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ABSTRACT

Gene therapy is a rising field and requires multifunctional delivery platforms in
order to overcome the cellular barriers. Quantum dots (QDs) provide a optically
fluorescent and biocompatible surface to act as a multifunctional delivery platform for
gene therapy. The objective of this research is to manipulate the surface of quantum
dots for use in gene therapy. The first goal was to make the QDs water soluble and
therefore biocompatible. The second goal was to functionalize the surface of the QDs
with plasmid DNA for direct use in gene therapy. This approach uses chemoselective
coupling chemistry between an InP/ZnS quantum dot (QD) and linker DNA (DNAjinker) to
control the timing of protein expression. Linear DNA (IDNA), containing the CMV
promoter and DsRed-Express gene, was condensed on the surface of the QD-DNAinker.
Optical and flow cytometry analysis of the DsRed-Express expression after transfection
of the QD-IDNA into CHO cells shows a delayed protein expression for both coupling
chemistries compared to naked IDNA. It is also clear that the protein expression form
the QD-S-IDNA turns on quicker than the QD-NH-IDNA. We believe the protein
expression delay is due to the site of coupling between the QD and DNAjnker and its
affect on the IDNA packing strength. The S-DNAjner is believed to couple by direct
exchange at the vertices of the QD whereas the NH-DNAj.r couples through a
condensation reaction to the facets. The delay in protein expression reflects the
delayed exchange rate at the facets over the vertices. The ability to control the coupling
chemistry and timing of release from the QD surface suggests a mechanism for dose
control in transient gene therapeutics, and show QD delivery approaches are ideal
candidates for multifunctional, targeted, drug carrying platforms that can simultaneously
control dosing. The third goal of this research was to functionalize the surface of the
QDs with the HIV cell penetrating peptide, TAT, and study its affects on QD
internalization as well as toxicological affects within the cells. Tracking of the cellular
uptake of these QDs by optical microscopy shows rapid, diffuse accumulation of both 10
% TAT and 100 % TAT passivated QDs throughout the cytosol of the cells. Toxicity
studies were conducted by flow cytometry to investigate the effects of these materials

on apoptosis, necrosis, and metabolic damage in Chinese Hamster Ovary (CHO) cells.

Vi



These studies suggest toxic effects of the cell penetrating QDs are dependent on the
amount of CAAKA-TAT used on the surface of the QD as well as the concentration of
QD added. These observations aid in the use of QDs as self transfecting, nano delivery

scaffolds for drug or gene therapy.
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CHAPTER 1

INTRODUCTION

The ability to deliver siRNA, antisense DNA, or linearized genes into mammalian
cells while controlling the dosing level and timing of gene expression represents a
transformative goal for next-generation gene therapeutics.”® The use of nucleic acid-
based therapeutics has shown great promise in treating diseases, yet it faces many
obstacles in designing appropriate platforms for packaging the nucleic acids. These
packages must avoid immunological cellular response and promote cell specific
targeting, efficient cellular transfection, endosomal escape, and nuclear transcription.''°
Viral vectors and non-viral vectors such as cationic polymers, liposomes, and inorganic
nanoparticles have been shown to be effective at manipulating protein expression levels
within a cell; however, many of these approaches exhibit toxic immunological effects,
mutagenesis, and carcinogenesis."*"" Thus, it is essential these delivery platforms are
designed with multifunctional components to address each of these areas when

attempting gene therapy.

One non-viral approach that has promise is the use of photoluminescent
quantum dots (QDs). Quantum dots (QDs) are optically stable, wavelength tunable, and
easily integrated with biological components.’**® QDs used as delivery platforms are
optically traceable and capable of tethering multiple bio-ligands, such as DNA, RNA, cell
penetrating peptides (CPPs), and nuclear localization sequences (NLS), without
disturbing the biological function (Figure 1).'%°® The potential for QD use in biomedical
applications is clear when coupled to the recent observation that QDs in the < 6 nm size
regime can be excreted through renal pathways.>**” Adaptation into the biological
environment and use in bio medical therapeutics is clearly the next step.

Already there is a wealth of literature demonstrating the viability of QD delivery
via endosomal uptake with subsequent release of the nucleic acid package either via
pH, enzymatic, or glutathione (GSH) mediated release from the QD surface.'®28:43:53.58-60
Although it is well established, GSH mediated release of thiols from a QD surface in an

60-62

endosome provides an efficient pathway for gene release, control of the dosing, or



timing of release is not well understood. Chemoselective appendage of the target
nucleic acid in terms of both the chemistry and site of appendage may provide timing
and dosage control.*®®®? Depending on the nature of coupling (electrostatic, antibody
mediated, or covalent appendage to the organic passivating layer), the efficiency of

gene expression thus can be controlled by limiting release from the QD surface.***
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Figure 1. Surface modifications for the bio-functionalization of quantum dots include
RNA, DNA, cell penetrating peptides, nuclear localization sequences, small drug
molecules and imaging enhancing platforms.

There has also been an incredible amount of focus on cellular delivery
mechanisms for the QD platforms. Different mechanisms for uptake have been
explored, but of particular interest are CPPs.>®* CPPs are short (<30) arginine rich
amino acid sequences that have a positive net charge enabling them to carry cargo
through the cellular membrane and sometimes into the nucleus.®*®’ It is believed that
CPPs carry their cargo through predominantly endocytotic pathways, however, there is
evidence for direct translocation through the membrane as well.?® Although CPPs have

been traditionally used to carry biomolecules into cells, over the last decade they have



been used in conjunction with QDs for various purposes.'>18:2123-25.27,29-32,38-39,42:44-46,50-

52,56

64,66

While cellular toxicity from CPPs has been shown to be negligible, studies

show that toxicity of CPP-QD complexes are dependent on concentration and the type

of attachment chemistry between the CPPs and QDs.""

11,22,28,37,68

Additionally, there remains a
real concern for some classes of QDs, new QDs based on less toxic InP
based fluorophores are finding increased interest.®*"' As the Ill-V materials become
more readily available, preliminary studies have begun to appear in the literature.™>
Choosing InP/ZnS over CdSe/ZnS QDs reflects not only the perceived lower toxicity,
but also the added advantage of a smaller bandgap for InP, which allows smaller (< 4
nm), highly luminescent (~50% photoluminescent quantum yield) visible QDs to be
utilized.”™

Research Objectives and Summary of Chapters

The objective of this research is to manipulate the surface of quantum dots for
use in gene therapy. The first goal was to make the QDs water soluble and therefore
biocompatible. The second goal was to functionalize the surface of the QDs with
plasmid DNA for direct use in gene therapy. Encompassed in this goal was also a study
of how different surface interactions affect DNA coupling and protein expression. The
third goal of this research was to functionalize the surface of the QDs with the cell
penetrating peptide, TAT, and study its affects on QD internalization as well as
toxicological affects within the cells.

The methods for synthesizing and characterizing QDs are briefly discussed in
this Chapter Two of this manuscript. The unique optical properties of quantum dots as
well as the predictable surface chemistry of a ZnS shell make them desirable for many
applications. The ability to tune the frequency of photon emission allows for easy
experimental design for optical and fluorescence analysis techniques. A simple surface
exchange chemistry is described to produce water soluble QDs that can be used for
biological applications. The characterization data suggests that the quantum yield is
affected by water solubility; however, the QDs maintain a stable emission with enough

intensity for use in such applications.



Chapter Three of this manuscript investigates the dependence of the nucleic acid
and QD surface packing strategy to control the timing of intracellular expression of a
fluorescent protein (DsRed-Express) delivered on 3.5 nm InP/ZnS and CdSe/ZnS core-
shell QDs into Chinese Hamster Ovary (CHO) cells (Figure 2A). Quantum dot scaffolds
were prepared on both InP/ZnS-MUA and CdSe/ZnS-DHLA QDs by two methods. The
first was a direct exchange at the reactive edge and vertex sites on the QD surface
displacing the acid passivant layers with a 5’thiol phosphoramidate modified linker
dsDNA. The second was a condensation reaction at the QD facet sites by a 5’amine
phosophoramidate modified linker dsDNA to the acid head group on the passivant
layers. A linearized DsRed-Express gene plus CMV promoter (IDNA) was aggregated
around these QD scaffolds through a phosphate backbone interaction with free Zn?*
ions.

Tracking DsRed-Express expression by optical microscopy and flow cytometry
after transfection of the QD-IDNA assemblies provides direct evidence that aggregate
strength controls the timing of expression of the gene, not the level of protein
expression in live cell experiments. The data suggests that QD-IDNA strength is
dictated not only by the chemoselective coupling of the short linker dsDNA sequence,
but also the original passivant layer on the QD. The observation that passivant layers
and coupling chemistry provides a mechanism to manipulate gene release from a QD
surface may lead to a mechanism for dose control in transient gene therapeutics, and
show QD delivery approaches are ideal candidates for multifunctional, targeted, drug
carrying platforms that can simultaneously control dosing. One possibility would be to
ligate the DsRed IDNA to the linker on the QD so that release of the DNA and
expression of DsRed-Express could be controlled by pH changes that facilitate release
from the QD (Figure 2B).

Chapter four of this manuscript investigates the use of the widely used cell
penetrating peptide, TAT, derived from the HIV-1 transactivating factor,®® to passivate
the surface of 3.5 nm InP/ZnS and CdSe/ZnS core-shell QDs and monitor the effects on
cellular uptake and metabolic toxicity in varying cell types. The cell penetrating QDs
were prepared through surface ligand exchange with either 90 % of the neutral peptide
CAAKA plus 10 % of the positively charged peptide CAAKATAT or 100 % of



CAAKATAT. Tracking of the cellular uptake of these QDs by optical microscopy shows
rapid, diffuse accumulation of both the 10 % TAT and 100 % TAT passivated QDs
throughout the cytosol of the cells. Toxicity studies were conducted by flow cytometry
to investigate the effects of these materials on apoptosis, necrosis, and metabolic
damage in Chinese Hamster Ovary (CHO) cells. These studies suggest toxic effects of
the cell penetrating QDs are dependent on the amount of CAAKATAT used on the
surface of the QD as well as the concentration of QD added. These observations aid in

the use of QDs as self transfecting, nano delivery scaffolds for drug or gene therapy.
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Figure 2: A) Experimental design for QD aggregation with linearized pCMV-DsRed-
Express fragments for transfection and expression in CHO cells. B) Experimental
design for QD attachment to linearized pCMV-DsRed-Express for transfection and
expression in CHO cells.



CHAPTER 2
WATER SOLUBLE QUANTUM DOT SYNTHESIS AND CHARACTERIZATION

Quantum dots are unique and widely popular semiconductor nanocrystals with
inherent, tunable emission properties that make them suitable for a wide range of
applications. QDs are typically composed of materials from the periodic groups of II-VI,
I1I-V, or IV-VI and range in size from 2-10 nm.”*”®> Transmission electron microscopy
(TEM) images of InP/ZnS (A-1) and CdSe/ZnS (B-1) QDs are shown in Figure 3 at
approximately 5 nm. It is the small size of QDs that allows for their tunable emission
properties. In a bulk material, an electron can be excited from the valence band into the
conduction band. When the electron relaxes back into the valence band, it releases a
photon with a frequency that is equal to the energy difference between the two bands,
known as the Exciton Bohr Radius. For a given bulk material, this radius is able to
extend to its full limit and therefore the energy of the photon emission is constant.
Quantum dots, however, are smaller than the bulk material’s Exciton Bohr Radius and
fall into what is known as quantum confinement. The energy of the releasable photon is
no longer dictated by the size of the Exciton Bohr Radius, but is now dictated by the
physical size of the QD crystal.”>”® Therefore, by changing the size of the QD by a few
atoms, the emission wavelength can be tuned with great precision. QDs emission
ranges from UV-visible to near IR region of the optical spectrum depending on the
materials used.?*’>"> Figure 3 shows images of varying sizes of InP/ZnS (A-1) and
CdSe/ZnS (B-1) QDs that are photoluminescent at different frequencies after excitation
by UV light. The smaller QDs on the left emit at lower frequencies (blue/green) while
the larger QDs on the right emit at higher frequencies (orange/red).

Since their first description in 1982,°"® many synthetic methods and post-
synthetic modifications have emerged in order to tailor the QDs for specific

applications.”"®2

Although the core components, such as CdSe and InP dictate the
specific optical properties of the QDs, shelling techniques using ZnS work to stabilize

the QDs against oxidation. Typically, the shells are grown around the surface of a core



crystal. Although the core synthesis and shell growth are accomplished in a nonpolar
solvent, the solubility of the nanocrystal is controlled by surface ligands bound to sulfur
atoms on the ZnS shell. Figure 3C shows a three-dimensional cross-section of a
CdSe/ZnS QD with hydrophobic surface ligands.

Figure 3: A-1) Photoluminescent image of InP/ZnS QDs. A-2) TEM images of
InP/ZnS QDs. B-1) Photoluminescent image of CdSe/ZnS QDs. B-2) TEM image of
CdSe/zZnS QDs. C) Three dimensional depiction of a CdSe/ZnS QD cross-section.
The cross section shows the inner core of Cd and Se atoms surrounded by a shell of
Zn and S atoms. The surface ligands bind to sulfur atoms in the shell surrounding
the QD.



Quantum Dot Synthesis
The InP/ZnS QDs were synthesized in-house using proprietary microwave

technology.”*"

The purpose of this chapter is to make these pre-synthesized QDs
water soluble through ligand exchange chemistry. The CdSe/ZnS QDs used in this
work were purchased from Evident Technologies (evidot©540, 3.5 nm). Although the
evidots are ZnS shelled, it is suspected that there is some sort of polymer coating
around the shell. These CdSe/ZnS were used as a commercial baseline for comparison
within this manuscript.

Water Solubility Ligand Exchange and Characterization.

Water soluble 3.5 nm InP/ZnS QDs’® were prepared by ligand exchange of
hexadecylamine (HDA) capped QD, by mercapto undecanoic acid (MUA) as described
previously (Figure 4A).83 Specifically, a solution of MUA (100 mg) in toluene (6 mL)
was added to the HDA capped QD (5 mg) dissolved in 100 uL of toluene and allowed to
stir at room temperature under N, for 36 hrs. The solution was centrifuged (20 min) to
pellet the MUA-QD, washed with toluene, and re-pelleted. To ensure complete
recapping by MUA, the pelleted QD was suspended in DMF (10 mL) with sonication,
MUA (10 mg) was added, and the solution was allowed to stir at room temperature
under N2 overnight. Na;CO3; (100 mg) was added to the MUA-QD and allowed to stir
overnight to deprotonate the —COOH functional groups. The solution was centrifuged
for 20 min separately pelleting the QD and excess Na,COs3; due to their respective
solubility in DMF. The QD pellet was resuspended in a minimum of DMF to remove the
excess NaCOs;. The QD solution was washed with DMF two times by removing the
DMF supernatant after centrifugation and resuspending the pellet in fresh DMF. After
the final wash, the MUA-QD pellet was resuspended in potassium phosphate buffer
(KPB) (50 mM, pH 7.2) with vortexing and sonication. The QDs were then precipitated
with ethanol to remove unwanted organic contaminants and solubilized in potassium
phosphate buffer (50 mM, pH 7.2).

The Evidot CdSe/ZnS QDs underwent the same water soluble ligand exchange
process as the InP/ZnS QDs. The only difference was the use of dihydrolipoic acid
(DHLA) on the CdSe/ZnS QD surface instead of MUA. MUA attaches to the ZnS shell
through a single thiol bond whereas the DHLA attaches through dual-thiol bonds (Figure



4). The DHLA and MUA ligands work equally well to make the QDs water soluble as
shown in Figure 4. The image in Figure 4B shows biphasic solutions of CdSe/ZnS in
toluene and water. The hydrophobic CdSe/Zns on the left is solubilized in the toluene.
After the ligand exchange with DHLA, the CdSe/ZnS becomes hydrophilic and is
solubilized in the water on the right. Water solubility was also confirmed by gel
electrophoresis in a 1 % agarose gel for the InP/ZnS-MUA QDs (Figure 4C) and the
CdSe/ZnS-DHLA QDs (Figure 4D).

A)
hydrophilic - Collect
yl‘:gazd - Precipitates l
T —
organic Resolvate
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QDs In QD's wi H,0 Nanocrystals In
organic solvent soluble ligands buffered H,O
insoluble in
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C)

8 D

Figure 4: A) Procedural schematic to make QDs water soluble through ligand
exchange. B) Before and after images of CdSe/ZnS in biphasic solutions. The
hydrophobic CdSe/ZnS is solubilized in toluene on the left. The hydrophilic
CdSe/ZnS is solubilized in water on the right. C) Gel electrophoresis (1 %) of MUA
passivated InP/ZnS. D) Gel electrophoresis (1 %) of DHLA passivated CdSe/ZnS.
White lines in C & D mark the starting wells.
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Figure 5: A) Absorbance spectra of CdSe/ZnS. B) Absorbance spectra of InP/ZnS.
C) Emission spectra of CdSe/ZnS. D) Emission spectra of InP/ZnS. In A-D, the solid
blue line represents QDs solubilized in toluene and the dashed black line represents
QDs solubilized in phosphate buffer.
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Further characterization of the water soluble QDs was achieved by optical
absorption and photoluminescence analysis (Figure 5). Absorbance data for the
CdSe/ZnS (5A) and InP/ZnS (5B) QDs indicates no change in the spectral manifold
after ligand exchange with the DHLA and MUA respectively. There is, however, a
noticeable loss of quantum yield in both cases. According to Evident, the quantum yield
of the CdSe/ZnS solubilized in toluene is 30 %. As shown in Figure 5C, the quantum
yield of the water soluble CdSe/ZnS-DHLA is approximately one third of the original QD.
The same loss of quantum yield is seen for InP/ZnS-MUA (5D). This loss of
photoluminescent intensity is most likely due to surface oxidation during the ligand
exchange; however the exact mechanism is not known. Despite the low quantum yields
of the water soluble QDs, the photoluminescence in KPB remains stable at 4 °C for
greater than six months.

Conclusions

The unique optical properties of quantum dots as well as the predictable surface
chemistry of a ZnS shell make them desirable for many applications. The ability to tune
the frequency of photon emission allows for easy experimental design for optical and
fluorescence analysis techniques. The simple surface exchange chemistry
demonstrated here provides for water soluble QDs that can be used for biological
applications. Although the quantum yield is affected by water solubility, the QDs
maintain a stable emission with enough intensity for use in such applications, as shown

in Chapters 3 and 4 of this work.
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CHAPTER 3

GENE THERAPY USING A QUANTUM DOT SCAFFOLD

This chapter investigates the dependence of the nucleic acid and QD surface
packing strategy to control the timing of intracellular expression of a fluorescent protein
(DsRed-Express) delivered on 3.5 nm InP/ZnS and CdSe/ZnS core-shell QDs into
Chinese Hamster Ovary (CHO) cells (Figure 6). Quantum dot scaffolds were prepared
on both InP/ZnS-MUA and CdSe/ZnS-DHLA QDs by two methods. The first was a
direct exchange at the reactive edge and vertex sites on the QD surface displacing the
acid passivant layers with a 5’thiol phosphoramidate modified linker dsDNA. The
second was a condensation reaction at the QD facet sites by a 5’amine
phosophoramidate modified linker dsDNA to the acid head group on the passivant
layers. A linearized DsRed-Express gene plus CMV promoter (IDNA) was aggregated
around these QD scaffolds through a phosphate backbone interaction with free Zn?*

ions.

EtOH

Figure 6: Schematic showing aggregation of DNA around a DNA-functionalized QD.

Tracking DsRed-Express expression by optical microscopy and flow cytometry
after transfection of the QD-IDNA assemblies provides direct evidence that aggregate

strength controls the timing of expression of the gene, not the level of protein

13



expression in live cell experiments. The data suggests that QD-IDNA strength is
dictated not only by the chemoselective coupling of the short linker dsDNA sequence,
but also the original passivant layer on the QD. The observation that passivant layers
and coupling chemistry provides a mechanism to manipulate gene release from a QD
surface may lead to a mechanism for dose control in transient gene therapeutics, and
show QD delivery approaches are ideal candidates for multifunctional, targeted, drug
carrying platforms that can simultaneously control dosing.

Materials and Methods

pCMV-DsRed-Express IDNA preparation. Linearized DNA (IDNA) was
prepared by cutting the pCMV-DsRed-Express Vector (4.6 kb; Clontech) at restriction
sites for Afllll and Nael following manufacturer's protocols (New England BiolLabs).
The vector contains three restriction sites for Nael (Figure 7A), resulting in blunt ended
fragments of 1283 bp, 1133 bp, and 238 bp as confirmed in the 1 % agarose gel in
Figure 7C. The vector containes one restriction site for Afllll (Figure 7A), resulting in a 4
base overhang sticky end as confirmed in the 1 % agarose gel in Figure 7C. Treatment
with both endonucleases yields a linear 1981 bp DNA fragment containing the pCMV-
DsRed-Express gene with a 3’ blunt end and a 5’, 4 base overhang sticky end. Proper
vector digestion was confirmed on a 1 % agarose gel (Figure 7B).

Double stranded synthetic linker DNA preparation. A short double stranded
synthetic DNA linker® was prepared for attachment to the QD surface. The synthetic
duplex consisted of a 33 bp single stranded DNA (ssDNA) annealed to a
complementary 29 bp ssDNA creating a 4 base overhang. The 33 bp synthetic DNA
strand contained a 5-Cg modification off the phosphate backbone (5 Cs thiol (HS-
DNAjinker) Or 5’-Cg amine (NH2-DNAjinker)) to allow attachment to the QD surface as
shown in Figure 8. To verify and quantify the assembly of the DNA linker on the QD,
the 33 bp synthetic strand was prepared with an AF594 modification off the 15th bp T-
base®' for use in the FRET experiments described below.

QD-S-DNAinker (direct thiol coupling) and IDNA aggregation. To couple the
thiol DNA linker (HS-DNAjinker) by MUA or DHLA ligand exchange, the HS-DNA|iker Was
fully reduced using dithiothreitol (10mg/ml DTT 3h) and passed through a NAP" 5

column to remove excess DTT and DNA linker prior to coupling to the QD. The purified

14



HS-DNAjinker Was added in excess to the QD in potassium phosphate buffer (50 mM, pH
7.2) and agitated for 3-4 h. The solution was then placed at 4 °C for 72 h. The IDNA
was added to the the QD-S-DNAjnker in @ 1:3 molar ratio and aggregated through
dehydration by ethanol precipitation (50% V/V EtOH/KPB, 25 °C). The coupling was
quantified by absorption spectroscopy using a dye labeled linker strand. The coupling
and aggregation were verified on a 1 % agarose gel.

QD-NH-DNAjinker (indirect amide coupling) and IDNA aggregation. To
covalently couple the amine DNA linker (NH,-DNAiner) to the acid passivated QD via
amide formation, the passivant shell was activated by the addition of N-
hydroxysulfosuccinimide (NHSS) (100 uL, 1 mg/mL) and N-(3-dimethylaminopropyl)-N-
ethylcarbodiimide hydrochloride (EDC) (10 puL, 10mg/mL) in potassium phosphate buffer
(50 mM, pH 7.2), and agitated for 3-4 h. The NH,-DNAjiwer Was passed through a NAP™
5 column for purification and added in excess to the QD solution. The solution was
agitated for 3-4 h and placed at 4 °C for 72 h. The IDNA was added to the the QD-NH-
DNAjnker in @ 1:3 molar ratio and aggregated through dehydration by ethanol
precipitation (50% V/V EtOH/KPB, 25 °C). Purification and validation of coupling were
carried out as described above.

Cell Transfection by QD-DNAjinker- The QD-IDNA complexes were transfected
into Chinese Hamster Ovary (CHO) cells at 30 % confluence (~0.5 x 10° cells) in a 6-
well plate or 35 mm live-cell imaging dish (Matteck Corp) using the transfecting cationic
lipid Optifect according to manufacturer’s protocols (Invitrogen). CHO cells were grown
at 37 °C in Dulbeccos Modified Eagle’s Medium (DMEM, Gibco) supplemented with 10
% non-essential amino acids, 10 % cosmic calf serum, 1 % antibiotics / antimycotics,
and 0.1 % Gentamycin.

Optical detection of transient DsRed-Express expression. The cells were
allowed to incubate for 24 h at 37 °C following transfection by QD-IDNA. The media was
exchanged at the 24 h time point to remove Optifect and non-transfected QDs prior to
analysis. The level of intracellular expression for DsRed-Express was monitored by
flow cytometry (30,000 events at 24 h, 48 h, and 72 h). Flow cytometry analysis was
accomplished on a BD FACS Canto Il with 488 nm excitation and detection on a PE-A
filter set (585/42). The transfected cells were washed with TBS, trypsinized (TrypLE,
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Gibco), resuspended in media (10° cells/mL), and analyzed by flow cytometry against
non-transfected CHO cells as a negative control to determine the positive threshold.
Complimentary wide field microscopy images on a Nikon T2000E C1SI spectral
confocal microscope were obtained at 24 h, 48 h, and 72 h, to correlate the
internalization of the QD-IDNA complex, the long-term emissivity of the QD, and the

level of DsRed-Express expression in the cells.
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Figure 7. A) Schematic of pCMV-DsRed-Express showing endonuclease sites for
Afllll and Nael. B) Image of 1 % agarose gel showing (B1) pGEM ladder. The bands
from left to right represent 2977 bp, 1799 bp, 1509 bp, 724 bp, and 676 bp. (B2)
pCMV-DsRed-Express. The left band represents circular plasmid and the right band
represents supercoiled plasmid. (B3) pCMV-DsRed-Express cut with Aflll and Nael.
The bands from left to right represent the 1941 bp, 1283 bp, and 1133 bp segments
of the plasmid. The small 283 bp fragment is not shown on the gel. C) Image of 1 %
agarose gel showing (C1) pGEM ladder. The bands from left to right represent 2977
bp, 1799 bp, 1509 bp, 724 bp, 676 bp, 517 bp, 396 bp, 325 bp, and 244 bp. (C2)
pCMV-DsRed-Express. The left band represents circular plasmid and the right band
represents supercoiled plasmid. (C3) pCMV-DsRed-Express cut with Nael. The left
band represents the 1283 bp segment and the right band represents the 1133 bp
segment. The small 283 bp fragment is not shown on the gel. (C4) pCMV-DsRed-
Express cut with Afllll. The single band shows the plasmid has been cut once and is
no longer supercoiled.
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Results and Discussion

Assembly of QD-IDNA. A schematic of the QD-IDNA construct is shown in
Figure 7. The DNA linker was designed with the desired functional group (5’-Cs thiol
(HS-DNA) or a 5’-Cg amine (NH»-DNA)) to allow for selective attachment to the QD.
The functionalized DNA linkers were coupled to the surface of 3.5 nm MUA passivated
InP/ZnS QDs and DHLA passivated CdSe/ZnS QDs using two distinct strategies. HS-
DNAinker Was used for direct ligand displacement of the acid passivant at the reactive
edge/vertex sites (QD-S-DNAjinker, Figure 8A & 8C) and NH2-DNAjer was used to
directly couple to the acid layer through a condensation reaction of the DNA linker
forming an amide linkage (QD-NH-DNAjiner, Figure 8B & 8D). The 1.9 kb IDNA
containing the CMV promoter and DsRed-Express gene was aggregated to the surface
of these QD-DNAjer scaffolds. The purified QD-DNAjwer was structurally and
fluorescently stable at 37 °C for greater than 96 h and at 4 °C for greater than six
months.

Characterization of the QD-DNAiner scaffold was accomplished through a FRET
paring experiment of an InP/ZnS QD and an Alexa Fluor 594 dye at the 15" bp of the
DNA linker. Figure 9 shows schematics of this pairing for the direct thiol linkage (A) and
the indirect amide linkage (B). This paring allowed for quantitative analysis through the
additive affects of absorption data. It also allowed for qualitative analysis of the
coupling event through the FRET exchange from the QD to the AF594. Figure 9C
shows the absorbance and emission of InP/ZnS and AF594 for reference.

Quantitation of DNAjner appendage to the QD is evident in the absorption
spectra shown in Figure 10 (B & E). An estimate of the loading level of DNA linker per
QD can be obtained by comparing the optical spectra for a QD-DNAjner and AF594
sample in the absence of the QD. Comparison of the absorption intensity for the AF594
dye tag (ess7=7.3x10° molL'cm™, Molecular Probes) to the first exciton (esss ~10° molL"
'em™) for a 3.5 nm InP/ZnS QD reveal the ratio of coupling for the two are roughly 15:1
DNA inker:QD for the NH- coupling and 5:1 for the S- coupling.
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Figure 8. Coupling chemistry strategies used in this work. A) Direct thiol linkage
between InP/ZnS-MUA and DNAjner. B) Indirect condensation between InP/ZnS-
MUA and DNAjer. C) Direct thiol linkage between CdSe/ZnS-DHLA and DNAjinker-
D) Indirect condensation between CdSe/ZnS-DHLA and DNAjier. DNA linker is not
to scale.
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Figure 9: Schematics showing FRET between InP/ZnS and an AF594 dye labeling
at the 15" bp of linear DNA attached through A) direct thiol linkage and B) indirect
amide linkage. C) Absorbance (black) and emission (blue) spectra of InP/ZnS. D)
Absorbance (black) and emission (blue) spectra of AF594.
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Figure 10. A) Absorption spectra for InP/ZnS-S-IDNA(AF594) (red), AF594 (blue),
and InP/ZnS (black) extracted from InP/ZnS-S-IDNA(AF594) absorption. B)
Fluorescence spectra (ex 460 nm) for InP/ZnS (black), AF594 (blue), and InP/ZnS-S-
IDNA(AF594) (red) showing energy transfer from QD to AF594. C) Absorption data
for InP/ZnS-NH-IDNA(AF594) (red), AF594 (blue), and InP/ZnS (black) extracted
from InP/ZnS-NH-IDNA(AF594) absorption. D) Fluorescence spectra (ex460 nm) for
InP/ZnS (black), AF594 (blue), and InP/ZnS-NH-IDNA(AF594) (red) showing energy
transfer from InP/ZnS to AF594.

The most direct confirmation of direct coupling of DNA linker to the QD surface is
provided by probing the assembly via an energy transfer assay.'®’"#%82 |n Figure 10
(C,F), a FRET assay (QD > AF594) confirms the DNA linker is bound to the QD.
Excitation at 460 nm of the DNA linker construct which selectively excites the QD leads
to strong AF594 emission. The AF594 excited at 460 nm in the absence of the QD
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exhibits a decreased AF594 signal under identical concentration conditions. Following
the QD emission confirms the first observation, as the QD emission in the absence of
the AF594 is unquenched. Lack of coupling would result in no visible AF594 emission.

Evidence for aggregation of the IDNA to the QD-DNAjinker is provided by inspection
of the mobility changes observed in a 1 % agarose gel (Figure 11 A-D) between the QD
and the QD-IDNA construct. The highly photoluminescent QD-IDNA exhibits strong
retention of the band in the gel following IDNA aggregation for both linker coupling
reactions. No free QD or IDNA are observed in the 1% agarose based upon analysis of
the photoluminescent imaging of the QD or IDNA in the gel following ethidium bromide
staining. The lack of free QD or IDNA in the gel is consistent with ethanol dehydration
and purification of the QD-IDNA construct from impurities. Although no images of QD-
IDNA were obtained, Figure 11E shows transmission electron miscroscope (TEM)
images of Au-IDNA aggregates prepared in the same manner. The image shows DNA
only aggregated around Au nanoparticles. This provides strong evidence for the same
type of aggregation between QD and IDNA.

DsRed-Express protein expression. To analyze protein expression of the QD-
IDNA construct, delivery of QD-S-IDNA and QD-NH-IDNA into the mammalian Chinese
Hamster Ovary (CHO) cells was accomplished through the use of Optifect to promote
endosomal uptake.”®” In Figure 12, no substantial time dependent differences for the
InP/ZnS QD localization or degree of QD-IDNA uptake, based on the low resolution
wide field images between 24 h and 72 h, are observed in the optical microscopy for the
two independent coupling strategies. Spectral confocal deconvolution indicates the
observed photoluminescence in the cells arises from InP/ZnS photoluminescence
initially localized within an early or late endosomal package (= 4 h, < 24 h) (Figure 12A,
12C). Wide field imaging of the cells at 72 h indicate the QDs are still lodged within the
endosomal/lysosomal package during the time course of the experiment (Figure 12B,
12D) implying no exocytosis of the QD-IDNA package or induced necrosis/apoptosis
occurs. The images of CdSe/ZnS QD-IDNA uptake (Figure 13) indicate the same
endosomal packaging, however, the CdSe/ZnS is no longer visible by 48 h. Although
this might indicate that CdSe/ZnS is not as stable in the cell as InP/ZnS, it is probably

due to differences in microscopy techniques. No evidence of nuclear membrane
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association or nuclear internalization is observed in these images, as reported for other
transfecting methods such as chitosan, poly(ethylenimine) PEI, and poly(propyl acrylic
acid) (PPA).19%

Figure 11. Gel electrophoresis of (A-1) direct S-IDNA coupling with InP/ZnS vs. (A-2)
MUA passivated InP/ZnS; (B-1) direct S-IDNA coupling with CdSe/ZnS vs. (B-2) MUA
passivated CdSe/ZnS; (C-1) indirect NH-IDNA coupling with InP/ZnS vs. (C-2) MUA
passivated InP/ZnS; and (D-1) indirect NH-IDNA coupling with CdSe/ZnS vs. (D-2)
MUA passivated CdSe/ZnS. E) TEM images of DNA aggregated around Au
nanoparticles.
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Figure 12. Microscopy images of CHO cells transfected with (A-B) InP/ZnS-S-IDNA
and (C-D) InP/ZnS-NH-IDNA using Optifect. Images taken at 24 h (A, C) and at 72 h
(B, D) post transfection. Image 1 are wide-field microscopy (10X) images, Image 2
are either Confocal spectral microscopy (40X) images (A-2, B-2) or wide-field
microscopy (40X) images (C-2, D-2). All images are taken immediately following
media exchange.
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Figure 13: Wide field microscopy (10X) images of CHO cells transfected with (A)
CdSe/ZnS-S-IDNA and (B) CdSe/ZnS-NH-IDNA using Optifect. Images taken at 24 h
(A-1, B-1) and 48 h (A-2, B-2) post transfection. All images are taken immediately
following media exchange.

While the QDs are observed to be localized within endosomes/lysosomes within
the experimental timescales, DsRed-Express fluorescent protein is observed within the
cytosol 24 h after transfection by the QD-IDNA package. Sustained expression is
observed over the first 72 h and has been observed up to 96 h, at which point the cells
reach confluency and are no longer tracked in our experiment. Since the QD is
localized in the endosomal package and the appearance of DsRed-Express has a half
life of ~ 24 h, the appearance of red photoluminescence in the cytosol implies that the

gene and its promoter have rapidly disassembled from the QD surface.
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Although no linker coupling dependence is observed for delivery of the QD-IDNA
package, a clear coupling dependence is observed with respect to the level of
expression of DsRed-Express.
transfected with QD-S-IDNA over the cells transfected with QD-NH-IDNA is observed for

InP/ZnS in Figures 12. The images of cells transfected with CdSe/ZnS constructs,

A higher level of protein expression for the cells

however, show a higher level of protein expression in cells transfected with QD-NH-
IDNA over those transfected with QD-S-IDNA. The difference in the time dependent
expression levels for coupling chemistries suggests that the strength of the QD-IDNA
aggregate may be affected by the loading level of the DNA linker on the QD surface as
well as the type of passivant layer on the QD.

To confirm the optical microscopy observation of protein expression levels, the
time dependent expression levels for the fluorescent protein in the cell were statistically
analyzed using flow-cytometry for >30,000 events (2X replicate) (Figure 14). A visual
comparison of the protein expression levels measured by flow cytometry for 4 ug naked
IDNA per 20 uL Optifect concentrations at 24 h, 48 h, and 72 h is shown in Figure 14.
The levels of DsRed-Express expression for each of the samples are listed in Table 1.
To eliminate false positives arising from excess material in the media, the media was
exchanged prior to data collection. The negative control was used to set the positive
threshold at 0.1 % of all events (A4 & B4).

Table 1. Flow cytometry results for DsRed-Express expression in CHO cells at 24, 48,
and 72 h after transfection with InP/ZnS-S-IDNA, InP/ZnS-NH-IDNA, CdSe/ZnS-S-IDNA,
and CdSe/ZnS-NH-IDNA.

Naked InP/ZnS CdSe/ZnS

IDNA S NH S NH
24h |240+24 10.6 +1 231035 | 6.0+x24 | 39.1+10.2
48h | 38.8+4.0 | 154+085| 2.3+0.1 24 £ 9.1 58.4 +5.35
72h |621+6.0 | 39.3+0.7 [21.9+355| 88+0.2 | 78.1+10.4

The flow cytometry data indicates that at each time point both InP/ZnS-IDNA

samples exhibit lower DsRed-Express expression levels than the naked IDNA sample.
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Comparison of the expression levels between the InP/ZnS samples indicate the QD-S-
IDNA yields faster expression (within 24 h) and a higher total expression rate within the
experimental time scale than the QD-NH-IDNA. By 72 h the S-IDNA protein expression
level is approaching the level of the naked IDNA; however the NH-IDNA sample is only
showing marginal protein production at 72 h, although it is rising rapidly. Unfortunately
looking at longer time points is difficult due to the cells reaching 100 % confluence, thus
limiting the total experimental timescale for the experiment.

The flow cytometry data indicates a different pattern for DsRed-Express
expression from CdSe/ZnS-IDNA samples. Similar to the InP/ZnS samples, the
CdSe/ZnS-S-IDNA sample exhibits lower protein expression than the naked IDNA;
however, the CdSe/ZnS-NH-IDNA sample exhibits a much higher expression level than
the naked IDNA. Comparison of the expression levels between the CdSe/ZnS samples
indicate the QD-NH-IDNA vyields a faster expression (within 24 h) and a higher total
expression rate within the experimental time scale than the QD-S-IDNA. This is trend is
opposite from the InP/ZnS-IDNA samples described above. Although the QD-NH-IDNA
follows the same expression rate as naked IDNA, the QD-S-IDNA sample drops off at
72 h.

The apparent difference in gene expression for NH-IDNA vs S-IDNA implies that
delayed release from the QD is impacting the timing of expression. The higher level of
DsRed-Express expression in the naked IDNA relative to three of the four QD-IDNA
packages most likely reflects the faster endosomal release and protein expression of
the naked IDNA as compared to the QD-IDNA package. The slow approach to the
same level of expression reflects the timescale for DsRed-Express maturation, which is
33 h. The observations in Figures 12-14 strongly imply that chemoselective chemistries
can be used to intentionally delay gene expression within a cell. Such an observation
may have an important impact on use of QD-gene therapeutics where it is desirable to

delay gene therapy response.
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Figure 14. A) Flow cytometry data for CHO cells transfected with (A-1) naked IDNA,
(A-2) InP/ZnS-S-IDNA, (A-3) InP/ZnS-NH-IDNA, and (A-4) negative control at 24 h,
48 h, and 72 h using Optifect. B) Flow cytometry data for CHO cells transfected with
(B-1) naked IDNA, (B-2) CdSe/ZnS-S-IDNA, (B-3) CdSe-NH-IDNA, and (B-4)
negative control at 24 h, 48 h, and 72 h using Optifect.
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Conclusions

The observed level of DsRed-Express expression at any time point depends on
the concentration of IDNA transfected, the rate of release of the IDNA from the QD-
IDNA aggregate, and the rate of escape of the IDNA from the endosome. The optical
data in Figure 10 indicates the concentration of DNAer per QD varies depending on
the type of coupling chemistry used. In the optical microscopy images in Figures 12-13,
no QD is observed to be present out of the endosome, indicating release of the IDNA is
the limiting step resulting in the apparent differences in expression levels. If we
consider the fact that the release of the IDNA from the QD-IDNA aggregate is controlled
by the number of Zn*" interactions with the phosphate backbone of the IDNA, and the
number of Zn?+ ions available for interaction is affected by the number of DNAjnker
strands coupled to the surface®®®; then it is reasonable to assume the difference in
expression levels for DsRed-Express must reflect the chemoselective chemistries of the
underlying DNAjinker to the QD surface.

Another plausible contribution to the degradation of the QD-IDNA aggregate is
the glutathione (GSH) reduction of the QD-S-R bond of the DNAiner to the QD, which in
turn disturbs the interaction between the phosphate backbone of the IDNA and the free
Zn?" ions. Earlier studies by Rotello and Wang have suggested this mechanism is most
likely governed by glutathione uptake into the endosome resulting in reduction of the
Au-thiol covalent coupling at the QD surface.’®®®®? The level of GSH in all cases is
expected to be the same; therefore it is reasonable to believe that the chemoselective
chemistries affect the expression rate of DsRed-Express. In both cases, the link to the
QD surface is identical, namely via a QD-S-R interaction. The only apparent significant
difference is the length of the thiol spacer (RCg for S-DNAjinker and C44-C(O)NH-Cs —R
for the NH-DNAjinker), Which would not be expected to have a significant impact on the
reduction potential of the QD-S-R bond. Thus the observed difference in expression rate
and levels must reflect the fact that the release rates and eventual expression levels are
not dictated by the strength of thiol-surface atom bond and therefore it is likely a
reflection of the site of appendage.

Considering the details of the chemoselective chemistries applied, the S-

represents a thiol exchange reaction and will occur primarily at the most reactive site
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(easiest exchange site) of a quantum dot, which is the vertices and edges of the
material (Figure 8A & 8C). The NH- coupling chemistry is a condensation reaction
between NH,-IDNA and the acid (R-COOH) head group of the ligand passivating shell
on the QD. The condensation reaction is expected to occur at the highest concentration
of acid functionalities, which will be on the facets of the QD (Figure 8B & 8D). Since
GSH mediated release controls the rate of DNAer €scape from the QD surface, the S-
IDNA release will be faster than the NH-DNAjner since the initial exchange for S-
DNAnker is at a reactive exchange site. Such observations have been made for self
assembled monolayers on gold and on metal nanoparticles.’’? In addition, further
stabilization of the facet coupled site may arise from van der Waals interactions of the
adjacent mercapto undecanoic acid chains on the facet of the QD surface, enhancing
the delayed release for the NH-DNAinker-

Although this work does not provide a complete mechanism for QD scaffolds in
gene therapeutics, it does lay the foundation for chemoselective control over dosage
within the cells. The purpose of forming an IDNA aggregate around the QD-DNAinker
construct was to create a basis from which to further refine chemoselective dosage
control. This provided an understanding of the release rate from the surface of a QD in
a cellular environment and how that can be controlled by differing passivant layers on
the QD as well as the type of coupling chemistry used. This also highlighted the
important electrostatic interactions between long strands of DNA and the QD surface.
In effect, this work acts as the control experiment for a sophisticated drug delivery
scaffold in which a desired gene can be covalently coupled to the surface of a QD in
such a manner as to control its release within a cell. This may provide a promising

breakthrough between QDs and gene therapeutics.
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CHAPTER 4
USING CELL PENETRATING PEPTIDES FOR QUANTUM DOT UPTAKE

This chapter investigates the use of the widely used cell penetrating peptide
(CPP), GRKKRRQRRRPPQ, derived from the HIV-1 transactivating factor (TAT),*® to
passivate the surface of 3.5 nm InP/ZnS and CdSe/ZnS core-shell QDs and monitor the
effects on cellular uptake and metabolic toxicity in varying cell types. The cell
penetrating QDs were prepared through surface ligand exchange with either 90 % of the
peptide CAAKA plus 10 % of the positively charged peptide CAAKA-TAT or 100 % of
CAAKA-TAT (Figure 15). Tracking of the cellular uptake of these QDs by optical
microscopy shows rapid, diffuse accumulation of both the 10 % TAT and 100 % TAT
passivated QDs throughout the cytosol of the cells. Toxicity studies were conducted by
flow cytometry to investigate the effects of these materials on apoptosis, necrosis, and
metabolic damage in Chinese Hamster Ovary (CHO) cells. These studies suggest toxic
effects of the cell penetrating QDs are dependent on the amount of CAAKA-TAT used
on the surface of the QD as well as the concentration of QD added. These
observations aid in the use of QDs as self transfecting, nano delivery scaffolds for drug

or gene therapy.
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Figure 15: Schematic showing synthesis of QDs co-passivated by 10 % CAAKA-
TAT and 90 % CAAKA as well as QDs passivated by 100 % CAAKA-TAT.
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Materials and Methods

CAAKA-TAT passivated QDs Method One. InP/ZnS and CdSe/ZnS QDs were
passivated by CAAKA-TAT in two steps. First, dimethylaminoethanethiol (DMAET) was
added to hexadecylamine (HDA) capped QDs in a 60:40 solution of toluene:DMF until
an even suspension was reached. Small amounts of DMF were added to break up
aggregates and obtain an even suspension. The QD solution was washed with DMF
two times by removing the DMF supernatant after centrifugation and resuspending the
pellet in fresh DMF. After the final wash, the QD-DMAET pellet was resuspended in
potassium phosphate buffer (50 mM, pH 7.2) with vortexing and sonication. The QDs
were then precipitated with ethanol to remove unwanted organic contaminants and
solubilized in potassium phosphate buffer. The peptides (CAAKA and
CAAKAGRKKRRQRRRPPQ) were added to the QD-DMEAT solution in the desired
ratio (90:10 or 0:100) and allowed to sit overnight to allow for ligand exchange. The
QDs were cleaned up and purified as described for the first ligand exchange step.

CAAKA-TAT passivated QDs Method Two. MUA passivated quantum dots
were dissolved in a 9:1 Pyridine: DMF solution under inert conditions. A stock solution
of peptides (1mg/100 pL), dissolved in nanopure H,O, was injected to the nanoparticle
solution. Tetramethylammonium hydroxide (300 uL) was injected and left to stir for 1.5
hrs in the dark. The aqueous portion of the resulting bi-phasic solution was collected
and centrifuged. The pellet was resuspended in DMF and centrifuged twice to remove
any Pyridine that might have been present. Lastly, the pellet was resuspended in
nanopure H,O. Additional peptide was added if necessary to help solubility.

Cell Transfection by CPP-QDs. The MUA passivated InP/ZnS and DHLA
passivated CdSe/ZnS (10 nM) QDs were transfected into Chinese Hamster Ovary
(CHO) cells at 30 % confluence (~0.5 x 10° cells) in a 35 mm live-cell imaging dish
(Matteck Corp) using the transfecting cationic lipid Optifect according to manufacturer’'s
protocols (Invitrogen). The varying CPP passivated QDs were transfected into CHO
cells at 30 % confluence (~0.5 x 10° cells) in a 35 mm live-cell imaging dish (Matteck
Corp) by incubating the cells with premixed CPP-QDs and cell media at 37 °C. CHO
cells were grown at 37 °C in Dulbeccos Modified Eagle’s Medium (DMEM, Gibco)
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supplemented with 10 % non-essential amino acids, 10 % cosmic calf serum, 1 %
antibiotics / antimycotics, and 0.1 % Gentamycin.

Optical detection of CPP-QDs cellular uptake. Confocal images of the cells
were taken on a Nikon T2000E C1SI spectral confocal microscope to analyze the
internalization and localization of the varying QDs. Epifluorescent images were taken of
the cells at multiple time points after transfection to monitor the level of uptake of CPP-
QDs.

Viability Assays. The impact of MUA-INP/ZnS, TAT-InP/ZnS (100 %), DHLA-
CdSe/ZnS, and TAT-CdSe/ZnS (100 %) on the percentage of apoptotic and dead cells
in a given CHO cell culture was assessed using the Vibrant Apoptosis Assay Kit #2
(Invitrogen, V13241). The impact of InP/ZnS with varying amounts of CAAKATAT on
the viability and metabolic efficiency of CHO cells was assessed using the Live/Dead
Cell Vitality Assay Kit (Invitrogen, L34951). The cells were incubated with QDs for 24 h
and stained according to manufacturer’s protocol for each type of assay. The stained
cells were analyzed by flow cytometry (10,000 events). The flow cytometry was
accomplished on a BD FACS Canto Il with 488 nm excitation and detection on FITC
(530/15) and PE-A (585/42) filter sets.

Results and Discussion

CPP-QD Synthesis and Characterization. The 3.5 nm InP/ZnS and CdSe/ZnS
QDs were modified with the peptides CAAKA and CAAKATAT to promote water
solubility and cellular uptake. The CAAKA peptide is neutral and acts as a controlled
place-holder on the surface of the QDs. The TAT peptide has a slightly positive charge
allowing it to penetrate cellular membranes. The CAAKA sequence was added to the
base TAT sequence to allow for consistency at the surface of the QDs. As seen in
Figure 15, the peptide passivant layers were accomplished through simple ligand
exchange reactions. Water soluble MUA passivated QDs were used as a control

against which the CPP-QDs could be examined.
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Figure 16: Absorbance and emission of 3.5 nm InP/ZnS A) passivated by MUA in
KPB, B) co-passivated by 90 % CAAKA and 10 % CAAKATAT in KPB and C)
passivated by 100 % CAAKATAT in KPB.
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Characterization of these QD modifications was performed by optical absorption
and photoluminescence analysis (Figure 16) to determine changes in water solubility
and emission intensity. The absorbance and photoluminescence of MUA-INP/ZnS are
shown in Figure 16A. The absorbance and photoluminescence of TAT-InP/ZnS co-
passivated by 90 % CAAKA and 10 % CAAKATAT are shown in Figure 16B. This
sample was made using method 2 described above. The absorbance and
photoluminescence of TAT-InP/ZnS passivated by 100 % CAAKATAT are shown in
Figure 16C. This sample was made using method 1 described above. All samples
were excited at 460 nm for emission analysis. At first glance, it appears that increased
TAT on the surface decreases the emission intensity of the InP/ZnS. However, using
the absorbance to correct for concentration shows the emission intensities for MUA-
InP/ZnS and TAT-InP/ZnS (100 %) are essentially equivalent. The emission intensity
for TAT-InP/ZnS (10 %) is an order of magnitude higher than either of the other
samples. This suggests a greater surface passivation, or tighter packing of surface
ligands, by the 10 % TAT than the 100 % TAT or MUA.

CPP-QD Transfection and Uptake into CHO Cells. The MUA-QDs and TAT-
QDs were transfected into CHO cells and monitored for uptake and toxicity affects by
fluorescece microscopy. The MUA-QDs were transfected with the cationic lipid Optifect
while the TAT-QDs were transfected through endosomal uptake resulting from the
interactions of the positively charged peptide with the negatively charged cellular
surface. Cationic liposomes are known to create micellar-like structures and carry their
contents into large endosomes ranging from 30 — 250 nm.”® At 24 h post transfection,
the internalized MUA-InP/ZnS QDs are located in 2-3 um endosomes, as seen in Figure
17A. TAT is also known to internalize through endosomal mechanisms, but the
resulting endosomes are much smaller.?®® At 24 h post transfection, the TAT-InP/ZnS
(10 %) QDs are punctate (Figure 17B) isolated in smaller aggregates (< 1 um)
associated with the exterior cellular membrane and internalized in endosomes
throughout the cell. To provide unequivocal evidence of QD internalization, the cellular
membranes were stained with Alexa Fluor 594 wheat germ agglutinin (red) and the
nuclei were stained with Hoescht 34580 (blue). Additionally, confocal z-stack images

were taken for each type of transfection, providing a three dimensional view. A 3-D

34



stack of the MUA-QDs (Figure 17A-2) clearly shows the QDs (yellow) within the cellular
membrane. The z-stack images for TAT-QDs are shown in tile format in Figure 17B-2.
It is clear that the majority of the QDs appear as punctate in the same focal plane as the
nucleus, indicating the QDs are internalized in endosomal vesicles within the cells, and

more importantly appear to be localizing at the perinuclear membrane.

2(1618): 7.50pm 2(17]18): &00pm. 2(35{13): 8.50m

Figure 17: Confocal microscopy images of A) CHO cells transfected with InP/ZnS-
MUA and B) CHO cells transfected with InP/ZnS-TAT (10 %). A-1 and B-1 are single
plane 40X images. A-2 and B-2 are representative z-stack images. The cell nuclei
are stained with Hoescht 34580. The cell membranes are stained with Alexafluor
594 wheat germ agglutinin.
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CPP-QDs Transfection and Uptake into HMSC and LNCaP Cells. The CPP-
QDs were transfected into other cell types to monitor the universal uptake
characteristics of the TAT peptide. Confocal microscopy images in Figure 18A show
Human Mesenchymal Stem Cells (HMSC) 24 h post transfection with TAT-CdSe/ZnS
(10 %). The images show punctate localization of the InP/ZnS within endosomal
vesicles. The z-stack images in Figure 18A-2 show the Hoescht 34580 stained nucleus
(blue) in the same focal plane as the QDs (green), providing evidence for QD
internalization in analogy with the CHO cells. The confocal microscopy images in
Figure 18B show Green Fluorescent Protein (GFP) expressing human prostate cancer
(LNCaP) cells 24 h post transfection with TAT-CdSe/ZnS (10 %). The QDs are
internalized into similar sized endosomes as in the HMSC and CHO cells. The z-stack
3-D images in Figure 18B-2 show the QDs (red) in the midst of the GFP (green) emitting

cell, providing evidence for QD internalization.
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Figure 18: Confocal microscopy images of A) HMSC cells transfected with
CdSe/ZnS-TAT (10 %), and B) LNCaP-GFP cells transfected with CdSe/ZnS-TAT
(10 %). A-1 and B-1 are single plane 40X images. A-2 and B-2 are representative z-
stack imaaes. The nucleus in A-2 is stained with Hoescht 34580.
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Time Dependent Uptake. A comparison of the uptake of TAT-InP/ZnS (10 %)
and TAT-InP/ZnS (100 %) was accomplished through time-dependent epifluorescent
microscopy images of the transfected CHO cells (Figure 19). At 1 h post transfection,
the TAT-InP/ZnS (10 %) QDs are seen in small aggregates throughout the cell media
that are beginning to associate with the cellular membrane (Figure 19A-1). By 24 h post
transfection, the QDs are clearly seen within the cytosol of the cells with some
perinuclear localization (Figure 19A-2). The CHO cells in this case appear to remain
healthy, maintaining contact with the dish. At 2.5 h post transfection, the TAT-InP/ZnS
(100 %) QDs are seen in large aggregates throughout the cell media and associated
with the cellular membrane of the CHO cells (Figure 19B-1). The cells appear to be
detached from the surface of the dish, indicating cellular disturbance by the QDs. By 24
h post transfection, the cells have not reattached, as is common with the Optifect

transfections, and they appear to be completely filled with the QDs (Figure 19B-2).

Figure 19: Epifluorescent microscopy images (40X) of CHO cells transfected with
InP/ZnS (A) co-passivated by 90 % CAAKA and 10 % CAAKATAT and (B)
passivated by 100 % CAAKATAT. Images were taken post transfection at (A-1) 1 h,
(A-2) 24 h, (B-1) 2.5 h, and (B-2) 16 h.
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Viability Assays. The uptake of the QDs can impact cellular function or initiate
an apoptotic response due to cellular oxidative stress. Evidence of cellular disturbance
is seen in Figure 19B and combined with a lack of cell proliferation after 24 h, indicates
that the 100 % CAAKATAT QD samples may hinder cellular growth. To confirm the
optical microscopy observations and determine the mechanism through which cell
proliferation is hindered, transfected cells were statistically analyzed by flow cytometry
for 10,000 events using multiple fluorescent vitality and viability assays.

Vibrant Apoptosis Assay. The first assay, Vibrant Apoptosis Assay Kit #2
(Invtrogen), looked for an increase in apoptotic and dead cells 24 h after transfection.
The cells were transfected with 10 nM MUA-InP/ZnS, TAT-InP/ZnS (100 %), DHLA-
CdSe/ZnS, and TAT-CdSe/ZnS (100 %) and compared to a control sample of CHO
cells. The reagents supplied in the kit include red-fluorescent propidium iodide (Pl) and
a recombinant Annexin V phospholipid-binding protein conjugated to green-fluorescent

Alexa Fluor 488 (AF488) dye.
93-94

Propidium iodide is a membrane impermeant,

intercalating nucleic acid dye. The annexin V conjugate has a high affinity for

phosphatidylserine, which is translocated to the outer plasma membrane in apoptotic

cells. 5%

This combination allows for distinction between Live cells (no staining),
apoptotic cells (green), and dead cells (red & green). A visual representation of the
affects of each QD sample on CHO cells is shown in Figure 20, while Table 2 provides

the average percentage of cells in each category.

Table 2: Flow cytometry results for CHO cells treated with InP/ZnS-MUA, InP/ZnS-
TAT, CdSe/ZnS-DHLA, and CdSe/ZnS-TAT and stained after 24 h with Pl and an
annexin V AF488 conjugate. Values show what percentage of the total events were
determined to be living cells, dead cells, and apoptotic cells.

Control InP/ZnS CdSel/ZnS
MUA TAT MUA TAT
Live 87.3+26 | 86.1+05 ]186.0+48]182.7+0.1] 83.0+1.1
Dead 10.7+17 | 116+£07 |116+431146+04] 148+1.1
Apoptotic] 2.0+0.8 1.5+0.2 21+0.1 27 +0.3 2.2+0.1
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The flow cytometry data indicates no significant difference between the viability in
the CHO cells exposed to MUA-INP/ZnS, TAT-InP/ZnS (100 %), DHLA-CdSe/ZnS, or
TAT-CdSe/ZnS (100 %). There is a slight increase in dead cells when treated with
CdSe/ZnS over the control and InP/ZnS may be statistical variance, although CdSe/ZnS
has been suggested to have toxic effects on cells.®®*® The cells treated with TAT-QDs
show the greatest variability between samples in the living and dead cell categories.
This may suggest that TAT disturbs the cellular membrane, allowing PI to enter, without
fully killing the cells. This would create a population of partially stained cells which adds

to the variability between the two distinct populations.

2.0% 1.5% 2.1% 2.7% 2.2%

i Apoptoti
c
® Dead

Hlive

A B C D E

Figure 20: Flow Cytometry viability assay on CHO cells stained with Invitrogen
Apoptosis/Necrosis Kit #2. Prior to staining the cells were A) grown normally
(control), B) transfected with 10 nM InP/ZnS-MUA for 24 h, C) transfected with 10 nM
InP/ZnS-TAT (100%) for 24 h, D) transfected with 10 nM CdSe/ZnS-DHLA for 24 h,
and E) transfected with 10 nM CdSe/ZnS-TAT (100%) for 24 h.
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Propidium lodide Staining for Membrane Viability. In order to further
investigate the possibility that TAT-QDs disturb the cellular membrane of CHO cells, PI
staining was analyzed on CHO cells transfected with 5 nM, 10 nM, and 15 nM TAT-
InP/ZnS (100 %) QDs. The raw flow cytometry data is shown in Figure 21. The graphs
in Figure 21A show the different intensities of Pl staining in the given CHO caell
population. The cells in P1 (dashed red) are unstained and healthy. Cells in P2
(dashed green) are apopototic and stained with an Annexin VV AF488 conjugate.'® This
stain was only used in the control sample. Cells in P3 (dashed blue) are fully stained
with propidium iodide (Pl) due to a compromised membrane. There is a clear shift in
the populations from unstained, healthy cells (red) to Pl stained cells (blue) as the
concentration of QD increases (Figure 21 A-2—A-4). Cells between P1 & P3 (dashed
black) are stained with propidium iodide, but with less intensity than the cells in P3.
This indicates that these cells have a partially compromised membrane that allows for
internalization of the PI stain, but not to the same extent as dead cells. The partially
stained (dashed black) population is greatest at 10 nM and disappears at 15 nM. This
shift indicates that the TAT-QDs disturb the membrane of the cells and eventually
overwhelm it at increased concentrations.

The flow cytometry data in Figure 21B shows the comparison of side scatter
(indicating cell granularity) and front scatter (indicating cell size). A shift in cellular
granularity is also present as the concentration of TAT-QDs increases (Figure 21 B-
2—B-4). The blue population in Figure 21B-1 represents the normal size/granularity
distribution of dead cells (stained with PI) in a control population of CHO cells.'® The
granularity shift of the blue population (stained with PI) in the subsequent graphs
indicates that the TAT-QDs are not causing cellular death, but most likely swelling the
cells as they overwhelm the membrane. This data corresponds with the microscope
images in Figure 19 where the CHO cells appear disturbed by the TAT-QDs (100 %)
and are unable to attach to the dish surface. It also explains why the cells seem to go
into a lag phase after transfection by the TAT-QDs (100 %). It can be suggested from
the data above that the TAT-QDs (100 %) appear to result in metabolic damage to the
CHO cells as the concentration increases. This would explain the hindered cell growth

after transfection and the inability of the CHO cells to reattach to the surface of the dish.
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Figure 21: Flow cytometry viability assay on CHO cells using Invitrogen
Apoptosis/Necrosis Kit #2. The graphs show A) the number of events corresponding
to the intensity of Pl staining (x-axis) and B) the comparison of forward and side
scatter created by the size and granularity of the cells. Prior to staining, the cells were
A) grown normally (control), B) incubatedd with 5 nM TAT-InP/ZnS (100%) for 24 h,
C) incubated with 10 nM TAT-InP/ZnS (100 %) for 24 h, and D) incubated with 15 nM
TAT-InP/ZnS (100 %) for 24 h. Only the control cells (A) were stained with Annexin
V AF488. The dashed lines are not fitted to the data and are for visual aid only.

Evidence of Oxidative Stress. Another flow cytometry vitality assay, the
Live/Dead Cell Vitality Kit (Invitrogen), was chosen to distinguish the metabolically
damaged cells from the healthy and dead cells. This kit identifies the metabolically
active cells by their ability to reduce Cq,-resazurin to red-fluorescent Cqp-resorufin. It is
believed that mitochondrial enzymes used in the cellular respiration process of healthy
cells reduce the compound.’®™%? The dead cells are identified by the cell-impermeant,
green-fluorescent nucleic acid stain, SYTOX green. This dye works similarly to Pl in

that it can only enter cells with compromised membranes and has a >500-fold
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fluorescence increase upon binding with nucleic acids. With this combination, the
healthy cells emit bright red fluorescence, the dead cells emit green fluorescence, and
the metabolically damaged cells emit partially green and partially red fluorescence.

The Live/Dead cell vitality kit was used to look at differences in QD concentration
as well as levels of TAT loading. The CHO cells were incubated with 5 nM, 10 nM, and
15 nM concentrations of TAT-InP/ZnS (10 %) and TAT-InP/ZnS (100 %) for 24 h. The
treated CHO cells as well as a control were stained with the appropriate reagents and
statistically analyzed by flow cytometry (10,000 events). Each transfection was only
done once for this assay. Visual representations of the affects of the QDs on the CHO
cells are shown in Figure 22. The percentages shown are the percentage of cells in
each category out of the total 10,000 events recorded by flow cytometry.

A comparison of the affects of increasing the QD concentration on cellular
metabolism is shown in Figure 22A for the TAT-InP/ZnS (10 %) QDs and Figure 22B for
the TAT-InP/ZnS (100 %) QDs. Figure 22 C-D emphasizes the affects of varying the
TAT loading levels on the QDs. In both cases there is a decrease in living cells as the
QD concentration increases as well as a corresponding increase in damaged or dead
cells. The TAT-InP/ZnS (10 %) causes a greater increase in damaged cells while the
TAT-InP/ZnS (100 %) causes a greater increase in dead cells. In fact, the TAT-InP/ZnS
(10 %) follows a predictable pattern as the QD concentration increases, but the TAT-
InP/Zns (100 %) seems to overwhelm the cells at 10 nM, leaving mostly dead cells and
no living cells in the population. This seems to contradict the data in Figure 20,
however it is important to note that comparisons cannot be drawn between the staining
kits due to the different mechanisms of staining as well as the difference in dye
intensities. Table 3 gives the percent difference between each sample and the control

sample for each of the categories (dead, damaged, and live).
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Table 3:

%) and TAT-InP/ZnS

Flow Cytometry results depicting affects of incubating CHO cells with
increasing concentrations of TAT-InP/ZnS (10

(100

Percentages indicate the percent difference between the number of CHO cells in each
category in the control sample and the number of CHO cells in each category after

incubation with each sample. The arrows depict either an increase (1) or a decrease (|)
over the control sample.

Damaged Dead Live
10 % TAT § 100 % TAT ] 10 % TAT 1100 % TAT ] 10 % TAT ] 100 % TAT
S5SnM 1 63.8% 1t ] 319% 1 | 949% 1 110 % 1t 605% | | 57.6 % |
[ 10nM | 216 % 1t 108 % 1t 80.8% 1t 152 % 1t 75.6 % | 101 % |
[ 15nM | 363 % 1 124 % 1 57.7 %1 151 % 1 88.2 % | 101 % |
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Figure 22: Flow cytometry vitality assay on CHO cells stained with Invitrogen
Live/Dead Cell Vitality Kit. Control samples of stained CHO cells are shown in A-1
through D-1. Prior to staining, the cells were A) incubated with TAT-InP/ZnS (10 %)
at A-2) 5 nM, A-3) 10 nM, and A-4) 15 nM for 24 h; and B) incubated with TAT-
InP/ZnS (100 %) at B-2) 5 nM, B-3) 10 nM, and B-4) 15 nM for 24 h. C) Comparison
between (C-1) control and cells transfected with 5 nM of (C-2) TAT-InP/ZnS (10 %)
and (C-3) TAT-InP/ZnS (100 %). D) Comparison between (D-1) control and cells
transfected with 10 nM of (D-2) TAT-InP/ZnS (10 %) and (D-3) TAT-InP/ZnS (100 %).
E) Comparison between (E-1) control and cells transfected with 15 nM of (E-2) TAT-
InP/ZnS (10 %) and (E-3) TAT-InP/ZnS (100 %).

Conclusions

Using the small peptide CAAKATAT to passivate the surface of QDs is shown to
be a viable method for internalizing QDs into multiple cell types without the use of
traditional transfecting agents. The endosomal uptake places the QDs into small, but
visible endosomes throughout the cells. Optical images indicate the CPP labeled QDs
remain within endosomal vesicles as evidenced by the punctuate images. The cellular
uptake efficiency is greatly influenced by the loading level of TAT onto the QDs. The
images in Figures 17-19 show that 10 % loading of TAT onto the QD enables
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internalization of the TAT-QD while maintaining a healthy cell culture. In Figure 19,
however, the internalization of 100 % TAT loaded QDs leads to a cell culture that is
greatly disturbed. It has been shown that TAT shows no toxic affects to cells at
concentrations up to 50 uM,** however, these images suggest that greater
concentrations of TAT on the surface of QDs increase their toxicity. Furthermore, it is
well known that CdSe/ZnS QDs have toxic effects on cells,?®® but the data in Figure 20
shows that for a 24 h transfection time at relatively low concentrations, the CdSe/ZnS
QDs have essentially no affect on CHO cells. The same is true for the InP/ZnS QDs
regardless of the transfecting mechanism.

At first glance it seems that increasing the concentration of TAT taken into the
cells may increase the cytotoxic effects, but further investigation shows it is a much
more complex problem. The flow cytometry data in Figure 21 shows that increasing
the concentration of the 100 % TAT loaded QDs greatly increases the susceptibility to
staining by membrane impermeant dyes. However, the side-scatter vs. forward-scatter
data suggests that this susceptibility is not necessarily due to dying cells. It appears
that the increased TAT loading on the QDs begins to overwhelm the membrane surface
as the TAT-QD concentration increases, eventually filling the cells with QDs, as seen in
Figure 19. This sort of influx of foreign material thrusts the cells into a confused state,
unable to perform normal cellular functions, and most likely produces oxidative stress..

The resazurin assay supports the oxidative stress hypothesis, as it is commonly
used to indicate which cells in a population are metabolically active by their ability to
reduce resazurin to resafurin. This reduction is believed to be accomplished by
mitochondrial reductases of healthy, growing cells.''"'%? Metabolically damaged cells
would not have these enzymes available to be undergoing metabolic activities, and
therefore not be able to reduce the resazurin. If the metabolic damage were purely due
to chemical changes within the cells, then we would see the number of “damaged” cells
in the treated populations increase linearly as the concentrations of QDs increase.

Such is the case for the 10 % TAT loaded QDs. However, the 100 % TAT loaded
quantum dots follow a different pattern. Corresponding to the data in Figure 21, at 10
nM, the 100 % TAT loaded QDs overwhelm the cells, leaving all the cells as apparent

“‘dead” cells. For the vitality kit, this means these cells have a compromised membrane
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(green staining) and are not able to reduce rezasurin. Considering the microscope
images and especially the flow cytometry data in Figure 21B, these cells are more than
likely dying, but by a physical mechanism rather than a chemical mechanism. The cells
are so full of TAT-QDs that they physically do not have the cytosolic space to undergo
metabolic activity.

This conclusion may not be surprising; however, it does confirm that the uptake
efficiency and cytotoxicity of TAT-QDs can be directly controlled by the loading level of
TAT on the surface of the QDs. More work is needed to find the minimum loading level
of TAT that will still allow for uptake of QDs. Additionally, more extensive and better
understood metabolic tests should be conducted on treated cells to better understand
the relationship between the chemical processes affected by TAT-QDs and the physical
hindrance within the cells. This may be useful in the fine tuning of dosage for different

types of drug delivery.
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	The ability to deliver siRNA, antisense DNA, or linearized genes into mammalian cells while controlling the dosing level and timing of gene expression represents a transformative goal for next-generation gene therapeutics.1-5  The use of nucleic acid-based therapeutics has shown great promise in treating diseases, yet it faces many obstacles in designing appropriate platforms for packaging the nucleic acids.  These packages must avoid immunological cellular response and promote cell specific targeting, efficient cellular transfection, endosomal escape, and nuclear transcription.1-10  Viral vectors and non-viral vectors such as cationic polymers, liposomes, and inorganic nanoparticles have been shown to be effective at manipulating protein expression levels within a cell; however, many of these approaches exhibit toxic immunological effects, mutagenesis, and carcinogenesis.1,3,11  Thus, it is essential these delivery platforms are designed with multifunctional components to address each of these areas when attempting gene therapy.

