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ABSTRACT

To improve cellular uptake, methods to reduce aggregation were studied for two

different types of nanoparticles. For siRNA-loaded gold nanoparticles, the first type of

nanoparticle studied in this thesis project, organic solvents were used to mitigate charge

screening, thereby increasing charge-charge repulsion of nanoparticles in the solvent. For

heparin and protamine-loaded iron oxide particles, the second nanoparticle type, protein

encapsulation was used to coat the particles and to increase the magnitude of surface

charge surrounding the particles. Yet, without additional modification, nanoparticles that

achieve elevated stability through increased zeta potential (particularly, greater negative

zeta potential) may not exhibit increased cell uptake. Although particles with greater

negative surface charge are more stable, these particles are more repelled by the negative

charge contained in cells. Therefore, additional techniques for each nanoparticle type are

described in this thesis to induce both low nanoparticle aggregation and high cell uptake.

By dissolving the gold core of siRNA-loaded gold nanoparticles, cellular uptake of the

siRNA was significantly enhanced. Similarly, cellular uptake of iron oxide was improved

by increasing the protamine loading of iron oxide nanoparticles. Finally, as described

within this thesis, experiments were performed to ensure that these modifications to

nanoparticles do not substantially worsen cytotoxicity. With cell survival assays, the

cytotoxicity of the modified particles was compared to that of standard particles for

both stem cells and non-differentiating cell types. By adapting the techniques outlined in

this thesis for other types of nanoparticles, aggregation of additional nanoparticles types

can be mitigated. This development will significantly advance the field and improve the

therapeutic and diagnostic applications of nanotechnology.

Advisor: Doctor Hai-Quan Mao, Ph.D.
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I. INTRODUCTION

A. The Potential of Nanoparticles

NANOPARTICLES have the potential to remedy human diseases ranging from

cancer to heart disease as a result of their application in gene therapy. [14]

In addition to therapeutic applications, nanoparticles have the capacity to improve the

field of diagnostics by improving a wide range of tests including enhancing contrast in

magnetic resonance imaging (MRI) and increasing the sensitivity of biomarker detection.

[34] Yet, nanoparticle aggregation diminishes the potential of nanoparticles within both

therapeutic and diagnostic applications. In therapeutic applications, like gene therapy,

aggregation reduces nanoparticle solubility, resulting in lower nanoparticle yields result-

ing from synthesis. [14] In diagnostic applications, testing equipment cannot observe

large aggregations of nanoparticles since these aggregations of particles have different

properties than those of individual particles. For example, MRI cannot efficiently detect

aggregations of iron oxide nanoparticles eliminating the capacity of these nanoparticles

to enhance MRI contrast. [9]

B. Problem Addressed in Thesis

The primary problem in therapeutic and diagnostic applications, however, is that ag-

gregation hinders delivery of the bioactive element of nanoparticles into cells. In fact,

Dr. Albanese of the University of Toronto found that as nanoparticles aggregate (from

an initial size of 16 nanometers to 45 nanometers) cell uptake falls by 25%. [2] As Dr.

Inder Verma, American Cancer Society Professor of Molecular Biology, noted there are

three major problems with gene therapy “delivery, delivery, and delivery.” [14] Therefore,

aggregation exacerbates the problems of cell delivery which is the largest obstacle in using

nanoparticles effectively.
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Aggregation, however, is inherent to nanoparticles as a result of colloidal instability

and van der Waals forces which act to reduce the free energy of nanoparticle systems.

[2] Thus, nanoparticle systems have been shown to spontaneously aggregate in as little

as several days, since capping agents gradually fall off nanoparticles and larger particles

are thermodynamically favorable. [2] In this thesis, however, techniques were used to

mitigate aggregation of nanoparticles used for both therapeutic and diagnostic purposes

immediately following the synthesis of the nanoparticles.

C. Layer-by-layer Synthesis

For the gold nanoparticle study (involving gene therapy) and the ferumoxytol nanopar-

ticle study (involving cell labeling), the nanoparticles were coated prior to the cell study.

Coating is a common method of conjugating the surface of nanoparticles. In fact, the

majority of academic studies have focused on creating gene delivery particles on gold

nanoparticles through layer-by-layer assembly (“LBL”). [22] In electrostatic LBL synthe-

sis, nanoparticles are coated with successive layers of polycationic polymer and negatively

charged anionic polymer. For the siRNA therapy study, gold nanoparticles are successively

coated by polycations- including polyethylenimine (PEI) and polyphthalamide (PPA)- and

negatively charged siRNA. [22] To date, the best studied siRNA-loaded gold nanoparticles

made by LBL nanoparticle synthesis are citrate-capped, gold nanoparticles on top of

which siRNA, PEI, and hyaluronic acid (HA) are successively coated in pure water. [22]

As outlined within the State of Gold Nanoparticle Gene Therapy section, synthesis of

siRNA and polycationic polymer complexed with gold nanoparticle improves transfection

rates, particle monodispersity, and gene knock down.

Similarly, in order to facilitate uptake of iron oxide nanoparticles by cells, ferumoxytol

(a commercially available nanoparticle which consists of an iron oxide core coated in

dextran) is coated with heparin and protamine to create heparin-protamine-ferumoxytol

nanocomplex (HPF). This electrostatic coating involves coating the negatively charged

anionic dextran with positively charged protamine and negatively charged heparin com-

plexes. Although multiple types of ferumoxytol complexes- including simple protamine-
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heparin complexes- have been shown to be non-toxic within cell viability assays, HPF

nanocomplexes demonstrated superior capacity to stain cells within two separate studies.

[42] [43] The capacity for HPF to easily enter cells arises from the unique structure and

synthesis of HPF complexes. During HPF synthesis, first heparin and protamine complex

together, since protamine is a polycation and heparin is a polyanion. [42] Following the

formation of heparin-protamine complexes, ferumoxytol complexes with protamine at the

edges of heparin-protamine (HP) aggregates.

D. Benefits and Costs of Layer-by-Layer Synthesis

Although LBL synthesis of therapeutic and diagnostic nanoparticles can improve trans-

fection, the addition of gold nanoparticles into the gene delivery system can also in-

duce complications. First, LBL synthesis for therapeutic particles causes multiple gold

nanoparticles to aggregate and cluster within a single gene delivery particle, as evidenced

by the initial experiments in the “Synthesis with an Organic Solvent” section of this

thesis. These large particles are less monodisperse and harder for cells to take up in

endocytosis. [2] For this thesis project, the synthesis of gold nanoparticles in organic

solvents was thoroughly studied to investigate whether these organic solvents can reduce

aggregation and improve monodispersity by reducing solvent charge screening. Similarly,

encapsulation of HPF nanocomplexes with albumin was utilized to reduce aggregation

when coating iron oxide nanoparticles by increasing stability of the particle surface and

enhancing the nanocomplex’s surface charging. Therefore, both nanoparticle syntheses

studied in this thesis augmented the charge-charge repulsion of the nanoparticles to quell

aggregation. The electrostatic attraction of both of the siRNA onto gold nanoparticles

and heparin-protamine aggregates onto ferumoxytol (an iron oxide, Fe3O4, nanoparticle)

was studied and optimized. The goal in investigating the electrostatic coating of both

gold nanoparticles and iron oxide particles was to enhance cell uptake of the particles

and delivery of the bioactive substrates - specifically, siRNA and iron oxide.
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E. Current State of Gold Nanoparticle Gene Therapy

Delivering genes into cells using gold nanoparticles represents a well-studied method

to improve gene therapy. Researchers can deliver genes through either viral or non-viral

vectors. Currently, low transfection of genes into cells represents the main obstacle for

non-viral gene delivery. In fact, a team of researchers in the laboratory of Dr. Kissel

at Philipps University found at the standard 2 microgram per well concentration, 25

kiloDalton polyethyleneimine (PEI), a polycationic polymer which is used as a non-viral

vector, transfected less than 10% of cells. [20] Conversely, viral gene delivery transfection

rates surpass 70%. [26] Without improving the transfection of non-viral vectors, viral

vectors (including the lentivirus) will remain the primary method of delivery genes into

cells.

Viral vectors, however, have several major disadvantages. Viruses have a “fixed load”

since viruses naturally contain only a small amount of nucleic acids within their protein

coats. [41] In addition, viruses can induce mutations within the genomes of cells during

transfection, and thus, viral gene therapy can induce patients to have cancer. [20] In

fact, mutations arising from the use of viral vectors caused the death of a patient, Jesse

Gelsinger, in a phase I gene therapy study. [41] Non-viral vectors, on the other hand, do

not splice new genes into organisms’ genomes and cannot induce mutations. Therefore, by

improving the transfection of non-viral gene delivery vectors, including polymers such as

PEI and polyphthalamide (PPA), researchers can dramatically reduce the complications

which can develop during gene therapy. By using polymers to bring genes into cells

rather than using viruses, scientists can increase the likelihood that gene delivery will be

used within therapeutic applications. One method which has been demonstrated with in

vitro and in vivo studies to augment transfection is adding polycationic polymers (used

as non-viral gene vectors) and short interfering RNA (siRNA) to the surface of gold

nanoparticles. [22]

Unlike other drug molecules, siRNA is a highly targeted molecule which forms RNA-

induced silencing complexes (RISCs) to quell gene expression through the RNA inhibition
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(RNAi) pathway. [25] Once inside the cytoplasm the siRNA strand is unwound by the

Dicer endonuclease enzyme into two single RNA strands, a guide strand and a passenger

strand. [25] The guide strand (which has a less stable 5’ end) is then incorporated into the

RISC through the activity of the argonaute protein. [25] The RISC then utilizes the guide

strand to identify complementary mRNA strands and degrades these strands before the

mRNA can be further translated into proteins within the cell. By inhibiting the number of

proteins which mRNA strands can transcribe before degradation the siRNA which induce

RNAi can effectively silence or “knocking down” genes. [25] Since RNAi, utilizes a

highly specific process to “knock down” a specific gene, the side effects observed within

in vivo applications are typically lower than other drug treatments which employ small

molecules. [25]

Fig. 1: The process outlined above forms RISC and degrades mRNA, thereby preventing
expression of specific genes. This pathway occurs only after driving siRNA into the
cytosol by improving cell uptake and endosomal escape.
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Several studies have confirmed that nanoparticles can substantially enhance transfection

rates. In an experiment performed by Dr. Hanh’s laboratory in Pohnag Universiy of Sci-

ence and Technology, siRNA/PEI/HA gold nanoparticles achieved 80% cell transfection.

[22] Moreover, the researchers achieved this high transfection with the same 25 kiloDalton

PEI used by the scientists at Phillips University. [20] [25] Therefore, by complexing the

polymer with gold nanoparticles, researchers improved transfection by more than 70%.

[20] [25]

Subsequent studies have confirmed that the increased transfection of gold nanoparticles

results in improved gene expression. Researchers at the Advanced Korean Institute for

Science and Technology found that PEI/siRNA complexes achieved only a 1% knock

down in gene expression. Conversely, PEI/siRNA coating on gold nanoparticle (with the

identical concentration of siRNA) had over a 96% knock down rate in inhibiting the

expression of the same gene. [19] Therefore, the increased cellular uptake achieved by

siRNA when formed around gold nanoparticles significantly improves its capacity to

affect gene expression.

The uptake of AuNP depends on two main characteristics of the particle- size and

charge. The siRNA/PEI/HA gold nanoparticles are taken into the cell through receptor

mediated endocytosis which relies on the transferrin membrane protein. [6] Since the

uptake of each gold nanoparticle relies upon interaction with receptors on the cell to

trigger the formation of vesicles which take the nanoparticle into the cell, larger gold

particles which interact with a larger number of proteins can more efficiently enter the

cell. Therefore, larger gold nanoparticles can be more easily taken into the cell than

smaller nanoparticles. [6] Yet, a greater number of small gold nanoparticles are able to

rest on the surface area of the cell membrane. [6] Thus, a greater number of small gold

are taken into the cell within a single vesicle. [6]

A team of researchers led by Dr. Chithrani of the University of Toronto studied these

two competing factors of the gold nanoparticle uptake. [6] The scientists, using transmis-

sion electron microscopy (TEM), found that 50 nanometer diameter gold nanoparticles
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achieve the optimal uptake within the Hela cells. [6] The researchers found that cellular

uptake of 50 nanometer gold spheres was nearly 100% greater than that of 14 nanometer

gold particles and was nearly 200% greater than that of 100 nanometer gold particles. The

researchers of the University of Toronto confirmed the result by observing the absorbance

of cells surrounded by gold nanoparticles of different sizes. The cells surrounded by 50

nm gold nanoparticles had the greatest uptake of gold nanoparticles and absorbed more

light than all the other groups of cells. [6]

Similarly, Dr. Chithrani’s group performed a study comparing the cellular uptake of

spheres to the uptake of short rods and to the uptake of long rods. [6] Dr. Chithrani’s

group found that on average HeLa cells took up nearly 4,000 spheres with a diameter of

74 nanometers compared to less than 1,500 short rods (with an aspect ratio of 1:3) and

less than 1,000 long rods (with an aspect ratio of 1:5). [6] With these studies, Dr. Chan

demonstrated that by controlling the shape and size of nanoparticles, scientists could

optimize the uptake of nanoparticles and maximize gene knock down.

As a result of the success of many studies using PEI/siRNA/HA gold nanoparticles,

researchers have started developing radically new synthesis methods to further optimize

particles for cell uptake. For example, a team of researchers- including Dr. Langer of MIT-

created a new and unique method to synthesize gold nanoparticles. [23] These scientists

grafted chains of polyethylene glycol (PEG) to 10 nanometer gold nanoparticles.[23]

Following attachment of the PEG chains, the researchers attached siRNA to the ends of the

PEG using a disulfide bond. [23] These bonds are cleavable in the reductive environment

of the cytosol and allow for the siRNA to be released following cellular uptake. With

this complex synthesis of PEG/siRNA gold nanoparticles, the researchers successfully

knocked down luciferase expression by over 90%. [23] This group of scientists and other

groups (including a team led by Dr. Anderson of MIT) have demonstrated that these

complex particles have the potential to knock down genes.

Despite the potential of these new, radical synthesis methods, research of PEI/siRNA

and PPA/siRNA gold nanoparticles must not be abandoned by academic researchers.
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With relatively simple techniques investigated in this thesis, scientists can further improve

transfection efficiency, increase gene knock down, and reduce cytotoxicity of PEI/siRNA

gold nanoparticles. Synthesizing the gold nanoparticles in organic solvents and etching

the core of gold nanoparticles in cyanide solvents were examined in this thesis to study

if these solvents improved the capacity of gold nanoparticles to deliver siRNA to cells.

F. Current State of Iron Oxide Enhanced MRI Diagnostics

As discussed earlier within the “Introduction” section, iron oxide particles are used to

label cells during MRI. Iron oxide particles increase the T2 relaxivity of cells which take

up the nanoparticles, improving MRI contrast. [42] With superior contrast, researchers

can detect and identify the presence of labeled particles following the implantation of

cells into the body. In a study performed at the NIH, a team of researchers led by Dr.

Thu determined that coating ferumoxytol with heparin and protamine sequentially results

in the formation of HPF nanocomplexes with high uptake. The researchers hypothesized

that this sequential addition with created heparin and protamine aggregates before adding

ferumoxytol created unique, double-aggregated structure (depicted Figure 29) improves

cellular uptake of ferumoxytol. [42] For this thesis, the sequential addition was directly

analyzed. The reagents were added in the concentrations specified in Nature Medicine to

end with an identical working concentration in each condition. Yet, sequential addition

of the reagents in a different orders resulted in nanoparticles with modified morphology

and surface charge. This experiment confirmed that the sequential addition outlined by

Dr. Thu in de-ionized water created nanoparticles with the least aggregation and smallest

nanoparticle size. With Z-average diameter of 312 nm +/- 6.13 nm, HPF nanocomplexes

created by addition of 1) heparin 2) protamine and 3) ferumoxytol were 20.53% of the size

and had a standard deviation of 0.54% of the complexes created by sequential addition

of 1) protamine 2) ferumoxytol and 3) heparin. Therefore, the sequential addition of

these reagents (at the concentrations specified within the paper) resulted in the smallest

particles with the least evidence of aggregation. The charging of the nanocomplexes

remained virtually constant in each sequential addition.
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(a) (b)

Fig. 2: Representative transmission electron microscopy images of HPF nanocomplexes
reported within Nature Medicine. Figure a is a TEM image of the HPF complexes without
unstaining. Figure b is an image of the same nanoparticle cluster at twice the magnification
of Figure A. As shown within the TEM images, the white aggregates of heparin and
protamine were encircled by the ferumoxytol iron oxide. [42]

With the NIH study, Dr. Thu’s team determined that HPF nanocomplexes can stain

nearly 100% of cells within kidney and liver tissues. [42] Whereas, in a separate study

performed at the University of California Medical Center, protamine-ferumoxytol com-

plexes stained just 5% of cells within kidney and liver tissues. [39] Once cells uptake

ferumoxytol, the iron core of the particles improve the contrast of MRI images since the

particles increase the T2 relaxivity of surrounding water molecules. [39] This increased

contrast can allow researchers to identify tumors within MRI which otherwise be indis-

tinguishable from healthy tissue. In addition, the ferrous particles can also be utilized to

tag and track specific cell types.

In all, researchers have utilized several iron oxide nanoparticles including ferumoxtran-

10 (also known as “Feridex”), ferucarbotran (also known as “SHU555C”), and ferumoxy-

tol (also known as “Feraheme”), and Molday particles to improve contrast. The primary

difference between the nanoparticle types is their dextran coat. Ferumoxtran-10 particles

are coated with unconjugated dextran, the particles are thus less stable than ferumoxytol,
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ferucarbotran, and Molday particles which are all coated with conjugated (stabilized)

dextran. As a result of this difference in coating, ferumoxtran-10 cannot be injected

through a bolus injection since it will become destabilized in high concentrations. In

addition, ferumoxtran-10 particles are larger than ferumoxytol; the average size of the

ferumoxtran is 120 nanometers in diameter. [17] Ferucarbotran particles are coated with

carboxy-dextran and are 60 nanometers in diameter. [37] Ferumoxytol particles have an

iron oxide core of seven nanometers in diameter and are coated with anionic dextran. The

hydrodynamic radius of ferumoxytol ranges from 28 nanometers to 32 nanoparticles.[39]

Like ferumoxytol, ferumoxtran-10 is clinically approved for human injection. On the

other hand, ferucarbotran are clinically approved for human injection in the European

Union but not within the United States. [37] Within several studies, the uptake of ferumoxtran-

10 and ferumoxytol was compared the uptake of these two FDA approved nanoparticles.

Last year, however, AMAG Pharmaceutical stated it would stop production of this first

generation SPIO.

Similarly, the size, coating, and uptake of Molday were also compared to ferumoxytol.

Like ferumoxytol, Molday particles consist of an iron oxide core coated with dextran.

Molday particles have an average size of 30 nanometers. [36] [30] Unlike ferumoxytol,

Molday particles dextran coat is oxidized with NaIO4 and the particles are functionalized

with aldehyde groups. [30] These aldehyde groups cause the surface of the Molday

particles to have an average zeta potential of 4.8 mV, with a standard deviation of 1.6

mV.[30]

Unlike ferumoxytol, Molday particles are not FDA approved for human injection.

[28] Therefore, the formation of the HPF nanocomplexes which can achieve high cell

uptake represents a critical step to develop a commercial product which can improve MRI

resolution. [42] Following the removal ferumoxytran-10 from the market and the clinical

approval of ferucarbotran limited to Europe, the improved ferumoxytol nanocomplexes

may fill an unserviced market niche in the United States. [37] [44]
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G. Hypothesis

Within this thesis, solvents were utilized to improve the cell uptake of nanoparticles to

improve gene therapy and cell imaging. To improve gene therapy, organic solvents were

used to reduce aggregation of short interfering RNA (siRNA) loaded gold nanoparticles.

Like previous studies which utilized immiscible organic solvents- including benzene- to

reduce gold nanoparticle aggregation, the initial hypothesis was synthesizing each layer

of gold nanoparticles in organic solvents would condense the layers around the gold

nanoparticle core. By condensing each layer, the size and aggregation of the siRNA

loaded gold nanoparticles would be reduced.

In addition, within the siRNA therapeutic study, a cyanide solution was used to dissolve

the core of the gold nanoparticles to create siRNA template nanovesicles. The hypothesis

which prompted this study was the nanovesicle layers of siRNA and polycation would

remain intact despite core dissolution as a result of electrostatic attraction. If the layers of

polymer could remain intact following the application of cyanide solution, the resulting

nanoparticle could have superior properties to improve cell uptake and release of siRNA

inside the cytosol, thereby offsetting the effects of aggregation. In addition, the dissolution

of gold nanoparticles was studied to investigate if 1) the coated layers on top of a gold

nanoparticle could maintain their mechanical properties despite the dissolution of the gold

core and 2) if dissolution of the gold core could improve siRNA-induced gene knock

down.

To improve cell imaging on the other hand, a solvent of bovine serum albumin (BSA)

and Dulbecco’s modified eagle medium (DMEM) was used to enhance the stability of

the heparin, protamine, ferumoxytol nanocomplexes (HPF). This protein encapsulation

of the HPF nanocomplex prepared in DMEM was also studied to improve cell uptake of

the HPF nanocomplexes by improving the interaction of the complexes with the proteins

of the cell membrane.

By tuning electrostatic attraction and reducing aggregation with proper solvents, the

delivery of siRNA and iron oxide into cells was improved. Therefore, in this thesis,
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methods were studied to improve the delivery of bioactive compounds into cells to

improve not only siRNA gene therapy but also MRI contrast.
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II. MATERIALS AND METHODS

A. Gold Nanosphere Synthesis

Gold nanospheres were synthesized using a citrate capping method, adapted from

“Controlled nucleation for the regulation of the particle size in monodisperse gold sus-

pensions.” [10] 40 nanometer diameter particles were synthesized by first creating an

aqueous solution of .01% gold (III) chloride. The solution was then brought to a boil,

and the heat was sustained for two minutes. For every 50 milligrams of gold (III) chloride

added to the solution, 25 milligrams of sodium citrate were added to the solution. The

solution was removed from heat five minutes after a color change was observed.

B. Layer-by-Layer Gold Nanoparticle Coating

Particles were coated with polycationic polymers, specifically PPA and PEI, by adding

30 moles of the polycation for every mole of gold in the solution. Therefore, for every 668

microliters of 40 nanometer gold solution 8.4 microliters of 70 milligrams per milliliters

of polycation stock solution are added. Following the addition of polycation, the particles

were vortexed at a speed of “4” for one hour to allow complexation to reach equilibrium.

Both polycations had a weight-average molecular weight of six kiloDaltons. siRNA was

added to PPA volumes to obtain an amine to phosphate (“N/P”) ratio of 15. Therefore,

for every milliter of 70 milligram per milliliter PPA added to the particles 10.5 milliters

of 20 microMolar siRNA were added to the gold nanoparticles. Following the addition

of siRNA to the nanoparticles, the nanoparticles were vortexed at a speed of “4” for four

hours to allow complexation to reach equilibrium. Using a longer complexation time

for siRNA layer than the polycation layer was adapted from the protocol of LBL gold

nanoparticle synthesis from Dr. Hanh’s laboratory at the Pohang University of Science

and Technology. [22]

This process was repeated to create the third, fourth, and fifth layers of polycation

and siRNA. Following the fifth layer the citrate-capped gold nanoparticle had layers of

polycation, siRNA, polycation, siRNA, and an uppermost layer of polycation. In the
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final step of electrostatic synthesis, HA with a weight-average, molecular weight of 30

kiloDaltons was added to the reaction volume at a concentration of .1 moles for every 1

mole of gold nanoparticle. Following addition of HA, the solution was vortexed for one

hour at a speed of “4”.

C. Gold Nanoparticle Dissolution

Once the gold nanoparticle synthesis was completed, the gold nanoparticles were dis-

solved. In order to dissolve the particles, 100 microliters was added for every milliliter of

gold nanoparticle solution. The concentration of cyanide within the cyanide stock solution

was 4.33 mg/mL. Following addition of the cyanide stock solution, the nanovesicles

were vortexed overnight at a speed of “4”. The cyanide stock solution concentration and

dissolution time were adapted from Dr. Gittins’ dissolution protocol. [11] Following gold

core dissolution, the particles were dialyzed for 24 hours in order to remove the cyanide

and gold ions from the solution to isolate the nanovesicles.

D. Studies to Identify Cell Uptake and Cytotoxicity

The cell study above used HEK 293 to compare cell uptake of gold nanoparticles

and nanovesicles. In HEK 293 cells, the siRNA-induced gene silencing was measured.

These cells were chosen due to their relatively high transfection and expression rates.

[40] Initially, HEK 293 cells were frozen in 10% DMSO solution at -93 Centigrade. [40]

One week before transfection the cells were unfrozen and plated. Cells were passaged

every two days for one week until study. During the study cells were initially transfected

with GFP expressing plasmid using lipofectamine reagent, Lipofectamine 2000 from

Invitrogen. Cells were in DMEM-lipofectamine media for one hour. Four hours after

transfection of GFP expressing cells were transfected with gold nanoparticle groups.

Each nanoparticle group was added in order to achieve 150 nanomolar concentration of

siRNA within the 500 microliter well. Cells were exposed to the siRNA nanoparticles

for one hour before replacing DMEM-siRNA media with 90% DMEM and 10% FBS
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media. The HEK 293 cells were then fixed with a 4% paraformaldehyde solution and

the GFP fluorescence of all cell groups was measured using a flow cytometer.

E. Standard HPF Synthesis

In order to create standard HPF nanocomplexes first 200 microliters of protamine at a

concentration of 180 micrograms per milliliter was added to 200 microliters of heparin at a

concentration of 6 international units per milliliter. The resulting of solution was vortexed

for 30 seconds at a speed of “4” to create heparin-protamine aggregates. Following the

addition of protamine to heparin, 200 microliters of ferumoxytol at a concentration of

150 micrograms per milliliter was added to the cuvette and vortexed for 30 seconds at a

speed of “4”.

F. Protein Encapsulation

To encapsulate the HPF complexes in albumin protein, first 200 microliters of pro-

tamine at a concentration of 360 micrograms per milliliter was added to 200 microliters of

heparin at a concentration of 12 international units per milliliter. The resulting of solution

was vortexed for 30 seconds at a speed of “4” to create heparin-protamine aggregates.

Following the addition of protamine to heparin, 200 microliters of ferumoxytol at a

concentration of 300 micrograms per milliliter was added to the cuvette and vortexed for

30 seconds at a speed of “4”. Following the addition ferumoxytol solution, the solution

was left to rest for 5 minutes to allow for the formation of the HPF complex at equilibrium.

Then, a solution of 2

G. HPF Complex with Modified HP Aggregates

To create the HPF complex with 6 to 1 positive to negative charge HP aggregates, the

working concentration of the protamine added to the cuvette was doubled. 200 microliters

of protamine at a concentration of 360 micrograms per milliliter was added to the solution

of heparin to create the HP aggregates. Each step following the creation of HP aggregates

was identical to the steps required to create standard HPF complexes.
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III. DECREASING AGGREGATION DURING GOLD PARTICLE LBL

SYNTHESIS

A. Synthesis in Organic Solvent

By synthesizing the gold nanoparticles in an organic solvent, the charged layers of the

gold nanoparticle are condensed (since charged particles cluster in non-polar solvents).

Therefore, this technique can be employed to tune the nanoparticle size and reduce

aggregation. This technique has been tested by other researchers before, for example

Dr. Kong and Dr. Bae of the Korean Advanced Institute used pure benzene to form

coated gold nanoparticles. The researchers reported that the nanoparticles coated with

siRNA were 40

In order to investigate the application of standard organic solvents further, the applica-

tion of dimethylformaldehyde (DMF) was also studied. DMF is an organic solvent with

a density similar to benzene, .944 g/mL versus .879 g/mL. Yet, DMF has a higher dipole

moment than benzene which makes the liquid more stable and with a higher boiling

point. [21] Despite using this more stable solution at varying concentrations of DMF, the

variation and size of the samples did not improve. In fact, as evidenced by the Figures 3

and ?? higher presence of DMF resulted in greater nanoparticle aggregation by reducing

the particles zeta potential.

Although benzene has been utilized by Dr. Kong in the first step of siRNA gold

nanoparticle coating, no published academic research has diluted non-polar solvents to

further reduce aggregation. [19] Since solvents must be miscible in order to prevent the

formation of gradients and non-uniform solutions, the effects of acetone, dioxane, and

isopropanol (all miscible organic solvents) were examined in concentrations ranging from

10% of the synthesis solvent at each step to 100% of the synthesis solvent at each step.

Therefore, several miscible organic solvents (unlike benzene) were studied in order to

increase the uniformity and reduce the variation observed among samples. In addition

to being miscible in water, each of the solvents was more stable than benzene. Acetone,

dioxane, and isopropanol have dipole moments above the moment of benzene. [24]
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Fig. 3: The effect of DMF concentration on zeta potential and Z-average
diameter of 10 nanometer of coated nanoparticles. Each step of LBL
synthesis of the nanoparticle is shown. From left to right: AuNP/PEI,
AuNP/PEI/siRNA, AuNP/PEI/siRNA/PEI, AuNP/PEI/siRNA/PEI/siRNA,
AuNP/PEI/siRNA/PEI/siRNA/PEI, AuNP/PEI/siRNA/PEI/siRNA/PEI/HA, and vesicle
PEI/siRNA/PEI/siRNA/PEI/HA. The gold core of the rightmost group was dissolved by
potassium cyanide (KCn) forming a nanovesicle. The trend within the graph shows that
greater DMF concentrations generally decreased the nanoparticle surface charge density
and increased aggregation.

As seen in the Figures 4, 5, and 6 in the first step of synthesis coating PPA on 40

nanometer citrate-capped gold nanoparticles, altering the volumetric concentration of each

of the solvents changes both the coated nanoparticles zeta potential and Z-average size.

The results of the experiments performed on three miscible organic solvents indicate that

dilution further decreases the average particle size by preventing aggregation.

Dilution of non-polar solvents likely enhances the anti-aggregation effect of the organic

solvent by mitigating the aggregating effects of high concentrations of hydrophobic, non-

polar solvents. Namely, solutions comprised of 100% organic solvent increase aggregation

since non-polar particles can drive charged particles together to minimize the free energy

of the system. In a non-polar solvent, the charged polymers become thermodynamically
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Fig. 4: The effect of acetone concentration on gold nanoparticles coated with PPA.
Acetone exposure caused the coated nanoparticles to be less aggregated and have smaller
diameters than those of gold nanoparticles synthesized in pure water. In pure acetone,
however, the coated gold nanoparticles heavily aggregated together causing the Z-average
nanoparticle diameter to be nearly 150% greater than the Z-average diameter of gold
nanoparticles synthesized in mixed solvents. Error bars represent the mean of all the
samples measured +/- one standard deviation (n=3).

unfavorable. Non-polar molecules aggregate around charged molecules reducing the en-

tropy of the system. Therefore, the charged particles cluster more closely together to

minimize the entropic penalty of the non-polar molecules. The optimal concentration

of miscible organic solvent determined through experimentation was determined to be

50% of the volume of the solvent. This optimal concentration held for all of the organic

solvents studied. Isopropanol, the best non-polar solvent for the initial step, reduced the

average nanoparticle size of PPA loaded gold nanoparticles to 17 nanometers compared

to the average size of 104 nanometers in pure water.

In addition, an experiment using chloroform was performed to confirm that strong

organic solvents may worsen aggregation compared to the aggregation particles in water.

As evidenced by this result with 100% chloroform solvent, the presence of a solvent

with polarity of 0.0 coulombs actually increased the particle aggregation relative to

that of particles in water. Within 100% chloroform solution, the charged siRNA/PPA
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Fig. 5: The effect of dioxane concentration on gold nanoparticles coated with PPA.
Dioxane exposure caused the coated nanoparticles to be less aggregated and have smaller
diameters than those of gold nanoparticles synthesized in pure water. In pure dioxane,
however, the coated gold nanoparticles heavily aggregated together causing the Z-average
nanoparticle diameter to be nearly 900% greater than the Z-average diameter of gold
nanoparticles synthesized in mixed solvents.

gold nanoparticles were thermodynamically unfavorable and thus clustered together to

maximize entropy (increasing aggregation) as shown in Figure 7. This increased clustering

also increased the standard deviation of nanoparticle size from .16 mV to 3.25 mV an

increase of nearly 20-fold.

Following these initial experiments on the first layer of the gold nanoparticles, the entire

synthesis of the nanoparticle was measured in 50% concentration of each miscible organic

solvent. This concentration was determined to reduce particle size dramatically following

the first coating; this subsequent experiment confirmed that this increased concentration

decreased the size of the particles at each step of synthesis by increasing condensation.

Although dioxane resulted in the smallest (and most condensed) nanovesicle, dioxane

caused the nanoparticles zeta potential to fail to reverse in the first siRNA coating step.

On the other hand, isopropanol consistently reversed zeta potential. In addition, fol-

lowing each PPA coating step, the surface had a zeta potential of 30 millivolts (mV) and

following each siRNA coating step the surface had a zeta potential of approximately -18
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Fig. 6: The effect of isopropanol concentration on gold nanoparticles coated with PPA.
Isopropanol exposure caused the coated nanoparticles to be less aggregated and have
a smaller diameter than those of gold nanoparticles synthesized in pure water. In pure
isopropanol, however, the coated gold nanoparticles heavily aggregated together causing
the Z-average nanoparticle diameter to be nearly 100% greater than the diameter of gold
particles synthesized in mixed solvents.

mV. This significant and consistent charge following each coating induced the particles

synthesized in isopropanol solvent to be highly stable. As a result of this data, isopropanol

was selected as the best organic solvent for nanoparticle synthesis.

Therefore, two additional studies to further investigate isopropanol synthesis were

completed. First, the polymer coatings (of PPA and siRNA) were performed in a 10%

isopropanol solution to reduce the standard deviation of the nanoparticles. As expected,

this synthesis resulted in a lower standard deviation compared to the deviation recorded

within the 50% isopropanol nanoparticle preparation, as the properties of the miscible

organic solvent within the solution were mollified. The completed gold nanoparticle

prepared in 50% isopropanol solution had a standard deviation of 76 nanometers; whereas,

the completed nanoparticle prepared in 10% isopropanol had a standard deviation of 47

nanometers.

In addition, the organic gold nanoparticles were prepared in a solution of diluted

isopropanol for the first, second, and third coatings of PPA and the first and second siRNA
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Fig. 7: Comparison of surface charge and Z-average diameter of gold nanoparticles in
solutions of 100% chloroform and 100% water. As evidence by the study, strongly,
non-polar organic solvents increased the aggregation of the PEI coated citrate capped
nanoparticles.

Fig. 8: The effect of 50% acetone concentration on the size and zeta potential of
the nanoparticle at each step of synthesis. From left to right: Naked 40nm AuNP,
AuNP/PPA, AuNP/PPA/siRNA, AuNP/PPA/siRNA/PPA, AuNP/PPA/siRNA/PPA/siRNA,
AuNP/PPA/siRNA/PPA/siRNA/PPA, AuNP/PPA/siRNA/PPA/siRNA/PPA/HA, and vesi-
cle PPA/siRNA/PPA/siRNA/PPA/HA. As illustrated by the graph, the particles do not
degrade following final step of the synthesis wherein potassium cyanide degrades the
gold core of the particle leaving a nanovesicle of PPA, siRNA, and HA.

coatings. Once the AuNP PPA/siRNA/PPA/siRNA/PPA was synthesized, the particles

were rinsed and placed in a solution of phosphate buffered saline (PBS). This salting was

utilized to reduce the driving force of coating HA to the surface of the gold nanoparticle.
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Fig. 9: The effect of 50% dioxane concentration on the size and zeta potential of the
nanoparticle at each step of synthesis. The groups from left to right are identical to those
of the 50% acetone concentration study in Figure 8. As illustrated by the graph, the
particles do not degrade following final step of the synthesis wherein potassium cyanide
degrades the gold core of the particle leaving a nanovesicle of PPA, siRNA, and HA.

Fig. 10: The effect of 50% isopropanol concentration on the size and zeta potential of
the nanoparticle at each step of synthesis. The groups from left to right are identical to
those of the 50% acetone concentration study in Figure 8. As illustrated by the graph, the
particles do not degrade following final step of the synthesis wherein potassium cyanide
degrades the gold core of the particle leaving a nanovesicle of PPA, siRNA, and HA.

Salt screening has been used by researchers, including Dr. Jordan Green of Johns Hopkins

University, to reduce the interactions between polymers. [22] Salting screens a polymer

chains charges by having oppositely charged ions cluster around the polymer chains and

shielding the polymer from the surrounding environment. Since HA is a very long polymer

chain, the HA utilized within our study had a molecular weight of 30 kilodaltons, HA

coating is likely to exhibit overcharging as long charge molecules can bridge multiple
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nanoparticles. [3] Yet, with this screening, the completed nanoparticle size was reduced

from 480 nanometers to 267 nanometers, a decrease of 44%.

Similarly, synthesis of gold nanoparticles in 10% isopropanol was performed at ev-

ery synthesis step, since isopropanol was the best performing solvent within the 50%

volumetric concentration study.

Fig. 11: The effect of 10% isopropanol concentration on the size and zeta potential of
the nanoparticle at each step of synthesis. The groups from left to right are identical to
those of the 50% acetone concentration study in Figure 8. As illustrated by the graph, the
particles do not degrade following final step of the synthesis wherein potassium cyanide
degrades the gold core of the particle leaving a nanovesicle of PPA, siRNA, and HA.

Therefore, performing the initial coating steps in 10% isopropanol and 90% water

and performing the final HA coating step in salting resulted in much lower Z-average

diameter and enhanced charge stability. This result was confirmed by TEM wherein the

completed nanospheres synthesized in pure water exhibited greater aggregation compared

to coated particles (with intact gold core) synthesized in 10% isopropanol and salting

solution as shown in Figure 13 and 14.

B. Dissolving Gold Nanoparticles

Similarly, a simple chemical reaction to remove the gold core of nanoparticles was

investigated to determine if removal of the gold core can reduce toxicity of gold nanopar-

ticles without reducing the potency of siRNA-coated nanoparticles in achieving knock

down. The presence of gold nanoparticles can increase the toxicity of the gene delivery.
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Fig. 12: The effect of 10% isopropanol concentration on the size and zeta potential of the
nanoparticle at each step of synthesis, and the effect of phosphate buffered saline (PBS)
solution in the HA coating step. The groups from left to right are identical to those of the
50% acetone concentration study in Figure 8. As illustrated by the graph, the particles
show less aggregation when hyaluronic acid is applied in the presence of PBS.

Although, in in vitro experiments, the concentration of gold nanoparticles does not affect

the viability of the cells within the experiment, these conditions are inconsistent with the

concentration of gold experienced by some tissues in vivo.

In fact, in one study, researchers tried to optimize uptake of gold nanoparticles (and

thereby maximize the concentration of gold nanoparticles within cells); the scientists

confirmed that gold nanoparticles did not have a significant effect on cell viability in

vitro. [6] In fact, the group reported that the cells maintained over 98% viability despite

high AuNP concentration in the solution surrounding the cells (up to a maximum of

20 micromolar). [6] Furthermore, the cells maintained normal viability even when an

average of eight 50 nanometer gold nanoparticles were loaded into each cell. [6] Yet,

in contrast to this in vitro evidence, high gold nanoparticles concentrations have been

shown to be toxic in vivo. [18]

In an experiment performed by researchers at the University of Toronto using mouse

models, the authors noted an accumulation of AuNP increases with multiple injections
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Fig. 13: A representative TEM image of 10 nm gold nanoparticles, AuNP
PPA/siRNA/PPA/siRNA/PPA/HA, synthesized in pure water. As illustrated within this
TEM image, the coated nanoparticles cluster together forming very large aggregations.
The two clusters in the bottom right of the image are 215 nanometers and 218 nanometers,
respectively.

of gold nanoparticles. [18] Moreover, the authors (using a PEG coated AuNP) found that

after 28 days following intravenous injections 67% of the gold nanoparticles found within

the animals accumulated within the liver tissue. [18] Therefore, if these gold nanoparticles

are utilized in gene therapy treatments spanning several days, these gold nanoparticles

will also accumulate within the liver tissue of patients exposing the hepatocytes of patients

to cytotoxic conditions.

This accumulation occurs as organs (primarily the liver and spleen) clear the gold

nanoparticles from the other tissues of the body. Thus, the livers and the spleens of

the mice both exhibited high concentrations of gold following long term exposure to

daily injections of 120 nanometer gold nanoparticles with Dr. Khlebstov’s study at

the University of Toronto. [18] At the conclusion of the 28 day experiment, 227.2

micrograms of gold per gram of tissue and 1703 micrograms of gold per gram of tissue

had accumulated in the liver and spleen, respectively. [18] These peak concentrations

were achieved on day 14 and on day 7 of the study, respectively. [18] Therefore, within

the excretory organs of the body (particularly the spleen), regions within the organism
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Fig. 14: A representative TEM image of 10 nm gold nanoparticles, AuNP
PPA/siRNA/PPA/siRNA/PPA/HA, synthesized in 10% isopropanol until the last step of
HA addition performed PBS. As illustrated within this TEM image, remain individual
non-aggregated nanoparticles. Within the vacuum in which the TEM image was created,
these completed nanometers had an average diameter far lower than the particles coated
with overcharged HA.

are exposed to exceedingly high concentrations in vivo which are not observed in vitro.

Additionally, the methods in which the surfaces of gold nanoparticles are conju-

gated can significantly increase the toxicity of the molecules. Yet, even unmodified gold

nanoparticles which are well-tolerated in in vitro experiments are cytotoxic when the

concentration of AuNP exceeds 200 micrograms per milliliter within tissues for over

24 hours. [18] Therefore, the cells within liver and spleen could both be killed by gold

nanoparticle treatments if the gold nanoparticles are not removed before injection. To

reduce the cytotoxicity of gold nanoparticles, the gold nanoparticle cores can be removed

without degrading siRNA and the polycation polymers. Following gold core dissolution,

the particles were examined to determine if the particles remained intact and templated.

Furthermore, in vitro experiments were performed to determine if the particles could still

be taken up into cells despite the dissolution of their core.

In order to synthesize a siRNA loaded nanoparticle, gold nanoparticles were coated with

siRNA and polycations as illustrated in the reaction scheme depicted in Figure 15. In order
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to compare the stability, one layer siRNA nanoparticles (AuNP PPA/siRNA/PPA/HA)

and two layer siRNA nanoparticles (AuNP PPA/siRNA/PPA/siRNA/PPA/HA) were syn-

thesized by the right and left reaction schemes, respectively. The gold cores of the

nanoparticles were dissolved to create one layer and two layer siRNA nanovesicles.

Fig. 15: An illustration of electrostatic LBL synthesis of siRNA and linear PEI (LPEI)
coated nanoparticles. The synthesis path on the right hand side results in the formation
of siRNA/LPEI/HA vesicles, and the left hand side pathway results in the formation of
vesicles of siRNA/LPEI/siRNA/LPEI/HA.

Two well-studied methods exist for dissolving the gold nanoparticles using a Lugol’s

solution made by adding (Potassium Iodide) KI and (Iodide) I2 to form KI3. [35] Unfor-

tunately, the Iodide method has been shown to result in staining of the PEI polymer and

to create pores within the layers polymer reducing the particles’ integrity. [35] For these

reasons, potassium cyanide (KCn) has been substituted to dissolve the gold nanoparticles.

Although cyanide is a very cytotoxic molecule, with this synthesis method, the staining of

the PEI polymer can be evaded. Therefore, KCn dissolution allows for superior imaging

and greater integrity of the nanovesicle relative to dissolution using Lugol’s solution.

[35] Each of the TEM images of the gold nanoparticles following gold core dissolution

depicts particles dissolved with potassium cyanide dissolution method.

As the gold nanoparticles are oxidized by the potassium cyanide, the gold nanoparticle

is dissolved. During oxidation, the soluble compound KAu(Cn)2 is formed in the aqueous

environment thereby removing the gold core of the particle. This technique was performed
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in order to create a templated nanovesicle from the layers deposited by LBL assembly

on the nanoparticle surface. This dissolution process was adapted from Dr. Gittins’

protocol to dissolve 15 and 30 nanometer gold nanospheres coated with poly(sodium-4-

styrenesulfonate) (PSS) and poly(diallydimethylammonium) (PDADMAC). [5] 100 mi-

croliters of cyanide stock solution are added for each milliliter of gold nanoparticle

solution to be dissolved, as performed by Dr. Gittins’ dissolution study. As Dr. Gittins

noted within his analysis, this concentration completely dissolved the cores of gold

nanoparticles.[11]

Moreover, after potassium cyanide was added to the sample (and following four hours

of mixing to induce oxidation and gold removal) the sample underwent dialysis for 24

hours. The dialysis not only removed the gold nanoparticle core as evidenced by the TEM

image which showed no gold cores when analyzing the nanovesicles without staining, as

illustrated in Figure 17, but also eliminated the cyanide within the container.

Since dissolving gold nanoparticles may potentially decrease the cytotoxicity of non-

viral gene therapy, particularly in the liver and spleen, several experiments have been

performed to demonstrate the potential of the gold dissolution. First, dynamic light

scattering (DLS), transmission electron spectroscopy (TEM), and scanning electron mi-

croscopy (SEM) were used to confirm that gold dissolution did not cause the gene

delivery particles to disintegrate following application of potassium cyanide. Within

all nanoparticle types used below, including nanospheres, nanowires, and nanorods, the

nanovesicle first synthesized on gold nanoparticles remained intact following gold core

dissolution.

In successive experiments, the gold cores of various particle types were dissolved.

First, the dissolution of gold nanospheres created by electrostatic attraction and the

dissolution of gold nanospheres created by thiolated siRNA were compared. Dr. Gittins

and Dr. Caruso when studying nanoparticles only studied gold nanoparticles coated

with a thiolated monolayer of polymer. [11] Dr. Gittins hypothesized that this thiolated

monolayer, which has “increased colloidal stability”, would create a more stable dissolved
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Fig. 16: Representative TEM images of each step of synthesis with gold nanoparticle,
siRNA, branched PEI (BPEI), and HA. In the final step, the absence of gold is confirmed
by performing a TEM without staining for gold nanoparticle. As expected, within the
unstained image the gold particles were not present (as a result of dissolution with
potassium cyanide). Therefore, the unstained image was completely blank, since the PEI
and siRNA were not stained and the gold particles had been dissolved away.

particle following cyanide etching.[11] Dr. Gittins’ hypothesis for gold nanoparticles with

layers of PSS and PDADMAC was examined and disproved for gold nanoparticles coated

with PEI and siRNA.

In order to confirm that the gold core dissolution did not disturb the siRNA loading

onto the gene delivery particle, an analysis using siRNA was completed. The siRNA used

within the study was tagged with the Alexa fluorophore (a fluorescent dye which emits

green light when excited). By quantifying the amount of siRNA in each dish with a plate

reader, the presence of siRNA with each of the nanoparticle types was confirmed.

As shown in the Table 19, the dissolution of the gold core of the particle removed

51% of the siRNA from the nanoparticle. Therefore, less than half of the siRNA on

the gold nanosphere coated with two layers of siRNA remained within the templated

nanovesicle. This fluorescent siRNA result, however, demonstrates while some siRNA is
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Fig. 17: A representative TEM image of gene delivery particles without staining. Despite
the presence of polymer, the lightly shaded regions of the image, there was no strong
signal within the image illustrating the absence of gold cores. Since no strong signal is
present in the TEM image, the image demonstrates that the potassium cyanide dissolved
the gold core.

Fig. 18: The effect of increasing the concentration of PPA exposed to gold nanoparticles
on the PPA loading of nanoparticles- as demonstrated by PPA fluorescence. At 30 moles
of PPA per mole of gold, the quantity of polycation loaded onto the nanoparticle saturates.
This concentration was determined by the fluorescence study for optimal loading of the
non-viral vector onto a 40 nanometer particle.

lost within the dissolution using cyanide, the nanovesicle still has the capacity to delete

mRNA and knock down genes. In addition, the potentially reduced efficacy induced by

having a lower amount of siRNA per nanovesicle can be offset by better cell uptake or

superior release of siRNA.
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Fig. 19: Measurements of siRNA coated on 40 nm gold nanoparticle and nanovesicle.
As illustrated by the chart, the efficacy of siRNA loading drops with each coating as
less than twice the amount siRNA is present on the double coated nanoparticle as on the
single coated nanoparticle. In addition, 51% of the siRNA present on the double-coated
siRNA is removed following the dissolution of the gold core.

(a) (b)

Fig. 20: A representative SEM image of dissolved core siRNA vesicles which initially had
a 40 nanometer spherical gold core. The SEM image in Figure a illustrates nanovesicles
formed by crossing-linking polymer layers with thiol oxidation. The SEM image in
Figure b illustrates nanovesicles formed by non-covalently linking polymer layers together
through electrostatic interactions. This images confirms that both of types of nanoparticles
remain intact following gold core dissolution. In addition, the siRNA vesicles in Figure
a have an average diameter of 93 nanometers.

After the removal of the gold core, the nanovesicles were analyzed under TEM and

SEM. Figures 20a and 20b, SEM images, shows the template nanovesicles formed by

electrostatic attraction between the polymer layers. These images further illustrates that

nanovesicles formed by LBL synthesis (both by cross-linking thiolated polymers and by

layering particles through electrostatic attraction) on 40 nanometer gold particles can be

stable and well-organized.

As shown in the Figure 21, the characteristics of the nanovesicles are largely similar in
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Fig. 21: The effect of thiolated polymer coating on the surface charge and Z-average
diameter of gold nanoparticles. At each step thiolated siRNA was complexed with
thiolated, linear PEI. Following the last coating step, the gold nanoparticles were oxidized
for two days in order to form disulfide bonds throughout the layers of the nanoparticles.

the thiolated siRNA vesicles and the non-thiolated siRNA vesicles. Both vesicles remain

intact despite gold core dissolution, unlike Dr. Gittins’ hypothesis for electrostatically

complexed gold nanoparticles. In addition, the vesicles appear to have similar shape,

integrity, and size within the two SEM images of the thiolated vesicles and non-thiolated

vesicles, respectively Figure 20a and Figure 20b.

As evidenced by the TEM images in Figures 20a and 20b, the gold nanoparticles

formed by both electrostatic and thiolated interactions had very similar shapes after

dissolution of their gold cores. However, the nanovesicle held together by electrostatic

attraction had a lower particle size of 772 nm compared with the 1238 nm size of the

thiolated nanovesicle. This difference in size demonstrates that although both of these

nanoparticles were created in pure water and the thiolated nanoparticles were oxidized

to form disulfide bonds before being dissolved by gold, the thiolated nanoparticles were
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Fig. 22: The effect of electrostatic LBL coating on the surface charge and Z-average
diameter of gold nanoparticles. At each step siRNA was complexed with linear PEI
through electrostatic attraction. After the completion of coating, the gold core of the
particles was dissolved through cyanide core dissolution and then dialyzed for 24 hours.

actually less stable (and thus aggregated more) than those created by electrostatic assem-

bly.

Similarly, the dissolution of gold nanospheres was compared to that of other shapes and

sizes of gold nanoparticles. Different nanoparticle shapes have larger surface to volume

ratios than those of nanospheres. For example, a nanosphere has a surface to volume ratio

of 3/r and a nanocube has a surface to volume ratio 6/s, where s = 2r(v).5 (if the diameter

of the nanosphere is equal in length to the diagonal of the nanoparticle). Therefore, if

these conditions hold, a nanocube will have a 41% greater surface to volume ratio than

that of a nanosphere which has sides the same length as the nanospheres radius. As

outlined by Dr. Cesbron, geometry can have a dramatic effect on the resultant structure

and function of the completed nanoparticle. [5] Therefore, by examining the nanovesicles

of nanospheres, nanocubes, and nanorods, the effect of gold core shape on nanoparticle

size and integrity of the resultant nanovesicle was determined.

In comparing the completed particles comprised of two layers of siRNA formed on

top of nanospheres of 118 nanometers and 40 nanometers particles, both of the particles
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appear stable. In addition, as determined by dynamic light scattering, the nanoparticles

similarly increased in size at each coating step before the dissolution of the gold core.

Simply stated, the larger radius of the 118 nanometers nanoparticle does not form a

different nanovesicle structure following six separate polymer coatings (three PEI, two

siRNA, and one HA). The coating had a much greater effect on the ultimate shape of the

particles than their core, and so the two gold nanoparticle cores did not result in radically

different finished particles and both structures were stable.

Fig. 23: The effect of electrostatic LBL coating on the surface charge and Z-average
diameter of large gold nanoparticles. At each step siRNA was complexed with linear PEI
on top of the larger 118 nanometer gold nanosphere. During coating, the nanoparticle
shape is very constant. In addition the nanoparticle remains stable despite the dissolution
of the sphere’s large gold core.

Conversely, greater differences can be found between the completed gene delivery

particles formed with nanowire cores, nanorod cores, and a nanospherical cores. In

comparing the completed particles comprised of two layers of siRNA formed on top of

nanowires, nanorods, and nanospheres, there were substantial differences observed among

the nanoparticles. As determined by dynamic light scattering, the nanorods increased

more than four-fold in size during the HA coating step. Likewise, the gold nanowire

increased substantially in size due to aggregation in the final PEI coating step. The
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different shaped particles result in very different sized completed nanoparticles which

are less stable following gold core dissolution.

Fig. 24: The effect of electrostatic LBL coating on the surface charge and Z-average
diameter of gold nanorods. Gold nanorods capped with CTAB were coated through
electrostatic attraction with two layers of siRNA. Before coating the nanorods were 40
nanometers in length and 20 nanometers in diameter.

The hypothesis that the gold nanorods and gold nanowires would be less stable fol-

lowing gold core dissolution was confirmed with SEM. As the image of nanorods under

SEM shows the gold nanorods collapsed together and lost their rod like shape- unlike

the nanospheres.

Once the dynamics of dissolving the gold core were understood within synthesis

studies, the therapeutic capacities of all gold nanoparticles were examined. Within an

in vitro study on HEK-293 cells, the gene knock down capacity of dissolved gold

siRNA gene delivery particles was compared to that of particles with an intact gold

core. Interestingly, in each of the gold nanoparticle types studied, the dissolved gold

particles more efficiently quelled the fluorescence of GFP expressing cells as depicted

in Figure 27. Therefore, the preliminary results indicate that the dissolved gold core

particles achieved superior gold knock down because of increased transfection rates.

Although the nanospheres lost over half of the siRNA they were loaded with during gold
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Fig. 25: The effect of electrostatic LBL coating on the surface charge and Z-average
diameter of nanowires. Gold nanowires capped with PVP were coated with two siRNA
layers of siRNA in order to make worm-like nanovesicles. Before coating the gold
nanowires were 100 nanometers in diameter and 5 microns in length.

core dissolution, the nanovesicles were able to achieve superior gene knock down and

had greater potency.

Also, interestingly the nanovesicles formed by electrostatically complexing siRNA

and PEI on 40 nanometer gold nanospheres had nearly identical knock down to 40

nanometer by 20 nanometer gold nanorods. Therefore, even though these particles resulted

in significantly different resultant nanoparticle sizes and nanoparticle shapes, both of the

electrostatically complexed particles demonstrated similar gene knock down.

Conversely, the nanovesicles formed by thiolated nanovesicles had substantially in-

creased knock down indicating superior potency. Unlike the electrostatically complexed

particles, the thiolated nanovesicles complexed on the 40 nanometer nanospheres knock

down GFP fluorescence to less than 8% of that of the control group, whereas the electro-

static particles reduced expression of fluorescent genes to 20% of that of the untransfected

group. Therefore, the thiolated nanoparticles achieved knock down of greater than 90%

and both of the electrostatically complexed groups achieved knock down of less than

80%. Since, the thiolated siRNA have disulfide bonds between the layers of thiolated
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Fig. 26: A representative SEM image of dissolved core siRNA vesicles which initially
had a 40 by 20 nanometer nanorod gold core. This image confirms that while the layers
remain intact following gold core dissolution, the nanorod shape is not preserved. Within
the image, the full siRNA-loaded shape has a length of more than 2000 nm within the
image.

LPEI and thiolated siRNA on the gold nanoparticle (as a result of oxidiation for 48

hours following the completion of LBL assembly), less siRNA may be lost following

dissolution of the gold core enhancing potency. Additional experiments to capitalize on

this in vitro study and to better understand the nanovesicles’ properties are outlined in the

“Future Work” section. Yet, each of the nanovesicles had superior ability to alter gene

expression and knock down genes. Therefore, nanovesicles with a dissolved core will

not only be less cytotoxic since gold will not accumulate in the organs of the excretion

systems, specifically the liver and spleen, but also may be better for gene therapy.

To be applicable within therapeutic applications, however, the treatment must knock

down genes within living systems. Therefore, the capacity of templated nanovesicles to

knock down genes should be confirmed within an in vivo study. This next study is also

outlined in more detail within the “Future Work” section.
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Fig. 27: This chart illustrates the experimental setup for the in vitro study outlined in the
preliminary results section. Three particle types were compared (nanospheres, nanorods,
and nanospheres wherein thiols were used to graft siRNA to the surface of the gold
nanoparticle- instead of electrostatic attraction).

C. Constraints of Gold Nanoparticle Study

Ultimately, coating gold nanoparticles with siRNA and polycationic polymer defini-

tively improves transfection efficiency of non-viral vectors. The use of nanoparticles

within this application mitigates the major obstacle in replacing mutagenic viral gene

vectors with non-viral vectors. With further improvements in coating gold nanoparticles

with siRNA and driving these gene delivery particles into cells, non-viral gene therapy

may become commercially viable for the first time. Although the two techniques outlined

within this article are relatively simple ways to improve receptor-mediated endocytosis,

both techniques have the potential to substantially increase gene knock down. Yet, both

techniques have environmental implications. Synthesizing gold nanoparticles within cer-

tain organic solvents can significantly increase the cytotoxicity and worsen environmental

impact of the synthesis without proper control of chemicals used in synthesis. [38]

Some organic solvents, like benzene employed by Dr. Kong’s group, can be particularly

dangerous. In fact, benzene rings can bind between 35% to 100% of receptors and prevent

proper cell function- resulting in high toxicity. [38] This receptor binding is substantially

higher than that of other organic solvents; for example, a very similar organic solvent

like dichlorobenzene is much less cytotoxic and binds only .3% of cell receptors. [38]
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Fig. 28: The effect of six different siRNA-loaded particle types on gene knock down.
This in vitro study was performed on GFP expressing HEK-293 cells. Geometric Mean
Fluorescence Intensity (GMFI) relative to the control HEK-293 cells not exposed to
siRNA is shown. For each of the nanoparticle types, the vesicles with dissolved gold
core achieved greater gene knock down.

Therefore, selection of organic solvents to tune particle size and reduce aggregation

is essential to limit environmental and health risks from nanoparticle synthesis and

treatment.

Similarly, dissolving the gold core of the gold nanoparticles with potassium cyanide

will also damage the environment and kill cells without modifying the synthesis method.

[38] In acidic conditions, potassium cyanide can release toxic hydrogen cyanide gas

which injures the central nervous system and cardiovascular system. [38] Therefore, the

solvent must be highly controlled in order to mitigate environmental consequences. These

solvents cannot be disposed of- for example- by washing excess solvent down the sink.
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Furthermore, following the completion of synthesis in benzene or the dissolution of the

gold core in potassium cyanide, the particles must be dialyzed for at least 24 hours to

completely remove the organic solvent from the particles before using the particles for

therapeutic applications.

40



IV. IMPROVING UPTAKE AND STABILITY OF HPF NANOCOMPLEX

A. Investigation of Super Paramagnetic Iron Oxide Particle Properties

Using solvent chemistry, this thesis also investigated improving the synthesis of iron

oxide particles used for diagnostics by preventing aggregation and enhancing cell uptake.

Ferumoxytol is a second generation ultrasmall SPION (USPIO). Ferumoxytol consists of

a 7 nanometer diameter iron oxide core encapsulated by a coat of ionized dextran of 17

nanometers, resulting in a total size of 32 nanometers. The anionic dextran coat of feru-

moxytol allows the particle to be injected through bolus injection (rather than only through

slow injection), since anionic coats of the particles repel one another enhancing particle

stability. Moreover, the anionic dextran coat allows the particles to be complexed with

protamine through two different reaction schemes both driven by electrostatic attraction.

Ferumoxytol can be coated with heparin and protamine to form self-assembling heparin-

protamine-ferumoxytol nanocomplexes (HPF). Moreover, ferumoxytol and protamine can

spontaneously aggregate without the addition of heparin. Since this synthesis method for

creating HPF allows for superior ferumoxytol uptake as discussed within the introduction

section, this method was investigated with our study.

Dr. Xiang and his team at the University of Hong Kong, compared the in vivo uptake of

ferumoxytol complexed with protamine and ferumoxtran complexed with protamine. The

researchers found that since the dextran coat of ferumoxtran-10 particles is unconjugated,

the ferumoxtran-10 cell uptake is worsened by its severe aggregation when prepared

in Dulbecco’s modified eagle medium (DMEM). Within Dr. Xiang’s experiments the

ferumoxtran-10 had a dramatically lower blood circulation time, since the liver and spleen

quickly uptake large clusters of nanoparticles removing aggregated particles from the

bloodstream. [44] Within 8 minutes of intravenous injection, up to 80% of ferumoxtran-

10 particles injected are taken up by the liver and 10% of the particles are taken up by

the spleen. Therefore, just 10% of the ferumoxtran-10 particles injected remain within

the blood stream due to the propensity of ferumoxtran-10 to aggregate and cluster. [44]

Unlike ferumoxtran-10, HPF complexes are much smaller in size when synthesized in
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Fig. 29: The effect of the order of reagents on HPF surface charge and Z-average diameter.
The results of this experiment confirm that the method of sequential addition used within
Dr. Thu’s study induce the formation of HPF nanocomplex with the smallest mean
size and lowest standard deviation. Conversely, the successive addition of ferumoxytol,
heparin, and protamine and protamine, ferumoxytol, and heparin result in nanoparticles
greater than 1 micron in size with standard deviation of more than 500 nanometers. The
error bars for each group illustrate the standard deviation of the samples relative to the
mean (n=3).

DMEM as discussed in the “Iron Oxide Synthesis” section.

Moreover, ferucarbotran particles were investigated to gauge cell uptake and compare

their uptake to that of HPF nanocomplexes. Additionally, the properties of Molday

particles were compared to those of the HPF nanocomplexes. These particles were

investigated in detail because they achieved substantially greater cell transfection than

HPF nanocomplexes in results of initial cell uptake studies, including the cell studies

below. Unlike the feroxtran-10 particles, the Molday particles did not exhibit evidence of

aggregation and were taken up by 100% of cells as illustrated in Figure 31. To improve

uptake, the HPF nanocomplexes were modified to make the structure HPF mimic that of

Molday particles.

In the first cell study, the uptake of HPF particles was compared to that of ferumoxytol-

heparin-protamine complexes, ferumoxytol-protamine complexes, ferumoxtran-10-protamine
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Fig. 30: Representative TEM image of HPF nanocomplexes created by the Nature
Medicine protocol and imaged using negative staining. Like the publication, the white
aggregates of heparin and protamine were encircled by the ferumoxytol iron oxide. In
addition, within an average size of 121 nanometers the particles within the TEM image
confirmed the sizes reported by DLS.

complexes, and Molday particles. The HPF nanocomplexes, although prepared identically

to the protocol described in Nature Medicine, exhibited very low uptake- particularly in

the C17.2 group (mouse neural progenitor cells). Conversely, Molday particles achieved

excellent cell uptake and cell labeling as shown by Prussian Blue staining in Figure 31.

The Molday iron oxide particles entered 100% of cells present in both cultures, thereby

labeling each cell and permitting high contrast with T2 MRI.

In order to improve cell uptake, the HPF nanocomplexes were modified to improve sta-

bility and reduce aggregation. To reduce nanocomplex size, the concentration of heparin

and protamine were altered relative to the concentration of ferumoxytol in order to reduce

nanocomplex size without reducing iron oxide labeling. As noted by Dr. Thu in Nature

Medicine, the heparin and protamine aggregate which the ferumoxytol particles satellite

take up the majority of the nanocomplex size. [42] Therefore, reducing the concentration
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Fig. 31: Brightfield microscopy images of mesenchymal stem cells (MSCs) and mouse
neural progenitor stem cells (C17.2) following transfection with varying types of iron
oxide particles. In the study, the types of particles used were (from left to right): stan-
dard HPF complexes, ferumoxytol-heparin-protamine complexes, ferumoxytol-protamine
complexes, ferumoxtran-10-protamine complexes, Molday Ion particles, and particle-free
media. Both cell types achieved the best labeling with Molday particles. In addition, the
microscope image above shows that the Molday particles had the least clustering and
aggregation outside of cells. The presence of the iron oxide particles within each cell
was confirmed with Prussian Blue staining.

of heparin and protamine represents the optimal way to reduce nanoparticle size. As

demonstrated by the experiment described in Figure 32, the nanoparticles prepared with

10% of the heparin and protamine concentration (a working concentration of 2 IU per

milliliter and 10 micrograms per milliliter) results in a nanocomplex just one fourth

the size of the HPF nanocomplex prepared in Nature Medicine. [42] Therefore, altering

the size of the heparin and protamine aggregates results in a controlled reduction to

nanoparticle size. In addition, by reducing the concentrations of heparin and protamine

relative to ferumoxytol by 90%, the charge of the nanoparticle was reduced from -10

millivolts to just -1 millivolt. By reducing its negative surface charge, the particles will

be more likely to enter negatively charged cells by mitigating charge-charge repulsion.

B. Protein Encapsulation

To better understand the results of the first cell study, each of the nanoparticles

was characterized. Using the zetasizer and DLS, the Molday and ferumoxytol were

found to exhibit similar size and charging as shown Figure 33. Therefore, the surface
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Fig. 32: The effect of heparin and protamine concentration on the Z-average size and
surface charge of heparin-protamine aggregates. By reducing the concentration of heparin
and protamine, the size of the resulting complexs were reduced substantially. When just
1% of standard concentration of heparin and protamine are used, the HPF complex has
identical size and charging to naked ferumoxytol.

functionalization of the Molday particle was found to be responsible for the nanoparticle’s

superior uptake. In the patent on Molday particles, Dr. Molday describes that “protein

A” is functionalized to the surface of the iron oxide particles. [30] By mimicking the

protein surface functionalization of Molday particles, HPF nanocomplexes functionalized

with protein was hypothesized to achieve similar cell uptake.

HPF nanocomplex was functionalized with protein through encapsulation with BSA.

Encapsulation with albumin has been used to enhance uptake of a number of drugs,

most notably Paclitaxel a micro-tubule inhibitor used to treat metastatic cancer. Several

groups of researchers have also encapsulated nanoparticles in BSA in order to drive cell

uptake. For example, albumin-coated nanoparticles were utilized to enhance cell uptake

of phosphodiester oligonucleotide (PO). [1] Within the study, the researchers found that

exposure to BSA within solvents coated the surface of the PO nanoparticles uniformly,

resulting in a monodisperse Z-average diameter of 259 nanometers (as depicted in Figure

35). [1] In addition, the researchers found that the albumin-coated nanoparticles achieved

70% loading at a concentration of 20 micrograms of PO particle per milligram of BSA
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Fig. 33: The size and charge of ferumoxytol, Molday, and ferumoxtran-10 particles
without any coating. As shown by the graph, the ferumoxytol and Molday are virtually
neutral in charge. As a result of slight aggregation of the naked particles, the Z-average
diameters of the ferumoxytol and Molday particles are 51 nanometers and 89 nanometers,
respectively. Unlike these stable second generation USPIO particles, the ferumoxtran-
10 particles appear much more aggregated and exhibit much greater charging during
characterization.

added to the solvent, thereby improving cell uptake.[1]

To encapsulate the HPF nanocomplex, different concentrations of BSA were used in

order to experimentally determine the optimal solvent concentration for albumin loading.

BSA concentrations of 1% induced the smallest particle size and deviation indicating the

least aggregation of the nanoparticles at this concentration, as depicted in the Figure 38.

Therefore, 1% BSA concentration was determined to provide optimal loading of BSA

since both lower concentrations had greater aggregation in DLS experiments and greater

concentrations appeared to have large quantities of free BSA which prevented accurate

measurements of the sample. Therefore, the 1% BSA solvent (by mass) was identified as

the optimal solvent for HPF nanocomplex encapsulation. Following identification of 1%

BSA as the optimal concentration for HPF encapsulation, TEM images were obtained

to ensure that HPF was fully encapsulated by protein. As depicted in Figures 37a and

37b, the HPF complex is completely encapsulated with protein such that the iron oxide
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Fig. 34: The effect of DMEM cell media on the Z-average size and zeta potential of each
of the particles used in the second cell study. As shown within the graph, the Molday
particles are the least aggregated of any of the five particle types studied. The Molday
particles are nearly 40% smaller than the HPF nanocomplexes prepared in DMEM. In
addition, the HPF nanocomplexes have a zeta potential of -5.6 millivolts, whereas the
Molday particles have a charge of just -0.5 millivolts. Error bars represent the mean +/-
one standard deviation of all of the samples measured for each nanoparticle type (n=3).

within the unstained complex cannot be observed following encapsulation. Since albumin

completely covers each particle, only the protein surrounding each of the 89 particles in

the TEM image can be observed.

Subsequent experiments were performed to compare the stability during aging of

unencapsulated HPF nanocomplex to that of HPF encapsulated in BSA during aging.

The HPF, even at room temperature, was found to quickly aggregate together as a result

of low particle stability. The HPF nanocomplex, prepared according to the HPF synthesis

protocol outlined in Nature Medicine, quickly aggregated together and within 12 minutes

exceeded 10 microns in size. [42] Dramatic increase (to a Z-average size similar to

the size of cells) shortly after synthesis prevents cell uptake at time points beyond ten

minutes, thereby substantially reducing cell uptake. Resulting in the low cell uptake of

the HPF nanocomplex observed in the first cell study.

In order to examine the effects of instability of HPF nanocomplex during aging, a
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Fig. 35: A representative SEM image of BSA-encapsulated phosphodiester oligonu-
cleotide (PO) shows that PO complexes are uniformly coated. After BSA coating, PO
nanocomplexes have an average size of 259 nanometers. [1]

second cell study was performed. In this study, after synthesis of both particles 1) HPF

nanocomplex as specified by the Nature Medicine protocol and 2) Molday particles in

DMEM, the media was immediately applied to the cells. By immediately placing the

particles in contact with the cells, rather than waiting to complete the synthesis of multiple

particle types before adding the media to the cells, cell uptake was significantly enhanced.

In short, by adding HPF to the cells immediately following HPF synthesis, the HPF had

contact with the cells before they aggregated. As evidenced by Prussian Blue staining,

less aging of the HPF nanocomplex resulted in much better uptake since the HPF complex

is unstable and aggregates dramatically within 12 minutes. Therefore, this second cell

study confirms that poor particle stability and rapid aggregation due to aging worsens

cell uptake of the HPF nanocomplex.

The aging of the BSA encapsulated HPF nanocomplex was also examined at 27 degrees

Celsius and 37 degrees Celsius. At both temperatures, the HPF in DMEM exhibited

little change in size and in zeta potential throughout the test. At both temperatures, the

DMEM synthesized HPF nanocomplexes consistently had a diameter of 250 nanometers.
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Fig. 36: The effect of BSA concentration on the surface charge and Z-average diameter
of encapsulated HPF nanocomplex. As evidenced by the results of the study, the optimal
BSA loading is achieved at concentrations around 1%. With greater BSA encapsulation,
the HPF nanocomplexes are stabilized and thus aggregation decreases. Both the size and
the standard deviation of the HPF decreases as the concentration of BSA increases.

(a) (b)

Fig. 37: Representative TEM images of HPF nanocomplexes before and after encapsu-
lation with protein- Figure a and Figure b, respectively. HPF nanocomplexes prepared
in water was consist of heparin and protamine aggregates with ferumoxytol surrounding
these aggregates. As evidenced by the TEM images, the ferumoxytol present within the
sample is entirely covered by the BSA protein encapsulation.

Therefore, at both room temperature and elevated temperature, the nanoparticles are stable

and do not mass aggregate as depicted in Figure 40 and Figure 41. With better size

and more stable zeta potential, the characterization of the BSA encapsulated particle
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Fig. 38: The effect of aging on the size and charge of standard HPF complexes synthesized
in DMEM according to the protocol in Nature Medicine. The nanoparticles dramatically
increase in size during one hour of aging at room temperature. The particles increase
in size more than 500 fold in less than 20 minutes of aging; therefore, the instability
of the particles induces severe aggregation. This aggregation causes the HPF complexes
to quickly become more than 10 microns in size hampering any uptake by cells at later
time points.

throughout aging at incubation temperature reveals that the iron oxide loaded complexes

can be taken up by cells throughout the four hours of cell transfection, rather than the

12 minutes following synthesis.

Yet, this increased stability in 37 degrees Celsius is also a result of hypercharging

at elevated temperature. Unlike standard HPF nanocomplex has a zeta potential of -8

millivolts in 37 degrees Celsius, HPF encapsulated BSA exhibits charging greater than

-11 millivolts during the stability study. Therefore, the HPF following encapsulation with

BSA is more repulsed by the intrinsic -70 millivolt charge of the cell and this charge-

charge repulsion inhibits cell uptake. Although the BSA encapsulated nanoparticles do

not aggregate throughout the four hours of cell transfection. The cell uptake of the BSA

encapsulated HPF is not significantly better than that of standard HPF nanoparticles. As

observed in the cell study shown in Figure 42, the BSA encapsulated HPF do not exhibit
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Fig. 39: Brightfield microscopy images of MSC, C17.2, and glial-restricted cell uptake of
iron oxide following transfection with standard HPF complexes and Molday Ion particles.
The iron oxide concentration within the cells is shown with Prussian Blue staining. The
instability of the particles was determined by immediately appling the DMEM containing
HPF particles to cells. By preserving the synthesis process and enhancing uptake only
through rapid onset of particle transfection, the reduction of cell uptake attributable to
HPF aging and instability was demonstrated.

greater staining following exposure to Prussian Blue. Moreover, the BSA encapsulated

particles do not achieve equivalent uptake and do not exhibit the pervasive staining of

Molday particles as evidenced by Figure 42. Although the BSA encapsulation succeeds

in enhancing stability, this method fails to improve cell uptake.

C. Elevated Protamine Concentration HPF Nanocomplexes

To improve cell uptake and to alter the characteristics of the HPF nanocomplex,

specifically to reduce the negative zeta potential of the particles in DMEM, the charging

of the heparin protamine aggregates was also characterized. The aim of this study was to

improve cell uptake by mitigating charge-charge repulsion between the HPF nanocomplex

and the cell. By controlling the concentration of positive charge to negative charge of
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Fig. 40: The effect of aging at 27 degrees Celsius on the size and charge of BSA-
encapsulated HPF complexes. As evidenced by the study, the size of the particles
remains virtually constant despite aging the particles for one hour at room temperature.
Following BSA encapsulation, the complexes are much more stable and exhibit much less
aggregation. Since the nanocomplexes remain unaggregated throughout the study (unlike
the unencapsulated HPF complexes which approach 10 microns in size), the iron oxide
loaded nanocomplexes are able to be taken up cells at later time points.

protamine and heparin, respectively, the zeta potential of the heparin and protamine

complex was increased. By increasing the concentration of positive charge from the 3 to

1 positive to negative charge ratio outlined in the Nature Medicine protocol, the positive

charging of the heparin protamine aggregates also increased. When the positive and

negative charges of protamine and heparin were equal, however, the charges neutralized

one another. Therefore, the heparin and protamine aggregates had a low zeta potential of

just -1.1 millivolts. By altering the charge concentrations of heparin and protamine (by

changing the working concentration of protamine) from 120 micrograms per milliliter

for the 6 to 1 charge aggregates to 20 micrograms per milliliter for the 1 to 1 charge

aggregates, the charge of the heparin protamine aggates fell to near zero as shown in

Figure 43. Whereas, the 12 to 1 charge heparin protamine aggregates (with the highest

protamine concentration of 240 micrograms per millileter) had a zeta potential of 19.1
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Fig. 41: The effect of aging at 37 degrees Celsius on the size and charge of BSA-
encapsulated HPF complexes. As evidenced by the study, the size of the particles remains
virtually constant despite aging the particles in a high temperature environment for
four hours. Following BSA encapsulation, the complexes are much more stable and
exhibit much less aggregation. Since the nanocomplexes remain unaggregated throughout
the study (unlike the unencapsulated HPF complexes which rapidly aggregate at body
temperature), the iron oxide loaded nanocomplexes are able to be taken up cells at later
time points.

millivolts. Ultimately, the HP with 6 positive charges for each negative charge with the

smallest Z-average diameter was selected for futher study. Since strong polycations have

substantial cytotoxicity, the 6 to 1 HP aggregate has improved (but not severe) positive

charge.[22]

In a secondary study, the HPF complexes were prepared using 3 to 1, 6 to 1, and 10

to 1 positive to negative charge ratios. These nanocomplexes had working concentrations

of protamine of 60 micrograms per milliliter, 120 micrograms per milliliter, and 200

micrograms per milliliter, respectively. As evidenced by Figure 44, although both HPF

with 3 to 1 HP aggregates and 6 to 1 HP aggregates had Z-average diameters on the order

of nanometers, the HPF with 8 to 1 HP aggregates have much larger Z-average diameter.

As Figure 44 illustrates, the HPF nanocomplexes with greater protamine concentration

had lower negative charge in DMEM. Therefore, as expected, the negative zeta potential
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Fig. 42: Brightfield microscopy images of MSC, C17.2, and glial-restricted cell uptake
of iron oxide following transfection with standard HPF, BSA-encapsulated HPF, serum-
encapsulated HPF, and Molday Ion particles. The iron oxide concentration within the
cells is shown with Prussian Blue staining.

of the HPF could be reduced with greater protamine concentration, thereby decreasing

charge-charge repulsion. The zeta potential of the HPF comprised of 6 to 1 HP aggregates

was -5.71 millivolts, whereas the standard HPF complex had a zeta potential of -6.65

millivolts. By doubling the protamine concentration of the HPF complex, the negative

charge of the complexes fell 14.1% and the Z-average size of the complexes fell 42.0%.

Yet, the HPF complexes comprised 6 to 1 HP aggregates did not exhibit stability during

aging. By examining the particles during aging at 27 degrees Celsius - as depicted in

Figure 45 - the aggregation of the nanocomplexes can be easily observed. Within 20

minutes, the HPF nancomplexes increase to nearly 2.5 microns in diameter and remain

aggregated throughout the rest of the aging experiment. Therefore, the uptake of the

HPF nancomplexes with 6 to 1 HP aggregates is very limited after just 20 minutes of

transfection. Unlike the BSA encapsulated HPF particle, these modified HPF particles

demonstrate lower charging but also reduced stability preventing cell uptake and iron
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Fig. 43: The effect of positive charge concentration on the surface charge and Z-average
size of HP aggregates in water. By increasing the protamine concentration and heightening
the ratio of positive charge relative to negative charge, the zeta potential of the aggregates
becomes more positive; whereas, the size of the HP aggregates remains constant.

oxide transfection at longer time points. Despite this reduced stability, the improved zeta

potential of the modified HPF complex could potentially result in superior uptake. In

short, although the modified HPF remains unaggregated and can transfect cells for only

20 minutes, the more modified HPF nanocomplexes can transfect cells before aggregating.

A third cell study was performed to test this hypothesis and compare the HPF com-

prised of 6 to 1 HP aggregates relative to standard HPF nanocomplexes. The cell study

shown in Figure 46 demonstrates that HPF nancomplexes comprised 6 to 1 HP aggregates

achieve better uptake than standard HPF nanocomplexes described in Nature Medicine.

The modified HPF complexes exhibited substantially better staining than the standard HPF

complex for each cell group shown in Figure 46. Moreover, as evidenced by the Prussian

Blue iron oxide staining, the HPF comprised of 6 to 1 HP aggregates acheived superior

staining to than that of the Molday Ion particles in both the hGRP and mGRP cell cultures.

Therefore, particularly for glial-restricted precursor cells, the reduced negative charging

of the modified HPF complex in DMEM allows the particles to achieve superior uptake.
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Fig. 44: The effect of positive charge concentration on the surface charge and Z-average
size of HPF in DMEM. Increasing ratio of protamine relative to heparin and the positive
charge within the HPF complex decreases the negative zeta potential of the aggregate
within solution. The higher protamine concentration, however, also promotes greater
particle aggregation.

Although these modified HPF nanocomplexes are not stabilized by protein encapsulation

which causes the nanocomplexes to aggregate at longer time points, the HPF with

heightened protamine concentration achieves sufficient uptake initially for substantially

better cell labeling.

Last, a subsequent cell study was performed to gauge the cytotoxicity of the HPF with

varying concentrations of protamine. By examining the cell survival following transfection

with HPF complexes comprised of 3 to 1 HP aggregates and HPF complexes comprised

of 6 to 1 HP aggregates, the cytotoxicity of the standard and modified particles was

compared. As shown in Figure 47a, the HPF comprised of 6 to 1 HP aggregates had an

average of 9.7% lower cell survial relative to the standard HPF nanocomplex. Whereas,

the modified HPF had on average just 5.9% lower cell survival than that of the standard

HPF complex in the HeLa cell in vitro cell study as depicted in Figure 47b. Ultimately,

the HeLa cells are more robust cells which are less sensitive to exogenous toxicity

imposed by protamine concentration within the nanocomplexes. Yet, for both of these cell
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Fig. 45: The effect of aging at 27 degrees Celsius on the size and charge of HPF
complexes with 6 to 1 positive to negative charge HP aggregates. Despite increased
protamine concentration, these modified HPF do not demonstrate increased stability and
within 20 minutes increase to 2.3 micrometers in diameter. Therefore, the particles as a
result of decreased surface charge exhibit less stability and greater aggregation.

types, the cell survival following exposure to modified HPF and coupled with improved

uptake of the altered complexes is sufficient to merit continued study- including in vivo

studies using a mouse model as outlined in the “Future Work” section of this thesis.

The modified nanocomplexes demonstrates substantially greater uptake and labeling (and

therefore heightened MRI contrast through elevated T2 relaxivity) while achieving up to

73.5% of the cell survival of untreated hMSCs and 86.4% of the cell survival of untreated

HeLa cells.

By encapsulating the HPF nanocomplex in BSA, the size of the nanocomplexes was

stabilized. Like the interactions formed between siRNA, PPA, and gold nanoparticles, the

electrostatic interactions which generate HPF nanocomplexes also induce aggregation and

variance in particle size. Through encapsulation with albumin, the size of the particles was

better controlled and less aggregation was observed. Yet, the increased zeta potential in-

herent to this synthesis method also prevented cell uptake. Conversely, creating HPF with

twice the protamine concentration- resulting in a six positive charges for each negative
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Fig. 46: Brightfield microscopy images of MSC, C17.2, and glial-restricted cell uptake
of iron oxide following transfection with standard HPF nanocomplexes comprised of 3
to 1 charge HP aggregates, modified HPF comprised of 6 to 1 charge HP aggregates,
and Molday Ion particles. Within this study, iron oxide concentration is observed through
Prussian Blue staining.

charge in the heparin protamine aggregate - improved cell uptake without significantly

improving stability. Therefore, reducing negative zeta potential of the HPF in DMEM

(thereby mitigating charge-charge repulsion) represents a confirmed method to enhance

cell uptake beyond that of the standard HPF nanocomplex.[42]
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(a) (b)

Fig. 47: The effect of protamine concentration on the cytotoxicity of HPF complexes.
Figure a shows the cell survival of human MSCs following transfection with standard and
modified HPF complexes. Figure b shows the survival of HeLa cells following transfection
with standard and modified HPF complexes.

V. CONCLUSIONS

Within both the gold nanoparticle and ferumoxytol experiments, similar patterns were

observed. First, as expected, aggregation was a key problem within the synthesis of

both nanoparticles types. Techniques were used to enhance the stability of nanoparticles

primarily through the use of organic solvents and the encapsulation of BSA for siRNA

loaded gold nanoparticles and HPF nanocomplexes. Although these methods provided

increased control of nanoparticle size and reduced aggregation, aggregation of these

nanoparticles was never eliminated. Gold nanoparticles still aggregated five folded be-

tween the naked gold nanoparticle and the gold nanoparticle loaded with two layers of

siRNA despite exposure to 50% isopropanol as depicted in Figure 10. Similarly, the BSA

encapsulated HPF nanocomplex aggregated 10% after aging the particles for one hour at

room temperature, as depicted in Figure 40.

Moreover, the essential factor in stabilizing both nanoparticle types was increasing the

potency of charge-charge interaction. By placing the siRNA-loaded gold nanoparticles

into organic solvents and encapsulating the HPF nanocomplexes in BSA, the surface

charging of the particles repelled surrounding particles and prevented aggregation.

Differences, however, also emerged within the two nanoparticle tests. Unlike gold

nanoparticles, the stability of HPF nanocomplexes was not improved during exposure
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to non-polar solvents. Since HPF nanocomplexes are essentially aggregates of positive

and negative charge, rather than templated, charged polymers layered atop a gold core,

organic solvents appear to have a different effect on the less structured HPF complexes.

Moreover, the uptake of gold nanoparticles appears to be less dependent on zeta

potential than that of HPF nanocomplexes. As evidenced by Figure 28 the uptake of gold

nanoparticles and siRNA-induced knock down of GFP expression was heavily dependent

on the size and the presence or absence of the gold core. Conversely as evidenced by the

cell study in Figures 42 and 46, the HPF nanocomplex uptake is much less dependent on

stability and particle diameter and more dependent on charging. The BSA encapsulated

HPF nanocomplex are stable particles which have a constant diameter of 250 nanometers

throughout four hours of exposure to 37 degrees Celsius, yet despite this stability the BSA

encapsulated nanocomplexes are not taken up by cells due to increased higher negative

zeta potential. Conversely, the relatively unstable HPF nanocomplexes exhibit excellent

cell uptake (particularly for GRP cells) as a result of their more neutral charge.
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VI. FUTURE WORK

Although this research work has achieved substantial results in the synthesis of siRNA

coated gold nanoparticles, additional research is needed to 1) continue to reduce aggre-

gation of nanoparticles and 2) to prove the effectiveness of nanovesicles in knock down

genes. Although organic solvents have been shown to reduce aggregation, the nanopar-

ticles still aggregate more than desired. Using organic solvents and salting in different

coating steps should be explored further since the combination of 10% isopropanol in

the PPA and siRNA coating steps and PBS salting in the HA coating step resulted in

the most controlled particle size. Using different solvents for different coatings allows

researchers to add each new polymer coat to the nanoparticle under optimal conditions.

After analyzing the synthesis using DLS and zeta potential, in vivo studies must be

performed to compare nanoparticle uptake of these nanoparticles to those synthesized in

one type of solvent throughout the LBL coating process. Similarly, an in vivo study must

be performed to ensure that gold core nanoparticles can effectively knock down genes

within animal models, particularly thiolated nanovesicles. Although the nanovesicles

created by gold core dissolution have been shown to be effective in knocking down

fluorescence in vitro, this result must be replicated in vivo to demonstrate the potential

of these nanovesicles for gene therapy. With an in vivo study, researchers can ensure that

the nanovesicles remain intact following injection into an animal model.

Likewise, although the research for thesis advanced the knowledge of HPF synthesis

significantly, further studies must be performed to create particles which enhanced couple

reduced negative charging with enhanced cell uptake. Simultaneously creating HPF com-

plexes with enhanced stability and reduced charge is difficult since increased stabilization

and reduced aggregation typically results from augmented particle surface charging.[44]

One way to potentially achieve these goals simultaneously is by combining the BSA

encapsulation and reduced HPF charging by encapsulating a HPF nanocomplex comprised

of a 6 to 1 HP aggregates. Moreover, stabilization through steric-interactions with long

polymer chains may also improve nanoparticle stability without increasing repulsion
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between HPF nanocomplexes and nearby cells. Additionally, coating the HPF complex

with proteins tagged with specific ligands to facilitate cell uptake will potentially stabilize

the HPF complexes while simultaneously improving uptake. Since BSA completely en-

capsulates the particle, however, as evidenced by Figure 37b, the interior charging of the

HP aggregate may not be relevant to the surface charging of the nanocomplex. Therefore,

additional research must be performed to characterize the initial particle morphology and

charge and to investigate the changes of the modified HPF complex over time and during

heightened temperature. Moreover, researchers must perform in vivo studies of the cells

loaded with HPF nanocomplex in order to confirm that 1) the cells loaded with iron

oxide provide better contrast and 2) the cells survive following exposure and uptake of

HPF nanocomplex. Following these in vivo studies, researchers can begin to use these

particles in order to enhance the contrast of MRI and replace ferumoxtran-10 in clinical

studies.

62



VII. PROJECT RECOGNITION

A. Patents

(provisional patent) Templated Synthesis of Nanovesicles for Oligotide and Drug De-

livery, 2012

B. Courses

Neurological Disease to Nanoparticles, EN.580.108.13, 2013
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