate this specific delivery 

vector and to test the efficacy of nuclear targeting, will be delineated in Chapters 2 – 4.  

Finally, the last chapter of this dissertation is a summary of all the results from this research 

and a discussion of future experiments which could be performed in the continuing of this 

line of scientific inquiry. 

 

1.2. Cancer.  

Cancer research is one of the most prolific, intriguing, and vitally important areas of 

contemporary scientific investigation. Research topics include a study of potential causes of 

cancer,1,2,3,4,5 elucidation of new mechanisms by which cancer develops and is 

sustained,6,7,8,9,10 and, ultimately, the search for innovative techniques to detect and 

selectively destroy it.11,12,13,14,15,16  Despite a massive effort in funding and focus of research 

regarding cancer in the United States for nearly forty years – since then-President Nixon 

declared “war” on cancer17 – refinements in detection and treatment of cancerous conditions 

have been disappointingly limited.   



 3

However, while scientific inquiries may not have yielded a proper cure yet, recent 

endeavors have not only revealed some of the mechanisms involved in how certain cells 

become cancerous, but also illuminated how much more complex and comprehensive the 

disease can be compared to what was initially thought.18,19  For example, recent research20,21 

has begun to define the dynamic chemical interplay between certain malignant tumors and 

their host’s immune system and has also highlighted the limits of our understanding of 

immune reactions in general.   

 

1.2.1. Current Cancer Diagnostics. 

Whether one is examining an X-ray slide for abnormally dense regions,22 analyzing 

blood test results for biochemical byproducts of potential cancerous cells,23 interpreting 

anomalous computed tomographic (CT) scan data,24 physically examining suspect tissue 

during an endoscopic procedure,25 or even sifting through data from post-biopsy 

cytogenetic26 or immunohistochemistry analyses27 of potentially cancerous cells – the sooner 

it is determined that some cells have become cancerous, the greater the chances of a patient’s 

survival.  The utility of novel biological probes capable of detecting small 

changes/accumulations in cancerous (or pre-cancerous) conditions in general can not be 

understated, and innovative probes useful in harmless, non-toxic cellular analysis would be 

most helpful. 
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1.2.2. Current Cancer Treatments. 

 The most common methods of treating cancer patients typically entail surgery – when 

practical – to remove as much of a cancerous mass from a patient as possible,28 combined 

with subsequent administration of one or more of the following: chemotherapy,29 radiation 

therapy,30 hormonal therapy,31 and immunotherapy.32  Additionally, photodynamic therapy 

has been shown to be quite effective at successfully treating certain types of skin cancers 

without involving surgery.33   

Some chemotherapeutic agents, such as cisplatin (cis-diamminedichlorido-

platinum(II), a square planar molecule), help kill cancer cells by associating with the 

hereditary material – deoxyribonucleic acid (DNA) – in a cell and cross-linking DNA 

strands, thereby interfering with DNA replication during cell division and ultimately 

inducing apoptosis (programmed cell death).34   Other chemotherapeutic agents interfere with 

different facets of the mitotic process in a cell: for example, paclitaxel (a tetracyclic molecule 

with a heptadecane skeleton) binds to tubulin, the “building block” molecule of a cell’s 

cytoskeleton, thus preventing the cytoskeleton from disassembling as/when necessary to aid 

in cell division.35  (Moreover, paclitaxel also aids in inducing apoptosis in cancer cells by 

binding to an apoptosis-stopping protein named Bcl2 (B-cell leukemia 2) present in many 

cancer cells, subsequently allowing a cell’s intrinsic “kill switch” to function.)36  The 

administration of both of these particular chemotherapeutic molecules (and many more like 

them) would benefit greatly from the development of a more efficacious method of delivery 

to their site of intended activity, which could lessen the negative impact upon otherwise 

healthy cells in the environment surrounding a cancerous growth. 
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Radiotherapy is the use of ionizing radiation – potentially a beam of photons,30 

electrons,37 protons,38 neutrons,39 ions40, or some combination41 – to damage the DNA of 

cancerous cells.  The DNA of the cells might be damaged directly by the beam, or indirectly 

attacked by resulting free radicals of other nearby molecules (e.g.: water, O2) ionized by the 

beam.  However, certain larger tumors can develop a general resistance to radiotherapy when 

these tumors outgrow their blood supply, thus developing a hypoxic environment (less O2 in 

the cell translates to less DNA damage via beam).  In these instances, one option is to use a 

dose of a “radiosensitizing” agent42 – such as cisplatin43 – prior to beginning radiotherapy.  

Once again, any novel method of specifically targeting/transporting these agents to their sites 

of cellular activity could limit their exposure to uptake by healthy cells surrounding 

cancerous tissue, potentially lower the necessary doses of both radiotherapy and the 

transported chemotherapeutic, and directly aid in the destruction of the cancerous cells. 

Hormone therapy as a cancer treatment is an attempt to restrict the growth of certain 

cancerous cells by either administering hormones which cause cells to actively undergo 

apoptosis44 or removing a source of hormones which particular cancer cells (e.g. some 

breast45 or prostate46 tumors) need to continue their otherwise unregulated growth.  Two 

drugs of this latter type are tamoxifen,47 ((Z)-2-[4-(1,2-diphenylbut-1-enyl)phenoxy]-N,N-

dimethyl-ethanamine) which competitively inhibits the binding of the hormone estrogen to 

breast cancer cells, and letrozole,48 (4-[(4-cyanophenyl)-(1,2,4-triazol-1-

yl)methyl]benzonitrile) which  blocks the production of estrogen by binding to the heme of 

the cytochrome P450 subunit of the aromatase enzyme responsible for producing estrogen.  

Cancer treatment via immunotherapy involves the triggering of a patient’s immune system to 
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attack cancerous cells, either through immunization against certain antigens commonly 

expressed (or overexpressed) by cancerous cells,49 or by administering a therapeutic antibody 

to actively promote an immune response in a given area of the body.50    Treating cancer 

through hormonal therapy or immunotherapy could be made more beneficial through the use 

of any novel delivery vector which could aid in transporting the respective therapeutic 

moieties to their cellular sites of consequence. 

 

1.3. Brief Review of Relevant Cellular Biology. 

1.3.1. Eukaryotic Cell Structure.51  

 All living organisms are comprised of cells, the simplest unit capable of independent 

existence.  Organisms can be classified into two fundamentally different types according to 

the structure and complexity of their cells.  Prokaryotes – kingdom Monera (bacteria and 

cyanobacteria) – are single-celled organisms which have a plasma membrane confining the 

contents of that cell to a discrete compartment, but lack distinct internal membrane systems 

(organelles).  The DNA in prokaryotic cells is generally confined to one or more nuclear 

regions (but these regions are not bounded by a separate membrane), and some prokaryotic 

cells have a cell wall or outer membrane enveloping the entire cell, including their plasma 

membrane.  Eukaryotic cells contain a membrane-bounded structure called a nucleus, which 

is where the cell’s DNA is localized.  Additionally, these cells have many other organelles 

bounded by distinct membranes, and the structure and function of these organelles can vary 

greatly among the different types of eukaryotic cells. 
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 When growing cells reach a certain size, they either stop growing or divide.  The life 

cycle of cells – also referred to as the cell cycle – is an attempt to describe the general 

activities of cells which are actively growing and dividing.  This cycle is defined as the 

period from the start of one division to the onset of the next, and a typical cell cycle diagram 

is shown in Figure 1.1.  The major defining parts of the cell cycle are the S phase (“S” for 

“synthesis”) when DNA is replicated in preparation for division, and the actual cell division 

itself – termed “mitosis,” the M phase.  Separating these two events are “gap” phases – G1 

and G2 – when the cell is manufacturing the mRNAs and proteins necessary to enter the next 

phase.  Cells which do not divide – i.e. mature red blood cells or neurons – are considered 

perpetually in the G1 phase, and are therefore not engaged in the cell cycle.  During the G1, S, 

and G2 phases (collectively termed “interphase”), a cell will roughly double its mass, and the 

end result of the M phase is two cells, which are typically (but not always) identical to each 

other.  Lastly, under certain conditions (i.e. starvation), a cell may exit the cell cycle and 

enter a state of waiting – G0 phase – for conditions to change before reentering the cycle. 
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Figure 1.1.  Drawing of eukaryotic cell cycle. 

 

1.3.2. Cell Membrane.51  

 Cell membranes are phospholipid bilayers which form an external boundary around a 

cell.  The aqueous environment both inside and outside a cell helps form and maintain the 

bilayer structure.  Diverse proteins are embedded through the cell membrane (Figure 1.4), 

and these proteins can function as mediators by which a cell can actively and selectively 

internalize various moieties.  It should be noted that while it is energetically unfavorable for 

the phospholipids comprising the membrane to escape the bilayer formation, nothing 

prevents individual molecules from moving laterally within the plane of the bilayer.  The 

membrane (including any unanchored trans-membrane proteins), in essence, behaves like a 

two-dimensional fluid, and this fluidity is critical to membrane function. 
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1.3.3. Cellular Internalization Mechanisms.51  

 Since the topic of cellular internalization (that is, the ability/process of a cell to take 

in some external species) is a quite extensive subject area, the main methods by which a cell 

actively internalizes external moieties will be mentioned here, and only one will be examined 

in more detail.  It should be noted passive diffusion across a eukaryotic cell membrane is 

possible for very small, uncharged molecules (e.g. water, O2), but ions and other larger 

molecules must be actively transported across the membrane via a protein channel of some 

form.  Thus, cellular membranes are semi-permeable.   

 Phagocytosis is the process by which a cell engulfs a relatively large particle (e.g. cell 

debris or some microorganism) and ingests these particles in a vesicle called a phagosome (> 

250 nm in diameter).  Phagocytosis is a specialized function of macrophages and certain 

white blood cells.  Most eukaryotic cells ingest fluid and small molecules by means of 

relatively small vesicles (< 150 nm in diameter) in a process called pinocytosis.  Primarily 

using a process which involves the proteins clathrin, adaptin, and dynamin, a small portion of 

the cell membrane is invaginated and pinched off into the cytoplasm, becoming a discrete 

vesicle.  These vesicles are then fused with other vesicles in the cell – endosomes and 

lysosomes – in order to digest the internalized substance, while the vesicle proteins are then 

recycled.   

 While pinocytosis can be a non-specific process, merely capturing any molecules 

which happen to be in the extracellular environment near a burgeoning clathrin-coated 

vesicle, this general mechanism can also be used by a cell to internalize specific 
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macromolecules.  A complementary receptor on the surface of the cell may bind to a given 

macromolecule and then be internalized by the cell via a clathrin-coated vesicle. This process 

is called receptor-mediated endocytosis (RME), and is the method of cellular internalization 

of macromolecules important to the homeostasis of cells, such as cholesterol, vitamin B12, 

and iron, to name a few.   However, RME can also be used by viruses attempting to infect 

cells.52 

 Another way to look at the RME process is to consider the various forces at work at 

the interface between a particle potentially able to be internalized by a cell via RME 

(meaning the surface of the particle contains some concentration of a ligand complimentary 

to a receptor on a cell membrane) and the outer side of a cell membrane.53  Forces which aid 

in the internalization process could be: 1) forming new bonds between ligands on the particle 

and receptors on the cell surface (driven by a reduction in the overall free energy of the 

system); and 2) potential non-specific attractions between the cell surface and the particle.  

Forces which hinder the internalization process could be: 1) the cell membrane bending to 

surround the particle (including thermal fluctuations in the cell membrane potentially 

opposed to such deformation); 2) the ability of receptor molecules to diffuse laterally along 

the membrane to get to the site of particle-membrane interaction; 3) the degree to which a 

ligand-receptor bond is able to stretch as a cell membrane is drawn around a particle; and 4) 

potential non-specific repulsive forces between the cell surface and the particle.  Though 

there are many factors which would affect the relative contribution of one force over another 

– for example, the density of receptors on the cell surface, or the density of the ligands on the 
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particle surface – as long as the attractive forces are greater than the repulsive forces, then the 

particle will become enveloped by the cell membrane and internalized. 

 

1.3.4. Nuclear Localization.51 

The DNA in a eukaryotic cell is bounded by two concentric membranes referred to as 

the nuclear membrane.  This membrane is contiguous with the endoplasmic reticulum (ER), 

and is perforated by nuclear pores.  Each pore contains an intricate protein mechanism – a 

nuclear pore complex – which restricts and regulates the flow of large molecules (i.e. RNAs, 

proteins), while allowing for the free, non-specific passing of small water-soluble molecules 

(i.e. ions, small metabolites) to and from the nucleus.  

 Any protein which is to be taken into a nucleus will necessarily contain a particular 

amino acid sequence – a nuclear localization sequence – which will initiate a cascade of 

events involving the binding of this protein with one or more transport molecules, which then 

facilitate transport through the nuclear pore complex.   

  

1.3.5. General Cellular Internalization Considerations. 

 In summary, any potential cellular internalization vector or drug delivery vehicle 

intending to transport a molecular cargo of some sort to a cell’s nucleus (for example) will 

necessarily have a series of issues with which to contend, as shown in Figure 1.2: 
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Figure 1.2.  General intracellular delivery vehicle considerations.  The four major 
considerations enumerated here are detailed in the text. 
 

 First, a potential vector must be both stable with regard to the in vitro or in vivo salt 

concentrations surrounding the cells of interest, and with equal regard to the ability to protect 

that vector’s “payload” from premature digestion or from some otherwise inactivating 

process.  Moreover, consideration should be given to the degree of toxicity the presence of 

this potential vector may cause. Additionally, when working in vivo, the vector must be 

capable of extended circulation and not subject to phagocytosis by other cells.  Second, a 

potential intracellular vector must be capable of getting into the cell of interest, meaning the 

entire vector should be small enough to gain entry and, ideally, be targeted to increase both 

likelihood of entry and concentration of delivered moiety upon uptake.  Third, once targeted 
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uptake has occurred, this potential vector needs some method of escaping any endosomal 

pathway to which it may be subjected, in order to avoid being digested or excreted.  Finally, 

this potential vector should ideally be targeted for localization at the site of intended activity 

for the “payload.”  While achieving localization in the nucleus of a cell is not the goal of 

every cellular delivery vector,54,55 the active site of many drugs is in the nucleus and any 

attempts at novel genetic manipulation experiments are likely to need access to cell nuclei.  

The vector described in this dissertation is intended for use with experiments which require 

nuclear localization after internalization, and subsequently employs a method for gaining 

efficient entry to the nucleus via the nuclear pore complex – a nuclear localization sequence 

(NLS) described in detail in a later section. 

 

1.4. Nanotechnology. 

Establishing a greater understanding of nanoscopic materials has permitted their 

subsequent utilization across many disciplines. In this dissertation, I am interested in 

potential medical applications.  Exciting advances in “gene chip” apparati56 are spurring the 

development of innovative diagnostic tools.  Nanowires composed of various metals and 

metal oxides are being used as “nanosensors” for the detection and monitoring of varying 

biomaterials; most notably antibodies,57 DNA,58 viruses,59 and bacteria.60  Gold nanowires 

have even been used as a plasmid DNA delivery vector.61  Carbon nanotubes are also being 

explored as potential biosensors,62 and some research has shown certain nanotubes have been 

used in cellular uptake experiments,63 though the toxicity of these nanotubes is problematic.64  
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Nanoparticles comprised of varying polymers65 have been developed and used to aid 

in the cellular internalization of a range of materials both in vitro66 and in vivo.67  However, 

common issues with some such polymeric nanoparticles involve inefficiency of delivery68,69 

or cytotoxicity,70,71 though very promising research using biodegradable polymers is 

currently being performed.72  Many metallic colloids have been put to common use in 

biological experiments.  Quantum dots (nanoparticles commonly comprised of a cadmium-

selenide core and a zinc sulfide shell)73 are used frequently as “tracers” during intracellular 

experiments.74,75  Aluminum,76 iron,77 platinum,78 silver,79 and other metallic colloidal 

sols80,81 are also commonly used in many different bioapplications.   

Unfortunately, using these materials as cellular delivery vectors can be subject to 

many issues. They can exhibit low delivery efficiency, expensive and prohibitively time-

consuming to make, difficult to modify or fine-tune, can be quite toxic, or perhaps have other 

inherent properties which make for problematic assays (i.e.: quantum dot “blinking”).  

Moreover, to get around some of these limitations, many cellular uptake experiments are run 

under complex/harsh conditions specifically in order to effect internalization of whatever 

moiety is intended to be delivered; that is, many experiments are dependant upon the use of 

chemical methods (i.e. digitonin, a chemical used to open pores in  cellular membranes in 

vitro),82 physical manipulation (i.e. microinjection: literally using a syringe to inject materials 

into cells, thus bypassing the cellular membrane)83,84 or even electrical shocks (e.g. 

electroporation, which is the administering an electric shock to cells, causing pores in cellular 

membranes to open)85 to permit materials of interest to enter cells.   
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1.4.1. Colloidal Gold. 

Colloidal gold has perhaps the longest history of medicinal use of all metallic 

sols.86,87  In the interest of constructing a novel drug delivery vector capable of cellular 

internalization, gold nanoparticles certainly are a strong candidate for such use: the 

biocompatibility of gold has been well established,88  gold nanoparticles are simple to make 

and easily size-tunable,89  the surface chemistry of gold nanoparticles permit facile and 

straight-forward modification with different passivating ligands,90 many biologically 

significant moieties have been shown to complex readily and in a stable fashion with gold 

nanoparticles,91 and their optical properties – specifically the presence of a strong localized 

surface plasmon resonance band92 – make for simple detection schema.   

One potential problem93 involved with using inorganic nanoparticles (or any 

prospective non-biodegradable delivery vector, for that matter) in vivo: the inability of the 

body to clear/excrete these particles.  Since there is no way to easily dissolve metallic 

nanoparticles in cells, these particles can accumulate in a cell (which may impede cell 

growth), and the ability of the body to excrete these nanoparticles decreases dramatically 

when the diameter of the particles is larger than ~ 5 nm.93  However, while this is a serious 

consideration in the overall development of any inorganic nanoparticle intracellular delivery 

vehicle, the research described in this dissertation should be thought of as a preliminary in 

vitro “proof of concept” that the nanoparticle vehicles synthesized will localize in the nuclei 

of certain cells, and it is recognized that further refinement will be necessary to achieve 

proper future in vivo delivery capability. 
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1.4.1.1. Synthesis of Gold Nanoparticles. 

 There have been many published methods of gold nanoparticle preparations in both 

aqueous and organic solutions since Faraday’s groundbreaking work.86  Generally, 

tetrachloroauric (HAuCl4) is reduced to form spheres of reasonably uniform diameter in all 

of these methods, but under widely-varying conditions: choice of reducing agent, differing 

reagent concentrations or order of addition of these reagents, differing temperatures, and 

mixing rate.  All of these variations have been used to routinely synthesize spherical gold 

nanoparticles from 1 to 200 nm,94 and to construct nanoparticles modified with a panoply of 

functional and/or protective ligands, including carboxylic acids,95,96 phosphenes,95 

oligonucleotides,97 amines,98 proteins,99 enzymes,99 and small drug molecules.100 

 The most common method of synthesizing gold nanoparticles in aqueous solution is 

using sodium citrate as the reducing agent of HAuCl4, first demonstrated by Turkevich et 

al.101  Briefly, an aqueous solution of HAuCl4 is heated to 100 oC and kept at refluxing 

conditions.  While stirring vigorously, an amount of sodium citrate is added quickly, 

resulting in the solution changing color from the initial yellow to clear, then to grey, and 

finally to burgundy, which marks the end of the reaction.  The mixture is kept at 100 oC for a 

further 15 minutes and subsequently cooled to room temperature, maintaining vigorous 

stirring throughout.  Varying the initial ratio of sodium citrate to HAuCl4 will determine the 

ultimate size of the nanoparticles; larger ratios yield smaller particles.  The resulting 

nanoparticles will be approximately spherical, and have an overall negative surface charge, 

due to adsorption of citrate ions onto the surface.  These surface charges, together with 
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counter ions in solution, form an electric double layer which causes nanoparticles to be 

repelled from one another in solution, thus preventing the aggregation of the colloids.   

 

1.4.1.2. Stability of Gold Nanoparticles. 102 

 A colloidal system is defined as a suspension of solid particles dispersed in a 

continuous liquid phase.  The nature and magnitude of interactions between particles in a 

suspension greatly affect the stability of the system.  These interactions are typically 

characterized by the extent to which they either behave as a stabilizing or destabilizing force 

towards the system.  For example, van der Waals forces – the collection of universal 

attractive forces between atoms and molecules – draw colloidal particles together while 

electrostatic forces – arising from a charged double layer present at each particle’s surface – 

cause particles to be repelled from one another.  If the attractive forces between particles in 

suspension become greater than the repulsive forces (e.g. if the distance between particles is 

smaller than the sum of their electric double layer distances), the particles will fuse 

irreversibly (flocculate) and precipitate.   

Moreover, the addition of other species to a suspension – for example, a polymer – 

can induce either stabilization or flocculation of the particles in suspension.  If an added 

polymer is non-adsorbing with respect to the particle surfaces, an attractive force may be 

created between two particles if a polymer molecule is ejected from between two 

approaching particle surfaces.  Due to an osmotic pressure difference between the relatively 

high concentration of polymer outside the area between the two surfaces, the surfaces are 

subject to an attractive depletion force – a phenomenon known as depletion flocculation.  
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However, at higher polymer concentrations, it is possible that polymer molecules would be 

unable to be ejected from the area between two approaching surfaces.  This could give rise to 

a repulsive force with respect to the two surfaces as the polymer molecule(s) resist 

compression; this is known as depletion stabilization.  If an added polymer is capable of 

simultaneously adsorbing to more than one particle in suspension, this polymer will hold the 

particles together, giving rise to a phenomenon known as bridging flocculation.  The degree 

to which a polymer capable of adsorbing to a particle in suspension can create a thick, dense 

adsorbed layer completely covering each individual particle will determine the amount of 

steric stabilization afforded to the system.  Using a polyionic polymer in a suspension where 

the particles are oppositely-charged compared to the polymer will likely result in bridging, 

and subsequent flocculation.  However, adsorption of a polyionic polymer to neutral particles 

in suspension then effectively adds an electrostatic stabilization mechanism to any steric 

stabilization effects.  This is known as electrosteric stabilization, and is very common in 

biological systems.   

  

1.5. Existing Intracellular Delivery Vehicles. 

Scientists are continually developing and refining the ability to both deliver desired 

therapeutic molecules to specific areas in the body and to selectively manipulate genetic 

material in a living cell.  Cancer research is just one of the many possible fields of 

biomedical research which would benefit greatly from advances in targeted drug delivery and 

tailored gene manipulation.  In general, the development of an efficient, non-cytotoxic vector 

with which to deliver any molecule of choice into desired cells – and specifically into cell 
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nuclei – would be of great value with regard to typical experiments.  A prospective reliable 

delivery vector could prove invaluable in defining intracellular mechanisms (i.e. transport 

mechanisms, feedback mechanisms in protein synthesis, etc.), examining known oncogenes 

and tumor repressor mechanisms, or perhaps aid in the discovery of new dynamics of this 

nature.  To that end, there have been many different methods developed to deliver genetic 

material or molecules of biological significance to locations within cells, and a brief review 

of these vectors is in order. 

 

1.5.1. Viral Vectors. 

Many different methods of implementing targeted drug delivery and genetic 

modification are currently being used and refined.  For example, mammalian viruses – 

retroviruses,103 adenoviruses,104,105 adeno-associated viruses,106,107 and even plant 

viruses108,109 – are themselves commonly being “re-outfitted” to function as a delivery 

vehicle for a payload of genetic material.  This strategy is an attempt to modify the DNA of a 

given cell; take an existing vehicle (a virus) which is known both to invade cells and deliver 

genetic material with high efficiency, and merely replace the intrinsic, otherwise cell-

damaging/disease-causing bits with some desired genetic material.  A vector of this 

composition would seem to be ideal with respect to actually delivering some moiety of 

consequence.  Disappointingly, the major obstacles in using these modified viruses in vivo 

are the propensity for the vectors themselves to elicit a strong immune response, and they can 

also be quite toxic.  Furthermore, the modification of these viruses is a non-trivial procedure, 

and the viruses themselves inherently limit the “payload” for potential delivery only to what 
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can fit inside a native virus with a typical diameter of 30 – 100 nm.  Also, uncontrolled 

recombination can be a concern in using a viral vector, since each specific function of a 

given virus’ inherent DNA/RNA may not always be clear.110  It should be mentioned that 

plant viruses are least limited by these considerations. 

 

1.5.2. Non-Viral Vectors. 

 Other approaches to targeted genetic manipulation involve delivery methods of a non-

viral nature.  Liposomes,111 hydrogels,112 and dendrimers113 have been used successfully as 

carriers for genetic material in cellular uptake experiments.  Gene guns114 have been used to 

achieve the same effects, although this method is typically more for use with plant cell 

transfection than with mammalian cells due to the more robust character of the exterior 

membrane of plant cells.  Even “naked” DNA (and cationic-packed DNA)115,116 has been 

shown to be taken up by certain cells under specific circumstances.  However, all of these 

methods – especially the latter three – can be inefficient, are often cytotoxic, are prone to 

inserting DNA non-specifically in cells (increasing likelihood of tumor formation), and will 

often only yield a transient transfection of the desired DNA instead of a permanent 

change.117,118   

 

1.5.3. Viral/Non-Viral Combination Vectors. 

While there is much current research attempting to manipulate entire viruses in such a 

fashion as to make them plausible cellular delivery vectors, various active regions of the 

viruses of themselves have been extremely valuable research tools.  Scientists have long been 
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using relevant pieces of viruses as biological probes;119 one such piece being the NLS 

sequence of the simian virus 40 (SV40) large tumor (“large T”) antigen. 

 

1.5.3.1. SV40 Large T NLS. 

SV40, a polyomavirus, was discovered in 1959 as a contaminant in poliovirus 

vaccines prepared using rhesus monkey renal cell cultures.120  It was found that this virus 

could induce large tumors in rodents (hence the “large T” moniker) and immortalize many 

types of cells in culture (including human cells).  The entire SV40 large T antigen is an 

oncoprotein known to both stimulate cell division and attenuate intrinsic cellular tumor 

suppression mechanisms, such as the p53 regulatory mechanism.121  The large T NLS peptide 

sequence – PKKKRKV – is a very small piece of the entire antigen (708 amino acids),122 and 

is itself the most thoroughly-characterized NLS.123 It has been shown to effectively penetrate 

cell nuclei using a mediated process via nuclear pore complexes.83   

Some of the seminal studies examining nuclear penetration involving this peptide 

sequence were performed using colloidal gold stabilized with a conjugate of large T bound to 

larger proteins, notably bovine serum albumin (BSA).84,124 In this early research, these 

complexes were microinjected into both amoeba and BALB/3T3 cells, and differing 

parameters (i.e. using different peptides, using point-mutated peptide sequences, varying 

carrier protein) were manipulated to examine the extent to which nuclear localization would 

or would not take place.  The gold nanoparticle merely functioned as a marker for the 

complexes’ location as determined via transmission electron microscopy (TEM) analyses 

post-incubation. 
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1.6. Summary. 

There is a distinct need for innovative approaches to intracellular drug delivery and 

genetic manipulation.  Whether one desires to activate/suppress/change a given gene in a 

particular cell, deliver a therapeutic molecule to a specific organelle within a cell, or even if 

one merely wants to probe a cellular process of interest, then getting moieties of interest into 

cells reliably, efficiently, and without generating significant toxicity is of paramount 

importance.   

This dissertation demonstrates that an intracellular delivery vehicle can be developed 

using large T/BSA-gold nanoparticle complexes.  In order to examine the potential 

interaction of these complexes with cells cultured in vitro, human cervical cancer cells 

(HeLa) were selected for analysis since they are a very widely-used cell line, easy to 

maintain, and allow for facile transport of external moieties across their cell membrane.  

Additionally, the degree to which complexes could efficiently localize in cell nuclei even 

when administered merely by incubating cells in media containing these complexes was 

demonstrated and quantified.  Moreover, various parameters of particle synthesis (i.e. 

number of large T peptides per BSA, overall stability of large T/BSA-colloidal gold 

complexes, nanoparticle diameter, temperature, etc.) were tested to optimize the 

internalization and subsequent nuclear localization of these complexes.  

 Using colloidal gold as a “scaffold” upon which one can place a stabilizing, non-toxic 

substance (such as a serum albumin, for example) which itself can be quickly and relatively 

easily modified with certain peptide sequences that target either specific cells or particular 

organelles/locations inside cells is the ultimate long-range goal for the line of scientific 
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inquiry detailed in this dissertation.  There is a precedent for this idea – Feldherr et al used 

such colloidal constructs in their ground-breaking examinations of nuclear uptake 

mechanisms.83,84  However, the quantification of cellular internalization of exogenous 

nanoparticles has not been previously presented. 

One other issue involved in intracellular experimentation: imaging methods used 

when examining cells after incubation with colloidal gold delivery vectors (i.e.: video 

enhanced color differential interference contrast (VECDIC) microscopic techniques, TEM, 

confocal microscopy) have considerable limitations concerning potential delivery methods 

themselves.  For example, VECDIC and confocal microscopy are both limited in the size of 

the discrete particles which can be detected, and TEM employs a random sectioning of cells 

for examination, potentially leading to inaccurate reporting of internalization.  To address 

this issue, the use of inductively-coupled plasma – optical emission spectroscopy (ICP-OES) 

as a routine detection method of nanoparticle complex internalization was defined and 

developed.  This technique provided quantitative information otherwise unavailable via other 

common detection methods.  

While the research presented on the following pages does not attempt to address all 

the issues in designing the ideal delivery method or probe described previously, this research 

can be seen as a “first step” with regard to both learning about issues associated with cellular 

uptake of colloidal constructs and eventually addressing potential needs of cancer research in 

general.   
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Synthesis and Characterization of Large T-SMCC-
BSA/Nanoparticle Complexes.
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2.1. Introduction. 
This dissertation chapter begins with a brief discussion of the constituent pieces of the 

large T/BSA-gold nanoparticle complexes used in this research and the differences between 

these complexes and similar constructs used in other research. Then, the processes involved 

in synthesizing these complexes are described, including results from experiments performed 

to define certain parameters of the assembly of these nanoparticle complexes. Finally, data 

are presented concerning the stability of these complexes under varying conditions.  Note 

that all experimental results are shown and discussed first, followed by a section defining 

materials used and a methodical description of experimental procedures which were 

performed. 

Briefly, the general three-step scheme utilized in this research for construction of the 

large T/BSA-gold nanoparticle complexes is depicted in the cartoon in Figure 2.1.   

 

Figure 2.1. Cartoon representing the general construction scheme of large T/BSA-
nanoparticle complexes.   
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 While the general idea of having large T NLS peptides conjugated to BSA as a 

passivating layer for colloidal gold has been previously utilized – most notably by Feldherr, 

et. al.1,2; see Chapter 1 for full discussion – there are differences between the individual parts 

of this cellular probe used in the original Feldherr research and what was used in the research 

presented in this dissertation.  The most ostensible difference is the organic 

heterobifunctional linker employed in conjugating the large T peptides to BSA molecules.  

The principle of using a heterobifunctional reagent is extremely useful for these types of 

conjugations – one side of this linker preferentially reacts with terminal amines while the 

other side preferentially binds with thiols.  This enables one to use such molecular 

“preferences” in sequence to give rise to 1) linkage of the heterobifunctional reagent to BSA 

via its terminal amines, then 2) allow thiol-modified peptides to react with the other side of 

the bound linkers.  Previous research performed by Feldherr et. al.1,2 using these conjugates 

utilized m-maleimidobenzoyl-N-hydroxysuccinimide ester (MBS) as the organic linker 

between large T peptide sequence and BSA.  However, it is known3 that maleimides are 

subject to hydrolysis over short periods of time, which would potentially lower the amount of 

peptides one might otherwise be able to attach to BSA.  Consequently, the heterobifunctional 

reagent chosen for use in this dissertation research was succinimidyl-4-(N-

maleimidomethyl)cyclohexane-1-carboxylate (SMCC), which does not have its maleimide 

moiety directly connected to an extended -system as MBS does, thus minimizing 

opportunity for hydrolysis.  The structural differences between the two molecules can be seen 

in Figure 2.2. 
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Figure 2.2. Structures of m-maleimidobenzoyl-N-hydroxysuccinimide ester (MBS) and 
succinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate (SMCC).4 
 

The large T NLS peptide sequence itself is a well-studied moiety which is known to 

penetrate cell nuclei efficiently5,6,7 and is a fairly short peptide sequence compared to other 

known nuclear localization sequences; these are both good reasons to use this particular NLS 

in the assembly of a novel cellular delivery vehicle.  BSA is a well-studied protein, 

biologically inert in its native form,8 theoretically has many attachment points for SMCC (54 

available surface lysines),9 has many existing protocols for attaching various moieties of 

interest,10 and is also commonly used with colloidal gold.11,12   

15 nm diameter gold nanoparticles were chosen as the nanoparticles to be used in the 

cellular uptake experiments described in the next chapter.  This decision was based upon the 

following: 1) nuclear pores in human cervical cancer cells (HeLa, described further in 

Chapter 3) have been reported to have a maximum diameter of 23 – 25 nm,2,13 thus setting an 
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upper bound upon the overall nanoparticle complex size in order to allow for potential 

nuclear localization during an experiment (moreover, dynamic light scattering experiments 

performed during similar experiments involving BSA-20 nm diameter gold nanoparticle 

complexes determined the overall complex size was increased by approximately 2 nm,14 

potentially approaching the lower limit of what might pass through a nuclear pore); 2) 15 nm 

diameter nanoparticles are readily visible using other microscopy methods – such as 

VECDIC and confocal imaging; and 3) 15 nm particles can be seen as a compromise 

between potential facile detection using optical microscopy and having a large enough 

surface area to accommodate several conjugates/polypeptides for possible 

multifunctionality.15 

 

2.2. Results and Discussion 

2.2.1. Large T-SMCC-BSA Synthesis. 

 As mentioned previously, the conjugation of large T to BSA is accomplished via an 

organic linker, SMCC.  An overview of the steps involved can be seen in Figure 2.1.  Each of 

these steps is described in detail below.  

 

2.2.1.1.   SMCC-BSA Conjugation. 

The first step in the process of synthesizing these conjugates is attaching SMCC (in 

organic solvent) to aqueous solution of BSA.  There are existing protocols for this general 

process,16 but it was decided to probe exactly how robust the system would be for our needs 

and to examine the ability to potentially modify any procedure at any step.  To this end, it 
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was decided to expand and examine the general method of conjugation while we assembled 

our own conjugation protocol, tailored for our purposes. 

 In response to an potentially problematic issue observed during certain previous 

conjugation experiments, a quick study was performed in order to gauge any solubility issues 

with adding organic solvent (in which SMCC would ultimately be suspended) to aqueous 

solutions of BSA.  Two common organic solvents used in these types of conjugations – 

dimethyl sulfoxide (DMSO)17 and dimethyl formamide (DMF)18 – and tetrahydrofuran 

(THF)19 were chosen as the organic solvents of interest for these experiments.  After mixing 

a calculated amount of this organic solvent to a given solution of BSA, many of these 

mixtures immediately and unexpectedly turned cloudy.  Samples which did not immediately 

turn visibly cloudy were allowed to mix on a rocker for 30 minutes, which would be the time 

allowed for any SMCC solution to mix with BSA in the future conjugation experiments.  It 

was observed some solutions which hadn’t immediately turned cloudy upon addition of 

organic solvent had, in fact, turned visibly cloudy within 30 minutes.  The results of these 

experiments are summarized in Table 2.1. 
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Table 2.1. Chart showing solubility of BSA in solutions of varying percentages of three 
different organic solvents at 25 oC.  Diagonally-shaded boxes indicate immediate visual 
observation of cloudy solution upon addition of organic solvent to aqueous BSA solution in 
the indicated ratio, vertically-shaded boxes indicate visual cloudiness developed within 30 
minutes after mixing, and clear boxes indicated no observable (by eye) evolution of 
cloudiness in solution. 

[BSA] % DMSO in Solution % DMF in Solution % THF in Solution 
(mg/mL) 20.0 10.0 5.0 2.5 2.0 20.0 10.0 5.0 2.5 2.0 20.0 10.0 5.0 2.5 2.0 

10.0                   
7.5                   
5.0                   
2.5                   
2.0                   

 

 Based on the data shown in Table 2.1, all future conjugations of SMCC to BSA were 

performed:  1) upon BSA samples of 2 mg/mL concentration, 2) using SMCC in either 

DMSO or DMF based on availability, and 3) care was taken when introducing SMCC to 

BSA to ensure the overall amount of organic solvent used never exceeded 2 % of the 

resulting mixture.  It should be noted that no effort was made to determine the exact nature of 

the cloudiness observed in solutions where it evolved; it was considered sufficient to define 

the experimental parameters necessary to avoid this visually-determined cloudiness for future 

experiments. 

 To determine the extent to which SMCC binds to BSA, fluorescamine assays 

(detailed in Figure 2.6 below) were performed after addition of varying amounts of SMCC to 

identical aliquots of BSA in sodium phosphate buffer.  Fluorescamine is an inherently non-

fluorescent molecule which becomes fluorescent when it binds to a primary amine.20  Since 

BSA has many external lysine residues – each of which contains a terminal primary amine – 

fluorescamine was used in this research to determine the mole ratio of free lysines present in 
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a given BSA sample after mixing with SMCC, and compared to the mole ratio of free lysines 

when no SMCC was added to a sample of BSA.  This difference was taken to be the 

approximate mole ratio of SMCCs conjugated to a given sample of BSA.  The results of 

these experiments are listed in Table 2.2. 

 
 
Table 2.2. General evaluation of SMCC binding to BSA.  The calculated mole ratio of 
SMCC per BSA for each sample is the difference between free lysine residues determined for 
a given sample and the free lysines determined in native BSA (no SMCC added). 

SMCC:BSAAdded # LysFree:BSA SMCC:BSACalc 
(mole ratio) (mole ratio)* (mole ratio) 

0 (native BSA) 50 ± 4 0 
20 41 ± 4 9 ± 6 
40 32 ± 3 18 ± 5 
60 19 ± 2 31 ± 5 
80 11 ± 1 39 ± 4 

100 8 ± 2 42 ± 5 
125 6 ± 3 44 ± 4 
150 3 ± 2 47 ± 5 
175 2.4 ± 2.0 48 ± 5 
200 2.0 ± 1.7 48 ± 4 

* Uncertainty represents the standard deviation of nine fluorescence measurements; three 
measurements each from three replicate samples. 
 

 At this point, it was decided that the highest molar ratio of large T:BSA synthesized 

in the next experiments was going to be 30 large T peptides per BSA, so the SMCC:BSA 

molar ratio would need to be at least 30:1.  Consequently, it was determined any molar ratio 

of SMCC:BSA at least 60:1 or greater would be appropriate in future conjugations. 
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2.2.1.2.   Quantification of Large T Peptides per BSA-SMCC. 

 Having examined and refined the first part of the protocol for conjugation, the next 

part involved linking the large T peptide sequence to the BSA-SMCC conjugates.  Again, 

methods for this type of conjugation already exist,16 but in the interest of defining modifiable 

parameters for customization purposes, it was also necessary to provide as much 

quantification in this process as was possible. 

Six different molar ratios of large T:BSA were intended to be synthesized, so 

eighteen separate aliquots of BSA-SMCC were prepared and placed into six groups of three 

aliquots each.  The amount of SMCC per BSA was calculated for each sample created, and 

these results are shown in Table 2.3. 

 

Table 2.3. Mole ratio of SMCC molecules conjugated with BSA for samples to be used in 
HeLa delivery experiments; [Lys]Pre refers to the experimentally-determined concentration of 
lysine in the BSA samples prior to addition of SMCC, while [Lys]Post refers to the detectable 
concentration of lysine in the BSA samples after samples were mixed with an aliquot of 
SMCC, filtered to remove excess SMCC, and resuspended in sodium phosphate buffer.  
Assays were performed immediately prior to conjugation with varying amounts of large T.   

BSA Sample [Lys]Pre, M* [Lys]Post, M* SMCC:BSA (mole ratio) 

1 410 ± 30 148 ± 10 29 ± 2 
2 390 ± 33 125 ± 8 30 ± 2 
3 430 ± 41 124 ± 9 34 ± 3 
4 420 ± 38 122 ± 8 34 ± 3 
5 400 ± 39 150 ± 12 26 ± 3 
6 380 ± 32 128 ± 8 27 ± 2 

  Average:  30 ± 2 
 
* Uncertainty represents the standard deviation of nine fluorescence measurements; three 
measurements each from three replicate samples. 
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 Experiments were then performed to not only to determine how much of varying 

amounts of the rhodamine-labeled large T peptide was bound to aliquots of BSA (done via 

fluorescence measurements after conjugation and filtration, using a rhodamine-labeled large 

T standard curve), but also to determine how much of the rhodamine-labeled large T peptide 

sample was available for binding to the SMCC-BSA (done via Ellman’s assay).  A sample of 

peptide was dissolved in sodium phosphate buffer and added in varying molar ratios to each 

of the eighteen resuspended SMCC-BSA solutions, increasing the amount of peptide added 

per sample group; that is, the three SMCC-BSA samples corresponding to BSA Sample 1 in 

Table 2.3 each received an amount of peptide in a 5:1 large T:BSA molar ratio, thus 

ultimately making three stock solutions of large-T/BSA conjugate of this molar ratio.  In this 

fashion, large T was mixed with the SMCC-BSA samples in 5:1, 10:1, 15:1, 20:1, 25:1, and 

30:1 large T:BSA molar ratios.  While these conjugations were taking place, an Ellman’s 

assay was performed on aliquots of the peptide solution to determine how many free thiols 

were present, thus examining the “upper limit” of binding affinity for this specific solution.  

As shown in Table 2.4, approximately 68 % of the large T solution was available for binding 

with the SMCC-BSA conjugates, and Figure 2.3 shows the number of peptides determined to 

be bound to BSA (in terms of molar ratio) after conjugation, filtering away excess 

(unreacted) peptide, and resuspension in buffer versus how many large T peptides were 

added to the SMCC-BSA conjugates.  

 

 



 42

Table 2.4.  Concentration of active cysteine residues determined via Ellman’s reagent assay 
prior to conjugation to BSA:SMCC.  Initial amount of peptide assayed was 100 M. 

Sample [-SH], M 

1 69.1 
2 66.7 
3 68.0 

Average: 68 ± 1 
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Figure 2.3.  Molar ratio of large T peptides bound per BSA versus molar ratio of large T 
peptides initially added to SMCC-BSA samples. The bound values were determined via 
fluorescence after mixing, filtering excess unreacted peptide, and resuspension of large T-
BSA conjugate.  The errors displayed are the standard deviations of nine fluorescence 
measurements; three each from three replicate samples. 
 

 As can be seen in Figure 2.3, the amount of peptide detected post-conjugation was 

linearly dependent upon the amount of large T added to the SMCC-BSA samples. 

 



 43

2.2.2. Passivation of Gold Nanoparticles with Large T/BSA Conjugates. 

The last step in constructing these intracellular vectors was to associate the large 

T/BSA conjugates with gold nanoparticles, quantify this association as well as possible, and 

examine the stability of the resulting nanoparticle complexes.  The actual association was 

performed merely by adding the large T-BSA conjugates to aliquots of citrate-passivated 

gold nanoparticles, and it should be noted here (though it is discussed in greater detail in 

Chapter 3) that no attempts were made to remove any excess large T/BSA conjugates which 

were not directly associated with the surface of the nanoparticle aliquots.  The fact that these 

large T/BSA:gold nanoparticle complexes can be made easily and used without a further 

purification step (see Chapter 3) is considered an advantage in synthetic protocol. 

  

2.2.2.1.   Quantification of Large T/BSA Conjugates per Nanoparticle. 

 Time-correlated single photon counting (TCSPC) was previously used9 to determine 

the number of [Ru(bipy)2bipy-C6H12-S]2+-BSA molecules adsorbed to the surface of 20 nm 

diameter gold nanoparticles.  This technique is well-suited for this application because gold-

bound [Ru(bipy)2bipy-C6H12-S]2+-BSA moieties exhibit a quenched emission lifetime 

compared to free [Ru(bipy)2bipy-C6H12-S]2+-BSA in solution.  Figure 2.4 shows time-

resolved emission of [Ru(bipy)2bipy-C6H12-S]2+-BSA (0.2 M) and [Ru(bipy)2bipy-C6H12-

S]2+-BSA adsorbed to 20 nm diameter gold nanoparticles (concentrations of 0.2 M and 0.4 

nM, respectively, corresponding to a [Ru(bipy)2bipy-C6H12-S]2+-BSA:gold molar ratio of 

500:1).  [Ru(bipy)2bipy-C6H12-S]2+-BSA decays with single-exponential kinetics and an 

observed lifetime of 1.5 s. The mixed protein-gold transient was best fit to a biphasic 
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model, with observed lifetimes of 1.8 s and 14 ns, respectively. Table 2.5 shows the 

observed lifetimes of the systems investigated herein, as well as their relative populations.  

Based on these observed relative populations, it was determined that 160 ± 8 [Ru(bipy)2bipy-

C6H12-S]2+-BSA conjugates were associated with 20 nm diameter gold nanoparticles.  Other 

experiments with fluorescently-labeled BSA9 confirmed this number. 

 

Figure 2.4. Normalized intensity versus time for solutions of [Ru(bipy)2bipy-C6H12-S]2+-
BSA in solution and [Ru(bipy)2bipy-C6H12-S]2+-BSA + 20 nm diameter gold colloids. The 
concentration of [Ru(bipy)2bipy-C6H12-S]2+-BSA was 0.2 M in solution, and the 20 nm 
diameter gold colloid concentration was 0.4 nM. The data are shown as solid lines and the 
fits as dashed lines. 
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Table 2.5. Lifetimes and calculated populations.* 
 lifetime relative lifetime 

system obs, ns population designation* 

[Ru(bipy)2bipy-C6H12-SH]2+ 1366.6 0.95 solution 

[Ru(bipy)2bipy-C6H12-S]2+-BSA 1496.4 0.92 solution 

[Ru(bipy)2bipy-C6H12-S]2+-BSA + 14.4 0.31 surface 
20 nm citrate gold 1785.8 0.63 solution 

* Refers to the classification of an adsorbate and its relative population as either surface-
confined or free in solution. 
 

It was presumed for the purposes of this research that: 1) large T/BSA conjugates and 

[Ru(bipy)2bipy-C6H12-S]2+-BSA conjugates associate with gold nanoparticle surfaces in a 

similar fashion, and 2) large T-BSA conjugates will associate with a gold nanoparticle with a 

constant surface density irrespective of nanoparticle diameter, and should thus scale directly 

with the total nanoparticle surface area; that is, the amount of large T/BSA conjugates 

associated with a given gold nanoparticle should be directly proportional to the surface area 

of that nanoparticle.  Table 2.6 is a listing of calculated estimations of how many large T 

peptides are associated with 15 nm and 5 nm diameter nanoparticles for each molar ratio of 

large T:BSA conjugate previously synthesized, correcting the number of large T/BSA 

conjugates associated with a given nanoparticle for nanoparticle surface area compared to 

that of 20 nm diameter nanoparticles. 
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Table 2.6. Large T peptides per BSA and per nanoparticle complex. 

Large T:BSA 
Mole Ratio in 

Reaction 
Mixture 

Large T:BSA 
Mole Ratio 
Determined 

Experimentally*

Estimated Large T 
per 15 nm Diameter 

Nanoparticle 
Complex† 

Estimated Large T 
per 5 nm Diameter 

Nanoparticle 
Complex† 

5.0 3 ± 1 300 ± 100 30 ± 10 
10.0 7 ± 2 600 ± 100 70 ± 20 
15.0 8 ± 1 700 ± 100 80 ± 10 
20.0 11 ± 2 1000 ± 200 110 ± 20 
25.0 13 ± 2 1200 ± 200 130 ± 20 
30.0 15 ± 2 1300 ± 200 150 ± 20 

* Uncertainty represents the standard deviation of nine fluorescence measurements; three 
measurements each from three replicate samples. 
† Estimate was based on the number of BSA molecules per 20 nm diameter gold nanoparticle 
determined using both fluorescence labeling and time-correlated single-photon counting 
(TCSPC) and adjusting for surface area. The standard deviation provided for each estimate 
was calculated from the % error in the corresponding entry in column 2 and is not a 
propagated error. 
 

2.2.2.2.   Critical Coagulation Concentration (CCC) Tests. 

The stability of colloidal sols is due to a balance of forces including electrostatic 

repulsion, van der Waals attraction, and free energy of mixing.21  The former two forces have 

been condensed into the well-known DLVO theory (Derjaguin, Landau, Verway, Overbeek), 

which explains the stability of charged particles.  In DLVO theory, the attraction between 

two spheres due to their polarizability (van der Waals attraction) is compensated by repulsive 

forces acting between the electrical double layers of the two spheres.  Specifically, the 

electrostatic repulsion varies as r-1 while the van der Waals attraction has an r-3 dependence, 

where r is separation distance.  Thus, the electrical double layer normally prevents charged 

particles from approaching each other to within distances where their van der Waals 

attraction can pull them together.  This phenomenon is described graphically in Figure 2.5. 
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Figure 2.5. Potential energy versus nuclear separation; general description of DLVO 
theory.21 
 
 Under certain conditions, however, the length of electrical double layer surrounding a 

particle (the Debye length) can be reduced.  When this occurs, the particles may approach 

one another to within distances that enable the van der Waals attraction to dominate the total 

interaction energy.  Provided a secondary minimum does not exist, irreversible particle 

flocculation (fusion of a small number of particles) will then occur followed by precipitation.  

The conditions which cause flocculation of charged particles are predicted by the equation 

governing Debye length (): 

  2
1

228  neT    (1)  

where  is solution dielectric constant, T is temperature, n is salt concentration, and  is salt 

valence.  Therefore, lower temperatures, higher salt concentrations, and higher salt valences 
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all lead to decreasing the Debye length between colloidal particles and thus increase the 

likelihood of particle flocculation.  

The following experiments describe the probing of the stability of the large T/BSA-

gold nanoparticle complexes by varying the ionic strength of the solution around the 

nanoparticle complexes – a measure of the dielectric constant of this solution.  The ionic 

strength of the growth media – Eagle’s minimum essential media (EMEM) – to be used in 

experiments described later is approximately 0.149 M, so it was necessary to examine 

whether the large T/BSA-gold nanoparticle conjugates would be stable in just such an ionic 

environment.  To this end, small aliquots of 1.7 M sodium chloride were successively added 

to nanoparticle complexes of many different formulations to determine the concentration at 

which flocculation of the nanoparticles themselves was observed – the critical coagulation 

concentrations (CCC) for each of these variations. 

 

2.2.2.2.1.   Varying BSA:Nanoparticle Ratio. 

These first experiments were performed to get a quick idea of what general trends 

could be seen in BSA associating with gold nanoparticles.  Consequently, a rigorous analysis 

(UV-Vis) was not performed for all combinations of BSA and gold nanoparticles but was 

performed on samples with the lowest amount of BSA added which visually appeared to 

remain stable for an appreciable amount of time.  Moreover, while it was determined that 

each diameter nanoparticle had a threshold amount of BSA above which flocculation was not 

observed, it was considered sufficient to have such a value be a minimum value of BSA 

necessary to stabilize the colloids rather than 1) definitively determine the exact amount of 
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BSA per nanoparticle necessary to avoid flocculation or 2) further refine the experimentally-

determined CCC region than was convenient (meaning there was no compelling reason to 

use smaller aliquots of salt solution).  This is why certain CCC values are listed as “less than” 

certain amounts.  Also, any potential CCC value above 0.85 M was not precisely ascertained 

as it was thought the demonstration of BSA-nanoparticle complex stability up to this point 

was adequate for the purposes of this research.  All results from these first experiments can 

be seen in Table 2.7. 

 

Table 2.7. CCC values of 15 nm diameter citrate- passivated gold nanoparticles after mixing 
with varying amounts of BSA.  All CCC values listed – with noted exceptions –  were 
determined visually using three independent samples per listing. 

 Critical Coagulation Concentrations (M) 

BSA:Au 20 nm  20 nm  15 nm  15 nm  10 nm  5 nm  

(molar ratio) Uncentrifuged Centrifuged Uncentrifuged Centrifuged Uncentrifuged Uncentrifuged 

0 (citrate) < 0.03 < 0.03 < 0.03 < 0.03 < 0.07 < 0.15 

50:1 < 0.03 < 0.03 < 0.03 < 0.03 < 0.13 < 0.21 

125:1 < 0.03 < 0.03 < 0.13 < 0.03 < 0.21 > 0.85* 

250:1 < 0.07 < 0.03 > 0.85* < 0.03 > 0.85* > 0.85 

500:1 > 0.85* < 0.03 > 0.85 < 0.03 > 0.85 > 0.85 

1000:1 > 0.85 < 0.03 > 0.85 < 0.03 > 0.85 > 0.85 

2000:1 > 0.85 < 0.03 > 0.85 < 0.03 > 0.85 > 0.85 

       
* Stability confirmed via UV-Vis analysis. 

 

The first round of examination of stability via CCC testing was performed using BSA 

and citrate-passivated nanoparticle of 4 different diameters, and in certain cases samples 

were centrifuged to remove excess BSA prior to CCC testing.  No effort was made to 

centrifuge 10 nm and 5 nm diameter nanoparticle samples.  Additionally, since all 20 nm and 
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15 nm diameter nanoparticle experiments appeared to flocculate upon first addition of 

sodium chloride solution post-centrifugation and resuspension, it was decided that future 

cellular deliveries would not involve any centrifugation on nanoparticle complexes during 

construction and prior to actual incubation with cells.  Instead, extra experiments were 

planned to evaluate any potential effect of excess conjugate upon ultimate cellular uptake 

(Chapter 3).   

 

2.2.2.2.2.   Varying Large T/BSA:Nanoparticle Ratio. 

 The next logical parameter explored using CCC testing was the stability of large-

T/BSA conjugates with citrate-passivated 15 nm gold nanoparticles.  The large T/BSA 

conjugate of the highest molar ratio (15:1 large T:BSA, experimentally determined) was used 

in the following experiments rather than testing all possible large T/BSA conjugates since it 

was reasoned that all lower amounts of large T present on BSA would progressively 

approach the behavior of native BSA, and the conjugate containing the largest amount of 

large T per BSA would clearly demonstrate the maximum possible difference from data 

already obtained for native BSA (Table 2.7).  All samples were analyzed using UV-Vis 

spectroscopy, and the results are tabulated in Table 2.8. 
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Table 2.8. CCC values of 15 nm diameter citrate-passivated gold nanoparticles after mixing 
with varying amounts of large T-BSA conjugates.  The large T-BSA conjugate of 15:1 
(experimentally-determined) molar ratio of large T:BSA was used in all experiments listed in 
this table.  All CCC values listed were determined via UV-Vis spectroscopy, using three 
independent samples per listing. 

Large T/BSA:Au CCC 

(molar ratio; [Large T]Constant) (M) 

0 < 0.03 
67.5:1 < 0.03 
125:1 < 0.35 
250:1 > 0.85 
500:1 > 0.85 

 

Less large T/BSA conjugate was necessary to stabilize the 15 nm diameter gold 

nanoparticles than native BSA.  While the 125:1 molar ratio of large T/BSA:15 nm diameter 

gold nanoparticle exhibited stability at over twice the minimum threshold necessary for later 

cellular incubations (recall the ionic strength of cellular growth media is 0.149 M), it was 

thought that using the lowest ratio of large T/BSA per 15 nm gold nanoparticle which 

exhibited the maximum CCC value over the ranges assayed would be most prudent.  

Consequently, the 250:1 molar ratio of large T/BSA:15 nm diameter gold nanoparticle was 

heretofore adopted into the evolving protocol for constructing these potential intracellular 

vectors.   

 

2.2.2.2.3.   Varying Large T:BSA Ratio. 

Having determined a minimum value for large T/BSA-15 nm diameter gold 

nanoparticle complex stability (Table 2.8), the next parameter under scrutiny was the effect 

amount of large T peptide per BSA upon resulting nanoparticle complex stability.  All 6 
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molar ratios of large T:BSA (and one native BSA) were mixed with 15 nm diameter gold 

nanoparticles in a 250:1 large T/BSA:nanoparticle ratio, and CCC values were generated as 

shown in Table 2.9. 

 

Table 2.9. CCC values of 15 nm diameter citrate- passivated gold nanoparticles after mixing 
with large T-BSA conjugates of varying large T concentration.  The molar ratio of large T-
BSA conjugates per gold nanoparticle was 250:1 for all experiments listed in this table.  All 
CCC values listed were determined via UV-Vis spectroscopy, using three independent 
samples per listing. 

Large T:BSA CCC 

(molar ratio; [BSA]Constant) (M) 

0 > 0.85 
5:1 > 0.85 

10:1 > 0.85 
15:1 > 0.85 
20:1 > 0.85 
25:1 > 0.85 
30:1 > 0.85 

 

 

 Not surprisingly, the amount of large T per BSA did not alter the perceived stability 

of resulting nanoparticle complexes at the 250:1 large T/BSA conjugate:15 nm diameter gold 

nanoparticle molar ratio.  However, it was useful to have assayed this to definitively claim 

variations in large T per BSA did not adversely affect nanoparticle complex stability.   

 

2.2.2.2.4.   Varying Temperature. 

Finally, the last parameter potentially affecting nanoparticle complex stability was 

temperature: cellular uptake experiments are typically performed at 37 oC, and certain 
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additional experiments were planned to be run at 4 oC.  It was useful to check the stability of 

the nanoparticle complexes at these temperatures using UV-Vis equipped with a temperature 

control unit.  Again, the large T/BSA conjugate with the highest molar ratio of large T per 

BSA (15:1, experimentally determined) was used in all samples, and was added to all 

aliquots of 15 nm diameter nanoparticle in a 250:1 large T/BSA:nanoparticle molar ratio.  

These results are shown in Table 2.10. 

 

Table 2.10. CCC values of 15 nm diameter large T-BSA-passivated gold nanoparticles 
determined after conjugation at room temperature (approximately 25 oC), then storage at 
varying temperatures for 12 hours.  Large T-BSA conjugates of 15:1 experimentally-
determined molar ratio of large T:BSA were used in all experiments listed in this table, and 
the molar ratio of large T-BSA conjugates per 15 nm diameter gold nanoparticle was 250:1.  
All CCC values listed were determined via UV-Vis spectroscopy, using three independent 
samples per listing. 

Temperature (oC) CCC 

([Large T]Constant; [BSA]Constant) (M) 

37 > 0.85 
25 > 0.85 
4 > 0.85 

 

 It should be noted that all nanoparticle complexes were found to be sufficiently stable 

at all three temperatures of interest.   

 

2.3. Conclusions. 

 A general protocol for the conjugation of large T peptides to BSA and association of 

these conjugates to 15 nm diameter gold nanoparticles was refined and quantified.  The 

number of organic linkers (in this case, SMCC) per BSA was found to be capable of 
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modifying with relative ease, and the large T itself was subsequently observed to bind to 

SMCC-BSA conjugates at a reasonably favorable rate.  Nanoparticle complexes constructed 

with a 250:1 molar ratio of large T/BSA conjugate:15 nm diameter gold nanoparticle were 

found to be stable 1) irrespective of how much large T was present in the large T/BSA 

conjugates and 2) at three different temperatures. 

 

2.4.  Experimental. 

2.4.1. Materials. 

All gold nanoparticles were purchased from Ted Pella, Inc. (Redding, CA). The 

modified large T peptide sequence (rhodamine-Cys-Gly-Gly-Gly-Pro-Lys-Lys-Lys-Arg-Lys-

Val-Gly-Gly-OH) was synthesized at the University of North Carolina Microprotein 

Sequencing and Peptide Synthesis Facility (Chapel Hill, NC). Bovine serum albumin (BSA) 

was purchased from Pierce Co. (Rockford IL).  Dulbecco’s phosphate-buffered saline 

(DPBS), Sephadex G-50, and 64-well cell culture plates were purchased from Bio-Whittaker, 

Inc. (Walkersville, MD).  Dimethylformamide (DMF), dimethylsulfoxide (DMSO) 

tetrahydrofuran (THF), 4-(N-maleimidomethyl)-cyclohexane-1-carboxylic acid N-

hydroxysuccinimide ester (SMCC), 5, 5'-dithio-bis-(2-nitrobenzoic acid) (DTNB; Ellman’s 

reagent), Tris, ethylenediaminetetraacetic acid (EDTA), sodium acetate, glutathione, 

fluorescamine, lyinse, cysteine, sodium chloride, monobasic sodium phosphate (NaH2PO3), 

dibasic sodium phosphate (Na2HPO3), and Centricons (MWCO: 30,000), were all purchased 

from Fisher Scientific. Ruthenium-(II) tris(2,2‘-bipyridine)monohexanethiol 

([Ru(bipy)2bipy-C6H12-SH]2+) was synthesized as described previously.22 
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All UV-vis absorption measurements were acquired using a Hewlett-Packard 8453 

Chemstation photodiode array spectrophotometer with attached Chemstation software and, in 

certain experiments, a temperature control unit.  Quantification of [Ru(bipy)2bipy-C6H12-

S]2+-labeled BSA on gold nanoparticles was performed by time-correlated single photon 

counting (TCSPC) using instrumentation at the University of North Carolina at Chapel Hill.  

Fluorescence spectra were acquired using a BioTek FL-600 plate reader with 1) 550 ± 40 nm 

(excitation) and 590 ± 40 nm (emission) filters for rhodamine detection, 2) 365 ± 40 nm 

(excitation) and 470 ± 40 nm (emission) filters for fluorescamine assays. 

 

2.4.2. Methods. 

2.4.2.1.   SMCC-BSA Conjugation. 

A fluorescamine assay was used to determine the amount of free lysine residues on 

many aliquots of aqueous BSA solutions obtained both before and after mixing with SMCC 

(described in Section 2.2.1.1. above).  Fluorescamine itself is a non-fluorescent molecule, but 

upon reaction with a primary amine becomes fluorescent, and this reaction is depicted in 

Figure 2.6. 

 
Figure 2.6. Fluorescamine structure before and after conjugation with primary amines.20 
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 All determinations of free lysine residues before and after SMCC addition to BSA 

samples were performed using a standard curve of the difference between samples containing 

various concentrations of lysine and independent samples containing identical concentrations 

of cysteine.   

 
Figure 2.7. Molecular structures of cysteine and lysine. 
 

As can be seen in the structures shown in Figure 2.7, merely using native lysine as a 

standard curve in this assay would present a problem; native lysine has two potential amines 

capable of binding with fluorescamine – one on its -carbon and one on its -carbon – but 

the lysine residues contained in BSA would only have one available amine for binding with 

fluorescamine – the -carbon amine.  Native cysteine, however, only has one available amine 

for reaction with fluorescamine, and it is analogous to the -carbon amine of native lysine.  

Subsequently, subtracting the fluorescence readings of cysteine standards after reaction with 

fluorescamine from fluorescence readings obtained from identical standards of lysine post-

reaction with fluorescamine would yield a fluorescence standard curve of -carbon amines 

which have reacted with fluorescamine, which is a much more accurate model of the lysine 

residues under scrutiny on BSA. 
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A 64-well plate was prepared for use in these assays by placing 135 L of DPBS in 

20 of the 64 wells, and 150 L of DPBS in 4 of the wells (blanks).  Ten 0.5 mL samples of 

BSA (1 mg/mL; in sodium phosphate buffer, pH = 7.8) were prepared, and a 15 L aliquot of 

each sample was individually placed in a well on the 64-well plate, in the interest of 

ultimately determining how many lysine residues were present before reaction with SMCC 

([Lys]Pre).  Aliquots of a SMCC solution (20 mg/mL, in DMF) were added in increasing 

SMCC:BSA molar ratios – 20:1, 40:1, 60:1, 80:1, 100:1, 125:1, 150:1, 175:1, and 200:1 –  to 

the BSA samples, and one BSA sample received an aliquot of DMF (0:1 molar ratio of 

SMCC:BSA).  All samples were allowed to mix at room temperature on a rocker for 60 

minutes.  Excess unreacted SMCC was removed via centrifugation (Centricon; MWCO = 

30,000) and each sample was resuspended in 0.5 mL of sodium phosphate buffer (pH = 7.8).  

15 L of each resuspended sample was now added to ten other individual wells on the 64-

well plate ([Lys]Post).  50 L of a freshly-prepared fluorescamine solution (3 mg/mL, in 

DMSO), was added to each well containing samples, blanks, or lysine/cysteine standards 

(ranging from 1.89 to 15.15 M).   The well was allowed to rock at room temperature for 15 

minutes, after which fluorescence readings were obtained (Emission = 470 nm).  This entire 

procedure was repeated three times.  It should be noted that it was presumed 5% of BSA 

samples were considered lost due to the Centricon. This loss was factored into calculations. 
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2.4.2.2.   Quantification of Large T Peptides per BSA/SMCC. 

 Eighteen 1.0 mL samples of BSA (1 mg/mL, NaPi; pH = 7.8) were prepared and 

divided into six groups of three samples per group.  All BSA samples had 15 L aliquots 

taken from each of them for use in a fluorescamine assay as described in the previous section 

(determining [Lys]Pre).  All BSA samples were then treated with an aliquot from an SMCC 

solution (20 mg/mL, in DMF) in a 60:1 SMCC:BSA molar ratio and allowed to mix on a 

rocker at room temperature for 60 minutes.  However, the addition of the SMCC aliquots was 

performed in a staggered fashion, meaning two groups of BSA samples received an aliquot 

of SMCC and were allowed to mix for 60 minutes, then 20 minutes later the next two groups 

of BSA samples received their aliquots of SMCC, then finally 40 minutes after the initial 

addition, the remaining two groups of BSA samples received their aliquots of SMCC.  (This 

was done to streamline the large amount of samples needing to be centrifuged post-mixing.)  

When the 60 minute mixing period had elapsed for a given bunch of samples, excess 

unreacted SMCC was removed via centrifugation (Centricon; MWCO = 30,000) and samples 

were resuspended in 1.0 mL of sodium phosphate buffer (pH = 7.0).  Another 15 L aliquot 

was taken from each sample for use in a fluorescamine assay as described in the previous 

section (determining [Lys]Post).  It should be noted that it was presumed 5% of BSA samples 

were considered lost due to the Centricon; this loss was factored into calculations. 

 Varying volumes (49.5, 99.1, 148.6, 198.1, 247.6, and 297.2 L) of rhodamine-

labeled modified large T peptide (rhodamine-CGGGPKKKRKVGG; 3 mg/mL in sodium 

phosphate buffer; pH = 7.0) were subsequently added to each SMCC-BSA sample to achieve 

six groups (each group consisting of triplicate samples) of large T:SMCC-BSA molar ratios 
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(5:1, 10:1, 15:1, 20:1, 25:1, and 30:1, respectively), and all samples were allowed to mix at 

room temperature for 24 h. Excess unreacted peptide was removed via centrifugation 

(Centricon; MWCO = 30,000). All samples were then diluted to 1.0 mL with sodium 

phosphate buffer (pH = 7.0). Following dilution, the degree of peptide conjugation was then 

determined via examination of rhodamine 6G fluorescence at 595 nm for each sample, 

utilizing a standard curve of rhodamine 6G-labeled peptide solution.  It should be noted that 

it was again presumed 5% of BSA samples were considered lost due to the Centricon; this 

loss was factored into calculations appropriately. 

 While large T was mixing with SMCC-BSA solutions, an Ellman’s assay was 

performed on aliquots taken from the large T solution in the interest of determining how 

many free thiols were present, and, therefore, what percentage of peptide was actually 

available for binding to the SMCC-BSA conjugate samples.  5, 5'-dithio-bis-(2-nitrobenzoic 

acid) (DTNB; Ellman’s reagent) is a molecule which, when acted upon by a free thiol, gives 

rise to a product with a strong absorbance at 421 nm.  This general reaction is depicted in 

Figure 2.8. 

 
Figure 2.8. Structure of DTNB (Ellman’s Reagent) and general mechanism.23 
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Since each large T peptide contains exactly one cysteine residue and each cysteine 

residue contains exactly one terminal thiol (see structure in Figure 2.7), this Ellman’s assay 

was a quick way of measuring how many large T peptides in our sample were free to bind to 

the SMCC-BSA conjugates.  An aliquot of the large T solution was taken and diluted to 100 

M for use in this assay, and varying concentrations (10 to 150 M) of glutathione were used 

to generate a standard curve.  All assays were performed in disposable UV cuvettes. 

Two solutions were prepared for use in the Ellman’s assay: 10.0 mL of a DTNB stock 

solution (50 mM sodium acetate, 2mM DTNB in H2O; kept refrigerated) and 100.0 mL of a 

Tris dilution buffer (1 M Tris, pH = 8.0; kept refrigerated).  50 L of DTNB stock solution, 

100 L of Tris dilution buffer, and 840 L of water were then placed in every cuvette and 

mixed rapidly via pipette.  10 L of analyte – either blank, standard, or sample – was added 

to a given cuvette, covered with a small piece of parafilm, then vortexed for approximately 

30 seconds.  The cuvette was then allowed to sit at room temperature for 5 minutes, after 

which an absorbance reading at 412 nm was taken.  Thiol concentration was calculated using 

an extinction coefficient of 13,600 M-1cm-1 and a dilution factor of 100. 

 

2.4.2.3.   Quantification of Large T/BSA Conjugates per Nanoparticle. 

2.4.2.3.1. Preparation of BSA-MBS-[Ru(bipy)2bipy-C6H12-SH]2+ Conjugates. 

MBS was dissolved in dimethylformamide (10 mg/mL) and added to aqueous 

solutions containing BSA (10 mg/mL, in pH 7.2 PBS buffer) to produce a molar ratio of 

MBS to BSA of 40:1. The reaction was allowed to proceed for 30 min at room temperature. 

Sephadex G-50 was employed to remove unreacted MBS. 
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A solution of [Ru(bipy)2bipy-C6H12-SH]2+ (1 mM) was added to 1 mL aliquots of 

BSA/MBS (1 mg/mL) to yield an initial molar ratio of 15:1 [Ru(bipy)2bipy-C6H12SH]2+ per 

BSA-MBS and allowed to mix at room temperature for 60 min. All samples were then 

separated from excess [Ru(bipy)2bipy-C6H12-SH]2+ by centrifugal filtration (Centricon,YM- 

30). Steady-state emission spectra were recorded on a PTI Quantamaster luminescence 

spectrometer (MD-5020) using 450-nm excitation while monitoring emission intensity from 

530 to 700 nm.  The emission quantum yield of the C6H12-SH-modified [Ru(bpy)3]
2+ was 

determined using a luminescent compound with a known quantum yield; [Ru(bpy)3]
2+ (QY = 

0.042 ± 0.002 at 25 °C).24 Absorbance (UV-visible) and steady-state emission spectra were 

collected for aqueous solutions containing either modified or unmodified [Ru(bpy)3]
2+. By 

comparing the steady-state emission peak areas for solutions containing identical 

concentrations of modified and unmodified [Ru(bpy)3]
2+, the ratio of the quantum yields was 

found. The quantum yield of [Ru(bpy)2bpy-C6H12-SH]2+ was calculated to be 0.026 ± 0.003 

at 25 °C. 

The number of [Ru(bipy)2bipy-C6H12-SH]2+ labels attached to BSA was determined 

by comparing the emission of the BSA-[Ru-(bipy)2bipy-C6H12-SH]2+ conjugate to that of a 

free [Ru(bipy)2bipy-C6H12-SH]2+ standard curve. After comparison of sample emissions to 

the standard curve, it was determined that there were 8 ± 1 [Ru(bipy)2bipy-C6H12-SH]2+ 

molecules/BSA under conditions where ~20 MBS molecules were conjugated to BSA. The 

yield for reaction of [Ru(bipy)2bipy-C6H12-SH]2+ with MBS was ~0.5 under the conditions 

studied here. 
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2.4.2.3.2. Time-Resolved Emission Methods. 

Time-resolved emission spectra were acquired with an argon ion laser whose 

continuous output was used to pump a mode-locked Ti:sapphire oscillator.  The Ti:sapphire 

laser output was frequency doubled to 423 nm using a BBO crystal to produce ~1 ps pulses 

with a pulse energy of ~0.26 nJ/pulse. This pulse train was pulse picked and the repetition 

rate selected to be roughly 5 times the natural lifetime of the sample.  Luminescence lifetime 

data were collected using the time-correlated single photon counting technique published 

earlier.25  Samples were sparged with argon for ~45 minutes prior to use. 

The method for analysis of the fraction of luminescent molecules on the surface of a 

nanoparticle and in solution has been also published previously.25  Relaxation from the 

radiative excited states was modeled using the following exponential decays: 

  tk
N

i
i

ieAtY 




1

   (2) 

where N is the total number of phosphorescent components and Ai and ki represent the 

amplitude is rate constant for each component, respectively. The final fit was approached 

using an iterative process where exponentials were added until no significant improvements 

in the correlation coefficient of the fit could be seen. The calculated populations associated 

with each observed lifetime were then compared to the initial added concentration of emitter 

(free in solution) in order to determine the number of emitters associated with the gold 

colloids. For example, if there are two populations, there will be two observed lifetimes. The 

radiative rate constant for unquenched Ru(bipy)3
2+ in solution is: 

radnonphosobs   111    (3) 
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where kobs = 1/obs, kphos = 1/phos, etc. The phosphorescence lifetime is obs, and the 

nonradiative lifetime is non-rad. Quenching can occur by electron or energy transfer from 

[Ru(bipy)2bipy-C6H12-S]2+ to the gold nanoparticle with rate constant, ket to give an observed 

lifetime of: 

etradnonphosobs  1111     (4) 

 The phosphorescence quantum yield is: 

 etradnonphosphos kkkk     (5) 

where ket = 0 for the solution fraction. It turns out that the ratio of the amplitudes, Ai/Aj in the 

fit correspond exactly to the ratio of the amounts of [Ru(bipy)2bipy-C6H12-S]2+ in phases i 

and j, respectively. 

 

2.4.2.4.   Critical Coagulation Constant (CCC) Tests. 

2.4.2.4.1.   Varying BSA:Nanoparticle Ratio. 

 Beginning with a stock solution of 20 nm diameter citrate-passivated nanoparticles 

(1.2 nM), seven 500 L aliquots of this stock solution were placed into disposable centrifuge 

tubes.  Each sample received an aliquot of a BSA stock solution (2mg/mL in dH2O) to 

achieve one of the following molar ratios of BSA per nanoparticle: 0:1 (nanoparticle samples 

received only dH2O), 50:1, 125:1, 250:1, 500:1, 1000:1, or 2000:1.  After mixing via vortex 

for approximately 15 seconds, the samples were allowed to sit at room temperature for 5 

minutes.  10 L of a 1.7 M sodium chloride solution was added to one sample, mixed via 

vortex for approximately 15 seconds, then visually inspected to see if any observable 
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coagulation of particles had occurred – if not, then another 10 L of 1.7 M NaCl was added 

and the sample vortexed again and rechecked for flocculation.  This process was repeated 

until either flocculation was observed (at which point the approximate CCC value was 

calculated) or until 500 L of 1.7 M NaCl had been added with no observable aggregation of 

particles. In this latter case, the sample was vortexed a final time and allowed to sit at room 

temperature for 30 minutes, after which the sample was transferred to a disposable UV 

cuvette and an absorbance scan on the sample was performed to confirm there was no 

evidence of particle coagulation.  This entire procedure was repeated three times for 1.2 nM 

solutions of four particle diameters (20, 15, 10, and 5 nm), and repeated again in triplicate for 

separate samples of 20 nm and 15 nm diameter BSA-nanoparticle complexes which had been 

centrifuged to a pellet and resuspended in fresh dH2O. 

 

2.4.2.4.2.   Varying Large T/BSA:Nanoparticle Ratio. 

 Aliquots of the previously-described 15:1 large T:BSA conjugate (experimentally-

determined molar ratio) were added to five different 500 L samples of 15 nm diameter 

citrate-passivated gold nanoparticles (2.3 nM) in disposable UV cuvettes to achieve the 

following large T/BSA per nanoparticle molar ratio:  0:1 (an aliquot of NaPi @ pH = 7.0 was 

added), 67.5:1, 125:1, 250:1, and 500:1.  After covering each cuvette with parafilm and 

mixing via vortex for approximately 15 seconds, the samples were allowed to sit at room 

temperature for 5 minutes.  10 L of a 1.7 M sodium chloride solution was added to one 

sample, mixed via vortex for approximately 15 seconds, then an absorbance scan was 

performed on the sample to see if any detectable coagulation of particles had occurred – if 
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not, then another 10 L of 1.7 M NaCl was added and the sample vortexed again and 

rechecked via UV for flocculation.  This process was repeated until either flocculation was 

observed (at which point the approximate CCC value was calculated) or until 500 L of 1.7 

M NaCl had been added with no detectable aggregation of particles.  In this latter case, the 

sample was vortexed a final time and allowed to sit at room temperature for 30 minutes, after 

which an absorbance scan on the sample was performed to confirm there was no evidence of 

particle coagulation.  This entire procedure was then repeated twice, yielding triplicate sets of 

data.   

 

2.4.2.4.3.   Varying Large T : BSA Ratio. 

 Aliquots of each of the previously-described large T:BSA conjugates were added to 

six different 500 L samples of 15 nm diameter citrate-passivated gold nanoparticles (2.3 

nM) in disposable UV cuvettes to achieve a 250:1 large T/BSA per nanoparticle molar ratio.  

After covering each cuvette with parafilm and mixing via vortex for approximately 15 

seconds, the samples were allowed to sit at room temperature for 5 minutes.  10 L of a 1.7 

M sodium chloride solution was added to one sample, mixed via vortex for approximately 15 

seconds, then an absorbance scan was performed on the sample to see if any detectable 

coagulation of particles had occurred – if not, then another 10 L of 1.7 M NaCl was added 

and the sample vortexed again and rechecked via UV for flocculation.  This process was 

repeated until either flocculation was observed (at which point the approximate CCC value 

was calculated) or until 500 L of 1.7 M NaCl had been added with no detectable 

aggregation of particles.  In this latter case, the sample was vortexed a final time and allowed 
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to sit at room temperature for 30 minutes, after which an absorbance scan on the sample was 

performed to confirm there was no evidence of particle coagulation.  This entire procedure 

was then repeated twice, yielding triplicate sets of data.   

 

2.4.2.4.4.  The Effect of Temperature Variation. 

 Nine 0.5 mL samples of 15 nm diameter citrate-passivated gold nanoparticles (2.3 

nM) in disposable UV cuvettes were allowed to equilibrate overnight at one of three separate 

temperatures: three samples at 4 oC (in a refrigerator), three samples at 25 oC (on notebook in 

lab), and three samples at 37 oC (temperature-controlled incubator; carefully sterilized).  

Additionally, aliquots of the previously-described 15:1 large T:BSA conjugate 

(experimentally-determined molar ratio) and stock solutions of 1.7 M NaCl were allowed to 

equilibrate overnight at the three temperatures.   

 For the experiments performed at 25 oC, identical aliquots of the large T:BSA 

conjugate were added to three different 500 L samples of the 15 nm diameter citrate-

passivated gold nanoparticles to achieve a 250:1 large T/BSA per nanoparticle molar ratio.  

After covering each cuvette with parafilm and mixing via vortex for approximately 15 

seconds, the samples were allowed to sit at room temperature for 5 minutes.  50 L of a 1.7 

M sodium chloride solution was added to one sample, mixed via vortex for approximately 15 

seconds, then an absorbance scan was performed on the sample to see if any detectable 

coagulation of particles had occurred – if not, then another 50 L of 1.7 M NaCl was added 

and the sample vortexed again and rechecked via UV for flocculation.  This process was 

repeated until either flocculation was observed (at which point the approximate CCC value 
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was calculated) or until 500 L of 1.7 M NaCl had been added with no detectable 

aggregation of particles.  In this latter case, the sample was vortexed a final time and allowed 

to sit at room temperature for 30 minutes, after which an absorbance scan on the sample was 

performed to confirm there was no evidence of particle coagulation.   

For the experiments performed at 4 oC, the UV-Vis spectrophotometer (and 

accompanying computer) were wheeled into a nearby 4 oC cold room, allowed to sit in the 

cold room for 2 hours prior to experimentation, and the entire procedure utilized for the 25 

oC experiments was repeated exactly (aside from temperature references) using the materials 

which had been equilibrated at 4 oC overnight. 

For the experiments performed at 37 oC, a temperature control unit was used to keep 

samples at 37 oC during the experiment.  After allowing this element to heat to 37 oC, 

materials for the experiment (one cuvette of nanoparticles, the large T/BSA aliquot, and the 

stock solution of 1.7 M NaCl) were removed from the incubator and the experiment was 

performed as quickly as possible.  Considering the cuvette in undergoing analysis was largely 

kept at temperature when not being vortexed (and the cuvette, in fact, was allowed to remain 

in the temperature control unit for three extra minutes after each NaCl addition), the 

additions of small amounts of slowly-cooling NaCl solution to the sample was considered to 

have negligible effect upon the system temperature.  The entire procedure utilized for the 25 

oC experiments was repeated otherwise exactly as described previously (aside from 

temperature references). 
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Chapter 3 

 

 

Incubations of BSA-SMCC-Large T/Nanoparticle 

Complexes with Human Cervical Cancer Cells.
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3.1. Introduction. 

 With stable, well-characterized nanoparticle complexes in hand, the focus of this 

research shifted to cellular delivery.  Primarily, the initial experiments detailed in this chapter 

were performed to gauge the utility of ICP-OES in measuring nanoparticle complexes 

internalized by human cervical cancer cells in vitro.  It was found that while analysis of gold 

nanoparticles using this method had been performed previously,1 this detection method was 

typically used merely as a quick analysis of colloidal concentration, and none of the existing 

protocols were listed in detail (nor were attempts to optimize such measurements readily 

available).  Consequently, the research detailed in the first part of this chapter sought to 

define a repeatable and reliable protocol to utilize ICP-OES as an integral part of cellular 

internalization experiments involving gold nanoparticle complexes.  After this analytical 

technique was shown to be extremely valuable to these experiments, examination of the 

consequences of nanoparticle complex composition (and various other experimental 

conditions) upon resulting cellular internalization for this particular cell line were assayed in 

detail.  Once again, note that all experimental results are shown and discussed first, followed 

by a section defining materials used and a methodical description of experimental procedures 

which were performed. 

 

3.1.1.  The HeLa Cell Line. 

 Human cervical adenocarcinoma epithelial cells – HeLa; from Henrietta Lacks, a 31-

year-old African-American female at the time of initial harvesting – were chosen for this 

research.  They were the first human cells discovered to thrive and multiply outside the 



 72

body,2 and are currently a widely-used cell line, easy to maintain, and useful in that they are 

known to allow easy transport of moieties across the outer cell membrane.  In considering the 

ultimate delivery of a potential vector to a cell’s nucleus – experiments concerning which 

will be shown in Chapter 4 – this potential ease of entering a cell from the surrounding 

microenvironment is of no small consequence. It should therefore be noted that this is a 

model system for these types of experiments; truly optimized delivery for these nanoparticle 

complexes would certainly need to be accomplished on a per cell line basis, tailored to a 

given target cell line. 

 

3.1.2. Discussion of ICP-OES Method Development. 

 ICP-OES is very useful for detecting trace amounts of metals in heterogenous 

samples.  For example, ICP-OES has been used to detect free cadmium ions released from 

quantum dots,3 measure manganese in blood levels,4 and specifically determine amounts of 

gold present in ore samples.5  

 The immediate focus of this section of research was determining the optimal 

parameters involved in detecting trace amounts of gold nanoparticle complexes incubated 

with HeLa cells.  The first experiments detailed below were designed to address the 

fundamental question in developing this novel approach to analysis: can ICP-OES precisely 

and accurately measure the low concentrations of gold which are to be used in experiments 

involving cellular delivery?  Upon answering this question in the affirmative, a protocol was 

constructed with the ultimate goal of maximizing potential signal of any particular sample.  

Generally, it was found: 1) replicate cellular samples could be combined to augment resulting 
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gold emission signals in a linear fashion, 2) these samples could be dissolved completely in 

aqua regia with no apparent ill effects on resulting emission intensities (very important for 

later cellular incubations), and 3) the dilution of all samples approximately ten-fold with 

ultrapure water prior to analysis for ease of use in the instrument resulted in very stable and 

strong emission intensities.  It should be noted that the resulting gold emission intensities 

from the experiments listed below were compared to a standard curve generated from 

coincident analyses of gold standard solutions, and then these correlated concentrations were 

back-calculated into numbers of nanoparticles of a given diameter. 

 

3.1.3. General Cellular Incubation Considerations. 

All experiments involving HeLa cells were performed at 37 oC & 5 % CO2 unless 

otherwise noted.  The HeLa cells themselves were grown in T-75 cell culture flasks to 

approximately 85 % confluency using Eagle’s minimal essential medium (EMEM) 

containing 10 % fetal bovine serum (FBS).   Cells were plated into 12-well plates containing 

sterilized glass cover slips and allowed to reach 85 % confluency prior to experimentation. 

 

3.2. Results and Discussion 

3.2.1. ICP-OES Calibration Experiments 

Table 3.1.  ICP-OES intensities and calculated number of citrate-stabilized 20 nm diameter 
nanoparticles for standards prepared with and without acid digestion.* 

Analyte 
Intensity 
(x105) 

Number of Nanoparticles 
(x1010) 

Au Nanoparticles 1.537 ± 0.005 6.220 ± 0.002 
Au Nanoparticles (aqua regia) 1.550 ± 0.009 6.264 ± 0.004 

*The uncertainty is the standard deviation of six replicate samples. 
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The standards used in these first calibration experiments contained 7.0 x 1010 gold 

nanoparticles. It can be seen in the results in Table 3.1 that approximately 10 % of the 

nanoparticles were not recovered at some point during the experiments.   

The intensity values from the two sets of samples were compared using Student’s t 

test and were observed to be statistically different from each other at the 95% confidence 

limit (tcalc = 2.99).  While there is a small statistical difference between the observed signals 

obtained from samples with and without aqua regia treatment, it is likely that the acidic 

dissolution of the nanoparticle complexes prior to ICP-OES analysis enhanced the resulting 

signal slightly because: 1.) more gold was able to be recovered from the evaporated samples 

in the well plate compared with those samples which weren’t subjected to aqua regia, or 2.) 

the acid-dissolved samples offer a mildly-enhanced presentation of the gold samples to the 

ICP itself, or 3.) both.   Moreover, the data listed in Table 3.1 imply that if there are any 

matrix effects associated with the dissolution of nanoparticles, these effects are quite small; 

in any event, treatment of samples with aqua regia did not hinder the resulting signal 

obtained via ICP-OES.  Since it was desirable to use aqua regia treatment of all future 

nanoparticle complex delivery studies involving cells (which would streamline the process 

greatly), these results about the nature of using aqua regia with ICP-OES analysis allowed 

this acid-dissolution step to be incorporated into the developing protocol. 
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Table 3.2.  ICP-OES intensities of 15 nm diameter nanoparticle complexes constructed with 
varying passivating layers and incubated on glass coverslips for 6 h at 37 °C and in 5 % CO2 
in the absence of HeLa cells.* 

Nanoparticle Passivating Layer Intensity (x103) 

18 M H2O (no Au) 0.05 ± 0.03 
Citrate 0.18 ± 0.08 

Native BSA 1.2 ± 0.1 
Large T:BSA Conjugate (15:1) 4.0 ± 0.1 

*The uncertainty is the standard deviation of six replicate samples.  

   

Table 3.3.  ICP-OES intensities of HeLa cell samples incubated for 6 h at 37 °C and in 5 % 
CO2 with and without 15 nm-diameter gold nanoparticle complexes constructed using a 15:1 
Large T/BSA (experimentally-determined ratio) conjugate.* 

Analyte Intensity (x104) 

HeLa Cells (no Au) 0.010 ± 0.005 
1 Cover Slip 1.051 ± 0.064 
2 Cover Slips 2.247 ± 0.105 

2 Cover Slips (Heparin Wash) 2.099 ± 0.112 
*The uncertainty is the standard deviation of six replicate samples. 

  

 The results listed in Table 3.2 indicate nanoparticles passivated with large T/BSA 

appear to associate with empty glass cover slips in more than three times the amount of BSA-

passivated nanoparticles, which, in turn, are nearly an order of magnitude more likely to 

associate with an empty glass cover slip than citrate-stabilized nanoparticles.  It should be 

noted that the blank sample (18 M H2O) is included in this Table 3.2 for demonstration – 

this value was subtracted from all results listed in Table 3.2.  Moreover, it should also be 

noted that all samples were diluted to 1.5 mL with cellular growth media; while there is FBS 

present in the growth media, it is likely the citrate-stabilized nanoparticles flocculated upon 
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addition of the cellular growth media, but this potential aggregation of nanoparticles was not 

assayed in this experiment. 

While the ICP-OES signal for the BSA- and large T/BSA-passivated nanoparticles 

may seem large, comparison of these results with those listed in Table 3.3 reveal that the 

signals are significantly lower than those from samples of incubations with HeLa cells.  

HeLa cells were grown to approximately 85 % confluency prior to the introduction of 

nanoparticle complexes, so the results in Table 3.2 should be seen as a maximum possible 

adhesion of nanoparticle complexes to the glass cover slip in a given well, and the presence 

of so many HeLa cells prior to introduction of nanoparticle complexes should strongly 

mitigate (if not nearly eliminate) the possibility of any meaningful contribution of glass-

adhered nanoparticle complexes to the resulting signals seen in Table 3.3.  In other words: 

the resulting signals seen from incubations of nanoparticle complexes with HeLa cells (Table 

3.3) are not likely to have a significant contribution from nanoparticle complexes which had 

solely adhered to the cover slip and not otherwise associated with a HeLa cell (Table 3.2). 

In order to optimize ICP-OES signals, the effects of combining two identically treated 

coverslips into one ICP-OES sample were examined. It was expected that coverslips 

containing identical cell coverage and incubated with an identical concentration of 

nanoparticle complexes could be combined to approximately double the resulting ICP-OES 

signal without introducing nonlinearity in the measured signal. ICP-OES analysis of HeLa 

cells not exposed to gold nanoparticles gave only a slightly larger signal than pure water 

(Table 3.3). HeLa cells incubated with large T-BSA/gold nanoparticle complexes yielded 

signals that were proportional to the number of coverslips combined prior to sample 
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digestion. Thus, by combining coverslips the ICP-OES signal was increased without 

introducing artifacts from matrix effects or variability in cell coverage.  The practice of 

combining two cover slips together post-incubation but before preparing the samples for ICP-

OES analysis was henceforth incorporated into the developing protocol. 

A Student’s t test examining the variance in analyzing one coverslip versus two 

yielded no statistical difference at the 95 % confidence limit (tcalc = 2.15), and an analysis of 

the intensity of two coverslips with and without a heparin wash demonstrated a small but 

statistically significant difference at the 95 % confidence limit (tcalc = 2.36).  Considering the 

average ICP-OES intensity values of the samples analyzed with and without a heparin wash, 

nonspecific binding of nanoparticles to the outer cell membrane contributes a maximum of 

7% to the apparent observed internalization of these nanoparticle complexes. 
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3.2.2. Probing Optimal Time of Incubation 
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Figure 3.1. Average number of 15 nm diameter gold nanoparticle complexes (determined via 
ICP-OES analysis) per HeLa cell (determined via cell counting) vs incubation time. The 
nanoparticles were modified with large T-BSA conjugates of a single, experimentally 
determined molar ratio, 15:1 large T/BSA. (Error bars not immediately visible are smaller 
than the data point.) 
 

The first examination of cellular internalization performed was designed to 

quantitatively examine the relationship between gold nanoparticle complex internalization 

and incubation time. While the internalization of gold nanoparticle complexes was observed 

to generally increase as incubation time increased (Figure 3.1), the amount of gold 
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nanoparticle complexes detected appeared to reach a plateau around 150 min and resumed an 

increasing trend after 240 min. Other work6 has shown that certain cell lines under particular 

incubation conditions can enter a “lag phase” in their growth cycles, meaning the growth 

cycle of the cells may slow down for a period of time as the cells adjust to the ambient 

presence of a foreign agent (i.e., experimental probe or delivery vector) but resume normal 

(or even increased) growth rate after this adjustment period. This may help explain why the 

internalization of gold nanoparticle complexes by HeLa cells in Figure 3.1 appeared to 

plateau, but this phenomenon was not further probed in this study.  It should be noted these 

data from this experiment are “nanoparticles per cell” because aliquots of each sample were 

analyzed via FACS to determine number of cells per well.  All subsequent experiments listed 

in this chapter are “nanoparticles per well.”  An average number of cells per well from these 

experiments was deliberately not used to determine “nanoparticles per cell” in the subsequent 

experiments because of the wide variability in experimental conditions; that is, it would not 

necessarily be a “true” average number of cells per well because the experimental conditions 

were too widely disparate among all the experiments. 
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3.2.3. Probing Optimal Number of Large T Peptides Per Nanoparticle Complex and 

the Effect of Temperature on Uptake Efficiency 
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Figure 3.2. Plot of the average number of 15 nm diameter nanoparticle complexes per well 
as determined via ICP-OES analysis vs number of large T peptides per gold nanoparticle 
complex. All incubations were performed in 5 % CO2 and under one of the following 
additional conditions: 1 h, 37 °C (diamond), 3 h, 37 °C (square), 6 h, 37 °C (triangle), and 6 
h, 4 °C (x). (Error bars not immediately visible are smaller than the data point.) 
 

Once a direct relationship between gold nanoparticle complex internalization by 

HeLa cells and incubation time was established (Figure 3.1), nanoparticle internalization 
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over time as a function of the number of large T peptides per nanoparticle was probed. 

Moreover, it was of interest to examine whether this internalization proceeds via an energy-

dependent mechanism. To this end, several concurrent experiments were performed on cells 

incubated with nanoparticle complexes modified with varying amounts of large T (Figure 

3.2). 

It was observed that increasing the amount of large T peptides per gold nanoparticle 

complex resulted in more cellular internalization irrespective of incubation time (Figure 3.2). 

Moreover, larger amounts of gold nanoparticle complexes were internalized at 37 than at 4 

°C, and this disparity became greatly pronounced as the number of large T peptides per gold 

nanoparticle complex increased. It is unclear whether nanoparticle complexes are merely 

adhering to the outside of the cells at 4 °C or if they are being internalized at a much slower 

rate. The former option implies this internalization process proceeds through an energy-

dependent mechanism, whereas the latter allows for the possibility that at least some of the 

gold nanoparticle complexes are able to be internalized via an energy-independent pathway. 

Although it is possible that cellular internalization utilizes an energy-independent pathway, 

the much higher uptake seen at 37 °C appears to indicate energy dependence for this process. 

The gold nanoparticle complexes detected at 4 °C may therefore represent complexes bound 

to their receptors but not internalized due to the energy constraint. 
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3.2.4.   Probing Effect of Particle Size and Excess Passivating Agent on Uptake 

Efficiency. 
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Figure 3.3. Results of ICP-OES analyses of 6 h HeLa incubations with large T-
BSA/nanoparticle complexes of varying size. The unshaded data set above corresponds to 6 h 
HeLa incubations with large T-BSA/nanoparticle complexes of varying size but constant 
large T-BSA conjugate concentration. The shaded data set corresponds to 6 h HeLa 
incubations with large T-BSA/nanoparticle complexes of varying size and varying large T-
BSA conjugate concentration in an attempt to maintain constant surface coverage of the 
nanoparticles in accordance with size.   
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Figure 3.4. Plot of the average number of 15 nm diameter nanoparticle complexes per well 
as determined via ICP-OES analysis vs number of BSA (diamonds) or large T-BSA (squares) 
per 15 nm diameter gold nanoparticle complex. (Error bars not immediately visible are 
smaller than the data point.) 
 
 

Results from experiments involving complexes of varying nanoparticle size are 

summarized in Figure 3.3. Although both sets of experiments involve incubations of HeLa 

cells with a single concentration of gold nanoparticles irrespective of nanoparticle size, the 

unshaded bars correspond to experiments in which a single concentration of large T-BSA 

conjugate was used, thus leading to a potentially dramatic excess of large T-BSA conjugate 

with the large T-BSA/gold nanoparticle complexes of smaller diameter. The shaded bars 
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correspond to experiments performed with a varying concentration of large T-BSA conjugate 

such that the concentration of this conjugate is scaled according to available surface area on 

the gold nanoparticles of a given diameter; that is, the surface areas of the 10 and 15 nm 

diameter nanoparticles are smaller than that of the 20 nm diameter nanoparticles by a factor 

of 4 and 1.78, respectively, so a proportionally decreased amount of large T-BSA conjugate 

was used in synthesizing these particular large T-BSA/gold nanoparticle complexes.  

It can been seen in the data in Figure 3.3 that larger-diameter nanoparticle complexes 

were internalized more readily by HeLa cells than smaller-diameter nanoparticle complexes 

and the excess large T-BSA conjugate present in certain 10 and 15 nm diameter gold 

nanoparticle complex samples (unshaded bars) appears to have marginally increased cellular 

internalization.  It should be noted that the cellular internalization of BSA/gold nanoparticle 

complexes lacking the large T peptide seen in this data is not a novel phenomenon.  Other 

research7,8,9 has demonstrated the ability of similar complexes (5 nm diameter) to be 

internalized by other cell lines using specific cell membrane-associated proteins (gp30 and 

gp18) while native, unassociated BSA in solution was found to internalize via a different 

moiety (gp60 - albondin).  However, the research described in this dissertation did not make 

any attempt to determine the mechanism of entry of the BSA/gold nanoparticle complexes.  

Instead, the focus was on the quantity of these BSA/gold nanoparticle complexes internalized 

relative to the quantity of those complexes containing large T: the data shown in Figure 3.3 

demonstrate a decrease over one order of magnitude in cellular internalization of the 

BSA/gold nanoparticle complexes as compared to analogous nanoparticle complexes 

containing large T. 
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Since internalization of 15 nm diameter gold nanoparticle complexes in the previous 

experiment appeared to increase in the presence of excess large T-BSA conjugate, a further 

examination of this phenomenon was warranted. It can be concluded from the data in Figure 

3.4 that having excess native BSA or large T-BSA present during cellular incubation with 

nanoparticle complexes did not inhibit cellular uptake of these complexes, even when that 

excess was increased over 10-fold. Additionally, nanoparticle complexes using large T-BSA 

once again exhibited greatly enhanced cellular uptake compared to the nanoparticles 

passivated with native BSA. 

These experiments demonstrate a direct relationship between nanoparticle uptake and 

nanoparticle size. Moreover, although it might have been expected that having excess large 

T-BSA conjugate in the growth media may have competitively inhibited cellular uptake of 

the nanoparticle constructs, this was not observed (Figure 3.4). This implies either that under 

these conditions the size and/or polyvalency of the large T-BSA/gold nanoparticle complexes 

allows for more efficient internalization versus the large T-BSA conjugates alone or that an 

excess of cellular receptors are present. As the observation of the internalization of the large 

T SV40 NLS peptide sequence from the pericellular environment is a new result, any cellular 

receptor it may be accessing and/or the number of those receptors is currently unknown. 
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3.2.5. Pulse-Chase Experiments 
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Figure 3.5. Plot of the average number of 15 nm diameter gold nanoparticle complexes per 
well as determined via ICP-OES analysis versus chase time. The pulse was a 3 h incubation 
with large T-BSA/gold nanoparticle complexes.  (Error bars not immediately visible are 
smaller than the data point.) 
 
 

Another dimension to the phenomena under scrutiny in this research is the ultimate 

fate of a given nanoparticle complex which has been internalized by a HeLa cell. A pulse-

chase experiment was performed to determine if the amount of time that internalized gold 

nanoparticle complexes were in HeLa cells was short (perhaps quickly shunted out of the cell 
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via some exocytotic pathway) or if these gold nanoparticle complexes associated with a cell 

for an appreciable amount of time. The gold nanoparticle complexes did, in fact, remain 

associated with the HeLa cells in similar concentration up to 12 h after the cells were no 

longer exposed to the complexes (Figure 3.5). 

 

3.3. Conclusions 

ICP-OES has demonstrated its efficacy as a valuable analytical tool for quantifying 

cellular internalization of gold nanoparticles.  With regard to the ICP-OES control 

experiments, it was concluded: (1) there was a small but statistically significant increase 

within the 95% confidence limit in ICP-OES intensity when gold nanoparticles were 

prepared by digestion in aqua regia compared to undigested samples (Table 3.1), (2) any 

residual nanoparticle complexes adhered to the coverslips did not significantly alter the 

resulting ICP-OES signal (values from Table 3.2 compared to those in Table 3.3), (3) 

doubling the number of coverslips per sample was an effective way to double the resulting 

ICP-OES signal without introducing nonlinear matrix effects in the signal (Table 3.3), and 

(4) although using a post-incubation heparin wash afforded a very small yet statistically 

significant difference in the resulting ICP-OES signal (Table 3.3), the vast preponderance of 

complexes detected after incubation with HeLa cells were most likely internalized as 

opposed to merely associated with the exterior of the cells. This last conclusion is based upon 

the hypothesis that heparin would remove large T/BSA-gold nanoparticle complexes bound 

to receptors on the exterior of the cell membrane but not internalized as has been reported for 

other bound molecules.10 
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In general, it can be concluded that allowing larger nanoparticle complexes 

containing higher concentrations of large T to incubate with HeLa cells for longer periods of 

time at 37 oC afforded the maximum amount of cellular internalization of these complexes.  

The presence of excess large T/BSA conjugate did not decrease the amount of complexes 

ultimately detected in the cells post-incubation, and the complexes were detected in the cells 

in very similar concentration up to 12 hours after the media containing these nanoparticle 

complexes was removed. 

 

3.4 Experimental. 

3.4.1. Materials. 

HeLa (human cervical cancer cells) cell line was purchased from the American Type 

Culture Collection (Rockville, MD). Minimal essential medium Eagle’s (EMEM), fetal 

bovine serum (FBS), Dulbecco’s phosphate-buffered saline (DPBS), T-75 cell culture flasks, 

12-well cell culture plates, and trypsin were purchased from Bio-Whittaker, Inc. 

(Walkersville, MD). All gold nanoparticles were purchased from Ted Pella, Inc. (Redding, 

CA). The modified large T peptide sequence (rhodamine-Cys-Gly-Gly-Gly-Pro-Lys-Lys-

Lys-Arg-Lys-Val-Gly-Gly-OH) was synthesized at the University of North Carolina 

Microprotein Sequencing and Peptide Synthesis Facility (Chapel Hill, NC). Bovine serum 

albumin (BSA) was purchased from Pierce Co. (Rockford IL). Heparin sulfate, 4-(N-

maleimidomethyl)-cyclohexane-1-carboxylic acid N-hydroxysuccinimide ester (SMCC), 

sodium chloride, monobasic sodium phosphate (NaH2PO3), dibasic sodium phosphate 

(Na2HPO3), Optima-grade HCl, Optima-grade HNO3, Centricons (MWCO: 30 000), and 
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glass coverslips (18 mm) were all purchased from Fisher Scientific. All ICP experiments 

were performed with a Perkin-Elmer Optima 2100DV optical emission spectrometer 

equipped with a Meinhard type C glass nebulizer, unbaffled cyclonic chamber, and an 

alumina injection tube (2 mm opening). Other instrument settings include the following: 18 

L/min plasma flow, 0.2 L/min auxiliary flow, 0.62 L/min nebulizer flow, 1.00 L/min pump 

rate, and 1500 W rf power. All ICP standards were made from 100 mg/mL SpexCertiPrep 

stock solution (lot no. CL3-19AU), and all ICP samples were analyzed at 242.795 nm with a 

read delay of 80 s and an integration time from 2 to 5 s.   

HeLa cells were maintained in T-75 cell culture flasks using EMEM growth media 

containing 10% FBS at 37 °C and at 5 % CO2. Prior to experimentation, cells were plated on 

sterile glass coverslips in 12-well plates. Cells were grown to approximately 75% confluency 

before beginning experiments. It should be noted that 6 h was chosen as a maximum 

incubation time of cells with nanoparticle complexes for all experiments in this research to 

avoid potential effects on any cellular internalization due to overconfluency of the HeLa 

cells. Cell counting was performed using a fluorescent-activated cell sorting (FACS) 

instrument (NC State Veterinary College). 

 

3.4.2. Methods. 

3.4.2.1. Without Cells (ICP-OES Calibration Experiments). 

Four sets of control experiments were performed to probe the utility of ICP-OES as 

an analytical technique for use in subsequent determinations of nanoparticles internalized by 

HeLa cells. The first set of experiments was done to ensure that ICP-OES could accurately 
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determine the concentration of gold nanoparticles in solution and that no matrix effects were 

introduced by the use of aqua regia in sample preparation. This was accomplished by placing 

100 L of 1 nM citrate-stabilized 20 nm diameter gold nanoparticles in each well of a 12-

well cell culture plate and allowing the solutions to evaporate to dryness at room 

temperature. Six of the wells were then further treated with 0.5 mL of aqua regia while the 

remaining six wells received 0.5 mL of ultrapure water. The well plate was allowed to 

remain at room temperature for 2 h, after which 0.4 mL of each sample was placed in a 15 

mL centrifuge tube, diluted to 3.9 mL with ultrapure water, and analyzed via ICP-OES.  

A second set of experiments was conducted to examine the relative degree to which 

nanoparticle complexes might associate with the glass coverslips in the absence of HeLa 

cells. Sterile glass coverslips were individually placed in each well of two 12-well cell 

culture plates. Six of these wells then received 150 L of ultrapure water and were diluted to 

1.5 mL with EMEM growth media, six wells received 150 L of citrate-stabilized 15 nm 

diameter gold nanoparticles and were then diluted to 1.5 mL with growth media (0.23 nM 

final concentration), six wells received 1.5 mL of growth media containing 10 % 15 nm 

diameter nanoparticle complexes stabilized with native BSA (0.23 nM final complex 

concentration), and the remaining six wells received 1.5 mL of EMEM growth media 

containing 10 % 15 nm diameter nanoparticle complexes stabilized with a large T-BSA 

conjugate (15:1 large T/BSA experimentally determined molar ratio; 0.23 nM final complex 

concentration). Both well plates were then incubated at 37 °C and 5 % CO2 for 6 h thus 

simulating the conditions used in later incubations with HeLa cells. After incubation, each 

well was rinsed with 1 mL of DPBS three times, and the coverslips were removed from their 
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wells and allowed to air-dry in a sterile cell culture hood. These dried coverslips were then 

placed in a new well plate, treated with 0.5 mL of aqua regia for 2 h, after which 0.4 mL of 

each sample was placed in a 15 mL centrifuge tube, diluted to 3.9 mL with ultrapure water, 

and analyzed via ICP-OES. 

The third set of ICP-OES control experiments was performed to determine both if the 

HeLa cells themselves would interfere with the resulting observed ICP-OES signal and if the 

ICP-OES signal detected from combining HeLa cell samples prior to treatment with aqua 

regia was linear. The 15 nm gold nanoparticles were passivated with large T-BSA conjugate 

(15:1 large T/BSA experimentally determined molar ratio) using a large T-BSA/nanoparticle 

molar ratio of 250:1, and the final concentration of gold nanoparticles in the solution was 

approximately 2.3 nM. HeLa cells which had been previously cultured on sterilized 

coverslips placed in two 12-well plates were then allowed to incubate with either 1.5 mL of 

pure growth media (6 wells) or 1.5 mL of growth media containing 10% large T-BSA/gold 

nanoparticle complexes (18 wells; 0.23 nM nanoparticle concentration) per well for 6 h. Each 

well was then rinsed with 1 mL of DPBS three times, and the coverslips were removed from 

their wells and allowed to air-dry in a sterile cell culture hood. These dried coverslips were 

then placed in a new well plate; each of the 6 the coverslips containing HeLa cells which had 

not been incubated with the nanoparticle complexes was placed in its own well, 6 of the 

remaining coverslips were similarly placed in their own well, while the remaining 12 

coverslips were placed in wells in pairs. Each well was then treated with 0.5 mL of aqua 

regia for 2 h, after which 0.4 mL of each sample was placed in a 15 mL centrifuge tube, 

diluted to 3.9 mL with ultrapure water, and analyzed via ICP-OES. 
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A final set of experiments was performed to evaluate binding of nanoparticles to the 

exterior of the outer cell membrane. Gold nanoparticles, 15 nm in diameter, were passivated 

with large T-BSA conjugate (15:1 large T/BSA experimentally determined molar ratio) using 

a large T-BSA/nanoparticle molar ratio of 250:1 and a final concentration of gold 

nanoparticles of 2.3 nM. HeLa cells, which had been previously cultured on sterilized 

coverslips and placed in one 12-well plate, were allowed to incubate with 1.5 mL of growth 

media containing 10 % large T-BSA/gold nanoparticle complexes (0.2 nM nanoparticle 

concentration) per well for 6 h. After incubation, each well was rinsed three times with 1 mL 

of DPBS, once with 1 mL of DPBS containing heparin sulfate (5 U/mL), and one final time 

with 1 mL of DPBS. Heparin sulfate is commonly used to desorb structures (e.g., molecules, 

biomolecules, particles) adhered to cell outer membranes.10  The samples were then treated 

with aqua regia and analyzed by ICP-OES as described above. 

 

3.4.2.2. Probing Optimal Time of Incubation. 

Gold nanoparticles 15 nm in diameter were passivated with large T-BSA conjugate 

(15:1 large T/BSA experimentally determined molar ratio) using a large T-BSA/nanoparticle 

molar ratio of 250:1, and the final concentration of gold nanoparticles in the solution was 

approximately 2.3 nM. HeLa cells which had been previously cultured on sterilized 

coverslips placed in 12-well plates were then allowed to incubate with 1.5 mL of growth 

media containing 10 % large T-BSA/gold nanoparticle complexes (0.23 nM nanoparticle 

concentration) per well for varying amounts of time from 0 to 6 h. Six wells of HeLa cells 

were used for every time period under scrutiny. After the desired incubation time had 
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elapsed, each well was rinsed with 1 mL of DPBS three times, and the coverslips were 

removed from their wells and allowed to air-dry in a sterile cell culture hood. These dried 

coverslips were then placed in a new well plate, combining two coverslips of identical 

samples per well. Each well was then treated with 0.5 mL of aqua regia for 2 h, and the 

resulting solution was prepared for ICP-OES analysis. 

 

3.4.2.3. Probing Optimal Number of Large T Peptides Per Nanoparticle Complex and 

the Effect of Temperature on Uptake Efficiency. 

Separate 15 nm diameter gold nanoparticle samples were passivated with one of six 

large T-BSA conjugates, each one containing a different molar ratio of large T per BSA. The 

molar ratio of large T-BSA conjugates/gold nanoparticles was 250:1, and the final 

concentration of gold nanoparticles in the solution was 2.3 nM. HeLa cells which had been 

previously cultured on sterilized coverslips and placed in 12-well plates were then allowed to 

incubate with 1.5 mL of growth media containing 10 % large T-BSA/gold nanoparticle 

complexes (0.23 nM nanoparticle concentration) per well for 1, 3, or 6 h. Additional well 

plates of HeLa cells which had been previously cultured on sterilized coverslips and placed 

in 12-well plates were removed from the incubator and cultured at 4 °C for 3 h prior to 

experimentation (along with the corresponding aliquots of DPBS and growth media 

containing nanoparticle complexes) in order to allow one replicate set of incubations to take 

place for 6 h at this temperature. Six wells of HeLa cells were used for every time period 

under scrutiny. After the desired incubation time had elapsed, each well was rinsed with 1 

mL of DPBS three times, and then the coverslips were removed from their wells and allowed 
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to air-dry in a sterile cell culture hood. These dried coverslips were then placed in a new well 

plate, combining two coverslips of identical samples per well. Each well was then treated 

with 0.5 mL of aqua regia for 2 h, and the resulting solution was prepared for ICP-OES 

analysis. Additional experiments under identical conditions were performed on separate 

samples of cells for the purposes of obtaining cell count and toxicity data. 

 

3.4.2.4. Probing Effect of Particle Size and Excess Passivating Agent on Uptake 

Efficiency. 

 Experiments designed to probe the effect of nanoparticle size on cellular 

internalization were performed under two different experimental conditions. In both sets of 

conditions, separate samples of gold nanoparticles of varying diameter (10, 15, and 20 nm) 

but identical concentration (1.2 nM) were passivated with a large T-BSA conjugate (15:1 

peptide/BSA experimentally determined molar ratio) prepared in the same fashion as 

described earlier. However, in one set of experiments, the large T-BSA conjugate was added 

to each nanoparticle sample in a large T-BSA/nanoparticle molar ratio of 500:1 irrespective 

of nanoparticle size, while in the other set of experiments, conjugate was added to the 

samples of nanoparticles in a large T-BSA/nanoparticle molar ratio commensurate with 

nanoparticle surface area; that is, 20 nm diameter colloids were exposed to large T-BSA 

conjugates in a large T-BSA/nanoparticle molar ratio of 500:1, while the molar ratio used for 

15 and 10 nm diameter colloids was 250:1 and 125:1, respectively. An additional sample of 

20 nm diameter gold nanoparticles was prepared using native BSA in a BSA/nanoparticle 

molar ratio of 500:1. HeLa cells, which had been previously cultured on sterilized coverslips 
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and placed in 12-well plates, were allowed to incubate with 1.5 mL of growth media 

containing 10 % large T-BSA/gold nanoparticle complexes (0.12 nM nanoparticle 

concentration) per well for 6 h. Six wells of HeLa cells were used for every nanoparticle size 

under scrutiny. After the desired incubation time had elapsed, each well was rinsed with 1 

mL of DPBS three times, and then the coverslips were removed from their wells and allowed 

to air-dry in a sterile cell culture hood. These dried coverslips were then placed in a new well 

plate, combining two coverslips of identical samples per well. Each well was then treated 

with 0.5 mL of aqua regia for 2 h, and the resulting solution was prepared for ICP-OES 

analysis. 

In the experiments examining the potential effects of excess passivating conjugate 

upon cellular internalization of the nanoparticle complexes, separate samples of 15 nm gold 

nanoparticles were passivated with a peptide-BSA conjugate (15:1 peptide/BSA 

experimentally determined molar ratio) in varying large T-BSA/nanoparticle molar ratios 

(250:1 to 3000:1), and the final concentration of gold nanoparticles in the solution was 2.3 

nM. Additional nanoparticle complexes were prepared using native BSA instead of large T-

BSA conjugates. HeLa cells, which had been previously cultured on sterilized coverslips and 

placed in 12-well plates, were allowed to incubate with 1.5 mL of growth media containing 

10 % large T-BSA/gold nanoparticle complexes (0.23 nM nanoparticle concentration) per 

well for 6 h. Six wells of HeLa cells were used for every time period under scrutiny. After 

the desired incubation time had elapsed, each well was rinsed with 1 mL of DPBS three 

times, and then the coverslips were removed from their wells and allowed to air-dry in a 

sterile cell culture hood. These dried coverslips were then placed in a new well plate, 
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combining two coverslips of identical samples per well. Each well was then treated with 0.5 

mL of aqua regia for 2 h, and the resulting solution was prepared for ICP-OES analysis. 

 

3.4.2.5. Pulse-Chase Experiments. 

Gold nanoparticles 15 nm in diameter were passivated with a large T-BSA conjugate 

(15:1 peptide/BSA experimentally determined molar ratio) in a large T-BSA/nanoparticle 

molar ratio of 250:1, and the final concentration of gold nanoparticles in the solution was 2.3 

nM. HeLa cells, which had been previously cultured on sterilized coverslips and placed in 

12-well plates, were allowed to incubate with 1.5 mL of growth media containing 10 % large 

T-BSA/gold nanoparticle complexes (0.23 nM nanoparticle concentration) per well for 3 h. 

After this “pulse,” each well was rinsed with 1 mL of DPBS three times, 1.5 mL of fresh 

growth media without nanoparticles was applied to each well, and the cells were allowed to 

further incubate for varying amounts of time (“chase” times) over a period of 12 h. Six wells 

of HeLa cells were used for every time period under scrutiny. After the desired chase time 

had elapsed, each well was again rinsed with 1 mL of DPBS three times, and then the 

coverslips were removed from their wells and allowed to air-dry in a sterile cell culture hood. 

These dried coverslips were then placed in a new well plate, combining two coverslips of 

identical samples per well. Each well was then treated with 0.5 mL of aqua regia for 2 h, and 

the resulting solution was prepared for ICP-OES analysis. 
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Sub-Cellular Fractionation Analysis of Incubations 

of BSA-SMCC-Large-T/Nanoparticle Constructs 

with Human Cervical Cancer Cells. 
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4.1. Introduction. 

 This dissertation chapter focuses on two critical aspects of any potential intracellular 

vector: (1) the targeted intracellular location at which these nanoparticle complexes are 

designed to reside/accumulate, and (2) cytotoxicity. Since large T is known to localize in the 

cell nucleus when injected directly into the cytoplasm,1 experiments were designed to 

quantify nuclear localization of large T/BSA-gold nanoparticle complexes.  The use of a 

cellular fractionation kit and smaller-diameter gold nanoparticles for these nuclear 

localization analyses are discussed, and experimental results shown.  Moreover, data are 

tabulated from control experiments probing the extent to which a high-speed centrifugation 

step used in the process of fractionating cells affects the overall amount of nanoparticle 

complexes associated with the resulting nuclear fraction of cell lysates.  Finally, toxicity of 

these large T/BSA-gold nanoparticle complexes is evaluated and discussed.  As in previous 

chapters, all experimental results are shown and discussed first, followed by a section 

defining materials used and a methodical description of experimental procedures which were 

performed. 

 

4.1.1. Development of a Method for Nuclear Extraction From HeLa. 

While cellular imaging techniques can be useful in qualitatively determining whether 

or not any nuclear localization of a given construct occurred, these techniques do not provide 

quantitative results.  In fact, the use of certain types of imaging (such as VECDIC or confocal 

microscopy) restrict the type of vector which can be used; that is, nanoparticles with 

diameters less than ~20 nm  would need to form aggregates of some threshold size to be 
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detected (thus potentially eliminating the detection of non-aggregated localizations).  Using 

larger-sized nanoparticles in an experiment to compensate for eventual imaging restrictions is 

likely to greatly reduce the possibility of having the modified nanoparticle complex enter a 

cell nucleus via its nuclear pores (~ 25 nm maximum dilation reported for HeLa).2  

Moreover, other imaging techniques (such as atomic force microscopy (AFM), scanning 

electron microscopy (SEM) and TEM) which are able to resolve structures at the nanometer 

level, are prone to yielding inconclusive results due to the process by which samples are 

analyzed (random thin cell slices), and are prohibitively time-consuming and/or expensive to 

use as a routine analytical methodology.  Rather than using a combination of imaging 

techniques, a method involving the extraction of nuclei from cells and examining resulting 

cell fractions via ICP-OES the amount of nanoparticle constructs associated with those nuclei 

was developed and codified to present a considerably faster and strictly quantitative assay for 

these types of experiments. 

There exist many cellular fractionation kits designed to facilitate the process of 

extracting nuclei from other cellular material. Unfortunately for the goals of this research, 

most of these fractionation kits utilize high-speed centrifugation as the primary method of 

separation of nuclei from remaining cellular organelles/debris. This centrifugation would 

certainly induce accumulation of larger-sized gold nanoparticle aggregates, resulting in an 

artificially large amount of gold detected in the nuclear fraction.  In the interest of 

minimizing the effects of this centrifugation, the use of a much smaller-sized nanoparticle (5 

nm diameter) was chosen, and experiments were designed to examine how much this 
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centrifugation might affect the observed amount of gold ultimately appearing to associate 

with nuclear fractions of cells. 

4.2. Results and Discussion 

4.2.1. Probing the Efficacy of Nuclear Association of Large T. 

Table 4.1.  The number of 5 nm gold nanoparticle complexes (of varying large T 
concentration) per HeLa cell detected via ICP-OES, including data from fractionation 
experiments.*  

# Large T 
per 5 nm 

Nanoparticle Complex 

Nanoparticles  
per Cell; 

Unfractionated 

Nanoparticles  
per Cytosolic 

Fraction 

Nanoparticles 
per Nuclear 

Fraction 

 
% 

Nuclear
0 (native BSA) 3.48 x 104 1.33 x 104 8.18 x 103 37.5 

30 3.52 x 104 5.22 x 103 9.29 x 103 62.5 
70 1.21 x 105 1.54 x 104 7.04 x 103 82.4 
80 4.97 x 105 3.21 x 104 1.73 x 105 84.4 

110 1.16 x 106 4.74 x 104 9.61 x 105 95.3 
130 1.80 x 106 8.97 x 104 1.47 x 106 94.2 
150 5.44 x 106 1.20 x 105 3.11 x 106 96.3 

*All incubations were performed for 6 hours under standard conditions (37 oC, 5 % CO2).  
The standard deviations of all listed values are all within +/- 10 %. 
 
 

As shown in Table 4.1, nanoparticles were detected in the nuclear fractions, and the 

general trend of increased nuclear targeting with increased large T/BSA coverage was 

observed.  Note from Table 4.1 that the number of nanoparticles detected per unfractionated 

cell does not equal the sum of nanoparticles detected in the nuclear and cytosolic fractions. 

This most likely indicates that the fractionation process itself leads to a loss of nanoparticles, 

a loss that cannot be assigned definitively to the cytosolic or nuclear fraction. 
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4.2.2. Examination of Centrifugation Effects on Resulting ICP-OES Signal. 
 
Table 4.2.  The percentages of 5 nm gold nanoparticle complexes detected via ICP-OES in 
cytosolic and nuclear fractions after “spiking” HeLa cells during the fractionation process.*   

# Large T per 5 nm 
Nanoparticle Complex 

% 
Cytosolic 

% 
Nuclear 

% Nuclear 
(corrected) 

0 (Citrate) 77.7 22.3 N/A 
0 (native BSA) 80.9 19.1 18.4 

70 77.6 22.4 60.0 
110 61.2 38.8 56.5 
150 59.1 40.9 55.4 

*All incubations were performed for 6 hours under standard conditions (37 oC, 5 % CO2), and 
did not involve delivery of nanoparticle complexes during incubation.  The standard 
deviations of all listed values are all within +/- 10 %.   
 
 

The number of nanoparticle complexes in both the cytosolic and nuclear fractions was 

analyzed by ICP-OES (Table 4.2).  Note that in these experiments the sums of the 

nanoparticles determined in each of the two fractions were virtually identical to the total 

number of nanoparticles originally injected into the fractionated sample. Furthermore, a 

different concentration of nanoparticle complexes was used in spiking these samples than 

was used in the previous internalization samples, so the results in Table 4.2 are listed in 

percentages both to avoid confusion and to allow for direct comparison to those results listed 

in Table 4.1. The largest recoveries of nanoparticles in this control experiment were found 

for the highest large T coverage (38.8 % and 40.9 %, before correction; Table 4.2).  The 

column of “% Nuclear (corrected)” values represents the difference between the relevant “% 

Nuclear” values listed in Tables 4.1 and 4.2.  It should be noted that the aliquots of citrate-

passivated nanoparticles were likely to have flocculated upon their addition to fractionated 

cell solutions (solutions were observed to have a tinge of deep purple immediately after the 

addition of the nanoparticles, but no assays confirming flocculation were performed), so 
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these specific assays were intended to examine how largely aggregated colloids might 

potentially behave under these experimental conditions.    

Increasing the number of large T peptides per gold nanoparticle complex did increase 

the percentage of said complexes which ultimately associated with the nuclear pellet solely 

due to centrifugation (Table 4.2). This could be due to a stronger association between large 

T-BSA/gold nanoparticle complexes and the outer nuclear membrane as the number of large 

T peptides per particle is increased. However, when this percentage was used to correct for 

the number of gold nanoparticles detected per nuclear fraction - undoubtedly an 

overcorrection - it was clear that centrifugation effects could not completely explain the large 

percentage of nanoparticles complexes observed to be associated with the nuclei. 

The ability of large T to function as a nuclear localization signal when attached to 

gold nanoparticles can be highlighted by comparing the data for BSA/gold nanoparticle 

complexes (no large T) and complexes carrying 150 large T peptides per nanoparticle. When 

corrected for centrifugation effects, 55 % of the nanoparticles modified with large T were 

detected in the nuclear fraction, compared to 18 % of the BSA-modified complexes. This 

result clearly demonstrates the efficacy of large T as a nuclear localization agent, even when 

introduced in the pericellular environment. 

As the percentages of nanoparticle complexes detected in the nuclear fractions in the 

standard deliveries for these same complexes were substantially higher (95.3 % and 96.3 %; 

Table 4.1) than the corresponding “spiked” samples (38.81 % and 40.86 %; Table 4.2), it is 

unlikely that the results of nuclear targeting reported in Table 4.1 are mere artifacts of 

centrifugation. These controls thus mark a lower limit on the number of large T-BSA/gold 
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nanoparticle complexes that are determined to have reached the nucleus from the 

extracellular environment. 

 

4.2.3. Examination of Toxicity of Constructs. 
 
Table 4.3.  Cell counts per flask as determined via FACS.* 

# Large T per  
5 nm Nanoparticle 

Cell Count per Flask 
(x104) 

% 
Viable† 

Control (no gold) 98.6 +/- 4.9 100.0 
0 (native BSA) 96.7 +/- 4.4 98.1 

30 96.3 +/- 5.1 97.7 
70 94.7 +/- 5.5 96.0 
80 87.0 +/- 9.8 88.2 

110 80.4 +/- 7.0 81.5 
130 68.5 +/- 7.3 69.5 
150 65.0 +/- 10.1 65.9 

*All incubations were performed for 6 hours under standard conditions (37 oC, 5 % CO2).  
† % viability was referenced to the cell count of the control sample. 
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Figure 4.1.  Percent viability (as determined via FACS; compared to cell samples with no 
nanoparticle complexes delivered) versus large T per 5 nm nanoparticle complex. 

 

As the amount of large T per nanoparticle complex is increased, the viability of these 

cells decreases (Table 4.3 and Figure 4.1).  Though strong conclusions cannot be drawn 

without a more rigorous study, it is interesting to note that the 70 large T per nanoparticle 

complex samples appear to have been a “best” value of number of large T peptides per 5 nm 
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nanoparticle in that there was nearly no toxicity associated with these samples (Table 4.3), 

but these samples exhibited significant cellular internalization (Table 4.2). 

 

4.3. Conclusions 

 The gold nanoparticle complexes that had the largest concentrations of large T used 

in this research enhanced cellular internalization in general (and nuclear localization 

specifically) compared to the gold nanoparticle complexes assembled using the smallest 

amounts of large T.  Additionally, the overall toxicity of the gold nanoparticle complexes 

increased proportionally with increasing number of large T peptides in the gold nanoparticle 

complexes.  However, the data also demonstrated that using gold nanoparticle complexes of 

comparatively low large T coverage (~ 70 large T peptides per nanoparticle complex) 

enhanced cellular uptake and greatly improved the amount of gold nanoparticle complexes 

which were associated with the nuclei of the cells without introducing significant toxicity. 

 There is a maximum efficiency for nuclear targeting evident from the data in this 

study. Tables 4.1 and 4.2 show that although an increase in the number of large T peptides 

per nanoparticle results in an increase in the number of nanoparticles internalized, the 

percentage of those nanoparticles that reached the nucleus appears to have decreased slightly. 

Whether this is related to the increase in cytotoxicity with an increase in large T coverage, an 

increase in nanoparticle complex size that compromises its ability to pass through the nuclear 

pore complex, or some other factor is unknown. 

Irrespective of the origin of the trends in nuclear targeting discussed above, it is 

interesting to compare nuclear targeting as judged by ICP-OES with that of VEC-DIC. Using 
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VEC-DIC, large T-BSA/gold nanoparticle complexes were previously detected in the 

cytoplasm of HeLa cells after 3 h but not inside the nucleus.3 It was hypothesized at the time 

that the apparent failure of these nanoparticle complexes to traverse the nuclear membrane 

was a result of the inability of these complexes to escape endosomes intact. ICP-OES, in 

contrast, was able to detect the presence of these complexes inside fractionated HeLa cell 

nuclei. The only differences in the two experiments were particle size (5 nm diameter gold in 

ICP vs 20 nm diameter in VEC-DIC) and incubation time (6 h in ICP-OES vs 3 h in VEC-

DIC). These disparate results may be justified by considering (i) that ICP-OES is a 

“ensemble average” technique and is thus less susceptible to sample heterogeneity compared 

to VEC-DIC, which analyzes a random (and relatively low) population of individual cells, 

(ii) VEC-DIC may be less sensitive than ICP-OES (particularly with regard to non-

aggregated nanoparticle complexes) and thus failed to image nanoparticles in the nucleus that 

ICP-OES was able to detect, and/or (iii) the larger diameter of the nanoparticles investigated 

by VEC-DIC slowed their transport through the nuclear pore complex. 

 

4.4. Experimental Section 

4.4.1. Materials. 

 HeLa (human cervical cancer cells) cell line was purchased from the American Type 

Culture Collection (Rockville, MD). Minimal essential medium Eagle’s (EMEM), fetal 

bovine serum (FBS), Dulbecco’s phosphate-buffered saline (DPBS), T-25 cell culture flasks, 

12-well cell culture plates, and trypsin were purchased from Bio-Whittaker, Inc. 

(Walkersville, MD). All gold nanoparticles were purchased from Ted Pella, Inc. (Redding, 
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CA). The modified large T peptide sequence (rhodamine-Cys-Gly-Gly-Gly-Pro-Lys-Lys-

Lys-Arg-Lys-Val-Gly-Gly-OH) was synthesized at the University of North Carolina 

Microprotein Sequencing and Peptide Synthesis Facility (Chapel Hill, NC). Bovine serum 

albumin (BSA) and subcellular fractionation kit were purchased from Pierce Co. (Rockford 

IL).  4-(N-maleimidomethyl)-cyclohexane-1-carboxylic acid N-hydroxysuccinimide ester 

(SMCC), sodium chloride, mono basic sodium phosphate (NaH2PO3), dibasic sodium 

phosphate (Na2HPO3), Optima-grade HCl, Optima-grade HNO3, Centricons (MWCO: 

30,000), and glass coverslips (18 mm) were all purchased from Fisher Scientific. All ICP 

experiments were performed with a Perkin-Elmer Optima 2100DV optical emission 

spectrometer equipped with a Meinhard type C glass nebulizer, unbaffled cyclonic chamber, 

and an alumina injection tube (2 mm opening). Other instrument settings include the 

following: 18 L/min plasma flow, 0.2 L/min auxiliary flow, 0.62 L/min nebulizer flow, 1.00 

L/min pump rate, and 1500 W rf power. All ICP standards were made from 100 mg/mL 

SpexCertiPrep stock solution (lot no. CL3-19AU), and all ICP samples were analyzed at 

242.795 nm with a read delay of 80 s and an integration time from 2 to 5 s.   

HeLa cells were maintained in T-75 cell culture flasks using EMEM growth media 

containing 10 % FBS at 37 °C and at 5 % CO2. Prior to experimentation, cells were seeded 

into T-25 cell culture flasks. Cells were grown to approximately 75% confluency before 

beginning experiments. It should be noted that 6 h was chosen as a maximum incubation time 

for all experiments in this research to avoid potential effects on any cellular internalization 

due to overconfluency of the HeLa cells. Cell counting was performed using a fluorescent-

activated cell sorting (FACS) instrument (NC State Veterinary College). 
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4.4.2. Methods 

Separate 5 nm diameter gold nanoparticle samples were passivated with one of the six 

previously prepared large T-BSA conjugates containing varying amounts of large T per BSA 

in a peptide-BSA/nanoparticle molar ratio of 10:1, and the final concentration of gold 

nanoparticles in the solution was 16.6 nM. HeLa cells, which had been previously cultured in 

T-25 cell culture flasks, were allowed to incubate with 5 mL of growth media containing 10 

% large T-BSA/gold nanoparticle complexes (1.6 nM nanoparticle concentration) per well 

for 6 h. Nanoparticles 5 nm in diameter were chosen for these experiments to minimize the 

potential accumulation of nanoparticles in nuclear fractions due solely to high-speed 

centrifugation (used in the cell fractionation protocol). T-25 flasks were chosen for use in 

these experiments in the interest of increasing the number of cells per experiment and thereby 

increasing the resulting gold emission signal detect- able via ICP-OES. Consequently, six T-

25 flasks of cells were used for each large T-BSA/nanoparticle complex under scrutiny. After 

the desired incubation time had elapsed, the cells in each flask were rinsed with 1 mL of 

DPBS three times and then trypsinized. Small aliquots (100 L) of cells were removed from 

each flask for cell counting and toxicity assays using FACS, and the remaining cells were 

concentrated via centrifugation. Three of the six resulting samples per construct were then 

air-dried in a sterile cell culture hood, treated with 1.0 mL of aqua regia for 2 h, and each 

subsequent solution was prepared for ICP-OES analysis. The remaining three samples were 

subjected to fractionation using the Pierce Co. subcellular fractionation kit to obtain nuclear 

and cytosolic fractions of each sample. Each individual fraction was then air-dried in a sterile 

cell culture hood, treated with 1.0 mL of aqua regia for 2 h, and each resulting solution was 
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prepared for ICP-OES analysis. Last, 12 additional T-25 flasks of HeLa cells, which had 

been incubated for 6 h with standard growth media (not containing colloidal constructs), 

were trypsinized and concentrated via centrifugation. These 12 flasks were divided into four 

groups containing three flasks each. All three of the flasks in a particular group had one of 

four different 5 nm nanoparticle complexes (passivation layers: native BSA, 7:1, 11:1, or 

15:1 large T/BSA experimentally determined molar ratios) introduced to the fractionated 

cells prior to the final separation (via centrifugation) of nuclei from nonnuclear material. The 

samples created in such fashion are referred to as “spiked” samples. All of these fractions 

were then allowed to air-dry in a sterile cell culture hood, treated with 1.0 mL of aqua regia 

for 2 h, and each resulting solution was prepared for ICP-OES analysis. 
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5.1. Summary. 

A complete line of research has now been presented which has demonstrated the 

successful accumulation of large T/BSA-gold nanoparticle complexes in nuclei of HeLa 

cells.  The steps involved in the construction of the nanoparticle complexes themselves have 

been quantified, shown to be quite modifiable, and the stability of these nanoparticle 

complexes with respect to: 1) molar ratio of large T/BSA conjugate per nanoparticle, 2) 

molar ratio of large T per BSA (and ultimately, per nanoparticle), and 3) common 

temperatures used in typical cellular uptake experiments have all been demonstrated.  The 

ability of HeLa cells to take up these nanoparticle complexes has been exhaustively 

characterized, and the use of ICP-OES as a critical analysis method for polypeptide-gold 

nanoparticle constructs has been delineated.  It was observed that HeLa cells not only 

internalized these nanoparticle constructs, but this uptake of nanoparticle complexes was 

found to be modifiable according to different parameters, for example: nanoparticle size, 

amount of large T present per nanoparticle complex, and time of cellular incubation with the 

nanoparticle complexes present.  Nanoparticle complexes were found to be able to localize in 

the nuclei of HeLa cells from the extracellular environment, and toxicity levels of these 

nanoparticle complexes were reported. 

Based on these findings these large T/BSA-gold nanoparticle studies can be a 

baseline for future studies addressing many different questions of interest.  Each section of 

this research can be further optimized, and the results of this investigation also raised more 

questions, many of which are listed in the section that follows. 
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5.2. Questions for Further Study. 

In order to define which ideas presented earlier in this thesis warrant further exploration, it 

made sense to break these questions for potential future examination into the broad 

categories previously detailed in this thesis.   

 

5.2.1. Regarding Construction and Quantification of Large T/BSA-Gold Nanoparticle 

Complexes. 

 Perhaps the biggest and most obvious assumptions made in this line of scientific 

questioning concerned the number of large T/BSA conjugates presumed to be associated with 

15 nm diameter gold nanoparticles (and 5 nm diameter gold nanoparticles, for that matter).  

Specifically, it was assumed: 1) the large T/BSA conjugate would both behave similarly to 

[Ru(bipy)2bipy-C6H12-S]2+-BSA conjugates with respect to gold nanoparticle surfaces, and 2) 

the large T/BSA conjugates would maintain a constant surface density on nanoparticles 

irrespective of number of large T peptides present per BSA (scaling only as a function of 

nanoparticle surface area).   While neither of these assumptions is egregious (in fact, other 

independent fluorescence experiments demonstrated the same number of BSAs were 

associated with 20 nm diameter gold nanoparticle surfaces),1 future studies might choose to 

run TCSPC analyses on the exact materials for use in cellular uptake experiments, including 

a rigorous analysis of BSA conjugates of varying peptide concentrations.  Not only would 

this be a better way to develop a quantitative method of peptide/BSA construction (a direct 

measurement of how many peptide/BSA conjugates are actually associated with surfaces on 

a given sample of nanoparticles, as opposed to an approximation of how many are likely to 
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be present), it also would be interesting to see if the percentage of associated peptide/BSA 

conjugates associated with nanoparticle surfaces was related to the number of peptides 

attached per BSA. 

 Moreover, a closer examination of peptide/BSA conjugate interactions at gold 

nanoparticle surfaces might be useful for future studies of this nature.  While studies have 

been performed concerning the adsorption characteristics of native BSA to gold 

nanoparticles and gold surfaces using quartz crystal microbalance (QCM) and -potential 

measurements,2,3 identical investigations using peptide/BSA conjugates would yield 

interesting information, particularly as a function of peptide per BSA.  Perhaps even a 

dynamic light scattering (DLS) experiments run in conjunction with these other experiments 

would give rise to data which could afford very strong conclusions about how the 

peptide/BSA conjugates were associating with the gold nanoparticle surfaces. 

 It would also be interesting to determine if minimizing or maximizing the number of 

SMCC linkers per BSA had any overall effect upon peptide binding, association of 

peptide/BSA conjugates with gold nanoparticles, and ultimate cellular uptake of the resulting 

nanoparticle complexes.  For example, if a 5:1 peptide:BSA molar ratio were desired, how 

would the creation of a 5:1 SMCC:BSA conjugate affect ultimate nanoparticle complex 

stability?  (Combined with data from directly measuring the number of peptide/BSA 

conjugates associated with nanoparticle surfaces via TCSPC, this could be quite telling about 

surface interactions at the peptide/BSA conjugate-nanoparticle interface.)  Would this be 

substantively different if the initial SMCC:BSA ratio had been 40:1?  Examining the 

subsequent potential effects on cellular uptake – especially the level of toxicity of these 



 116

nanoparticle complexes to cells – would be valuable information.  Ostensibly, it should be 

pointed out that gratuitous experimentation with peptide sequences can get very expensive 

very quickly, but perhaps there are a few small, elegant experiments of this nature which 

could be performed to give a broad sense of what is likely to be occurring at each step in this 

system. 

 Additionally, it would be useful to discern whether peptide/BSA conjugates would 

retain function if lyophilized and stored for long periods of time. 

 Using combinations of the analytical techniques previously mentioned, it should be 

possible to synthesize and quantify nanoparticle complexes with multiple peptide/BSA 

conjugates (that is, peptide1/BSA conjugates mixed with peptide2/BSA conjugates), and 

comparison of the stability/performance of each combination would be extremely promising.  

Perhaps even using combinations of large T/BSA conjugates and a DNA/BSA or RNA/BSA 

conjugate could yield a nanoparticle delivery vector of extreme consequence. 

 

5.2.2. Regarding Delivery of Large T/BSA-Gold Nanoparticle Complexes to Cells. 

Now that a baseline study of general parameters concerning HeLa uptake of large 

T/BSA-gold nanoparticle complexes has been performed, repeating selected experiments 

detailed herein with 1) other cell lines and 2) other peptide sequences would be a fascinating 

line of inquiry.  In addition, a few other parameters of this research presented in this thesis 

warrant further exploration, including (but certainly not limited to) the following ideas. 

It would be extremely helpful to incorporate FACS into the standard protocol for 

every future delivery experiment.  This analytical technique not only allows for the ability to 
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describe detected nanoparticles taken up in a “per cell” fashion, but also simultaneously 

yields a specific cell count useful in determining toxicity of each sample.  For that matter, 

people studying future cellular uptake experiments might choose to incorporate occasional 

replicate experiments for use in VECDIC, TEM, and/or confocal imaging.  While none of 

these imaging techniques necessarily lends itself readily to nanoparticle complex 

quantification post-incubation, these imaging techniques can be useful to examine any 

discernable qualitative differences where appropriate. 

A quantitative comparison of cellular uptake using peptide/BSA-gold nanoparticle 

complexes versus cellular uptake via liposomes or versus cellular uptake experiments which 

utilize a “cellular pore-opening” moiety (i.e. digitonin) could be a useful way to compare the 

utility of the peptide/BSA-nanoparticle complexes to existing cellular delivery vectors, 

particularly with regard to cytotoxicity. 

A more rigorous exploration of cellular incubation times with nanoparticle complexes 

– particularly rather short times of incubation – would be a good starting point for future 

research.  It would be very interesting to know how fast an appreciable amount of 

nanoparticle complexes are taken up by a given cell line, including a comparison to a 

“nanoparticle complex wash” (incubation time of zero) to get an idea how many nanoparticle 

complexes might be adsorbed to the outside of a sample of cells, and/or if this “pulse” of 

nanoparticle complexes would ultimately be taken up by the cells over time.  A general “rate 

of uptake” of the nanoparticle complexes would be extremely interesting and valuable data 

for future experiments, especially as a function of peptide per nanoparticle complex.  

Moreover, in continuing the line of inquiry seen in the pulse/chase experiments, it would be 
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very useful to learn at what point the nanoparticle complexes _do_ become expelled/cycled 

out of the cells, if ever. 

It should be noted with regard to the experiments concerning the potential effects of 

nanoparticle size upon observed cellular uptake (Figure 3.3) that analogous experiments were 

performed on HeLa cells incubated with 5 nm diameter nanoparticle complexes.  The 

experiments were carried out in the same fashion as the experiments run with the larger 

diameter nanoparticles – which is to say, cells for the experiment were cultured on glass 

coverslips in 12-well plates, and two coverslips per sample were combined prior to acid 

dissolution after the experimental incubation time had elapsed – but the ICP-OES results for 

the 5 nm diameter nanoparticle complex deliveries were not completely distinguishable from 

instrument noise.  For this reason, the data and references to these experiments with the 5 nm 

diameter nanoparticle complexes were not listed in the chapter.  In future work, it would be 

useful to perform this experiment again, but quadrupling (instead of merely doubling) the 

number of coverslips per sample should augment the resulting ICP-OES signal sufficiently 

for 5 nm diameter nanoparticle complex uptake data to be compared to that of the larger-

diameter nanoparticle complexes. 

 

5.2.3. Regarding Sub-Cellular Fractionation of Cells Incubated with Large T/BSA-Gold 

Nanoparticle Complexes. 

 There are a few direct questions answerable by future studies involving examination 

of nuclear fractions of cells post-incubation with nanoparticle complexes.  For example, it 

would be very interesting to know how quickly nanoparticle complexes could be found 
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inside nuclei.  While previous research4 using microinjection of similar nanoparticle 

complexes into cells examined how quickly these nanoparticle complexes could migrate into 

cell nuclei, it would be of interest to know how these rates of localization compare with 

nanoparticle complexes administered via active cellular uptake from the extracellular 

environment.  Furthermore, it would be very interesting to know exactly what/how these 

particular nanoparticle complexes are associated with once in the nuclei – perhaps associated 

with genetic material inside the nuclei or stuck to the nuclear membrane – and if this 

potential localization can be advantageous to future uses/probe involving these nanoparticle 

complexes. 

 One question involving future cellular fractionation experiments: is full cellular 

fractionation possible when using these nanoparticle complexes?  It would be interesting to 

know where particular nanoparticle complexes ultimately localize post-uptake, and could 

even lead to some very interesting further experiments involving mixed-moiety nanoparticle 

complexes.  However, certain stages of typical cellular fractionation protocols might not 

allow for complete fractionation, but perhaps there are other protocols to be investigated 

which could be more amenable for use with this colloidal cellular vector in future 

experimentation.  Moreover, well-characterized nanoparticle complexes consisting of 

nanoparticles under 5 nm in diameter would not only be an interesting comparative study to 

the 5 nm diameter nanoparticles used in this study, they might also be extremely helpful in 

designing a protocol for complete fractionation analysis of cellular uptake experiments.  

Problematically, however, as the nanoparticle radius decreases under that of the BSA itself, 
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the average number of peptide/BSA conjugates per nanoparticle is more likely to become a 

ratio less than unity. 

 

5.3. Epilogue. 

 This research is only the beginning of a potentially long line of investigation.  

However, the questions to be answered in the full pursuit of this line of scientific inquiry 

should yield many answers not just about this particular system, but also could answer broad 

questions concerning drug delivery vehicle assembly, and even perhaps address cellular 

uptake and intracellular translocation mechanisms in general. 

  One needs to consider as many mechanistic theories as possible to ensure one is 

examining intended phenomena, particularly when performing cellular uptake experiments.  

For example, while the internalizations and subsequent nuclear localizations of nanoparticle 

complexes described in this dissertation were definitely not artifacts of fixation as seen in 

other research5 (since no samples were treated with fixative prior to analysis), it is 

conceivable that cellular uptake increased proportionally due to an increase in toxicity.  That 

is, a cell which is severely stressed by its environment may ingest exogenous material non-

specifically, which in the case of this research might have lead in turn to an increased number 

of observed internalized nanoparticle complexes.  This possibility means the cause of the 

directly-proportional relationship between nanoparticle complex internalization and large T 

concentration per nanoparticle complex seen in Figure 3.2 (for example) may merely be due 

certain cells being severely stressed by increased cytotoxic environment (increasing 
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cytotoxicity being proportional to increasing large T concentration per nanoparticle complex, 

as seen in Figure 4.1) rather than being due to any other factor (i.e. increase in polyvalency).   

Perhaps future research done concerning the internalization of these types of delivery vectors 

would benefit from performing concurrent live cell imaging replicate samples (for example) 

to attempt to qualify increases in cellular internalization observed via other methods. 

Moreover, while the pulse-chase experiments data shown in Figure 3.5 imply that once a 

quantity of nanoparticle complexes enter a given number of cells, they remain there in 

similar concentration for at least 12 hours, a repeat of these experiments with an 

accompanying cell count for each sample (thus demonstrating toxicity levels per sample) 

may help address this issue as well. 
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