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ABSTRACT
Diseases of the liver have a large impact on human health. Genetic disorders, metabolic 

disorders, alcoholism, cancer, or infections can all impair liver function. If serious enough, a 

liver transplant may be necessary, a major surgical procedure which requires life-long immune 

suppression and relies on the availability of donor livers.

Gene therapy is being intensively studied as a potential method to treat many disorders, 

including disorders of the liver. While viral gene therapy has seen some success, possible side 

effects make it risky, so nonviral gene delivery vectors are being developed. Unfortunately, these 

nonviral vectors do not yet have the efficiency of the viral vectors.

Nonviral gene delivery vectors face many challenges in vivo. The vectors must protect 

DNA from nucleases while it moves through the bloodstream, they must avoid nonspecific 

uptake, they must be enter the correct cells, and must enter the nucleus before the DNA can be 

expressed. If any step of this process fails, there will be very little, if any, expression, and it may 

be impossible to determine what went wrong.

One impediment to nonviral gene delivery research is the transition from in vitro studies 

to in vivo studies. The cancer derived cell lines most often used for in vitro transfections are 

rapidly dividing, which makes nuclear entry much easier than in the whole animal. While 

primary cells would be a more accurate model of the in vivo environment, the number of cells 

that can be obtained from tissues is small, and primary cells usually cannot be cultured for long. 

This limits the number of experiments that can be done with each preparation of cells. To 

overcome this, we have miniaturized transfection assays, including the transfection of mouse 

primary hepatocytes with luciferase in 384 well plates. Because fewer cells are needed, more 

experiments can be performed with each liver preparation.
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Another issue introduced by the differences between in vitro and in vivo research is 

circulatory stability. In vitro, large particles with strong positive charges are desired, because 

they sink down onto the cells and are attracted to the negatively charged cellular membranes. 

However, in vivo these particles will aggregate serum proteins and become lodged in narrow 

capillary beds in the lungs or other organs, often causing toxicity. While this behavior can 

usually be overcome through PEGylation, improving a particle's circulatory half-life will still 

improve its chances of finding the correct target. Scavenger receptors found on liver 

nonparenchymal cells are very efficient at removing negatively charged particles from the 

bloodstream. We have shown that dosing large amounts of PEGylated polyacridine DNA 

polyplex can saturate the scavenger receptors and improve circulatory half-life. We have also 

shown that large doses of PEGylated peptide, with or without acridine groups, can inhibit 

scavenger receptor uptake through the formation of peptide-protein nanoparticles. By inhibiting 

scavenger receptor uptake, DNA can be successfully hydrodynamically stimulated at times up to 

12 hours post-delivery, demonstrating a longer circulatory half-life and suggesting a mechanism 

to explain how delayed hydrodynamic stimulation can achieve full level gene expression in the 

liver after the DNA has had time to circulate throughout the whole animal.

Once a nonviral vector finds its target cell, it must still enter the cell through endocytosis 

and then escape the endosome before it becomes digested in the lysosome. Before the DNA 

cargo can be expressed, it must enter the nucleus. Nuclear entry in nondividing cells is a major 

barrier to efficient gene delivery. One method to over come this barrier is to avoid the need for 

nuclear entry altogether by delivering mRNA instead of DNA. mRNA can produce protein in the 

cytoplasm by finding a ribosome and initiating translation. However, it is even less stable in the 
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bloodstream than DNA. We have produced an mRNA construct capable of high-level expression 

in the liver through hydrodynamic delivery. The PEGylated polyacridine peptides used to protect

DNA were applied to mRNA and shown to enhance expression, allowing a 1 μg dose of mRNA 

peptide polyplex to produce higher expression than an equal dose of DNA. The peptides were 

also shown to provide some protection against nuclease digestion in serum. This suggests that 

efficient, if transient, protein expression can be achieved through peptide protected mRNA 

delivery.

However, DNA delivery is still desired for longer term expression, and the nuclear entry 

of DNA is still a problem. In an effort to help facilitate nuclear entry, the membrane disrupting 

enzyme phospholipase A2 was modified in several ways. The enzyme was conjugated with DNA

binding peptides, nuclear localization peptides, and hepatocyte targeting oligosaccharides. 

Additionally, mutant forms of the enzyme were prepared in bacterial expression systems to 

achieve site-specific conjugation. Unfortunately, none of these efforts produced a useful tool for 

nuclear entry.

The research presented in this thesis represents some progress toward the goal of nonviral

gene delivery to the liver. Hopefully, some of this work will be useful in the development of new 

treatments and therapies to improve human health.
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PUBLIC ABSTRACT

Gene therapy has the potential to treat many diseases and disorders, including genetic 

disorders, diabetes, cancer, viral infections, and more. However, gene therapy requires that DNA 

is efficiently delivered to the correct cells in the correct tissue in the body. This is not easy, 

because enzymes in the blood and other fluids can destroy unprotected DNA on its way to these 

cells. Several chemicals have been created to bind to DNA and protect it during delivery.

A particularly effective group of these chemicals are known as PEGylated polyacridine 

peptides. These peptides have positive charges that bind to the negative charges on DNA, and 

acridine structures that fit in between the base pairs of the DNA double helix, allowing much 

tighter binding. The long polyethylene glycol, or PEG, chains attached to these peptides help to 

keep dangerous enzymes away from the DNA while it's moving through the blood.

This work not only further studied how PEGylated polyacridine peptides protect DNA, 

but also studied how they might be used to protect and deliver messenger RNA, or mRNA. 

mRNA is the chemical that carries information from DNA to make proteins, and may be used to 

treat some diseases like DNA can. However, mRNA is much harder to protect than DNA. 

Despite this challenge, low doses of protected mRNA were given to mice, and were able to 

produce more protein than an equal dose of DNA.
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1 Gene Therapy for the Liver

1.1 Abstract

The liver is an incredibly important organ, vital to the metabolism of many compounds 

and the production of blood proteins. As such, several diseases and disorders can affect the liver 

and harm human health. Many of these are genetic, and could potentially be treated by a gene 

therapy. This chapter presents an overview of liver anatomy, several genetic disorders of the 

liver, and the development of nonviral gene delivery methods.

1.2 Anatomy and Function of the Liver

The liver has long been recognized as an important and unique organ. Greek myth 

describes how Prometheus stole fire from the gods and was punished by being tied to a rock, 

where a vulture would eat his liver, only to have it regenerate and be eaten again every day1. 

Assyrians, Babylonians, Hittites, and Etruscans all attempted to divine the future by studying the 

livers of sacrificed animals2. Many clay models of livers have been found in archeological sites 

throughout the Mediterranean and Middle East3.

1.2.1 Gross Anatomy of the Liver

Clearly, our knowledge of the liver has greatly improved since ancient times. The liver is 

the primary filter of ingested material. It removes and metabolizes metals, environmental toxins, 

and pharmaceuticals. It scavenges bacteria and other particles from the blood4. It produces most 

of the proteins found in the blood, including albumin, transferrin, and clotting factors. The liver 
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is also important for glucose homeostasis, storing excess glucose as glycogen, and releasing it 

from glycogen when blood sugar is low5.

The liver is the largest internal organ of the body, weighing about 1500g in the average 

adult human, approximately 2.5% of total body weight6. The organ is divided into 4 lobes. The 

anterior view of the liver shows the right and left lobes, divided by the falciform ligament (Fig. 

1-1). From the posterior view, the caudal and quadrate lobes are also visible. The liver is located 

directly below the diaphragm, and is attached to the diaphragm by the coronary ligament. It 

receives nutrient rich blood from the gut through the portal vein, and oxygenated blood from the 

hepatic artery. The blood eventually leaves through the hepatic veins, which emerge from all four

lobes, and attach to the inferior vena cava5.

1.2.2 The Liver Lobules 

The hepatic artery, portal vein, and bile duct form a structure known as the portal triad, 

which also contains lymphatic vessels and extensions of the vagus nerve. This structure branches

throughout the liver tissue. The blood from the portal venules and arterioles flows through 

2

Figure 1-1: Anterior and Posterior diagrams of Human Liver
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specialized capillaries called sinusoids, eventually entering a central vein. The central veins flow 

into interlobular veins and eventually into the hepatic veins5 (Fig 1-2).

3

Figure 1-2: Detailed Diagram of Liver Lobule, showing network of Sinusoids and Bile
Canaliculi.
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The pattern of portal triads, central veins, and the sinusoids that connect them, organize 

the liver into functional units known as lobules. Although lobules are not clearly separated in the 

liver, lobules can be defined by three different systems (Fig. 1-3). The Classical Lobule is a 

roughly hexagonal structure with the central vein at its center, and portal triads at each point. The

Portal Lobule is a triangular structure that places the portal triad at the middle with a central vein 

at each point. Finally, the Acinus, is a diamond structure with two portal triads and two central 

veins. The Acinus is used to organize the liver according to oxygenation, with the cells nearer to 

the portal triad receiving more oxygen than the tissues nearer the central veins5. 

The Acinus has become the preferred functional unit of the liver because of several 

differences across the structure. The periportal region not only has higher oxygen concentration 

than the centribolular region, but different enzyme activities as well. For example, periportal 

hepatocytes tend to  prefer sulfation of molecules, while centribolular hepatocytes prefer 

glucuronidation. Additionally, chemicals that damage the liver affect different regions of the 

4

Figure 1-3: Models of liver lobule organization. Classical model is centered on the central vein.
Portal model is centered on portal triad. The acinus is used to organize the lobule into three zones

based on levels of oxygen, with highest levels in periportal region and lowest in centrilobular
region.
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Acinus. For instance, allyl alcohol and iron overload will cause more damage to periportal 

tissues, whereas carbon tetrachloride and acetominophen do more damage to the centrilobular 

tissues4.

1.2.3 Cellular Anatomy of the Liver

The liver is made of several cell types (Fig. 1-4). Hepatocytes, or parenchymal cells, 

make up 60% of cell population and 80% of liver volume, and are responsible for carrying out 

most of the liver's functions. Hepatocytes are arranged into plates, usually about 1 cell thick. 

Sinusoids contact at least 2 sides of each hepatocyte. The surface of the hepatocyte adjacent to 

the sinusoid is the basal membrane, while the surface that contacts other hepatocytes is the lateral

membrane. When two hepatocytes contact each other, they form a narrow channel called a bile 

canaliculus, where bile is secreted and moved towards bile ductules. The surface exposed to the 

5

Figure 1-4: Diagram of Liver Sinusoid with liver cells
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bile canaliculus is the apical membrane. The basal and apical membranes have many microvilli 

that increase surface area available for exchanging materials across the membranes.

Hepatocytes often have 2 nuclei, though single nuclei are also common. These nuclei are 

also often polyploidal, and increase in size in proportion to their ploidy. The genomic DNA 

inside the nuclei is also almost entirely euchromatic, indicating that most of the genome is being 

transcribed. Hepatocytes also have prominent nucleoli, the sites of ribosome synthesis. These 

adaptations allow hepatocytes to make large amounts of ribosomes, mRNA, and protein. 

Hepatocytes also have extensive networks of rough endoplasmic reticulum, smooth endoplasmic 

reticulum, and golgi complexes, allowing them to shuttle proteins back and forth from basal and 

apical membranes. To power these processes, hepatocytes have many mitochondria, as many as 

2000 per cell. Periportal hepatocytes have larger mitochondria than centrilobular hepatocytes, to 

take advantage of the additional oxygen.

Sinusoidal endothelial cells make up about half of the non-parenchymal cells. They line 

the sinusoid similarly to the endothelial cells around normal capillaries. However, unlike 

capillaries, they lack a basement membrane and have holes, known as fenestrae, which are 

arranged in groups called sieve plates. There is a gap between the sinusoidal endothelial cells and

hepatocytes known as the Space of Disse, or the perisinusoidal space. The fenestrae allow direct 

access between the sinusoidal lumen and Space of Disse so that plasma proteins and small 

particles can quickly move between both spaces3.

The size of fenestrae varies between species, humans have an average diameter of 104 

nm, while mice have diameters close to 140 nm7. Fenestrae diameter can be dynamically 

controlled by rings of actin around each fenestration5. Particles slightly larger than the fenestrae 
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diameter can be pushed through by “forced sieving,” where a large blood cell squeezes through 

the sinusoid and stretches the sinusoidal endothelium8. Additionally, the periportal sinusoid has 

fewer fenestrae, but they are larger. The centrilobular sinusoid has more fenestrae, but they are 

smaller. When the larger surface area of the centrilobular sinusoid is taken into account, the 

centrilobular sinusoidal endothelium has greater porosity than its periportal counterpart5. As 

individuals age, the number of fenestrae decreases, and the sinusoids begin to more closely 

resemble capillaries9. Liver cirrhosis and other diseases can also trigger this process, known as 

capillarization, where fenestrae disappear and a basement membrane is built10.

The sinusoidal endothelial cells themselves play important roles in capturing particles 

from the bloodstream. They have very high endocytotic capacity, and are often refered to as 

“Scavenger” endothelial cells. They can pinocytize particles less than 200 nm in diameter11. They

also express many high affinity receptors such as FC, transferrin, scavenger, mannose, galactose, 

apo-E, and C-III receptors5. Sinusoidal endothelial cells are responsible for capturing damaged 

and degraded proteins such as oxidized low density lipoproteins, protein turnover byproducts, 

and some advanced glycation end products. These cells also capture up to 90% of adenovirus I8 . 

Pinocytotic vesicles take up 45% of Sinusoidal endothelial cell volume, and another 14% is 

taken up by lysozomes, further indicating their high capacity to capture and destroy material 

from the blood5.

Another important cell type is the Kupffer cell. Kupffer cells are the largest population of 

fixed macrophages in the body, and reside inside the sinusoidal lumen. They are attached to the 

sinusoid surface, and often reach through fenestrae with microvilli and other processes. This 

allows them direct access to the Space of Disse as well as interaction with hepatocytes and 
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stellate cells5. Kupffer cells also capture particles from the bloodstream, but typically capture 

larger particles than sinusoidal endothelial cells can11. Kupffer cells are more abundant in 

periportal sinusoids, and often cluster at sinusoidal junctions5.

Stellate cells are located inside the Space of Disse, and primarily act as fat storage cells. 

They have large lipid droplets that accumulate retinoids, such as vitamin A and other fat-soluble 

vitamins. They may play a role in controlling bloodflow through the sinusoids. They have long 

processes that reach around the sinusoidal wall and are closely associated with nerve fibers and 

express smooth muscle fibers. It is believed that they can squeeze a sinusoid and restrict flow. 

Liver damage, including alcohol abuse, can lead to stellate cells becoming “activated,” causing 

them to express collagen and other extracellular matrix proteins. This leads to liver fibrosis and 

eventually cirrhosis5.

Other cell types found in the liver include cholangiocytes, which are epithelial cells that 

line the bile ducts. In small bile ducts, the cholangiocytes are cubical, but in larger ducts they 

become columnar and secrete mucous9. Pit cells are natural killer cells derived from large 

granular lymphocytes which become captured and take up residence in the liver. Pit cells are 

important in immunity and have been shown to kill cancer cells5.

8
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Disorder Gene Protein Inheritance Prevalence OMIM

Genetic Cholestasis

PFIC1 ATP8B1 FIC1 1/50,000 to 1/100,000 211600

PFIC2 ABCB11 Bile Salt Export Pump 601847

PFIC3 ABCB4 Multi Drug Resistance 3 602347

Alagille Syndrome JAG1 JAG-1 AD 1/100,000 118450

NOTCH2 NOTCH-2 AD 610205

Metal Storage Disorders

Hereditary Hemochromatosis

Type 1 HFE Hemochromatosis Modifier AR 1/300 to 1/500 235200

Type 2A HJV Hemojuvelin AR 602390

Type 2B HAMP Hepcidin AR 613313

Type 3 TFR2 Transferrin Receptor 2 AR 604250

Type 4 SLC404A1 Ferroportin AD 606069

Wilson's Disease ATP7B Copper-Transport P-Type ATPase AR 30/1,000,000 277900

Urea Cycle Disorders 1/30,000 Cumulative

NAGS Deficiency NAGS N-Acetyl Glutamate Synthetase AR 237310

CPS-1 Deficiency CPS Carbamoyl Phosphate Synthetase AR 1/200,000 to 1/800,000 237300

OTC Deficiency OTC Ornithine Transcarbamylase XR 1/40,000 to 1/80,000 311250

Arginiosuccinic Aciduria ASL Argininosuccinate Lyase AR 1/150,000 608310

Argininemia ARG Arginase AR 1/1,100,000 608313

Citrullinemia ASS Argininosuccinate Synthetase AR 1/100,000 215700

Glycogen Storage Disease 1/20,000 to 1/50,000

Type 0 GYS2 Glycogen Synthase 240600

Type I G6PC Glucose-6-Phosphatase AR 1/100,000 to 1/300,000a 232200
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Type III AGL Glycogen Debranching Enzyme AR 1/100,000b 232400

Type IV GBE1 Glycogen Branching Enzyme AR 232500

Type VI PYGL Liver Glycogen Phosphorylase AR 232700

Type IX PHKA2 Phosphorylase Kinase XR, AR 306000

Type XI LDHA Glucose Transporter AR 1/500*c 612933

Type XII ALDOA Aldolase A AR 611881

Crigler-Najjar Syndrome

Type 1 UGT1A1 UDP glucoronosyltransferase AR < 1/5,000,000 218800

Type 2 UGT1A1 UDP glucoronosyltransferase AR 606785

Clotting Diseases

Hemophilia A F8 Clotting Factor VIII XR 1/5,000 Males 306700

Hemophilia B F9 Clotting Factor IX XR 1/30,000 Males 306900

Hemophilia C F11 Clotting Factor XI AR 1/200d 612416

Von Willebrand Disease VWF Von Willebrand Factor AR, AD 1/20 to 1/100* 193400

Organic Acid Metabolism Disorders

Phenylketonuria PAH Phenylalanine Hydroxylase AR 1/10,000 261600

Tyronsinemia

Type 1 FAH Fumarylacetoacetate Hydrolase AR 1/2,000 276700

Type 2 TAT Tyrosine Aminotransferase AR 276600

Type 3 HPD 4-Hydroxyphenylpyruvate Dioxygenase AR 276710

Alkaptonuria HGD Homogentisate 1,2-Dioxygenase AR 1/250,000 to 1/1,000,000e 203500

Homocystinuria

CBS Cystathionine β-Synthase AR 1/60,000 to 1/350,000 236200

MTHFR Methylene Tetrahydrofolate Reductase AR 236250

MTR Methionine Synthase AR 250940

MTRR Methionine Synthase Reductase AR 236270

Maple Syrup Urine Disease 1/185,000 248600

Type IA BCKDHA Branched Chain Ketoacid Dehydrogenase
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Type IB BCKDHB

Type II DBT Dihydrolipoamide Branched Chain Transacylase

Isovaleric acidemia IVD Isovaleryl-CoA Dehydrogenase 243500

3-Methylcrotonylglycinuria MCCC1 3-α-Methylcrotonyl-CoA Dehydrogenase 1/50,000 210200

Propionic Acidemia 1/100,000 606054

Type I PCCA Propionyl CoA Carboxylase

Type II PCCB Propionyl CoA Carboxylase

Methylmalonic Acidemia MUT Methylmalonyl CoA Mutase 251000

Heme Metabolism Disorders

Acute Intermittent Porphyria HMBS Hydroxymethylbilane Synthase AD 1/50,000 176000

Erythropoietic Protoporphyria FECH Ferrocheletase AR, AD 1/75,000 to 1/200,000 177000

Familial Hypercholesterolemia LDLR Low Density Lipoprotein Receptor AD 1/500* 143890

Cystic Fibrosis CFTR Cystic Fibrosis Conductance Regulator AR 1/3,700f 251000

Gaucher Disease GBA Β-Glucocerebrosidase AR 230800

Galactosemia GALT Galactose-1-phosphate uridylyltransferase AR 1/50,000f 230400

α-1- Antitrypsin Deficiency SERPINA1 α-1- Antitrypsin AR 1/2,000 to 1/5,000 613490

Familial Amyloid Polyneuropathy TTR Transthyretin AD 105210

Hemolytic Uremic Syndrome-1 CFH Complement Factor H AR, AD 235400

Primary Hyperoxaluria Type 1 AGXT Alanineglyoxylateaminotransferase AR 259900

* Frequency for heterozygotes, a 1/20,000 for Ashkenazi Jews, b 1/5,000 for North African Jews, c Frequency in Japanese, d Frequency in Ashkenazi Jews, 
e 1/19,000 in former Czechoslovakia and Dominican Republic, f Frequency in Caucasians

Data Taken from OMIM database.

Table 1-1: Partial list of genetic disorders of the liver.
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1.3 Genetic Disorders of the Liver

Given the liver's central role in homeostasis, liver health is necessary for general health. 

Several  diseases affect the liver, including genetic disorders, hepatitis virus, cirrhosis, and 

hepatocellular carcinoma. Monogenic disorders, those caused by a problem in a single gene, can 

often be treated by liver transplantation. They are also candidates for potential gene therapies, 

and will be discussed here.

1.3.1 Clotting Disorders

One of the most well known genetic disorders of the liver is hemophilia. Hemophilia is 

commonly thought of as a blood disease, and is characterized by an inability to form clots. 

Historically, hemophiliacs often died at young ages due to minor injuries, simply because they 

did not stop bleeding. Hemophiliacs often suffer from spontaneous bleeding into joints and 

muscle tissues, eventually causing severe arthritis and joint damage. Early treatment attempts 

included blood transfusions from healthy humans, or even animals such as sheep, and killed 

about half of all patients due to mismatched blood types13. Studies into blood coagulation 

eventually revealed that a series of proteins in the blood were responsible for forming clots (Fig. 

1-5), and that loss of specific clotting factors led to hemophilia.

The coagulation cascade is triggered when blood vessels are damaged. When blood is 

exposed to collagen, the Extrinsic Pathway is triggered. Factor XII is activated, which activates 

Factor XI, which in turn activates Factor IX. Factor IX binds to activated Factor VIII to form a 

complex known as Tenase, which activates Factor X. 
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The Intrinsic Pathway is triggered by damage that exposes Factor VII to Tissue Factor, 

TF. The VII-TF complex activates both Factor IX and Factor X. The Intrinsic pathway is more 

important for blood clotting than the Extrinsic pathway. Once Factor X is activated, it binds to an

activated Factor V, forming a Prothrombinase complex. Prothrombinase activates Prothrombin to

Thrombin. Thrombin converts Fibrinogen to Fibrin, which crosslinks platelets in the clot. 

Thrombin also amplifies the coagulation process by activating Factors V, VIII, and XI. This 

amplification is very important for proper clotting. 

Hemophilia A is caused by any mutation or deletion of the Factor VIII gene. This is an X-

linked disorder, so almost all patients are male. Hemophilia B is caused by mutation of Factor IX

13

Figure 1-5: Diagram of Clotting Cascade. The Extrinsic Pathway is marked in green. The
Intrisic Pathway is marked in blue. The Common Pathway is marked in black. Thrombin

amplifies the coagulation process by activating Factors V, VIII, and XI. Hemophila A is the loss
of Factor VIII, Hemophila B is loss of Factor IX. The rare hemophila C is loss of Factor XI.
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gene, and is also X-linked, but rarer than A. Hemophilia C is much rarer than type A or B and is 

caused by mutation of Factor XI gene, but is autosomal. A related disorder is Von Willebrand 

disease, which is caused by loss of Von Willebrand Factor, a protein that binds to Factor VIII and

helps stabilize it in the bloodstream. All of these proteins are produced in the liver14.

Current treatment for hemophilia is prophylactic administration of concentrated clotting 

factors.  Recombinant clotting factors are preferred to prevent potential contamination by HIV, 

Hepatitis C, and other pathogens found in human plasma13. However, prophylactic treatment is 

very expensive, often costing $100,000 - $300,000 per year, and can be complicated by 

formation of “inhibitors”, neutralizing antibodies against the clotting factors15.

Many researchers are considering gene therapy for hemophilia treatment. Hemophilia is 

often considered an “easy” target for gene therapy because most spontaneous bleeding can be 

stopped with just 5% of the normal expression of clotting factors, though supplementation with 

exogenous clotting factors may still be needed to stop bleeding from injuries14. A few hemophilia

gene therapy clinical trials have been performed over the last two decades. A 1996 Chinese study

took fibroblasts from two patient's skin, transfected them with Factor IX cDNA, then re-

implanted them into the patients16. A similar study from 2001 transfected fibroblasts with Factor 

VIII gene, and implanted them in the fat inside the omentum17. A 2003 study used a retroviral 

vector carrying Factor VIII gene18. However, none of these studies produced significant or long 

term expression of either factor.

More recent trials using adeno-associated virus serotype 2 were able to achieve 

measurable amounts of Factor IX expressed in the liver, but an immune response against the 

transfected hepatocytes eliminated expression19. When AAV serotype 8 was used, Factor IX was 
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able to be expressed at 10-12% of normal levels for about 2 months before the immune response 

reduced expression. If corticosteroids were used, expression could be maintained at 6%, allowing

many of the patients to forgo prophylactic treatment20. However, success rates are still unreliable 

and immune responses force the use of immunosuppression. Factor VIII gene delivery with AAV

is more difficult because the Factor VIII gene is very large. Removing the large B domain can 

produce a mutant Factor VIII protein with greater stability than the wild type protein21, however 

the shorter gene is still 4.4 kb after introns are excised, and the AAV genome is normally 4.6 kb. 

Replication deficient AAV genomes built with Factor VIII genes are often significantly larger 

than 5 kb, which reduces encapsidation efficiency, requiring a much larger amount of virus to be 

delivered and making immune response a much more serious problem22.

1.3.2 α-1-Antitrypsin Deficiency

α-1-antitrypsin deficiency is another genetic disorder of the liver.  α-1-antitrypsin is 

produced by the SERPINA1 gene in the liver and secreted into the bloodstream. Once in the 

blood, it binds to and inhibits neutrophil elastase through suicide inhibition. This is especially 

important for the lungs, where neutrophil elastase can damage lung tissue. It is a relatively 

common autosomal codominant disorder, with frequency estimated at 1 in 2000-5000 people 

depending on location, but is often not diagnosed.  α-1-antitrypsin deficiency causes early onset 

emphysema and sometimes liver disease. The emphysema is made worse by smoking or lung 

infection, which causes increased levels of neutrophil elastase. The liver damage is caused by 

certain α-1-antitrypsin mutants that accumulate in hepatocytes instead of being secreted. Other 

mutants cause intracellular degradation, which still leads to lung disease, but not liver disease. 
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Current treatment involves intravenous infusion of concentrated α-1-antitrypsin purified from 

pooled human plasma, which carries some risk of contamination23. A 2004 human clinical trial 

attempted to deliver functional α-1-antitrypsin gene by intramuscular injection of AAV2 virus 

carrying the gene24. However, results from this study are not expected until 2021 

(clinicaltrials.gov identifier NCT00377416).

1.3.3 Metal Storage Disorders

Metal storage disorders, such as hereditary hemochromatosis and Wilson's Disease, are 

autosomal recessive disorders that cause excessive accumulation of metals in tissues. Hereditary 

hemochromatosis is the excessive build up of iron, mostly in the liver, but also accumulates in 

the heart, gonads, pituatary gland, pancreas, joints, and skin. If left untreated, it can lead to 

cirrhosis, heart disease, diabetes, and joint damage. If detected early, regular phlebotomy can be 

used to remove excess iron from the blood and keep iron concentration at safe levels25.

Iron metabolism and homeostasis is complex and still not fully understood (Fig. 1-6). 

Dietary iron in the form of Fe3+ is reduced by Duodenal Cytochrome B, DcytB, in the small 

intestine to Fe2+. Fe2+ is taken up by enterocytes through the Divalent Metal Transporter 1, 

DMT1. Once inside the cell, Fe2+ is reversibly stored in ferritin. Fe2+ is exported into the 

bloodstream by Ferroportin, FPN. Once in the bloodstream, Fe2+ is oxidized back to Fe3+ by 

hephaestin or ceruloplasmin. Circulatory Fe3+ is stored inside transferrin. Most transferrin bound 

iron is taken up by erythroblasts, the precursors to red blood cells, and used to synthesize 

hemoglobin, which accounts for 80% of the body's iron content. 
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When red blood cells age, they are taken up by liver or spleen macrophages and degraded

through erythrophagocytosis. The macrophages efficiently recycle the iron back into the 

bloodstream through ferroportin. The liver also serves as a major storage site for iron, taking up 

transferrin through the Transferrin Receptor 1, Tfr1, and internalizing it into endosomes. 

Endosome acidification causes the Fe3+ to dissociate from transferrin, and is reduced to Fe2+ by 

endosomal reductases including Steap3. Fe2+ is transported into the cytoplasm by the Divalent 

Metal Transporter 1, and stored in ferritin. When serum iron levels are low, the hepatocytes 

export iron through ferroportin26.

When iron levels are high, the liver expresses a peptide hormone called hepcidin, which 

binds to ferroportin and causes it to be internalized and degraded. This causes serum iron levels 

to decrease by inhibiting the export of iron from enterocytes, macrophages, and hepatocytes. 

Most importantly, the iron trapped in enterocytes is lost as the cells are recycled. Iron that enters 

17

Figure 1-6: Diagram of Iron Homeostasis showing interaction of enterocytes, macrophages, and
hepatocytes. Pathways active during iron overload are shown in red.
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the bloodstream through enterocytes cannot be naturally removed from the body. Under 

conditions of iron overload, transferrin cannot store all serum iron, which results in the 

accumulation of Non-Transferrin Bound Iron, NTBI, which is mostly Iron Citrate, and is 

eventually captured by hepatocytes. If intracellular iron levels overcome a heptacyte's ferritin 

reserves, iron will accumulate as hemosiderin, an insoluble mixture of degraded ferritin and 

ferric hydroxide. Once sequesterd inside hemosiderin, iron cannot be readily mobilized26.

Iron overload, if left untreated, leads to the accumulation of iron in several tissues around

the body, including the liver, pancreas, heart, and skin. As iron concentrations increase, reactive 

oxygen species become more dangerous. The Fenten and Haber-Weiss reactions catalyze the 

generation of dangerous hydroxyl radicals, which damage DNA, proteins, and membranes. Iron 

overload has been linked to insulin resistance, type 2 diabetes, and increased odds of 

hepatocellular carcinoma. Patients with hereditary hemochromatosis are 100 – 200 fold more 

likely to develop hepatocellular carcinoma.

Treatment of hereditary hemochromatosis is usually done using phlebotomy. Regular 

blood draws increase the body's demand for iron to replace the lost hemoglobin, which slowly 

pulls excess iron from hepatocytes. Iron chelators are also used to reduce serum iron levels. 

However, not all tissue damage can be reversed as iron levels decrease, and hereditary 

hemochromatosis is often not diagnosed until significant tissue damage has occurred, and often 

after a patient is too old for a liver transplant27.

Hereditary hemochromatosis is usually caused by mutations in the HFE gene, which 

produces a transmembrane protein that interacts with Transferrin Receptor 2 and regulates 

expression of hepcidin. Mutations in HFE are autosomal recessive, and 1 in 8 Americans carry a 
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faulty copy26. Although there have been no studies addressing gene therapy solutions for 

hereditary hemochromatosis, the central role of hepcidin in iron homeostasis suggests a potential 

for treating the illness by transient overexpression of hepcidin in the liver. Expression must be 

transient to prevent anemia. Transient hepatocyte expression of ferroportin could also help to 

export excess iron from the liver and speed up phlebotomy therapy. Long term treatment might 

be achieved by persistent expression of a working HFE gene in most cases of hereditary 

hemochromatosis.

Wilson's disease is an autosomal recessive disorder of copper metabolism, resulting in the

accumulation of copper in the liver, brain, and cornea. Wilson's Disease is caused by a mutation 

in the ATP7B gene, which encodes an ATPase that helps transport copper through the hepatocyte 

golgi network and into the bile. When this protein is mutated, copper cannot be secreted into the 

bile. Wilson's disease is usually diagnosed between ages 5 and 40, and has a wide range of 

severity. The disease can present as acute liver failure or as chronic liver disease. Accumulation 

of copper in the brain can lead to neurological issues including tremors, drooling, and speech 

problems. Personality changes caused by brain damage are often confused with normal puberty 

related changes in behavior. Approximately 98% of patients with neurological symptoms also 

have Kayser-Fleischer rings, brown deposits of copper visible in the cornea. These rings are less 

common in patients who only have liver symptoms. Treatment of Wilson's Disease is typically 

done with British Anti-lewisite, d-penicillamine, trientine, or ammonium tetrathriomolybdate, 

which work through a combination of chelation and induction of metallothionein to inhibit 

copper uptake in the intestine. However, side effects often cause patients to discontinue use of 

some therapies. If acute liver failure occurs, liver transplantation is necessary25. Expression of a 
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correct form of ATP7B in hepatocytes could restore normal copper metabolism and provide a 

cure for the disease.

1.3.4 Crigler-Najjar Syndrome

Crigler-Najjar syndrome is a rare autosomal recessive disorder of bilirubin metabolism 

with fewer than 1 in 5 million humans affected. The disease is caused by loss of functional 

uridine glucuronosyl transferase, UGT1A1. Without UGT1A1, bilirubin cannot be 

glucuronidated and cannot be excreted. As bilirubin accumulates, it causes jaundice and 

eventually neurological damage known as kernicterus27. Type I Crigler-Najjar syndrome is the 

complete loss of UGT1A1 activity and is more severe. Type II Crigler-Najjar syndrome retains 

some UGT1A1 activity, and induction of UGT1A1 by phenobarbitol usually increases enzyme 

activity enough to safely control bilirubin levels. The type I disorder is treated through 

phototherapy to convert bilirubin to isomers which can be excreted into bile. However, 

phototherapy must be applied for about 12 hours a day. At puberty, the skin thickens and 

becomes darker, and the surface area to volume ratio decreases, reducing the effectiveness of 

phototherapy. About 40% of type I patients require liver transplantation during childhood, with 

27% of these patients developing kernicterus28.

The Gunn rat has been used as a model of Crigler-Najjar syndrome for several years. 

Lentiviral vectors have been used to deliver functional UGT1A1 genes to Gunn rat livers, and 

succesfully treat the disease29. Hepatocyte transplantation has been attempted in humans, with 

some success, but benefits only lasted for about three years30. Hepatocytes have also been 

extracted from Crigler-Najjar patients and transfected ex vivo using lentiviral vectors and 
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transplanted into mouse livers with expression detectable at least 26 weeks after transplantation. 

This could lead to the reimplantation of a patient's own hepatocytes after gene transfer therapy to

treat the illness without a full liver transplant31.

1.3.5 Urea Cycle Disorders

Urea cycle disorders are a group of genetic disorders that affect the urea cycle, the 

biochemical process that converts ammonia to urea for removal from the body (Fig. 1-7). The 

cycle begins inside the mitochondria when carbamyl phosphate synthetase, CPS-1, combines 

bicarbonate, ammonia, and ATP to make carbamyl phosphate. Ornithine transcarbamylase, OTC,

attaches the carbamyl group to ornithine to produce citruline. Citruline is transported out of the 

mitochondria and combined with aspartate to form argininosuccinate by argininosuccinate 

synthase, ASS. Argininosuccinate is converted to arginine and fumarate by argininosuccinate 

lyase, ASL. Arginine is converted to urea and ornithine by arginase. The ornithine is transported 

back into the mitochondria to start the cycle over again. This process occurs almost exclusively 

in hepatocytes, with some activity in the kidney27,28,32.

The loss of any one of these enzymes results in a urea cycle disorder. The severity varies 

greatly between individuals, from fatal neonatal forms to nearly asymptomatic forms that usually

go unnoticed. All enzyme deficiencies are autosomal recessive, except ornithine 

transcarbamylase deficiency, which is X-linked dominant. Early onset disease is very dangerous, 

often presenting within hours of birth. Failure to detoxify ammonia leads to hyperammonemia. 

Hyperammonemia can cause neurological problems ranging from irritability and lethargy, to 

coma and death. Arginase deficiency is normally less serious, but still causes spasticity and 
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mental retardation.

Treatment of urea cycle disorders involves careful high calorie diets with very little, if 

any, protein, and essential amino acid supplementation. Nitrogen scavengers such as benzoate 

and phenylbutyrate are also used. In hyperammonaemic crises, where ammonia levels spike, 

dialysis is used. However, liver transplantation is almost always eventually necessary, with 

earlier replacement leading to better prevention of neurological damage27,28,32.

A 2002 clinical trial to treat ornithine transcarbamylase deficiency using a type 5 

adenoviral vector showed no clinical improvement. Unfortunately, one patient died during the 
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Figure 1-7: Schematic of the Urea Cycle showing conversion of ammonia to urea.
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study, due to an extreme innate immune reaction against the viral vector33.

1.3.6 Amino Acid Metabolism Disorders and Organic Acidemias

When amino acids are not properly catabolized, metabolic byproducts can accumulate in 

several tissues and can cause a wide range of symptoms. Most are autosomal recessive, and 

incidence tends to be rare. Non amino organic acids are excreted in urine, and detection of these 

acids is a common tool for diagnosis. As metabolites accumulate in the liver, brain, kidneys, 

pancreas, and other organs, tissue becomes damaged. Many of these disorders cause serious 

neurological damage, and if left untreated can cause mental retardation, coma, or death. Most 

treatment involves careful diets that manage the disorder by strictly limiting the intake of the 

offending amino acid, but compliance is often poor. Since the liver is usually responsible for 

most of the missing metabolic activity, liver transplantation has been useful for many organic 

acidemias, but often fails to correct all symptoms in other organs27,28.

1.3.6.1 Phenylalanine and Tyrosine Metabolism Disorders

Phenylketonuria is the failure to convert phenylalanine to tyrosine due to a deficiency of 

phenylalanine hydroxylase (Fig 1-8). Phenylketonuria is an autosomal recessive disorder with 

global incidence of about 1 in 10,000 births, though this rate varies greatly between locations and

ethnicities. If left untreated, excess phenylalanine builds up in the brain and causes neurological 

damage. Excess phenylalanine appears to be directly toxic to the brain through unknown 

mechanisms, and indirectly toxic because it competes with other amino acids for transport across

the blood-brain barrier. This reduces the concentrations of those amino acids in the brain and
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interferes with protein and neurotransmitter production.

If left untreated, phenylketonuria causes severe mental retardation, with an IQ < 40. 

Additionally, melanin is not synthesized at normal levels, so skin, hair, and eyes are all lighter 

than normal. Phenylacetate is excreted in the urine, making it smell like mice.

Early diagnosis is critical for proper treatment of phenylketonuria. It is estimated that 1 

IQ point is lost for every week the disease goes undiagnosed. Treatment involves a phenylalanine

restricted diet and monitoring phenylalanine levels. The diet is very strict, and should be 

continued throughout the patient's lifetime. When treatment is started early and carefully 

followed, the patient can expect normal development. The improved survival of 

phenylketonuriacs has allowed female patients to have children. Pregnancy requires even stricter 

control of phenylalanine levels to prevent birth defects in the developing fetus. Control is 

complicated because if the fetus has functional phenylalanine hydroxylase, it will start 

metabolizing phenylalanine as its liver develops, further reducing maternal phenylalanine 
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Figure 1-8: Metabolism of Phenylalanine and Tyrosine. Diseases that interfere with
specific parts of the pathway are marked in red.
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levels34,35.

Although phenylketonuria can be managed through proper diet, gene therapy research has

been done on the disease in mouse models. A 2011 study used AAV8 virus carrying the 

phenylalanine hydroxylase gene to treat phenylalanine hydroxylase knockout mice. These mice 

not only had normal phenylalanine metabolism restored, but levels of neurotransmitters returned 

to normal. Levels remained normal throughout the 8-week duration of the study36. A 2013 study 

used minicircle DNA carrying phenylalanine hydroxylase delivered through hydrodynamic tail 

vein injection. This corrected phenylalanine levels for at least 180 days after dosing. The treated 

mice also showed repigmentation because melanin synthesis was restored once phenylalanine 

could be metabolized correctly37. Gene therapy could replace the strict diet and greatly improve 

the phenylketonuriac's quality of life.

A related disorder, Tyrosinemia, is an autosomal recessive disorder of tyrosine 

catabolism. Tyrosinemia type 1 is a deficiency of Fumarylacetoacetate hydrolase, which 

catalyzes the final step of tyrosine catabolism (Fig. 1-8). This causes buildup of 

fumarylacetoacetate and malelylacetoacetate, which can cause hepatocytes and kidney tubular 

epithelial cells to undergo apoptosis. These metabolites can alkylate DNA, and greatly increase 

the odds of developing hepatocellular carcinoma. Treatment includes a phenylalanine and 

tyrosine restricted diet along with 2-(2-nitro-4-trifluoromethylbenzoyl)-1-3-cycloexenedione, or 

NTBC. NTBC inhibits the second step of tyrosine metabolism and prevents accumulation of 

fumarylacetoacetate and malelylacetoacetate. If this treatment starts within the first 6 months of 

life, the risk of hepatocellular carcinoma is greatly reduced. Patients must still be closely 

monitored for signs of liver damage, and liver transplant is still necessary in 12% of cases. 
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However, liver transplantation does not correct metabolism in the kidneys, and a combined liver 

kidney transplant may be needed27.

Tyrosinemia type II is caused by a deficiency of tyrosine aminotransferase. Although 

there is no liver damage, tyrosinemia type II does cause eye and skin lesions. Eye lesions are 

caused by tyrosine crystal deposits in the cornea, and typically leads to photophobia and eye 

pain. Skin lesions are hyperkeratinized plaques on the palms of the hand and soles of the feet, 

with yellow thickening. As the patient ages, the elbows, knees, and ankles can show these 

plaques as well. Some patients have also shown developmental delay, but predicting which 

patients will have neurological damage is not precise. A diet without phenylalanine and tyrosine 

not only halts progression of the illness, but resolves the skin and eye symptoms within weeks38.

Tyrosinemia type III is the rarest tyrosinemia, with fewer than 6 patients identified as of 

2006. This form is caused by deficiency of 4-Hydroxyphenlypyruvate Dioxygenase, which 

normally converts  4-hydroxyphenylpyruvate to homogentisate. The known patients did not 

show liver damage or eye or skin lesions. At least 3 of the patients had mental retardation38.

Alkaptonuria is another disorder of tyrosine metabolism, due to deficiency of functional 

Homogentisate 1,2-Dioxygenase, leading to accumulation of homogentisic acid. Its symptoms 

include dark brown to black urine, joint and cartilage damage, stones in the kidneys, gallbladder, 

prostate, and salivary glands, and damage to the heart valves. Alkaptonuria is treated with NTBC

similarly to type I tryosinemia39.
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1.3.6.2 Methionine and Cysteine Metabolism Disorders

Cysteine is produced from methionine through a homocysteine intermediate (Fig. 1-9). 

Homocysteine can be converted back into methionine through 2 pathways, through methionine 

synthase or through betaine methyltransferase. Deficiencies of the enzymes involved in 

methionine regeneration can lead to homocistinuria, the build up of excess homocysteine, as well

as deficiencies of methionine and cysteine. The symptoms of these disorders are usually slow to 

develop, but affect many organs. Eye abnormalities and blindness are common. Skeletal 

abnormalities similar to Marfan syndrome also occur, including osteoporosis and spontaneous 

vertebral crush fractures. About two thirds of patients have mental defects, with smaller portions 

with seizures. Blood clots are the main cause of death for patients, causing heart attacks and
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Figure 1-9: Diagram of Methionine Metabolism and Cysteine Synthesis.
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strokes. Clots have been found in blood vessels of the kidneys, the gut, and limbs as well. 

Treatment includes a strict low protein diet supplemented with methionine free amino acids. 

Patients must also take high doses of vitamins B6, B12, folic acid, and betaine, which are 

cofactors or reagents in converting homocysteine to either cysteine or methionine32.

1.3.6.3 Maple Syrup Urine Disease

Maple syrup urine disease is the failure to properly metabolize leucine, isoleucine, and 

valine due to a deficiency of Branched Chain Ketoacid dehydrogenase. These amino acids and 

their α-keto acid and hydroxyacid derivatives accumulate. The characteristic maple syrup smell 

is caused by the buildup of some of these compounds, and can be found in the urine, but usually 

more strongly in the ear canal. Toxic metabolites accumulate in the brain and cause neurological 

symptoms such as seizures, lethargy, and alternating hypotonia and muscle rigidity. If not 

promptly treated, the illness will quickly progress to coma and death. Treatment is based on a 

diet with very little, if any, leucine, isoleucine, or valine32. Liver transplantation has been shown 

to manage the disease23.

1.3.6.4 Isovaleric Acidemia

A related disorder is isovaleric acidemia. Isovaleryl-CoA is produced during leucine 

catabolism and is normally metabolized by isovaleryl-CoA dehydrogenase. The disorder has 

similar symptoms and treatment to maple syrup urine disease, but produces a foul sweaty foot 

odor32.
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1.3.6.5 3-Methylcrotonylglycinuria

Another related disorder, 3-Methylcrotonylglycinuria, characterized by a 3-α-

methylcrotonyl-CoA carboxylase deficiency, prevents conversion of 3-methylcrotonyl-CoA to 3-

methylglutaconyl-CoA. This disorder is the most common of the organic acidemias, with a 

frequency of about 1 in 50,000 births. The enzyme requires biotin as a cofactor, so biotin 

deficiencies must be excluded first. However, only 10% of homozygotes actually develop 

symptoms. Those who are symptomatic usually have mild neurological problems, but a few will 

develop serious potentially fatal illness during infancy.32 

1.3.6.6 Propionic Aciduria

Propionic aciduria is the build up of propionyl-CoA from breakdown of isoleucine, 

threonine, methionine, valine, odd numbered fatty acids, and cholesterol, and is contributed to 

from gut bacteria. Propionyl-CoA carboxylase normally degrades propionyl-CoA to 

methylmalonyl-CoA. Symptoms and treatment are similar to other organic acidemias, but may 

also cause secondary urea cycle disorders. To reduce propionyl-CoA uptake from gut bacteria, 

regular treatment with metronidazole and colistin is used32. The disease usually presents during 

infancy, with acidosis, hyperammonemia, pancreatitis, and eventually heart disease and 

neurological damage. Few survive beyond their teenage years, even with treatment. Treatment 

has not improved the neurological outcomes28. Liver transplantation has improved the quality of 

life for some patients, though it cannot correct the metabolic errors in other tissues27.
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1.3.6.7 Methylmalonic Aciduria

Methylmalonic aciduria is a related disorder caused by deficiency of Methylmalonyl-CoA

Mutase, which converts methylmalonyl-CoA to succinyl-CoA, which is fed into the Krebs cycle. 

Because methylmalonyl-CoA is the product of propionyl-CoA carboxylase, the symptoms are 

similar to  propionic aciduria. This disorder can interfere with mitrochondrial energy production 

due to shortages of succinyl-CoA and the urea cycle. Clinically, it can be difficult to distinguish 

methylmalonic aciduria from propionic aciduria32. Methylmalonic aciduria is difficult to treat 

through liver transplantation, due to incorrect metabolism that remains in the kidneys and brain. 

Patients who undergo combined liver and kidney transplantation fare better, but still require 

medication and a somewhat restricted diet27.

1.3.7 Glycogen Storage Disorders

Glycogen storage disorders are a class of genetic disorders that cause errors in glycogen 

metabolism, usually leading to accumulation of glycogen in liver, skeletal muscles, and 

occasionally heart, kidney, and other tissues. Glycogen storage disorders have a wide range of 

severity, from almost asymptomatic to fatal neonatal forms. Most forms are currently treated by 

dietary management, including increased protein to promote gluconeogenesis, and either a 

feeding tube to deliver glucose to infants at night, or uncooked cornstarch in older children to 

prevent hypoglycemia.

Hepatocytes that accumulate glycogen often swell up and take on a “plant cell” 

appearance. If untreated, glycogen storage disorders of the liver can lead to hypoglycemia, and 

excess levels of lactic acid, uric acid, triglycerides, and cholesterol. Complications from these 

30



www.manaraa.com

may cause kidney stones and gout. The majority of patients develop hepatic adenomas by their 

thirties, with some of these developing into hepatocellular carcinoma. Other types, such as type 2

also known as Pompe's Disease, lead to muscle weakness and heart failure, often causing death 

within 1 year of birth, though liver deformity is rare. Pompe's Disease can be treated with acid-

alpha-glucosidase enzyme replacement therapy40.

Several studies have used adeno-associated viral vectors to treat glycogen storage 

disorder type 1 in mouse models41. A canine model of type 1 glycogen storage disease also 

showed promsing results by using AAV to deliver the glucose-6-phosphatase gene42. Gene 

therapy trials for Pompe's Disease have been done in mice and humans using AAV directed 

towards cardiac muscle43,44. However, if enzyme replacement therapy provides some alleviation 

of symptoms, the liver could be used to produce acid-alpha-glucosidase and secrete it into the 

blood, acting as enzyme replacement therapy.

1.4 Gene Delivery to the Liver

In vivo gene delivery is typically classified into two broad categories, viral and nonviral. 

Viral gene delivery uses a viral vector, usually a replication deficient adenovirus, adeno-

associated virus, or lentiviral vector. So far, viral vectors have had more clinical success than 

nonviral vectors, including one therapy approved in Europe. UniQure's Glybera uses an AAV1 

vector to deliver the gene for LPL to treat lipoprotein lipase deficiency45. However, viral vectors 

present many challenges, such as high cost of production, immune response, limited genome 

capacity, and the potential for insertional mutagenesis. Immune response is an important aspect, 

if neutralizing antibodies against the vector are developed, repeated dosing of the vector may not 
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be possible. In rare cases, immune response can be very severe, even fatal29. Nonviral vectors are

much less expensive to produce, have much larger cargo capacities, and should be less likely to 

induce an immune response.

1.4.1 Barriers to Nonviral Gene Delivery

However, nonviral gene delivery faces many barriers to successful delivery (Fig. 1-10). 

The first of these barriers is survival in the bloodstream. Serum nucleases can destroy DNA46, 

scavenger receptors can capture DNA nanoparticles47, and certain DNA condensing agents can 

aggregate serum proteins and cause toxicity48,49. DNA nanoparticles must be delivered to specific

tissues and cell types, which is most easily accomplished using a targeting ligand towards a 

specific receptor. Once bound, the receptor must be internalized through endocytosis, 

compartmentalizing the receptor and DNA nanoparticle in an endosome. Because endosomes are

often sent to lysosomes to break down their contents, the DNA nanoparticle must escape the 

endosome and enter the cytoplasm. Once in the cytoplasm, the DNA must move into the nucleus 

before it can be expressed. Nuclear entry can be achieved by passing through the Nuclear Pore 

Complex, NPC. However, the NPC has a size limit of 39 nm50, too small for most DNA 

nanoparticles, so other methods of nuclear entry may be necessary.
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1.4.1.1 Circulatory Stability

Stability in the bloodstream is critically important to DNA delivery. If the DNA 

nanoparticle is not stable in circulation, it will not have sufficient time to locate its target in the 

body before it becomes degraded and no longer capable of being transcribed. Unprotected DNA 

is rapidly destroyed by nucleases46, and several compounds have been used to help protect it. 

Cationic lipids and cationic polymers have been utilized to condense DNA into nanoparticle 

sized lipoplexes or polyplexes. Once condensed, DNA is far more resistant to nuclease 

degradation.
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Figure 1-10: Barriers to Nonviral Gene Delivery. A DNA polyplex must bind to a receptor by a
targeting ligand in step 1. The bound receptor is internalized through endocytosis in step 2. As the
endosomal pH decreases, the polyplex can undergo structural changes, triggering endosmal escape

mechanisms in step 4. Once in the cytoplasm, the DNA plasmid must enter the nucleus, either
through the nuclear pore complex shown in 5, or through some other mechanism as shown in 6.



www.manaraa.com

Cationic lipids have been extensively studied for use in DNA delivery51,52. The cationic 

head group binds to the anionic phosphate backbone of DNA and packages the DNA into layers 

of lipid bilayers53. Several conformations of DNA-lipid complex are possible, including 

liposomes that trap DNA in an aqueous interior, aggregates of micelles bound to DNA, and 

lamellar structures with DNA intercalated between the layers. The types of lipids and 

formulation methods used determine which structures are produced. While cationic lipids are 

commonly used to transfect cultured cells in vitro, they have not had as much success in vivo. 

Lipoplexes are susceptible to disintigration when exposed to serum54, and can bind serum 

proteins in the blood, altering their behavior. Lipoplexes are known to aggregate in vivo, and 

these aggregates can accumulate in the liver, spleen, and lungs, possibly causing toxicity55,56.

To alleviate these toxicity issues, several lipids have been developed with ionizable head 

groups with pKa of 7 or less. These lipids form lipoplexes with near neutral charges in the blood,

and reduces their interaction with proteins and cellular membranes57,58. PEGylated lipids are also 

used to prevent aggregation, but can also hinder the lipoplex's ability to bind to target cells and 

release their DNA59. Therefore, PEGylated lipids are often designed to be exchangeable60, with 

shorter lipid chains so that they can be inserted into the outer layer of the lipoplex after 

formulation with DNA. In the circulation, the PEGylated lipids eventually dissociate, which 

restores interaction with cellular membranes.

Cationic polymers, such as polyethyleneimine (PEI), polylysine, chitosan, and PAMAM 

have also been used for gene delivery61–65, again with better success in vitro than in vivo. 

Cationic polymers are available in either linear, branched, or dendrimer forms. Similarly to the 

cationic lipoplexes, cationic polyplexes can aggregate in the bloodstream, causing embolisms 
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and toxicity. Again, PEGylation is often used to make these polymers safe for in vivo use.

PEI in particular has proven useful as an in vitro transfection agent. The polymer has 

many primary, secondary, and tertiary amines that can be positively charged and bind DNA, 

condensing it into complexes with diameters of 30 – 1000 nm. Shorter linear PEIs do not bind 

DNA as tightly, and form larger particles, while larger linear PEIs (22 kDa) bind more tightly 

and form smaller particles. Branched PEIs are even better at DNA binding, and form even 

smaller particles66. However, PEI is cytotoxic, and its toxicity tends to correlate with its affinity 

for DNA67. Chemical modifications that reduce its toxicity, such as the addition of PEG, also 

often reduce its ability to bind DNA and make it a less effective transfection agent.

1.4.1.2 Cellular Targeting and Uptake

Delivery of DNA to the proper tissue is important for treating disease. The interaction 

between DNA nanoparticles and the cellular surface is still not fully understood, however cell 

surface proteins are believed to be important. For example, many viruses are known to use 

heparan sulfate proteoglycans to bind to cells, especially syndecans68. Syndecans are single 

transmembrane domain proteins that interact with the cytoskeleton through actin, and are 

localized to filopodia, thin cellular extensions into the extracellular space. Viruses bind to these 

proteins and are pulled to the cell surface, where they are internalized. Lipoplexes and 

polyplexes have also been shown to bind to filopodia and get pulled to the cellular surface69.

Once bound to the cellular surface, lipoplexes or polyplexes may be internalized by 

several mechanisms. Internalization may occur through clathrin-coated pits, caveolae, and 

macropinocytosis. The preferred method seems to be size dependent, where particles with 
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diameters around 100 nm being taken up by caveolae, particles around 250 nm being taken up by

clathrin-coated pits, and particles larger than approximately 500 nm being taken up through 

macropinocytosis70. These pathways are not mutually exclusive, and the size ranges have some 

significant overlap. However, there is evidence to indicate that some internalization mechanisms 

are more effective at successful DNA delivery than others. For example, caveolae mediated 

endocytosis may avoid lysosomes and therefore avoid degradation71. However, material 

internalized through this pathway is usually targeted to caveosomes, which have a neutral pH 

rather than the acidic pH found in maturing endosomes. It is also possible, in vitro, to promote 

one internalization pathway over others using inhibitors. For example, chlorpromazine inhibits 

clathrin-coated pit mediated endocytosis, while nystatin and fillipin III inhibit caveolae mediated

endocytosis by sequestering cholesterol, and wortmannin and amiloride inhibit 

macropinocytosis72. However, intracellular trafficking is complicated, and how lipoplexes or 

polyplexes are transferred from compartment to compartment is far from fully understood.

Targeting ligands have also been used to direct lipoplexes and polyplexes to specific 

tissues. Targeted receptors are often those upregulated in cancer cells, so that the DNA can be 

delivered to tumors and treat the cancer. This has the additional benefits that rapidly dividing 

cancer cells are easier to transfect due to simpler nuclear entry73, and nanoparticles tend to 

accumulate in tumors due to the enhanced permeability and retention, EPR, effect74,75.

One commonly targeted receptor is the transferrin receptor, which is upregulated in many

cancers and binds the iron carrying protein transferrin76. Once bound, the receptor-transferrin 

complex is internalized into an endosome. Transferrin has been incorporated into several gene 

delivery systems, including lipoplexes and polyplexes77,78. Transferrin bound DNA nanoparticles 
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have been used to deliver genes such as the tumor suppressor p5379,80 to prostate cancer cells in 

animal experiments, with some success. Antibodies against the transferrin receptor have also 

been used to target nanoparticles81.

Another ligand commonly used to target cancer cells is folate. Again, the folate receptor 

is upregulated on many cancer cells, and folate has been used to deliver other anti-cancer agents 

to cancer cells82. Folate has been attached to PEI to form targeted polyplexes, and these 

polyplexes have had some success at treating cancer in mouse models83. While many studies 

have directly attached folate to PEI, other studies have attached folate to PEI through a PEG 

linker84, to better present the ligand to the folate receptor.

Peptide based targeting ligands have also seen some use. The RGD peptide has been 

recognized as a cell recognition signal that interacts with integrin proteins on the surface of many

cells85. The arginine-glycine-aspartate domain is often cyclized to properly present the peptide 

for binding. The cyclic RGD peptide was attached to PEI through a PEG linker to deliver the 

polyplex to intracranial xenografts in a mouse model of glioblastoma, increasing median survival

time86. Other peptides have been used to target other tissues, such as the angiogenic vessel-

homing peptide, APRPG, also linked to PEI through a PEG linker. Anti-VEGF siRNA delivered 

with this PEI was able to reduce the growth of microvessels and decrease tumor volume87. 

Another peptide used to deliver particles across the blood-brain barrier is called RVG, and was 

derived from a rabies virus glycoprotein88. The RVG peptide binds to the acetylcholine receptor 

on neurons. PEI was linked to RVG through a reducible disulfide bond and used to deliver red 

fluorescent protein DNA to the brain by tail vein injection, though fluorescence was only 1.3 fold

higher than control.
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Epidermal growth factor, EGF, a 53 amino acid peptide that binds the EGF receptor to 

stimulate cell growth has also been used. EGF was attached to modified branched PEI with PEG 

and a melittin derivative to lyse cellular membranes89. This PEI was used to deliver polyIC to 

nude mice with tumor xenografts, and was able to eliminate glioblastoma, breast, and skin cancer

tumors in mice. Mutations in human epidermal growth factor receptor 2, HER2, are responsible 

for many breast and ovarian cancers, which often overexpress the receptor. The MC-10 

oligopeptide, with sequence MARAKE, binds HER2, and was attached to a PEI-cyclodextrin 

derivative90. This system was used to deliver IFN-α expressing plasmid DNA to mouse xenograft

models, and suppressed tumor growth.

Cartilage is a difficult tissue to deliver drugs to, given its dense extracellular matrix and 

lack of blood vessels. However, phage display was used to identify a “chondrocyte affinity 

peptide”, CAP, with sequence DWRVIIPPRPSA. This peptide was covalently linked to PEI and 

used to successfully deliver GFP and luciferase genes to rabbit knee joints91. However, these 

polyplexes had to be injected into the knee joint.

1.4.1.3 Endosomal Escape

After the DNA nanoparticle is internalized into an endosome, it must escape into the 

cytoplasm before the DNA can be useful. Different mechanisms for endosomal escape have been

utilized, but the ultimate goal is to disrupt the endosomal membrane and release the contents into

the cytoplasm. Cationic lipids are believed to disrupt the endosome by interacting with the 

anionic lipids of the endosomal membrane to form ion pairs with a relatively small head group 

and wide hydrophobic tail region. This shape promotes the formation of an HII inverted 
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hexagonal phase, which destabilizes membrane bilayers92. The use of helper lipids can promote 

the HII phase, and dioleoylphosphatidylethanolamine, DOPE, is a very common helper lipid51. 

Another result of lipid ion pairing is releasing DNA from the cationic lipids, allowing the free 

plasmid to enter the cytoplasm. Some research indicates that when cationic lipids bind too 

tightly, the DNA is not expressed as efficiently, most likely because the lipids are still bound and 

the transcriptional machinery cannot access the DNA93,94.

However, not all cationic lipid formulations benefit from a helper lipid or rely on the HII 

phase. Gemini cationic lipids have two head groups, often with ionizable groups with pKas in the

5 – 7 range95–97. At neutral pH, the head groups are not fully charged, and the lipids form a stable 

bilayer. As the endosome is acidified, the head groups gain 1 or more charges, and electrostatic 

repulsion causes the head group to expand. This creates a lipid with a head group larger than its 

hydrophobic tail and promotes the HI micelle phase, which can also disrupt membrane bilayers. 

DOPE strongly inhibits the HI phase, most likely because the DOPE adopts a small head group, 

large tail group shape, which complements the gemini lipid's large head group, small tail group 

shape, stabilizing the bilayer phase98.

Cationic polymers disrupt endosomes through a different mechanism, known as the 

“Proton Sponge Effect”61,99,100. The polymers usually have primary, secondary, or tertiary amines, 

or imidazole rings, with apparent pKas in the 5 – 7 range. As the endosome acidifies, the 

polymer buffers the endosomal pH. This forces the endosomal proton pump to push more H+ 

ions into the endosome, which are accompanied by Cl- ions. The additional ions increase the 

osmotic pressure inside the endosome and water leaks through the membrane, swelling the 

endosome and eventually rupturing it. While the proton sponge model has been challenged101,102, 
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evidence to support the proton sponge effect includes observations that inhibiting the proton 

pump with bafilomycin A1 inhibits PEI mediated transfection103–105, and that endosomes in PEI or

PAMAM treated cells are larger than in cells treated with polymers that don't buffer as well106,107.

Calcium phosphate DNA nanoparticles are another transfection method often used for in 

vitro transfection. The Ca2+ ions bind to the phosphate backbone and condense the DNA. As 

phosphate ions are added, insoluble calcium phosphate particles precipitate, trapping the DNA. 

These particles are large and sink on to the cell surface, where they can be internalized. Once 

inside the endosome, the calcium phosphate matrix is broken down as the endosome acidifies. 

The released ions increase the osmotic pressure, pulling in water and bursting the endosome in a 

similar manner to the proton sponge effect108,109. While calcium phosphate transfection has 

remained a mostly in vitro method, attempts have been made to adapt it for in vivo use. By 

forming the calcium phosphate DNA nanoparticles in an emulsion, lipid coated calcium 

phosphate particles were formed with controlled size. These particles could be further modified 

with PEG and targeting ligands and showed some success at in vivo DNA and siRNA delivery110–

112.

Another method for disrupting the endosomal membrane is to use a fusogenic peptide. 

This method is used by many viruses and bacteria100,113. Many enveloped viruses have membrane 

bound peptides that reach into the endosomal membrane, pulling the viral and cellular 

membranes close to each other and triggering membrane fusion, releasing the viral cargo into the

cytoplasm114,115. The influenza haemaglutinin protein N-terminal domain is one such peptide116–

118. When the endosome is acidified, aspartate and glutamate residues become protonated and the 

peptide undergoes a confomational change to become an alpha helix, which inserts into the 
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endosomal membrane. This peptide was used to design the diINF-7 peptide, which has been 

studied with siRNA and protein delivery119,120. The influenza peptide also inspired the GALA and 

KALA peptides, cationic amphipathic peptides that also become helical under acidic conditions 

and have been shown to lyse membranes. These peptides have been tested with lipoplexes and 

polyplexes and shown to increase transfection in vitro121–129.

Other membrane disrupting peptides work by forming a pore that quickly allows water 

into the endosome, swelling the endosome and bursting it through osmotic pressure130–132. These 

pore forming peptides also form amphipathic helices, with one hydrophobic side that faces into 

the membrane and one hydrophilic side that faces into an aqueous channel. The channel is 

formed when several peptides aggregate into a circle. An example of these pore forming 

membranes comes from bee venom, and is known as melittin133,134. The peptide has powerful 

membrane disruption activity, but is also toxic, and must be carefully controlled to make it safe 

in vivo. Melittin has been combined with lipoplexes and polyplexes to enhance both DNA and 

siRNA transfection135–138. Recently, melittin has been used to help with siRNA delivery by 

separately targeting it toward hepatocytes with N-acetylgalactosamine, which deactivated the 

melittin until endosomal pH became low enough to remove the sugar groups139. One problem 

with membrane disrupting peptides is getting enough peptides into an endosome to achieve an 

effective concentration. Conjugating the peptides to the DNA nanoparticles can help get enough 

peptides into an endosome, but makes the formulation more complicated and may make the 

peptides less efficient if they cannot dissociate from the DNA particle. Delivering the peptides 

separately avoids those problems, but introduces the problem of getting enough peptides into the 

same endosomes as the DNA.
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An additional consideration is the timing of release. As endosomes mature, they move 

toward the perinuclear space. Eventually, most endosomes are merged with lysosomes to digest 

their contents. Clearly, DNA should be released before it becomes degraded in the lysosome, but 

if the cargo is released too soon, it will have to travel further to the nucleus. Because the 

cytoplasm is a crowded environment, particles larger than 30 nm have great difficulty diffusing 

through the cytoplasm140,141. One way to move the DNA toward the nucleus would be to take 

advantage of the microtubule network of the cytoskeleton using motor proteins142–144. However, 

simply releasing the DNA from the endosome when it is closer to the nucleus would make up 

most of that distance. Alternatively, if the DNA could be protected well enough, releasing it from

inside the lysosome may also be possible.

1.4.1.4 Nuclear Entry

Before DNA can be transcribed and translated, it must enter the nucleus, where the 

transcriptional machinery is kept. The nucleus is surrounded by a double layered membrane 

known as the nuclear envelope, and is contiguous with the endoplasmic reticulum. The nuclear 

pore complex is perforated with several nuclear pore complexes, large transmembrane protein 

complexes that allow molecules to pass between the cytoplasm and nuclear space. While 

molecules smaller than approximately 5 nm can passively diffuse through the nuclear pore 

complex, molecules larger than that must be pulled through by active transport50. Even with 

active transport, molecules larger than 39 nm cannot fit through.

Active transport through the nuclear pore complex is usually facilitated by proteins called

importins. Proteins meant for transport into the nucleus have a nuclear localizing sequence, or 
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NLS, peptide. The best studied NLS peptide sequence comes from the SV40 virus large T 

antigen protein and has sequence PKKKRKV145,146. In the cytoplasm, the NLS peptide is bound 

by importin α, which then binds importin β. The importin-NLS complex is then pulled toward 

the nuclear envelope and eventually binds to a nuclear pore complex. The importin-NLS 

complex is then pulled through the nuclear pore complex and into the nucleus. Once in the 

nucleus, Ran-GTP binds to importin β, displacing the importin α-NLS complex. The importin α 

releases the NLS peptide, and both importins are exported from the nucleus. Once in the 

cytoplasm, Ran GAP hydrolyzes the RAN-GTP to RAN-GDP, Ran-GDP falls off importin β and 

is imported back into the nucleus147,148.

When plasmid DNA enters the cytoplasm, it does not efficiently enter the nucleus. When 

DNA was microinjected into the cytoplasm of nondividing COS-7 cells, only 0.1% of the DNA 

was measured in the nucleus149. Many attempts were made to link plasmid DNA to an NLS 

peptide to increase the amount of DNA entering the nucleus. Methods include pairing the 

cationic SV40 NLS peptide to DNA by electrostatic interactions150,151, covalently linking the NLS

peptide to cationic polymers152, biotinylating the DNA and forming DNA-Streptavidin-NLS 

complexes153, and covalently linking the NLS directly to the DNA itself154,155. These attempts met

with limited success at best. A successful report of DNA nuclear entry used linearized DNA with 

hairpins ligated to each end156. The 3' hair pin was attached to an NLS peptide, and an 

improvement in transfection of almost 100 fold over normal plasmid DNA was reported. 

Unfortunately, attempts by other groups to replicate this finding have not proven as fruitful157,158. 

Some reasons for the failure of these methods could be that the cationic NLS peptide binds to the

anionic DNA, and is not properly presented to the nuclear import machinery. The addition of 
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multiple NLS peptides may recruit multiple importin complexes, which might not move through 

the NPC efficiently. DNA polyplexes could be too large to move through the NPC on their own. 

Additionally, the large covalently attached NLS peptide may hinder the transcriptional 

machinery and prevent gene expression even if the plasmid were successfully imported.

Other research has suggested that the DNA itself may carry a sort of nuclear localizing 

sequence73,159. Because transcription factor proteins are all produced in the cytoplasm, but needed

in the nucleus, they have NLS peptides. Some of these transcription factors have their NLS 

peptides in separate positions from their DNA binding sites. When a DNA plasmid has binding 

sites for these transcription factors, the proteins may bind to the DNA and still properly present 

their NLS peptide for importin α binding. One of these proposed DNA “Nuclear Targeting 

Sequences” is a 72 bp portion of the SV40 enhancer160–166. This sequence contains binding sites 

for several transcription factors, such as AP1, AP2, NF-κB, Oct1, and TEF-1, which are 

ubiquitously expressed. Not all transcription factor binding sites can act as Nuclear Targeting 

Sequences, these transcription factors may not be able to bind DNA and present their NLS 

peptides at the same time. Some transcription factors are only found in certain cell types, 

potentially allowing for cell type specific nuclear entry and expression167–169. However, much of 

this work remains controversial, and often relies on microinjecting the plasmid DNA into the 

cytoplasm rather than use of a transfection agent. Many DNA polyplexes or lipoplexes may bind 

too tightly to allow transcription factors to bind or to move through the NPC. Nuclear entry 

remains a difficult barrier to cross for effective non-viral gene delivery.
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1.5 Our Efforts Toward Nonviral Gene Delivery

1.5.1 Delayed Hydrodynamic Stimulation and Bioluminescent Imaging

Direct hydrodynamic delivery is a method for efficiently delivering material to the livers 

of small animals170,171. The method involves dissolving a substance, usually plasmid DNA, in a 

large volume of nomal saline, typically 8 – 10% of a mouse's mass, within 5 – 10 seconds. This 

method has been used to deliver several substances to mouse livers, including DNA172,173, 

mRNA174,175, nanoparticles176, viruses177, and cancer cells178. The delivered material enters the 

liver due to the fenestrated sinusoids allowing the high pressure liquid into the liver. The liver 

swells up as the high pressure forces liquid and dissolved material into the hepatocytes. There is 

research being done to adapt the technique to larger animals, such as dogs, pigs, and nonhuman 

primates, but this requires surgical techniques to isolate the liver from the rest of the 

circulation179–181. Though hydrodynamic injection is safe enough for routine use in small animals 

in research labs, the technique might not ever be made safe enough for practical use in humans.

Our lab has adapted hydrodynamic delivery to test the stability of DNA polyplex 

formulations in circulation by separating the DNA and saline doses. Plasmid DNA polyplex is 

first injected into the tail vein of a mouse in a small volume, approximately 100 μL. The DNA is 

allowed to circulate for some time, then the large volume of normal saline is rapidly injected into

the tail vein to complete the hydrodynamic delivery. This technique has proven useful for 

demonstrating that plasmid DNA remains intact in the bloodstream over time182–185. If the DNA is

intact, expression after delayed hydrodynamic stimulation is equal to expression of an equal dose

of DNA after direct hydrodynamic delivery.
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After hydrodynamic delivery of a luciferase encoding plasmid, luciferase activity can be 

measured using bioluminescent imaging. Bioluminescent imaging uses a sensitive CCD camera 

to capture photons emitted from the liver of an anesthetized mouse, generating an image that 

shows where the photons are being emitted from. Our group calibrated the bioluminescent 

imaging assay so that it could be used quantitatively186.

1.5.2 Disulfide Linked Cationic Peptides

One issue with cationic polymers is that the polymers are almost always heterogenous. 

The range and distribution of polymer sizes may affect the transfection efficiency in vitro or their

pharmacodynamics, pharmacokinetics, or biodistribution in vivo. If the polymer needs to be 

chemically modified with targeting ligands or other functional groups, the ligands are added at 

essentially random positions. The polydispersity in size and ligand sites may create significant 

batch to batch variation and complicate transfection.

To overcome some of these issues, cationic peptides may be used instead of cationic 

polymers. Because peptides can be produced by solid phase peptide synthesis, they can be 

reliably made with controlled size and known structure. The 20 standard amino acids, and many 

more artificial ones, allow a wide variety of functional groups to be added. However, solid phase 

peptide synthesis can only produce peptides of limited size, and yields quickly fall off as length 

increases.

To compensate for the shorter lengths, several peptides can be linked together using 

disulfide bonds by adding a cysteine at each end. Our group has produced several sulfhydryl 

crosslinking cationic peptides for gene delivery187–191. The crosslinking peptides produced higher 
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levels of expression than their cysteine free non-crosslinking counterparts. The longer lengths 

achieved by linking several peptides together created higher affinity for DNA, and when the 

polyplexes entered cells, the disulfides were reduced, weakening the affinity and releasing the 

DNA. Peptides were produced with PEG and targeting oligosaccharides and were able to 

produce detectable expression of secreted alkaline phosphatase in mice for up to 12 days after 

infusion into the tail vein189,190. The fusogenic peptide melittin, which is cationic, was modified 

with additional lysines and terminal cysteines. When crosslinked on DNA, it was able to 

transfect cells in vitro and compete with PEI191. Similar formulations were dosed in vivo and 

hydrodynamically stimulated at 5 min after initial dose182. Even though the bioluminescent signal

was 5000 fold less than direct hydrodynamic injection of plasmid DNA, it was still able to 

provide some protection in the blood.

However, even these peptides have quite a bit of polydispersity because the number of 

peptides that crosslink cannot be controlled. Methods to produce crosslinked peptides with 

controlled structure were developed. By protecting the C terminal cysteine with dithiopyridine 

group and attaching an FMOC protected thiazoladine group, peptides could be assembled under 

controlled conditions192. The N terminal FMOC thiazoladine could be deprotected with 

piperadine, followed by silver triflate to convert the thaizoladine to a cysteine with a free thiol, 

which could react with the dithiopyridine on the next peptide. This method was extended by 

using a modified thiazolidine to create a penicillamine instead of a cysteine after deprotection193. 

The penicillamine disulfide bonds are more stable than cysteine disulfide bonds so that the 

peptide structure falls apart in a more controlled manner upon reduction. By using 

acetamidomethyl groups as an orthogonal protection group, individual cysteines on a peptide 
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could be deprotected, allowing the convergent synthesis of large peptide structures194.

The great diversity of sequences available through solid phase peptide synthesis allows 

for the creation of large peptide libraries that might be useful as transfection agents. By adding 

cysteines to each end of the peptide to allow sulfhydryl crosslinking, different peptides can be 

polymerized, making the possible number of compounds much much larger. A large library was 

produced with 256 crosslinking peptides, then peptides were mixed and crosslinked to produce 

larger libraries (unpublished data). Attempts were made to analyze these peptides for potential as 

transfection agents failed to produce any outstanding compounds.

1.5.3 Polyacridine Peptides

Cationic lipids and cationic polymers bind to DNA by purely electrostatic interactions. 

These interactions can be displaced by the presence of competing ions, such as salts, proteins, or 

the cellular surface. To provide another mechanism of binding and increase affinity for DNA 

under physiological conditions, intercalating acridine groups were added to a polylysine peptide. 

Acridines were added either by conjugating acridine to a finished polylysine peptide195, or 

building the peptide using an acridine-lysine amino acid196. The latter method was determined to 

be more effective. These peptides could bind to and condense DNA efficiently, and could protect 

it in the bloodstream of mice for prolonged periods of time. By altering the spacing of the 

acridine groups and how PEG was attached to the peptides, DNA stability was improved enough 

to keep it intact in the bloodstream for up to 4 hours184,185.
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1.5.4 Fusogenic Peptides

To help improve endosomal escape, a modified polyacridine peptide was produced using 

arginines instead of lysines to space out the acridine residues, and melittin was attached to the 

peptide either through a reducible disulfide linkage or a nonreducible maleimide linkage197. 

These peptides were used to transfect cultured cells in vitro, and some were able to transfect as 

well as PEI. The reducible linkages produced expression up to 1000 fold greater than their 

maleimide counterparts. This demonstrated that efficient transfection was possible in vitro using 

fairly short peptides rather than long cationic polymers or crosslinked melittin systems, and 

emphasizes the importance of releasing the fusogenic melittin from the DNA binding peptide.

1.5.5 Targeted Delivery

To improve the specifity and uptake of our peptide based nonviral gene delivery systems, 

some targeting ligands have been attached to the DNA binding peptides. The most commonly 

used ligand in our group is the triantennary oligosaccharide from bovine fetuin, which binds with

high affinity to the asialoglycoprotein receptor commonly found on hepatocytes and can be 

internalized198. Sulfhydryl crosslinking cationic peptides with triantennary oligosaccharides were 

prepared with plasmid DNA and delivered to mice190. The formulations with the targeting 

oligosaccharide showed greater specifity for hepatocytes than for Kupffer cells, while 

nontargeted formulations were taken up by both cell types by approximately 50%.

Cationic peptide formulations using various amounts of crosslinking melittin and 

crosslinking PEG peptides with 10% of crosslinking triantennary oligosaccharide glycopeptide 

were prepared with DNA and tested in vivo by hydrodynamic stimulation at 5 minutes post-
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delivery182. Those formulations with triantennary oligosaccharide produced higher signal than a 

control formulation where the terminal galactose residues of the oligosaccharide had been 

removed. The triantennary oligosaccharide peptides were also able to improve the formulation's 

specifity for hepatocytes, where 60% of the dose was found in hepatocytes and 40% in Kupffer 

cells. When the control oligosaccharide was used, 62% of the dose was found in Kupffer cells.

The triantennary oligosaccharide has also been conjugated to polyacridine peptides to 

improve the hepatocyte targeting. However, replacing some of the PEGylated peptides with the 

triantennary peptides tended to harm the biodistribution properties without evidence of targeting 

(unpublished data). To help alleviate this issue, peptides have been produced with the 

triantennary oligosaccharide conjugated to the polyacridine peptide through a long PEG linker, 

which should better present the oligosaccharide to the receptor while preserving the 

biodistribution.

Another targeting oligosaccharide used by our group is a high mannose oligosaccharide 

purified from soybean agglutinin196. The oligosaccharide was conjugated to a polyacridine 

peptide and used to transfect CHO cells in vitro. The CHO cells were split into 2 groups, one 

expressing the dendritic cell SIGN receptor and one without. The receptor positive cells showed 

100 fold higher expression than the receptor negative cells, indicating that the high mannose 

oligosaccharide could be used to target an in vivo delivery system to dendritic cells and be useful

for DNA based vaccines.

A targeting peptide studied by our group was octreotide, a cyclic peptide often bound to 

radioisotopes and used to image tumors by binding to the somatostatin receptor199. The peptide 

was produced and conjugated to polyacridine peptides, but did not show any significant 
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improvement in transfection (unpublished data).

1.6 Research Objectives

Current treatment options for genetic disorders of the liver leave much to be desired. 

Some disorders, such as hemophilia, can be managed through enzyme replacement therapy, 

which is expensive. Others, such as phenylketonuria, can be managed with a very strict diet. 

Others must be treated with liver transplantation, which requires a donor liver and life-long 

immune suppression. Gene therapy has the potential to offer better treatment for these disorders 

and others.

However, the field of gene therapy is still in its infancy. Only one gene therapy, Glybera, 

has been approved for use. Viral gene therapies pose the potential threat of insertional 

mutagenesis, inflammatory responses, and neutralizing antibodies that may prevent recurring 

doses. Nonviral gene therapy is believed to have a better safety profile with lower costs and 

better quality control. Unfortunately, nonviral gene therapy has remained less efficient than viral 

gene therapy in vivo.

This thesis is meant to expand on the work of others to improve nonviral gene therapy to 

the liver, with the ultimate goal of creating a safe and efficient method to deliver DNA to the 

liver.

In chapter 2, the in vitro transfection of HepG2 cells and primary hepatocytes in small 

format 384 and 1536 well plates with PEI or calcium phosphate will be presented. Primary 

hepatocytes are closer to the in vivo conditions of the liver than cancer derived HepG2 cells, and 

transfection agents that transfect primary hepatocytes in culture may be better suited for in vivo 
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delivery. By performing the transfection in small volumes, more compounds can be tested with a 

given batch of cells, increasing the efficiency of the experiments, and allowing high throughput 

screening of transfection agents.

In chapter 3, the mechanism behind delayed hydrodynamic stimulation is explored, and 

the effect of scavenger receptors on polyplex uptake is elucidated. By better understanding how 

the DNA nanoparticles behave in circulation and how to extend their circulatory half-lives, better

DNA delivery systems can be built. Longer circulation times give more opportunities for a 

targeted DNA nanoparticle to find its target and successfully deliver its cargo. Furthermore, 

concepts learned here may be applied to nanoparticles in general.

Chapter 4 presents the development of messenger RNA peptide polyplexes with 

PEGylated polyacridine peptides for in vivo delivery. Messenger RNA does not need to enter the 

nucleus to express protein, and mRNA delivery may be a good way to treat certain illnesses 

where long-term protein expression is not needed. A functional mRNA delivery system may also 

be a useful tool for developing better DNA delivery systems. However, overcoming the inherit 

instability of mRNA presents a significant challenge.

Chapter 5 presents efforts towards using the membrane disrupting enzyme phospholipase 

A2 to aid in nuclear entry or endosomal escape. While this work failed to produce a useful 

reagent to enhance gene delivery, several modifications were successfully made to the enzyme 

by chemical conjugation, and some progress was made toward genetic modification of the 

enzyme.
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2 Miniaturization of Gene Transfection Assays in 384 and 1536 Well Microplates

In collaboration with Jing Li, Sanjib Khargharia, and Meng Wu

This research is also presented in Analytical Biochemistry, 470 (2015) 14 – 21. 

2.1 Abstract

Miniaturization of in vitro transfection assays to 384 or 1536 well plates greatly reduces 

the cost of experiments while increasing the number of experiments that can be performed, 

compared to the more common 96 well plate assays. This efficiency is especially valuable for 

primary cells, which are usually obtained in limited numbers. Luciferase and GFP reporter gene 

transfer assays were developed to optimize conditions of cell density, DNA dose, ratio of DNA to

transfection agent, and luciferin dose. HepG2, CHO, and NIH 3T3 cells were transfected with 

polyethyleneimine, PEI, in 384 and 1536 well plates. Optimal parameters for luciferase 

transfection of HepG2 cells in 384 well plates were 5000 cells per well, 250 ng of DNA PEI per 

well at N:P ratio of 9. In 1536 well plates, 1200 cells per well with 80 ng DNA PEI at N:P of 9. 

These conditions produced Z' of 0.53 in 384 well plates, high enough for use in high throughput 

screening assays. However, Z' in 1536 well plates was only 0.42, below the 0.5 threshold. 

Primary hepatocytes were extracted from mice and plated in 384 well plates. Primary cells were 

transfected with PEI and calcium phosphate nanoparticles. When using PEI, optimal conditions 

were 250 cells per well and 400 ng per well of DNA PEI at N:P of 7. When using calcium 

phosphate, optimal conditions were 250 cells per well with 250 ng DNA per well at Ca:P ratio of 

200. While primary hepatocyte transfections had large variability, Z' factors were below zero, the

number of cells used per well was very low, allowing a single animal to provide enough cells to 
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perform many more experiments than previously possible.

2.2 Introduction

High throughput screening has become an important tool in the discovery of new 

pharmaceutical agents. To facilitate measurements on hundreds to thousands of samples in 

reasonable amounts of time and at affordable costs, assays must be miniaturized to fit in small 

volumes while retaining accuracy and precision. Assays have typically been adapted for use in 

96 well plates, but recent years have seen increased use of 384 and 1536 well plates200,201. In 

addition to smaller plates allowing more samples to be analyzed at smaller volumes, advances in 

robotics have allowed for automated plate handling, liquid pipetting, and measurement.

In vitro non-viral transfection of cultured cells have been very useful for biological 

research. Transfection agents including cationic lipids202–204, polyethyleneimines205,206, 

cyclodextrins207,208, chitosan and polysaccharides209, dendrimers210–212, polylysines213,214, and 

disulfide cross-linking peptides187,188 have been studied using screening assays, but usually in 6 to

96 well plates. These assays often use luciferase or green fluorescent protein reporter genes, due 

to their relatively simple assays.

Most classes of transfection agents are amenable to combinatorial and parallel chemistry, 

allowing for the creation of large compound libraries. Assaying these large libraries becomes 

cumbersome and expensive without miniaturization to save time, materials, and cost. Several 

reports have utilized 384 well plates for screening of transfection agents205,210,215–223, but did not 

report optimization parameters for cell culture and transfection. Even fewer reports are available 

for gene transfection assays in 1536 well plates224–227. In addition to DNA delivery vectors, 

54



www.manaraa.com

miniaturized assays have been reported for siRNA delivery vectors to demonstrate knockdown in

stably transfected cells205,210,215–223.

Most in vitro transfection assays use mammalian cancer cell lines, which divide rapidly 

and can be easily maintained in culture228. This allows for large numbers of cells to be grown and

used in the large format 6 and 96 well plate assays. However, these cells may not behave like 

their in vivo counterparts. Rapidly dividing cultured cells are much easier to transfect than non-

dividing primary cells because the nuclear envelope is disassembled every time the cell divides, 

allowing plasmid DNA to enter the nucleus and become expressed229. Transfection agents that 

work well for cancer cell lines often fail to efficiently transfect primary cells230, making in vitro 

transfection assays unreliable when developing transfection agents for in vivo use.

However, primary hepatocyte transfection has been reported with calcium phosphate 

(CaPO4) nanoparticles231,232, cationic lipids233–235, and galactose based cationic glycolipids236,237. It 

is hoped that in vitro transfection agents that work well in primary cells are more likely to 

function in vivo. Obtaining and preparing primary cells for in vitro transfection is difficult, with 

a single animal providing a limited number of cells. Primary cells usually do not divide and 

cannot be maintained in culture for more than a few days. Therefore, miniaturization of 

transfection assays is critical for getting as many experiments as possible from a single batch of 

cells238.

We have optimized in vitro non-viral transfection assays in 384 and 1536 well plates for 

HepG2, CHO, and NIH 3T3 cells using PEI. Additionally, we have optimized transfection for 

primary hepatocytes in 384 well plates using PEI and CaPO4 DNA nanoparticles. These results 

allow for transfection of many samples of cells at minimal cost.
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2.3 Materials and Methods

2.3.1 Cell Culture

HepG2, NIH 3T3, and CHO cells (American Type Culture Collection, Manassas, VA) 

were maintained in 10 cm plates with DMEM/F12 media without phenol red (Gibco Life 

Technologies, Grand Island, NY, USA) supplemented with 10% FBS (Gibco Life Technologies, 

Grand Island, NY, USA) and 1% 10,000 units/mL Penicillin/ 10,000 μg/mL streptomycin (Gibco 

Life Technologies, Grand Island, NY, USA). FBS was heat deactivated at 50 °C for 30 min. Cells

were passed twice a week.

2.3.2 Primary Hepatocyte Extraction

Primary hepatocyte culture media was prepared with 500 mL Williams E Medium (Gibco

Life Technologies, Grand Island, NY, USA), 5 mL penicillin/streptomycin (Gibco Life 

Technologies, Grand Island, NY, USA), 2.5 mL gentamycin (Gibco Life Technologies, Grand 

Island, NY, USA), 0.2 mL fungizone (Gibco Life Technologies, Grand Island, NY, USA), 5 mL 

200 mM L-glutamine (Sigma Aldrich, St. Louis, MO, USA), 5 mL non-essential amino acids 

(Gibco Life Technologies, Grand Island, NY, USA). Percoll buffer was prepared with 9 mL 

percoll (GE Healthcare, Uppsala, Sweden), 1 mL 10X Hank's Balanced Salt Solution (Gibco Life

Technologies, Grand Island, NY, USA), and 0.2 mL PBS (Gibco Life Technologies, Grand 

Island, NY, USA).

Primary hepatocytes were obtained from ICR mice (Harlan Laboratories, Indianopolis, 

IN, USA) by collagenase perfusion method239. Briefly, mice were anesthetized with ketamine and

xylazine and restrained. A U incision was cut in the abdomen and intestines were moved to 
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expose inferior vena cava and portal vein. A cannula was inserted into the inferior vena cava and 

39°C Liver Perfusion Medium (Gibco Life Technologies, Grand Island, NY, USA) was pumped 

into the liver at 10 mL/min with a peristaltic pump for 10 min. Portal vein was cut to let fluid 

drain, and blood was flushed from the liver. Liver was then perfused with 39°C Liver Digest 

Medium (Gibco Life Technologies, Grand Island, NY, USA) for 10 min. As liver was digested, it

swelled. Perfusion was stopped when gently touching the liver would leave an indentation. The 

liver was removed and placed in a 10 cm plate with primary hepatocyte culture media, the 

gallbladder was removed and the liver was cut into sections, releasing the hepatocytes.

The crude hepatocyte suspension was passed through a 100 μm mesh filter into two 

sterile 50 mL tubes. Tubes were centrifuged at 50xg for 2 min, sedimenting live hepatocytes 

while leaving dead hepatocytes and other liver cells in supernatant. Supernatant was discarded 

and pellet was suspended in 10 mL primary hepatocyte culture media. Then, 10 mL of percol 

buffer was added and mixture was centrifuged at 50xg for 3 min. Supernatant was discarded and 

pellet was resuspended in 20 mL primary hepatocyte media and centrifuged at 50xg for 2 min. 

Pellet was suspended in 10 mL primary hepatocyte media. An aliquot of cells were stained with 

trypan blue and counted on hemocytometer to determine cell density and viability.

2.3.3 Luciferase Calibration Curve

HepG2 cells were plated into a 384 black solid wall well plate (VWR, Radnor, PA, USA) 

at 5000 cells per well, using a BioTek Multiflo (BioTek, Winooski, VT) with 5 μL cassette in 26 

μL media. Cell suspensions were gently stirred to prevent settling during plating. At 24 hr post 

plating, 30 μl of firefly luciferase (Roche, Mannheim, Germany) at 0.64 – 10,000 pg/μL was 
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added to triplicate wells using the 384 pin head on a Janus automated workstation (Perkin Elmer,

Waltham, MA, USA), followed by addition of 10, 20, or 30 μL of ONE-Glo luciferin solution 

(Promega, Fitchburg, WI, USA).

HepG2 cells were plated into each well of a 1536 black solid wall well plate (VWR, 

Radnor, PA, USA) at 1200 cells per well, using the BioTek Multiflo with 1 μL cassette in 6 μL 

media. Then, 2 μL of luciferase at 4.6 – 10,000pg/μL was added with 384 pin head of Janus 

automated workstation, followed by addition of 1 – 3 μL ONE-Glo luciferin.

Both plates were centrifuged at 1000 RPM for 1 min and incubated at room temperature 

for 4 min, then bioluminescence was measured on a Wallac Envision 2104-0010 Mutlilabel Plate

Reader (Perkin Elmer, Waltham, MA, USA) with an emission filter of 700 nm at height of 6.5 

mm.

2.3.4 Luciferase In Vitro Transfection of HepG2 Cells in 384 and 1536 Well Plates

HepG2 cells were plated at 5000 cells per well in 384 well plates. At 48 hr after plating, 

gWiz-Luc luciferase expressing plasmid DNA (Aldevron, Fargo, ND, USA) was mixed with an 

equal volume of polyethyleneimine, PEI, in HEPES Buffered Mannitol, HBM (5 mM HEPES, 

2.7 M mannitol, pH 7.5) at a nitrogen:phosphate , N:P, ratio of 9, followed by incubation at room

temperature for 30 min. Finally, 250 ng of gWiz-Luc PEI polyplex in 5 μL HBM was added to 

each well of cells. 

HepG2 cells were plated at 1200 cells per well in 1536 well plates. Then 80 ng of gWiz-

Luc PEI polyplex in 2 μL HBM was added to each well.
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At 48 hr post-transfection, 5, 10, 20, or 30 μL ONE-Glo luciferin was added to each well 

of the 384 well plate and 1, 2, or 3 μL was added to each well of the 1536 well plate. Plates were 

centrifuged, incubated, and measured as described above. 

2.3.5 Optimization of Cell Seeding Number and DNA Dose

HepG2 cells were plated at 2500, 5000, 10,000, 15,000, or 20,000 cells per well in 384 

well plates. gWiz-Luc plasmid DNA was prepared with PEI at N:P of 9, and added to cells at 

100, 150, 200, 250, or 300 ng per well in volume of 5 μL. 

HepG2 cells were plated at 600, 900, 1200, or 1500 cells per well in 1536 well plates. 

gWiz-Luc plasmid DNA was prepared with PEI at N:P of 9, and added to cells at 40, 60, 80, 100,

and 120 ng per well in 2 μL. 

At 48 hr post transfection 10 μL of ONE-Glo was added to each well of the 384 well 

plate, and 2 μL ONE-Glo was added to each well of the 1536 wellplate. Plates were centrifuged, 

incubated, and measured as above.

2.3.6 Optimization of N:P Ratio and Bioluminescence Acquisition Time

HepG2 cells were plated in each well of 384 well plates at 5000 cells per well. gWiz-Luc 

plasmid DNA was prepared with PEI at N:P ratios from 0 – 27. Then, 250 ng of DNA PEI 

polyplex was added to each well of the plate in 5 μL volume.

HepG2 cells were plated in each well of 1536 well plates at 1200 cells per well. gWiz-

Luc plasmid DNA was prepared with PEI at N:P ratios of 0 – 26 and 75 ng DNA PEI polyplexes 

were added to each well in 2 μL volume.
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At 48 hr post-transfection, 10 μL ONE-Glo was added to each well of the 384 well plate, 

and 3 μL ONE-Glo was added to each well of the 1536 well plate. Both plates were centrifuged 

as above, but the 384 well plate was measured at 5, 10, 25, and 60 min. The 1536 well plate was 

measured at 5, 10, 25, 45, and 60 min.

Optimization for NIH 3T3 and CHO cells were performed following the procedures 

outlined for HepG2 cells.

2.3.7 Whole Plate Transfections

HepG2 cells were plated in every well of 384 and 1536 well plates with optimized 

conditions. In 384 well plates, cells were plated at 5000 cells per well, with 250 ng gWiz-Luc 

PEI polyplex at N:P of 9 and measured 5 min after addition of ONE-Glo, 2 columns were left 

untransfected to measure background. In 1536 well plates, cells were plated at 1200 cells per 

well, with 80 ng of gWiz-Luc PEI polyplex at N:P of 9 and measured at 5 min after addition of 

ONE-Glo, 4 columns were left untransfected to measure background.

2.3.8 GFP Transfection

In 384 well plates, 10,000 HepG2 cells were plated per well, and transfected with 250 ng 

of gWiz-GFP plasmid DNA with PEI at N:P of 0, 2, 4, 6 8, 9, 10, 12, 14, 18, and 27. 

Fluorescence was measured at 48 and 72 hr post-transfection on a Wallac Envision plate reader 

with λex = 480 nm and λem = 510 nm.

In 1536 well plates, 1500 HepG2 cells were plated per well and transfected with 60 ng of 

gWiz-GFP plasmid DNA with PEI at N:P of 0, 2, 4, 6, 8, 9, 10, 12, 14, 18, 27. Fluorescence was 
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measured as described above.

2.3.9 Transfection of Primary Hepatocytes in 384 Well Plates

Primary hepatocytes, extracted as described above, were plated manually by 8 channel 

pipetter as the BioTek MultiFlo peristaltic pump used for HepG2 cells caused too much damage 

to primary hepatocytes, in 45 μL of Wiliam's Essential Media (Gibco Life Technologies, Grand 

Island, NY, USA). Since primary hepatocytes quickly lost viability, transfections were performed

immediately after cells were plated instead of 24 hr post plating.

Fluid handling was done with a Hamilton Microlab Star Liquid Handling System 

(Hamilton, Reno, NV, USA). The instrument was programmed to transfer fluid from 1 well of a 

96 well plate to 12 wells of 1 row of a 384 well plate to deliver DNA or luciferin to wells. 

Contents of wells A, B, C... of column 1 of the 96 well plate were transferred to rows A, C, E... 

respectively of the 384 well plate, while column 2 of the 96 well plate was transferred to rows B,

D, F... of the 384 well plate. This program could be used to make up to 16 experimental groups 

with up to 12 samples in each group. However, the last three wells in each row often showed less

signal than the other wells, suggesting that material was not delivered as well (Fig. 2-1)
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2.3.10 Effect of Collagen on Primary Hepatocyte Transfection

Rat Tail Collagen Type I (BD Biosciences, Franklin Lakes, NJ, USA) was diluted to 50 

μg/mL in 20 mM acetic acid and 20 μL of solution was added to each well of alternating rows of 

a 384 well plate. Treated plates were incubated in cell culture hood for 2 hr, and rinsed three 

times with 50 μL PBS per well.

Primary hepatocytes were plated at 5000 cells per well in the collagen treated plates. At 

24, 48, and 72 hr after plating, media was removed from some wells and cell viabilities were 

determined by hemocytometer with trypan blue staining.

Primary hepatocytes were plated in all wells at 5000 cells per well and transfected with 

400 ng of gWiz-Luc PEI polyplexes at N:P of 0.5, 1.0, 2.0, 4.0, 7.0, 9.0, 11.0, and 13.0. At 24 hr 

post-transfection, bioluminescence was measured as described above.

2.3.11 Optimization of Primary Hepatocyte Cell Seeding Density

Primary hepatocytes were plated at 0, 15, 31, 62, 125, 250, 500, and 1000 cells per well 

in 384 well plates. Then, 400 ng of gWiz-Luc plasmid DNA PEI polyplex at N:P of 7 was added 

to each well of alternating rows, leaving other rows as untransfected controls. Bioluminescence 
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Figure 2-1: Robotic Plating Diagram. The Hamilton Microlab Star was programmed to
transfer fluid from a 96 well plate to a 384 well plate. Wells are color coded to show what well

in the 96 well plate is used for each well in the 384 well plate.

Robotic
Liquid

Transfer
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was measured at 24 hr post-transfection as described above. 

2.3.12 Optimization of Primary Hepatocyte PEI N:P Ratio

Primary Hepatocytes were plated at 1000 cells per well in 384 well plates and transfected

with 400 ng gWiz-Luc plasmid DNA PEI polyplexes at N:P of 0.5, 1, 2, 4, 7, 9, 11, and 13 in 

alternate rows. Bioluminescence was measured at 24 hr post-transfection as described above.

2.3.13 Primary Hepatocyte Bioluminescence Time Course

Primary Hepatocytes were plated at 250 cells per well in 384 well plates and transfected 

with 400 ng gWiz-Luc DNA PEI polyplexes at N:P of 7 in alternate rows. Bioluminescence of 1 

row of transfected cells and 1 row of nontransfected cells was measured every 12 hr for 96 hr.

2.3.14 Optimization of Primary Hepatocyte DNA PEI Dose 

Primary Hepatocytes were plated at 250 cells per well and transfected with 0, 50, 100, 

150, 200, 300, 350, 400, 450, 500, 550, 600, 650, 700, or 750 ng of gWiz-Luc DNA PEI 

polyplexes at N:P of 7. Bioluminescence was measured at 24 hr post-transfection as described 

above.

2.3.15 Transfection of Primary Hepatocytes with Calcium Phosphate Nanoparticles

Calcium Phosphate, CaPO4, DNA nanoparticles were produced with a procedure adapted 

from Olton et al108. Briefly, 13 μL of 0.5 M CaCl2 was added to 117 μL of water containing 0.5 – 

9.3 μg of gWiz-Luc plasmid DNA and allowed to equilibrate at room temperature for 15 min. 
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The DNA CaCl2 solution was added to an equal volume, 130 μL, of 280 mM NaCl, 10 mM KCl, 

12 mM dextrose, 50 mM HEPES, 1.25 mM Na3PO4, pH 7.5 at 13.4 μL per second using a 

syringe pump and vortexer to ensure rapid and consistent mixing.

Primary hepatocytes were plated at 250 cells per well in 384 well plates and CaPO4 DNA 

nanoparticles were added with 0, 1, 5, 10, 20, 30, 40, 50, 100, 150, 200, 250, 300, 350, 400, 450, 

500, 500, 600, 650, 700, or 750 ng DNA per well in volume of 5 μL. Bioluminescence was 

measured at 24 hr post-transfection as described above. 

2.3.16 Effect of Excess DNA on CaPO4 DNA Nanoparticle Transfection

CaPO4 DNA nanoparticles were prepared as above, with 2.5 μg gWiz-Luc for 

approximately 50 ng of luciferase expressing DNA per well, and 0, 0.25, 0.5, or 2.5 μg of pSeap 

Control secreted alkaline phosphatase vector (Clontech, Mountain View, CA, USA) as a dummy 

plasmid. Primary hepatocytes were plated at 250 cells per well and transfected with these 

particles. Bioluminescence was measured at 24 hr post-transfection as described above.

2.3.17 Effect of PEGylated Polyacridine Peptide on CaPO4 DNA Nanoparticle Transfection

CaPO4 DNA nanoparticles were prepared as above with 2.5 μg gWiz-Luc plasmid DNA. 

After formation of particles, 0.0625, 0.125, 0.25, or 0.5 nmol of (Acr-Lys4)3-Acr-Lys-

PEG5KDa
184,185 was added to the particle suspension and incubated at room temperature for 15 

minutes before addition to primary hepatocytes at 250 cells per well. Bioluminescence was 

measured at 24 hr post-transfection as described above.
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2.3.18 siRNA Knockdown of Luciferase in Luciferase Expressing Primary Hepatocytes

Transgenic mice were bred to produce animals that constitutively expressed firefly 

luciferase in their livers. This was done by breeding B6.Cg-Tg(Alb-cre)21Mgn/J mice, which 

express Cre recombinase controlled by an albumin promoter, with 

FVB.129S6(B6)Gt(ROSA)26Sor<tm1(Luc)Kael>/J mice, which have a luciferase gene driven 

by the ROSA 26 sor locus. This produced a brown colored mouse, which was bred with albino 

C57BL/6 mouse (B6(Cg)-Tyr<c-2J>/J to produce albino mice with luciferase expression in the 

liver. All mice strains were obtained from Jackson Laboratories, Bar Harbor, ME, USA.

Primary hepatocytes were prepared as above from these transgenic mice. An anti-

luciferase siRNA (Integrated DNA Technologies, Coralville, IA, USA) targeted against sequence 

GAUUAUGUCCGGUUAUGUA240 with chemical modifications to prevent RNase degradation, 

was prepared with PEI at N:P of 9 with 0.022, 0.22, or 1.0 μg of RNA. RNA PEI polyplexes 

were delivered to hepatocytes and bioluminescence was measured as described above.

2.4 Results

2.4.1 Luciferase Calibration Curve

Luciferase was added to HepG2 cells and bioluminescence was measured to determine 

the relationship between amount of luciferase and bioluminescent signal with different amounts 

of luciferin in the presence of cells. In 384 well plates, background signal with no luciferase 

produced approximately 102 relative light units, RLU. Increasing the luciferase up to 300,000 pg 

per well produced a linear relationship across 7 orders of magnitude, and demonstrated that the 

detector was not saturated at 300,000 pg per well, which produced approximately 5x106 RLU 
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(Fig. 2-2A). There was no significant difference between 10, 20, or 30 μL of ONE-Glo luciferin. 

Therfore, 10 μL was chosen as optimum amount of ONE-Glo for subsequent measurements in 

384 well plates.

In 1536 well plates, luciferase was added at 0 to 20,000 pg per well with 1, 2, or 3 μL 

ONE-Glo. This still produced a linear relationship between pg of luciferase and RLU which 

covered 4 orders of magnitude (Fig. 2-2B). While there was no significant difference between 1, 

2, or 3 μL of luciferin, the 1 μL results showed slightly higher standard deviations. Therefore, 2 

μL ONE-Glo luciferin was chosen for subsequent measurements in 1536 well plates.

2.4.2 Luciferase In Vitro Transfection of HepG2 Cells in 384 and 1536 Well Plates

HepG2 cells were transfected with gWiz-Luc luciferase expressing plasmid DNA using 

PEI as the transfection agent. In 384 well plates, bioluminescence was measured with 5, 10, 20, 

or 30 μL ONE-Glo luciferin. The 10, 20, and 30 μL samples all produced approximately 105 

RLU, while the 5 μL samples produced approximately 104. All transfected wells showed 

significantly higher luminescence than non-transfected controls (Fig. 2-3A). Signal to
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Figure 2-2: Luciferase Standard Curve. Purified luciferase enzyme was added to HepG2 cells
on either 384 well plates in A or 1536 well plates in B. Both show good linearity and dynamic

range.
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background between transfected and non-transfected wells was approximately 3000.

In 1536 well plates, bioluminescence was measured with 1, 2, or 3 μL of ONE-Glo 

luciferin. All three transfected groups produced approximately 104 RLU, significantly higher 

luminescence than non-transfected controls, however the 1μL samples produces a slightly lower 

signal than 2 or 3 μL (Fig 2-3B). Signal to background between transfected and non-transfected 

wells was approximately 455.

2.4.3 Optimization of Cell Seeding Number and DNA Dose

HepG2 cells were plated on 384 well plates at 2500 – 20,000 cells per well and 

transfected with 0 – 300 ng gWiz-Luc DNA PEI at N:P of 9. Non-transfected controls showed 

luminescence at background of 102 RLU. At 100 ng per well, cell seeding density had significant
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Figure 2-3: Transfection of HepG2 Cells in 384 and 1536 Well Plates. HepG2 cells were plated
in 384 well plates in A or 1536 well plates in B and transfected with gWiz-Luc PEI polyplexes.
Bioluminescence was measured with 5, 10, 20, or 30 μL ONE-Glo Luciferin in A or 1, 2, or 3

μL in B. Transfected cells show significantly higher signal than nontransfected controls. * = p ≤
0.05 relative to blank.
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effects on expression, with 2500 cells per well producing more luminescence than the higher 

density samples. However, as DNA PEI dose increased, the cell seeding density became less 

important and all produced approximately105 RLU (Fig. 2-4A). Cell seeding density of 5000 per 

well and DNA dose of 250 ng per well were chosen as optimum parameters for subsequent 

experiments in 384 well plates. 

On 1536 well plates, HepG2 cells were plated at 600-1500 cells per well and transfected 

with 0 – 120 ng gWiz-Luc PEI at N:P of 9. At 40 ng DNA PEI dose, all cell seeding densities 

produced approximately 104 RLU, significantly higher than background. As DNA dose increased

the luminescence slightly decreased, especially on the lower cell seeding densities, such that at 

120 ng DNA PEI, only the 1500 cell per well samples showed luminescence significantly higher 

than background (Fig. 2-4B). Cell seeding density of 1200 cells per well with DNA dose of 80 

ng per well were chosen as optimum parameters for subsequent experiments in 1536 well plates.
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Figure 2-4: Influence of Cell Plating Number and DNA Dose on Transfection. HepG2 cells
were plated in 384 well plates at 2500 – 20,000 cells per well and transfected with 0 – 300 ng
gWiz-Luc PEI polyplexes in A, or 600 – 1500 cells per well were plated in 1536 well plates
and transfected with 0 – 120 ng gWiz-Luc PEI polyplexes in B. In 384 well plates, optimal

DNA dose was 250 ng, in 1536 plates, optimal DNA dose was chosen as 80 ng. * = p ≤ 0.05
relative to 0 ng DNA dose.
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2.4.4 Optimization of N:P Ratio and Bioluminescence Acquisition Time

HepG2 cells were plated in 384 well plates at 5000 cells per well and transfected with 

250 ng of gWiz-Luc plasmid DNA with PEI at N:P ratios from 0 – 27. Bioluminescence was 

measured 5, 10, 25, and 60 min after addition of ONE-Glo luciferin. N:P ratios from 4 – 18 

produced luminescence significantly higher than background, however N:P of 4 produced lower 

signal than other ratios (Fig. 2-5A). Luminescent signal was consistently, but not significantly, 

lower at later time points. N:P of 9 and a measurement time of 5 min were chosen as optimum 

parameters for 384 well plates.

HepG2 cells were plated in 1536 well plates at 1200 cells per well and transfected with 

75 ng gWiz-Luc plasmid DNA with PEI at N:P ratios from 0 – 26. Bioluminescence was 

measured at 5, 10, 25, 45, and 60 min after addition of ONE-Glo luciferin. N:P ratios from 6 – 18

produced luminescence significantly higher than background (Fig. 2-5B), with peak signal at 
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Figure 2-5: Influence of Varying PEI to DNA Ratio and Bioluminescence Acquisition Time.
HepG2 cells were plated in 384 well plates at 5000 cells per well and transfected 250 ng gWiz-

Luc PEI polyplex at N:P ratio of 0 – 27 in A, or plated in 1536 well plates at 1200 cells per well,
transfected with 75 ng of gWiz-Luc PEI polyplex at N:P ratio of 0 – 26 in B. Bioluminescent

acquisition time was varied from 5 – 60 min. * = p ≤ 0.05 relative to 0 N:P ratio.
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N:P of 9. Signal was slightly higher at 45 min than at other time points, but not significantly so. 

N:P of 9 and measurement time of 5 min were chosen as optimum parameters for 1536 well 

plates.

2.4.5 Whole Plate Transfections

HepG2 cells were plated in all wells of 384 well plates and transfected with 250 ng of 

gWiz-Luc PEI at N:P of 9. All transfected wells showed signal of approximately 105 RLU, with 

little variability from well to well, demonstrated by a Coefficient of Variance, CV, of 16% and Z' 

factor of 0.53 (Fig. 2-6A).

HepG2 cells plated in all wells of 1536 well plates and transfected with 80 ng gWiz-Luc 

PEI at N:P of 9 showed luminescence at approximately 104 RLU. Variation was slightly higher 

than in 384 well plates, with CV of 19% and Z' of 0.42. Wells around the edge of the plate 

showed more variability than wells in the interior (Fig 2-6B).
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Figure 2-6: Whole Plate Transfections. HepG2 cells were plated in all wells of a 384 well plate
in A or 1536 well plate in B and transfected according to optimized parameters.
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2.4.6 Optimization of Other Cell Lines

Conditions for NIH 3T3 and CHO cells were optimized using similar procedures used for

HepG2 and optimal conditions are outlined in Table 2-1.

2.4.7 GFP Transfection

HepG2 cells were plated in 384 well plates at 10,000 cells per well and transfected with 

250 ng Gwiz-GFP PEI at N:P of 0 – 27 and fluorescence was measured at 48 and 72 hr post-

transfection. Signals were higher at 72 hr than at 48 hr, but with larger standard deviations. N:P 

ratios of 6 – 14 produced fluorescence above background, with N:P of 6 producing the highest 

signal (Fig. 2-7A). However, signal to background ratio was about 10 – 15.

HepG2 cells were plated in 1536 well plates at 1200 cells per well and transfected with 

60 ng gWiz-GFP PEI at N:P of 0 – 27 and fluorescence was measured at 48 and 72 hr post-

transfection. N:P from 6 – 12 produced signal significantly above background, with highest 

signal at N:P of 8 (Fig. 2-7B). Again, signal was higher at 72 hr, but standard deviations were 

also larger, and signal to background ratios still fell into the 10 – 15 range.
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Table 2-1: Summary of Optimized Transfection Parameters for Cells on 384 and 1536-Well Plates.

Plate 384-Well Plate 1536-Well Plate

Cell Type Cells/Well Cells/Well

HepG2 5000 – 15,000 150 – 300 2000 900 – 1200 40 – 100 400
HNIH 3T3 2500 – 5000 200 – 300 3800 400 – 900 60 – 120 750

CHO 2500 – 10,000 100 – 300 3200 600 – 1200 40 – 120 500
25 μL 6 μL

Polyplex 5 μL 2 μL
ONE-Glo

DNA Dose
ng/Well

S:Ba Ratio
DNA Dose
ng/Well

S:Ba Ratio

Volumeb

10 μL 2 μL
a: Signal to Background b. Volume of Media
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2.4.8 Effect of Handling and Collagen Coating on Primary Hepatocyte Transfection

Primary hepatocytes were plated on 384 well plates at 5000 cells per well using either the

BioTek Multiflow with the 5 μL or 1 μL cassette or manually with an 8-channel pipette. Viability

was estimated 24 hr later using trypan blue exclusion on hemocytometer. The MutliFlo with 5 μL

cassette produced viability of about 60%, while the cells passed through the 1 μL cassette were 

about 50% viable. The manually pipetted cells were about 80% viable.

Primary hepatocytes were plated on 384 well plates at 5000 cells per well with or without

collagen coating. Cells were removed and viability was estimated at 24, 48, or 72 hr after plating.

Viability was similar with or without collagen, with approximately 80% viable at 24 hr, 70% 

viable at 48 hr, and less than 40% viable at 72 hr.

Primary hepatocytes were plated at 5000 cells per well on 384 well plates in wells with or

without collagen coating. Cells were transfected with 400 ng of gWiz-Luc plasmid DNA PEI at 
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Figure 2-7: Transfection of HepG2 Cells with GFP in 384 and 1536-Well plates. HepG2 cells
were plated it 10,000 cells per well in 384 well plates and transfected with 250 ng gWiz-GFP

PEI polyplexes at N:P 0 – 27 in A or plated at 1500 cells per well in 1536 well plates and
transfected with 60 ng gWiz-GFP PEI polyplexes at N:P 0 – 27 in B. Optimal N:P was 6 in 384

well plates and 6 – 8 in 384 well plates. * = p ≤ 0.05 relative to 0 N:P.
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N:P of 9 and bioluminescence was measured 24 hr post-transfection. N:P ratios of 4 and above 

produced luminescence of approximately 103 RLU whether collagen was present or not (Fig. 2-

8). 

2.4.9 Optimization of Primary Hepatocyte Cell Seeding Density

Primary hepatocytes were plated in 384 well plates at 0 – 1000 cells per well and 

transfected with 400 ng gWiz-Luc PEI at N:P of 7. All wells with cells and DNA produced 

luminescence of about 103 RLU, with 500 and 1000 cells per well being significantly higher than

background (Fig. 2-9A). Interestingly, 15 – 250 cells per well produce about the same amount of 

luminescence. Therefore, 250 cells per well was chosen as optimum for primary hepatocyte cell 

seeding density.
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Figure 2-8: Effect of Collagen Coating on Primary Hepatocyte Transfection. Collagen
coating has no significant effect.
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2.4.10 Optimization of Primary Hepatocyte PEI N:P Ratio

Primary hepatocytes were plated in 384 well plates at 1000 cells per well and transfected 

with 400 ng of gWiz-Luc PEI at N:P of 0.5 – 13. N:P from 7 – 13 produced about 103 RLU, with 

74

Figure 2-9: Transfection of Primary Hepatocytes in 384-Well Plates. Primary Hepatocytes were
plated in 384 well plates at 0 – 1000 cells per well and transfected with 400 ng gWiz-Luc PEI

polyplexes at N:P of 7 in A. Primary Hepatocytes were plated at 1000 cells per well and
transfected with 400 ng gWiz-Luc PEI polyplex at N:P 0.5 – 13 in B. In C, 250 primary

hepatocytes per well were plated and transfected with 400 ng gWiz-Luc PEI polyplexes at N:P of
7 and Luminescence was measured every 12 hr for 96 hr. Optimal cell seeding density was

chosen to be 250 cells per well, with an optimal N:P of 7, and optimal measurement time of 24
hr. In A and B, * = significantly greater than nontransfected control, p < 0.05, in C * =

significantly different from signal at 24 hr, p < 0.05.
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7, 11, and 13 being significantly higher than background (Fig. 2-9B). N:P of 7 was chosen as 

optimum for primary hepatocyte PEI transfections, as N:P higher than 7 could begin to show 

toxicity.

2.4.11 Primary Hepatocyte Luciferase Expression Timecourse

Primary hepatocytes were plated at 250 cells per well and transfected with 400 ng gWiz-

Luc PEI at N:P of 7. At 12 hr intervals, a row of transfected cells and row of non-transfected 

cells were measured for bioluminescence. Luminescence was just below 104 RLU as early as 12 

hr, and peaked at approximately 104 RLU from 24 – 48 hr, then gradually fell off to 

approximately 103 RLU at 96 hr (Fig. 2-9C). Signal at all time points except 48 hr were 

significantly below signal at 24 hr. Measurement at 24 hr was chosen as optimum, but signal was

strong enough to measure even at 96 hr.

2.4.12 Optimization of Primary Hepatocyte DNA PEI Dose

Primary hepatocytes were plated at 250 cells per well in 384 well plates and transfected 

with 0 – 750 ng of gWiz-Luc PEI at N:P of 7. Signal plateaued at approximately 103 from 300 – 

550 ng per well, which were all significantly higher than non-transfected cells (Fig. 2-10A). 

DNA dose of 400 ng per well was chosen as optimum for primary hepatocytes with PEI. When 

transfected under these optimal conditions, CV was 80% and Z' was -1.9.
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Figure 2-10: PEI and CaPO4 Transfection of Primary Hepatocytes. Primary hepatocytes were
plated at 250 cells per well and transfected with 0 – 750 ng gWiz-Luc PEI polyplex at N:P 7 in

A or with 0 – 750 ng DNA CaPO4 nanoparticles in B. With PEI, an optimal plateau is seen
between 300 and 550 ng of DNA. With CaPO4, all doses above 100 ng show the same high

signal. * = significantly greater than 0 ng dose, p < 0.05.
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2.4.13 Transfection of Primary Hepatocytes with Calcium Phosphate Nanoparticles

Primary hepatocytes were plated at 250 cells per well in 384 well plates. CaPO4 DNA 

nanoparticles were prepared and dosed at 0 – 750 ng DNA per well. At doses of 100 ng per well 

and above, signal was approximately 104 RLU, an order of magnitude higher than average signal 

produced by PEI transfection (Fig. 2-10B). DNA dose of 250 ng per well was chosen as 

optimum for primary hepatocyte CaPO4 DNA nanoparticle transfection. CV was 62% and Z' was

-0.9.

2.4.14 Effect of Excess DNA on CaPO4 DNA Nanoparticle Transfection

CaPO4 DNA nanoparticles were produced with 2.5 μg gWiz-Luc plasmid DNA and 0.00, 

0.25, 0.50, or 2.50 μg pSEAP plasmid to increase total DNA without changing amount of 

luciferase expressing DNA. Primary hepatocytes were plated in 384 well plates at 250 cells per 

well and transfected with the equivalent of 50 ng of gWiz-Luc CaPO4 nanoparticles. Higher 

amounts of total DNA produced insignificantly higher luminescence (Fig. 2-11).
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Figure 2-11: Effect of Adding Dummy Plasmid when Producing CaPO4 DNA Nanoparticles.
Additional DNA did not affect transfection.
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2.4.15 Effect of PEGylated Polyacridine Peptide on CaPO4 DNA Nanoparticle Transfection

CaPO4 DNA nanoparticles were prepared with gWiz-Luc plasmid DNA and then treated 

with 0.000, 0.025, 0.050, 0.100, 0.200 nmol of PEGylated polyacridine peptide (Acr-Lys4)3-Acr-

Lys-Cys-PEG5kDa per μg of DNA. Primary hepatocytes were plated at 250 cells per well in 384 

well plates and transfected with peptide treated nanoparticles. As amount of peptide increased, 

luminescence decreased, though the change was not statistically significant (Fig. 2-12).

2.4.16 siRNA Knockdown of Luciferase in Luciferase Expressing Primary Hepatocytes

Transgenic mice were bred to prepare albino animals that expressed luciferase in their 

livers. These animals were used to prepare primary hepatocytes, which were plated in 384 well 

plates at 250 cells per well. Cells were treated with 0, 0.022, 0.22, or 1.0 μg of anti-luciferase 

siRNA per well. All cells produced approximately 103 RLU (Fig. 2-13).
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Figure 2-12: Effect of Adding PEGylated Peptide to CaPO4 DNA Nanoparticles. Addition
of PEG peptide inhibits transfection
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2.5 Discussion

The goal of this study was to find optimized parameters for the in vitro transfection of 

immortalized cell lines or primary hepatocytes in the miniature formats of 384 and 1536 well 

plates. By miniaturizing the assays, more experiments can be conducted with less material, and 

compromises were often made to reduce cost. 

Luciferase assays were chosen due to the low background signal and high sensitivity 

offered by luminescence measurements. However, luciferase requires luciferin substrate, which 

is often expensive. In larger formats, such as 6 well plates, luciferase assays are usually 

performed by lysing the cells and manually scraping them out of the wells, then assaying the 

lysates in a luminometer. Promega ONE-Glo luciferin mixture simplifies this assay by 

combining the luciferin with the lysis buffer, so the mixture only needs to be added to the cells 

and measured in a plate reading luminometer. Promega recommends a 1:1 addition of ONE-Glo 
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Figure 2-13: Attempt to Knock Down Luciferase Expression in Primary Hepatocytes from
Transgenic Mouse. siRNA PEI polyplexes failed to reduce bioluminescence at 1 µg per well.
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to cell media, such as 30 μL ONE-Glo to 30 μL media. However, this study has demonstrated 

that in 384 well plates, a 1:3 ratio of ONE-Glo to media produces almost identical signal (Fig. 2-

2), so 10 μL ONE-Glo can be added to 30 μL media, saving on reagent. This finding also applies 

to 1536 well plates, where 1, 2, or 3 μL ONE-Glo was added to 6 μL of media.

Similar results are obtained when purified recombinant luciferase is replaced with 

luciferase expressing transfected cells (Fig. 2-3). A preliminary transfection of HepG2 cells in 

384 or 1536 well plates showed that in 384 well plates, 10, 20, and 30 μL of ONE-Glo added to 

30 μL of media produced identical signal, while 5 μL ONE-Glo produced slightly less. In 1536 

well plates, 1 μL produced slightly less luminescence than 2 or 3 μL. It should be noted that the 

1536 well plate could not hold the entire volume of media and luciferin, 3 μL of media was 

removed prior to addition of ONE-Glo, adding an extra step to the procedure. Even the smallest 

ratio of ONE-Glo to media produced luminescence significantly higher than non-transfected 

controls, suggesting that less luciferin could be used to further save on materials if one was 

willing to sacrifice signal to background ratio. Therefore, 10 μL of ONE-Glo was chosen for 384 

well plates and 2 μL was chosen for 1536 well plates.

Cell culture and transfection conditions were optimized, beginning with cell seeding 

density and DNA dose (Fig. 2-4). In 384 well plates, luminescence is strongly dependent on 

seeding density at low doses of DNA. At a 100 ng per well does of DNA-PEI, the lowest density 

of 2500 cells per well produced higher signal than the higher seeding densities. As DNA dose 

increased, the cell seeding density became less important, with all densities producing 

approximately 105 RLU, significantly higher than background. This relationship between cell 

seeding density and DNA dose may be explained by rate of cellular division241. At lower seeding 
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densities, HepG2 cells must divide several times to become confluent, where higher densities 

allow fewer divisions before the plate is filled. Because the nuclear envelope presents a 

significant barrier to plasmid DNA, cellular division is often necessary to get efficient gene 

transfer. If fewer cells divide over the course of transfection, fewer plasmids can enter nuclei and

become expressed. However, at high doses of DNA PEI, the additional PEI may help overcome 

these barriers.

In 1536 well plates, the opposite pattern was observed. At low doses of DNA, all seeding 

densities showed equal luminescence at approximately 104 RLU. However, as DNA dose 

increases, the lower seeding densities lose signal. This may be explained by increasing amounts 

of PEI eventually showing toxicity and killing off cells that would have otherwise been 

transfected.

The ratio of PEI to DNA is another very important factor in transfection, and is 

commonly reported as Nitrogen:Phosphate, or N:P ratio242. At an N:P of 2, where DNA and PEI 

are present in approximately equal weights, DNA is fully bound by PEI through electrostatic 

interaction between the positively charged amines of PEI and negatively charged phosphates of 

the DNA backbone. As the amount of PEI increases beyond an N:P of 2, excess free PEI is 

believed to participate in the “proton sponge effect”243,244, though the exact mechanism is 

debated245. When DNA PEI polyplexes are taken up by cells through endocytosis, the polyplex is 

trapped in an endosome, and must escape if the DNA is to be expressed. As the endosome 

matures, it become acidified, and its pH drops to as low as 5.5. PEI acts as a buffering agent, 

forcing the cell to pump additional protons into the endosome to achieve the same pH. With 

additional protons the endosome also receives additional chloride anions and osmotic pressure, 
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eventually bursting and releasing the polyplex. If there is not enough free PEI to act as a proton 

sponge, the polyplex cannot escape and there will be no transfection. However, PEI is toxic at 

high concentrations, so N:P ratio must be carefully controlled to ensure transfection without 

causing excessive damage to the cells. In 384 well plates, N:P in the range of 4 to 18 was able to 

transfect cells (Fig. 2-5), with 9 chosen as optimal because it was in the middle of the range. In 

1536 well plates a range of 6 to 18 was also able to transfect cells, again N:P of 9 was chosen as 

optimal. 

The time between adding ONE-Glo luciferin and measuring luminescence was also 

optimized (Fig. 2-5). In 384 well plates, 5 min was chosen because the signal was higher than at 

later time points, but not significantly so. Plates could be read as late as 60 min after addition of 

ONE-Glo with minimal loss of signal. In 1536 well plates, maximum signal was usually 

achieved at 45 min after addition of luciferin. This may be due to less efficient mixing in the 

smaller wells of the 1536 well plate. The 1536 well plates have more complicated timing than 

384 well plates. The Janus automated workstation has a 384 pin head that can add luciferin to 

every well of a 384 well plate in one transfer, but a 1536 well plate needs 4 transfers to fill every 

well, requiring several minutes and creating well to well discrepancies in time between addition 

and measurement. When measuring the well plates, the Wallac Envision plate reader can read a 

384 well plate in less than 1 min, while a 1536 well plate requires 15 min. It is probably best to 

begin measurement of 1536 well plates at 25 mins after addition of ONE-Glo, so that the 15 min 

needed to measure the plate happen before signal begins to fall after 45 min.

When whole plates were plated and transfected according to optimized parameters 

determined above, both showed fairly consistent signal across the plate (Fig. 2-6). The 1536 well
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plate showed some variability around the edges of the plate, most likely due to evaporation from 

the outer wells. Most 1536 well plates come with a trench around the edge of the plate where 

additional media is added to help reduce evaporation, but it doesn't entirely prevent it. In 384 

well plates, the signal to background ratio was 2000, CV was 16%, and Z' score, used to assess 

the quality of an assay for high throughput screening246, was 0.53, which is above the 0.5 

threshold for an acceptable assay. The 1536 well plate had a signal to background ratio of 400, 

CV of 19%, and Z' of 0.42, which is below the threshold for high throughput screening, but only 

uses about one-fourth of the DNA and cells required for a 384 well plate experiment.

Optimized parameters for NIH 3T3 and CHO cells were also determined, results are 

shown in Table 2-1. Optimal parameters are similar to those determined for HepG2 cells. 

However, differences in DNA plasmid, transfection agent, cell type, plate type, liquid handling 

equipment, and instrumentation require that parameters be optimized for each research project.

Green fluorescence protein, GFP, transfection was also explored for miniaturized 

transfection. GFP has the advantages of not requiring additional reagents for measurement and 

cells don't need to be lysed before measurement, allowing multiple measurements over time. 

GFP transfection has also been utilized in flow cytometry and fluorescence microscopy 

assays207,218,222,223,226,231. In 384 well plates HepG2 cells were transfected with gWiz-GFP at several

N:P ratios, with N:P of 6 producing the highest signal at 48 and 72 hr post-transfection (Fig. 2-

7). In 1536 well plates, peak signal was produced at N:P of 6 – 9. However, signal to background

ratio in both 384 and 1536 well plates was only 10 – 15, much less than the ratio of 2000 for 

luciferase in 384 well plates or 400 in 1536 well plates. Developing a high throughput screening 

assay based on GFP transfection might save on reagents, but greatly reduced sensitivity may 
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complicate the results.

While mammalian cell lines are commonly used in in vitro studies, they are often derived

from cancerous tissues, and many years of cell culture conditions can lead to altered gene 

expression, so that these cells may not accurately reflect cells in healthy tissue inside an animal. 

Extracting primary cells directly from animals can help improve the reliability of the results. 

However, the number of cells that can be obtained from most tissue preparations is limited.

Previous studies on primary hepatocytes have transfected the cells with calcium 

phosphate nanoparticles231,232 and commercially available cationic lipids233–235. Cells were plated 

in 6 or 96 well plates at 105 to 106 cells per well. If primary hepatocytes can be plated and 

transfected in 384 well plates, more experimental samples can be obtained from each tissue 

preparation, reducing batch to batch variation and the number of animals needed.

Primary hepatocytes were obtained from mice by collagenase perfusion of the liver. High 

viability is critical to proper transfection. Viability was determined by trypan blue exclusion 

assay with hemocytometer. The minimum acceptable viability immediately after extraction was 

85%, below which no luminescence was detectable after transfection. Primary hepatocytes are 

larger than HepG2 cells, and more fragile. Successful extraction of primary hepatocytes requires 

practice. It was determined that the peristaltic pump used to plate HepG2 cells into 384 well 

plates caused too much damage to the cells, and reduced viablity by as much as 50%. Manual 

plating with an 8 channel pipette was chosen. While plating the cells, the cell suspension must be

gently shaken to prevent sedimentation. Because viability is so important, transfections were 

carried out immediately after plating instead of waiting 24 hr after plating as was done with 

HepG2 cells.
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Several protocols recommend plating primary hepatocytes on collagen coated plates239. 

However, collagen coated plates cost more than non-coated plates and have limited shelf lives. 

To determine if collagen coating affected cell viability or luminescence, 384 well plates were 

prepared with alternating rows of collagen coated and non-coated wells. Primary cells were 

plated in all wells and media was recovered with gentle washing at 24, 48, and 72 hr after plating

and viability was determined. Collagen made no difference in viability, which was approximately

80% at 24 hr, 70% at 48 hr, and less than 40% at 72 hr. When primary cells were transfected with

gWiz-Luc PEI at different N:P ratios (Fig. 2-8), there was no significant difference between 

collagen coated and non-coated wells.  Therefore, non-coated plates were chosen to simplify the 

procedure.

Optimal conditions for primary hepatocyte transfections were done by plating 0 – 1000 

primary hepatocytes and transfecting with 400 ng of gWiz-Luc PEI at N:P of 7 (Fig. 2-9A). As 

few as 15 cells per well produced signal 10 fold higher than background, while 1000 cells per 

well produced luminescence 100 fold higher than background. Therefore, 250 cells per well was 

chosen as a compromise between signal and cost.

N:P ratios were tested in the range of 0.5 – 13 (Fig. 2-9B). N:P ratios of 7 or more 

produced luminescence of approximately 103 RLU. Therefore, 7 was chosen as the optimum to 

avoid toxicity from high PEI concentration.

Primary hepatocyte luminescence was measured every 12 hr for 96 hr (Fig. 2-9C). Signal

peaked at approximately 104 RLU at 24 hr and stayed there until 48 hr before decaying to 

approximately 103 RLU at 96 hr. This gives a wide window for measurements, but viability must 

be taken into account. Batches of cells with lower initial viability may have reduced peak signal 
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and may only produce that signal for a shorter time. 

Optimal DNA dose for primary hepatocyte PEI transfection was determined by dosing 

cells with 0 – 750 ng DNA per well at N:P of 7 (Fig. 2-10A). A plateau of higher signal at 

approximately 103 RLU was observed from 300 – 550 ng DNA per well. Therefore, 400 ng per 

well was chosen as optimum for PEI transfections because it was in the middle of this range. 

Doses higher than this range probably caused toxicity due to higher amounts of PEI.

Calcium phosphate DNA nanoparticles have been used been used to transfect cells in 

several previous studies, with a calcium to phosphate ratio of 200 giving high transfection 

efficiency108. Calcium phosphate is relatively simple to produce by mixing a solution of CaCl2 

with a buffered solution of Na2PO4, forming an insoluble hydroxyapatite (Ca10(PO4)6(OH)2) 

precipitation. If DNA is included and mixing is carefully controlled, plasmids can be entrapped 

in the particles. This protects them against nuclease degradation and allows uptake into cells. 

Similar to how PEI mediates the proton sponge effect, CaPO4 can break open endosomes after 

acidification. At lower pH, the CaPO4 nanoparticles dissolve, increasing the osmotic pressure. 

CaPO4 DNA nanoparticles were prepared and delivered to cells at DNA doses of 0 – 750 

ng per well (Fig. 2-10B). Signal increased to approximately 104 RLU from 0 – 100 ng per well 

and stayed at that level at all higher doses. This signal was 10 fold higher than that achieved with

PEI transfection, and because signal did not decrease with increased dose, toxicity is probably 

not an issue. DNA dose of 250 ng per well was chosen as optimum.

When primary hepatocytes were transfected with PEI at optimum conditions, signal to 

background ratio was approximately 10, CV was 80% and Z' was -1.9. When transfected with 

CaPO4, signal to background was approximately 100, CV was 62% and Z' was -0.9. While these 
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values may be insufficient for high throughput screening, they can be most likely be improved by

using more cells per well. The assay was optimized to reduce cost and get more experiments 

from each animal sacrificed. Previous studies using 6 well plates at 106 cells per well required 6 

million cells per plate. At 250 cells per well, 6 million cells can fill 60 384 well plates.

An attempt to improve CaPO4 DNA nanoparticle formation was done by forming 

particles with extra DNA. A secreted alkaline phosphatase vector was chosen as the excess DNA 

because it would increase total DNA without changing the amount of luciferase expressing DNA.

CaPO4 DNA nanoparticles were formed with 10:1, 5:1, and 1:1 ratios of luciferase plasmid to 

excess plasmid and used to transfect primary hepatocytes (Fig. 2-11). The excess DNA made no 

significant difference in luminescence.

PEGylated polyacridine peptides have been used to deliver DNA to mouse livers in vivo 

through hydrodynamic stimulation183–185, and have been shown to protect the DNA in the 

bloodstream for up to 12 hr247. To test if these same peptides had an effect on CaPO4 transfection,

CaPO4DNA nanoparticles were formed and then treated with 0.025, 0.05, 0.100, or 0.200 nmol 

of peptide per μg of DNA. When transfected with these particles, luminescence decreased as 

amount of peptide increased (Fig. 2-12). This may be due to peptides binding to surface exposed 

DNA and coating the particles with PEG groups. The PEG might interfere particle binding to cell

surfaces and prevent uptake.

In an attempt to perform siRNA knockdown of luciferase expression, primary 

hepatocytes were taken from transgenic mice bred to express luciferase in their livers. An anti-

luciferase siRNA240 was used to form PEI polyplexes at N:P of 7 and was delivered to cells at 

0.022, 0.22, and 1.0 μg per well (Fig. 2-13). However, there was no significant loss of 
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luminescence. All cells did show a signal of approximately 103 RLU, consistent with PEI 

transfection of wild type primary hepatocytes. If conditions for siRNA knockdown in primary 

hepatocytes in 384 well plates are found, this system could be used to study cells from transgenic

animals.

In conclusion, miniaturized assays for transfection of mammalian cell lines and primary 

cells have the potential to be used to discover new transfection agents or other research. By using

the smaller formats of the 384 and 1536 well plate, more data points can be obtained with fewer 

cells and less DNA. When using primary cells, where the number of cells are limited due to the 

need for extraction from tissue, the extra data points are very important. Primary hepatocyte 

transfection is improved by using less toxic transfection agents such as calcium phosphate 

instead of PEI. Signal to background ratios, coefficient of variation, and Z' factors are poor, but 

can probably be improved by increasing the number of cells per well at the cost of having fewer 

data points from each batch of cells. The information presented in this study can most likely be 

applied to other studies of primary cells, such as siRNA mediated knockdown. Primary cells 

should correlate more closely with the in vivo environment and produce more reliable data than 

use of cultured cancer cell lines.
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3 The Uptake Mechanism of PEGylated DNA Polyplexes by the Liver Influences Gene

Expression

In collaboration with Sanjib Khargharia, Nicholas Baumhover, and Jason Duskey

This research is also presented in Gene Therapy, 21 1021 – 1028 (2014) and Baumhover, at al,

“Simple PEGylated Polylysine Peptides Mediate Potent Stimulated Gene Expression in Liver,”

in progress.

3.1 Abstract

Delivery of DNA for gene therapy relies on being able to protect DNA against nuclease 

degradation and increase its circulatory lifetime. PEGylated Polyacridine Peptides have been 

developed to bind DNA through electrostatic binding and intercalation and form PEGylated 

polyplexes. In this study, polyplex uptake by the liver was found to follow two distinct 

mechanisms. A rapid uptake dominated at low doses of polyplex, with 60% percent of the dose 

being taken up within 5 min and decaying with half-life of approximately 2 hr. At high doses, 

rapid uptake was saturated and a delayed uptake dominated, with percent of dose in liver 

climbing to 40% over 1 hr, followed by decay with half-life of approximately 15 hr. Additionally,

large excesses of PEGylated Polyacridine peptide could saturate rapid uptake and extend the 

circulation time for low doses of DNA polyplex, most likely through the formation of peptide 

albumin nanoparticles. Inhibition of rapid uptake not only increased the circulation time for DNA

polyplex, but extended the time the DNA could be hydrodynamically stimulated from 4 hr to 12 

hr. Simple PEGylated polylysine compounds, which were not capable of protecting DNA at low 

doses, were shown to protect DNA in the bloodstream for up to 1 hr when dosed with a large 
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excess of peptide. The inhibition of rapid uptake at high doses of polyplex or large excesses of 

PEGylated peptide is consistent with saturation of scavenger receptors on Kupffer cells or 

sinusoidal endothelial cells of the liver. The delayed uptake of DNA polyplexes, when rapid 

uptake is inhibited, is consistent with accumulation of polyplexes in the Space of Disse, where 

they are protected against metabolism. Inhibition of scavenger receptor mediated rapid uptake 

should allow nanoparticles to circulate for much longer and improve nanoparticle-based 

therapies.

3.2 Introduction

The nonviral delivery of DNA for gene therapy faces several challenges, including 

protecting DNA against nuclease degradation, capture by nonparenchymal cells of the liver, 

targeting to specific tissues, crossing cellular membranes, and entering nuclei. A common 

method to protect DNA against nuclease degradation is by mixing it with a cationic polymer to 

form a polyplex206,248. While this works well for in vitro transfection, cationic DNA polyplexes 

often fail in vivo. Cationic DNA polyplexes can form aggregates with serum proteins and 

become lodged in the capillaries of the lung, leading to embolism and toxicity249. The addition of 

polyethyleneglycol can prevent aggregation and lung embolism250, but results in significant first 

pass metabolism in the liver249–258, with approximately 60% of the dose being captured.

PEGylated polyacridine peptides have been developed for binding DNA through 

electrostatic interactions between positively charged amines and negatively charged phosphates 

and intercalation into the DNA double helix. These peptides have been shown to form stable 

polyplexes with DNA, and protect that DNA in the bloodstream, increasing its pharmacokinetic 

half-life, and allowing it to be hydrodynamically stimulated at time points out to 4 hr183–185. 
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However, despite the advantages PEGylated polyacridine peptides have over other cationic 

polymers, these polyplexes are still subject to uptake by the liver. It was not clear how 

transfection from hydrodynamic stimulation could be equal to direct hydrodynamic injection 

when polyplexes had time to circulate throughout the animal.

To better study these mechanisms, mice were dosed with radiolabeled 125I-DNA 

PEGylated polyacridine peptide polyplexes at doses from 1 – 100 μg. Two distinct uptake 

mechanism were revealed, with low doses being dominated by a saturable rapid uptake into the 

liver followed by decay with half-life of approximately 2 hr. At high doses, an unsaturable 

delayed uptake into the liver dominated, followed by decay with half-life of approximately 15 hr.

Higher doses also allowed hydrodynamic stimulation time to be extended from 4 hr to 12 hr.

Simple PEGylated polylysine peptides of the form PEG-Cys-Trp-LysN with N = 13 – 18 

had been previously shown to form DNA polyplexes259, but were not able to protect DNA in 

vivo260. However, similar polylysines with longer PEG, 30kDa vs. 5kDa, and up to 30 more 

lysines, were produced and tested. With large excesses of PEG-peptide, 1 μg doses of DNA 

could be protected in the bloodstream, and could be hydrodynamically stimulated at time points 

up to 1 hr. While this was much less than what excess polyacridine peptide could achieve, low 

doses of polylysine peptides could not protect DNA for 5 min. Both acridine and nonacridine 

peptides were studied in the presence of albumin, and were discovered to produce nanoparticles 

of 22 – 60 nm across.

The rapid and delayed uptake exhibited by PEG-peptide DNA polyplexes is similar to the

uptake observed with liposomes, plasmid DNA, and viruses46,261,262. These compounds are caught 

by anionic scavenger receptors on Kupffer cells and liver sinusoidal endothelial cells263–267.
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When liposome dose was escalated, they were found to pass through the sinusoidal 

fenestrae and access the Space of Disse, where they could come into direct contact with 

hepatocytes268. Liposome biodistribution was also heavily influenced by serum protein 

binding269. Rapid liver uptake of plasmid DNA could be saturated with high doses, but delayed 

uptake was not observable due to metabolism in the bloodstream46,47,270–273. Several types of 

viruses also demonstrate rapid uptake by scavenger receptors at low doses. As doses were 

increased, viral transfection was directed towards hepatocytes and tumors262,274–277. Polyinosinic 

acid, a known scavenger receptor inhibitor, can be used to inhibit uptake of viruses by scavenger 

receptors and increase gene transfer efficiency in the liver or tumors262,275–281. Polyinosinic acid 

was able to reduce rapid uptake of PEGylated polyacridine peptide DNA polyplexes.

The similarities between PEGylated peptide DNA polyplex uptake and the uptake of 

liposomes, naked plasmid DNA, and viruses suggest that PEGylated peptide DNA polyplexes are

also taken up by scavenger receptors on Kupffer cells and sinusoidal endothelial cells. Inhibition 

of scavenger receptors can allow the polyplexes to pass through liver fenestrae and reside in the 

Space of Disse. This also suggests a mechanism for delayed hydrodynamic stimulation, where 

polyplexes accumulate in the Space of Disse and are forced into hepatocytes by high pressure 

fluid from the hydrodynamic injection of normal saline.

3.3 Materials and Methods

3.3.1 Peptide Synthesis and Characterization

The compounds 9-Phenoxyacridine and Fmoc-Lysine(Acridine)-OH were prepared as 

previously described196,197,282. Briefly, 12 g phenol and 0.72 g NaOH were mixed and heated to 
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100 °C. Then, 2.8 g of 9-chloroacridine was added and stirred vigorously for 1.5 hr. The reaction 

was quenched with 100 mL of 2 M NaOH , and the reaction mixture was allowed to sit at room 

temperature overnight. A yellow precipitate was collected by filtration and washed with water 

and vacuum dried.

Fmoc-Lysine(Acridine)-OH was prepared by mixing 2.18 g of Fmoc-Lysine-OH in 6.78 

g liquid phenol with 3 g 9-phenoxyacridine. Reaction mixture was kept under an argon 

atmosphere and heated to 60 °C for 4 hr. Then, 80 mL of diethyl ether was added with vigorous 

stirring to produce a yellow precipitate, which was collected by filtration and washed with 

diethyl ether. Product was allowed to dry under vacuum overnight.

(Acr-Lys4)3-Acr-Lys-Cys184,185 and polylysine peptides (Cys-Trp-LysN, N = 13 – 18) were 

produced by solid phase peptide synthesis on 30 μmol scale using an APEX 396 synthesizer 

(Advanced ChemTech, Louisville, KY, USA) with standard Fmoc chemistry, with double 

couplings for each residue while activating with HBTU/HOBt using 5 fold excess of amino acid 

over resin. The N-terminus of truncated byproducts was acetylated was N-capped with 10 v/v% 

acetic anhydride:diisopropylethylamine. Peptides were removed from resin and side chains were 

deprotected using 95:2:3 mixture TFA:ethanedithiol:water for 2 hr followed by precipitation in 

cold ethyl ether for 45 min. Precipitated peptides were centrifuged for 10 min at 5000xg at 4 °C. 

Supernatant was removed and discarded.

Peptides were resuspended in 0.1 v/v% TFA and purified by RP-HPLC by injecting 2 

μmol onto a Vydac C18 semi-preparative 2x25 cm column (Grace Davison Discovery Sciences, 

Deerfield, IL, USA) at 10 ml/min with 0.1 v/v% TFA with an acetonitrile gradient of 10 – 20 v/v% 

over 30 min while measuring absorbance at 280 nm. The major peaks from multiple runs were 
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collected, pooled, and concentrated by rotary evaporation, then lyophilized and stored at -20 C.

Peptides were resuspended in 0.1 v/v% TFA and quantified by absorbance. (Acr-Lys4)3-

Acr-Lys-Cys was quantified using acridine absorbance at 409 nm, ε409nm = 9266 M-1cm-1, and 

Cys-Trp-LysN was quantified using tryptophan absorbace at 280 nm, ε280nm = 5600 M-1cm-1 on a 

Beckman DU 640 UV-Vis spectrophotometer (Beckman Coulter, Brea, CA, USA). Peptides were

analyzed by LC-MS by injecting 2 nmol onto Vydac C18 analytical 0.47x25 cm column at 0.7 

mL/min with 0.1 v/v% TFA with an acetonitrile of 5 – 35 v/v% over 30 min while acquiring 

electrospray ionization mass spectrometry in the positive mode on an Agilent 1100 series LC-MS

system (Agilent Technology, Santa Clara, CA, USA).

The Cys residues on the peptides were PEGylated by reacting 2 μmol peptide with 2.4 

μmol mPEG-maleimide in 4 mL of 100 mM ammonium acetate buffer at pH 7 for 2 hr at room 

temperature. (Acr-Lys4)3-Acr-Lys-Cys was PEGylated with 5 kDa PEG, while Cys-Trp-LysN 

peptides were PEGylated with 30 kDa PEG. PEGylated peptides were purified by semi-

preparative RP-HPLC eluted at 10 mL/min with 0.1 v/v% TFA with 20 – 50 v/v% acetonitrile 

gradient over 30 min. The major peaks from multiple runs were collected and lyophilized as 

above. The TFA counter ion was replaced with an acetate counter ion by two freeze drying cycles

with 1 v/v% acetic acid. PEG-peptides were reconstituted in water and quantified by UV-Vis 

spectrophotometry as above. Molecular mass of PEG-peptides was determined by 1H-NMR 

analysis on a Varian 600 MHz spectrometer with 250 nmol peptide in 500 μL D2O (99.96%) with

acetone as internal standard. Mass was determined by integration ratio of PEG to peptide as 

previously reported259.
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3.3.2 DNA Preparation

pGL3 control vector (Promega, Madison, WI, USA), a 5.3 kb plasmid with firefly 

luciferase gene controlled by an SV40 promoter, and pSEAP control vector(Clontech, Mountain 

View, CA, USA), a 4.2 kb plasmid with secreted alkaline phosphatase controlled by an SV40 

promoter, were grown in DH5α E. coli and purified by Qiagen Gigaprep kit (Qiagen, 

Germantown, MD, USA). Purified plasmid DNA was quantified on a NanoDrop Lite 

Spectrophotometer (Thermo Fisher Scientific, Pittsburgh, PA, USA).

3.3.3 Particle Size and Zeta Potential of PEG-Peptide Polyplexes

(Acr-Lys4)3-Acr-Lys-PEG5kDa DNA polyplexes were formed by mixing 48 μg pGL3 

plasmid DNA in 48 μL 5 mM HEPES at pH 7.5 with 38.4 nmol (Acr-Lys4)3-Lys-Cys-PEG5kDa in 

48 μL 5 mM HEPES pH 7.5. The polyplex mixture was diluted to 1.6mL with 5mM HEPES pH 

7.5.

PEG30kDa-Cys-Trp-LysN DNA polyplexes were formed by mixing 48 μg pGL3 plasmid 

DNA in 48 μL 5 mM HEPES at pH 7.5 with 48 nmol PEG30kDa-Cys-Trp-LysN in 48 μL 5 mM 

HEPES pH 7.5. The polyplex mixture was diluted to 1.6 mL with 5 mM HEPES pH 7.5.

Particle size was measured by quasi-elastic light scattering, QELS, at a scatter angle of 

90° on a Brookhaven Zetaplus particle sizer (Brookhaven Instruments Corporation, Holtzville, 

NY, USA). Intensity averaged multimodal distribution analysis was used to determine mean 

particle size, followed by zeta potential analysis as the mean of 10 measurements.

Particle size and zeta potential of DNA PEG-peptide polyplexes were also determined in 

solutions of bovine serum albumin, BSA, in 5 mM HEPES pH 7.5 at concentrations from 0 – 5 
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mg/mL of protein. Additionally, mixtures of 80 nmol PEG-peptide in 1.6 mL 5 mg/mL BSA 5 

mM HEPES pH 7.5 were analyzed for particle size and zeta potential after 30 min incubation at 

room temperature.

3.3.4 Radioiodination of Plasmid DNA

pGL3 plasmid DNA was radioiodinated as previously described283. Briefly, 20 μg DNA 

was dissolved in 20 μL 0.1 M ammonium acetate pH 5. In a separate vial, 10 μL of 250 μM KI , 

10 μL 30 mM Thallium Chloride, and 100 μCi of Na125I in 0.1 M NaOH were mixed. DNA was 

transferred to the iodination vial and heated at 60 °C for 45 min. The vial was then cooled, and 5 

μL of 0.1 M sodium sulfite and 20 μL 1 M ammonium acetate pH 7.0 were added to quench the 

reaction. Reaction vial was then heated to 60 °C for 60 min to remove any unstable iodine 

adducts from DNA.

Iodinated DNA was then purified by anion exchange chromatography on a Qiagen Tip-

100 column. Unbound iodine was washed out, and iodinated DNA was eluted. DNA was further 

purified by isopropanol and ethanol precipitations. Iodinated DNA was dissolved in TE buffer 

and quantified by absorbance at 260 nm, and specific activity was determined by gamma 

counting.

Iodinated DNA quality was examined by thin layer chromatography in 1:1 acetone:ethyl 

acetate mobile phase to assess amount of free iodine. Iodinated DNA was also mixed with 2 μL 

loading buffer and loaded into a 1% agarose gel with Tris-Borate EDTA buffer and 

electrophoresed at 70 V for 60 min284. The gel was dried on a zeta probe membrane and 

autoradiographed on a Phosphor Imager (Molecular Devices, Sunnyvale, CA, USA) to assess if 
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DNA was intact. 

3.3.5 Pharmacokinetic Analysis of PEGylated DNA Polyplexes

Radioiodinated PEG-peptide polyplexes were formed with 125I-pGL3 and (Acr-Lys4)3-

Acr-Lys-Cys-PEG5kDa at 0.8nmol peptide per μg DNA in HEPES Buffered Mannitol, HBM, 5 

mM HEPES, 0.27 M mannitol, pH 7.4. Triplicate mice were tail vein dosed with 1, 3, 5, 10, 50, 

or 100 μg of radioiodinated polyplex in 100 μL HBM. Blood samples were taken by drawing10 

μL of blood from the tail vein every hour from 5 min to 8 hr, and immediately frozen. Blood 

samples were directly gamma counted to determine amount of radiation in the blood at each time

point.

Blood samples were treated with 500 μL of 0.5 mg/mL proteinase K in 100 mM NaCl, 

1% SDS, 50 mM Tris-HCl, pH 8 for 12 hr at 37 °C as previously described260. DNA was 

extracted with 500 μL of 24:25:1 phenol:chloroform:isoamyl alcohol to remove PEG-peptide, 

proteins, and other hydrophobic components. The aqueous layer was transferred to a clean vial 

and DNA was precipitated with 1 mL absolute ethanol and centrifuged at 13,000xg for 10 min183.

Supernatant was removed and DNA pellet was dried dissolved in 5 mM HEPES pH 7.4 and 

electrophoresed and imaged as above.

3.3.6 Biodistribution Analysis of PEGylated DNA Polyplexes

Radioiodinated polyplexes were formed with 0.6 μCi 125I-pGL3 DNA, pSEAP DNA, and 

(Acr-Lys4)3-Acr-Lys-Cys-PEG5kDa at 0.8 nmol peptide per μg DNA. Polyplexes were dosed by 

tail vein injection to triplicate mice at doses of 1, 3, 5, 10, 50, or 100 μg of DNA. At times from 5
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min to 8 hr, mice were anesthetized with an intraperitoneal injection of 100 mg/kg ketamine and 

10 mg/kg xylazine and euthanized by cervical dislocation. Mice were dissected and the liver, 

lungs, spleen, stomach, kidney, heart, small intestine, and large intestine were collected, rinsed 

with normal saline, and gamma counted to determine the amount of radiation in each organ.

Radioiodinated polyplexes were formed with 0.6 μCi 125I-pGL3 and 0.8, 10, 20, 40, 60, or

80 nmol of (Acr-Lys4)3-Acr-Lys-Cys-PEG5kDa peptide in 100 μL HBM and delivered to triplicate 

mice by tail vein injection. At 5 min post-injection, mice were anesthetized, euthanized, 

dissected, and had their major organs harvested and gamma counted as above.

Radioiodinated polyplexes were formed with 0.6 μCi of 125I-pGL3 and 0, 5, 10, 20, 40, or

80 nmol of PEG30kDa-Cys-Trp-LysN peptide in 100 μL HBM and dosed in triplicate mice by tail 

vein injection. At 5 min post-injection, mice were anesthetized, euthanized, dissected, and had 

their major organs harvested and gamma counted as above.

Polyinosinic acid was prepared by dissolving 200 μg in 100 μL HBM, and then delivered 

to triplicate mice by tail vein injection. At 5 min post-injection, mice were dosed with 1 μg 0.6 

μCi 125I-pGL3 (Acr-Lys4)3-Acr-Lys-Cys-PEG5kDa polyplex. At 5 min after polyplex dose, mice 

were anesthetized, euthanized, dissected, and had their major organs harvested and gamma 

counted as above.

3.3.7 Recovery of Rapid-Uptake Capacity

DNA polyplexes were prepared with 50 μg pSEAP DNA and 40 nmol (Acr-Lys4)3-Acr-

Lys-PEG5kDa in 100 μL HBM. Triplicate mice were tail vein dosed with these polyplexes, or with 

40 or 80 nmol of (Acr-Lys4)3-Acr-Lys-Cys-PEG5kDa without DNA in 100 μL HBM to inhibit rapid
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uptake. Mice were dosed with 1 μg of 125I-pGL3 (Acr-Lys4)3-Acr-Lys-Cys-PEG5kDa at 5 min, 2, 4,

or 8 hr after the initial injection. At 5 min after injection of iodinated DNA, mice were 

anesthetized, euthanized and dissected as above. Livers were harvested and gamma counted.

3.3.8 Delayed Hydrodynamic Stimulation

pGL3 DNA polyplexes were prepared at 1, 50, or 100 μg with (Acr-Lys4)3-Acr-Lys-Cys-

PEG5kDa at 0.8 nmol peptide per μg DNA in 100 μL HBM. Alternatively, 1 μg of pGL3 DNA was 

prepared with 40 or 80 nmol of (Acr-Lys4)3-Acr-Lys-Cys-PEG5kDa in 100 μL HBM. These 

formulations were delivered to triplicate mice by tail vein injection. At 1, 2, 3, 4, 5, 7, 9, 12, 15, 

and 18 Hr post-injection, mice were given hydrodynamic-stimulatory injections of normal saline 

at 0.9 v/wt% of mouse body weight, administered over 5 seconds. At 24 hr after HD-stimulation 

injection, mice were anesthetized by 3% isofluorane and intraperitoneally injected with 80 μL of 

30 μg/μL D-Luciferin (Gold Biotechnology, St. Louis, MO, USA) in PBS. 

At 5 min after luciferin injection, mice were imaged for bioluminescence in an IVIS 

Imaging 200 Series (Xenogen, Hopkins, MA, USA). Bioluminescent imaging was performed in 

a light-tight chamber with temperature-controlled stage, while mice were administered 3% 

isofluorane. Images were acquired with medium binning, at 24.6 cm field of view, and 10 second

exposure time. Bioluminescent imaging data is reported as photons/sec/cm2/steradian in a 2.86 

cm diameter region of interest placed over the liver. Data was converted to pmol luciferase in the

liver by a previously reported standard curve186. Results were analyzed for statistical significance

at p ≤ 0.05 by Dunnet T3 test using SPSS 21 ANOVA software (IBM SPSS Statistics, IBM, 

Armonk, NY, USA).
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Alternatively, 1 μg of pGL3 DNA was prepared with 80 nmol of PEG30kDa-Cys-Trp-LysN 

where N = 15, 20, or 25 in 100 μL HBM and delivered to triplicate mice by tail vein injection. At

1 hr post-injection, mice were given hydrodynamic stimulatory injections of normal saline and 

imaged as described above. Additionally, 1 μg of pGL3 plasmid DNA was prepared with 10, 40, 

or 80 nmol of PEG30kDa-Cys-Trp-Lys25 in 100 μL HBM and delivered to triplicate mice by tail 

vein injection, followed by hydrodynamic stimulation at 1 hr and bioluminescent imaging as 

described above.

3.3.9 Imaging of Polyplexes in the Liver

pGL3 DNA was covalently labeled with Mirus Bio Label IT Tracker Cy5 kit (Mirus Bio, 

Madison, WI, USA) according to manufacturer's instructions. Cy5 polyplexes were formed with 

50 μg of Cy5-pGL3 DNA prepared with 40 nmol (Acr-Lys4)3-Acr-Lys-Cys-PEG5kDa in 100 μL 

HBM and tail vein injected into a mouse. An equivalent dose of unlabeled pGL3 polyplex was 

prepared and dosed as negative control. At 1 hr post-injection, mice were anesthetized and 

euthanized as above. Livers were removed, cut into small portions, and fixed with formaldehyde 

for 24 hr. Liver tissues were frozen, cryosectioned at 10 μm slices, fixed in cold acetone, and 

stained with either DAPI or biotinylated ulex agglutinin and Alexa 488 conjugated streptavidin 

(Life Technologies, Grand Island, NY, USA). Images were acquired on a Zeiss LSM 710 

confocal microscope (Zeiss, Jena, Germany) using a 63x1.4 numerical aperture objective lens 

with excitation at 488 nm and emission at 637 nm.
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3.4 Results

3.4.1 PEG-Peptide Synthesis

A series of PEG-Polylysine peptides were snytheszied and purified. Cys-Trp-LysN 

peptides with N = 10, 15, 20, 25, or 30 lysines were synthesized by solid phase peptide synthesis.

Peptides were purified by RP-HPLC with yields of 19 – 33%. LC-ESI-MS determined that 

peptide masses were close to expected masses (Table 3-1).

PEGylation was performed with maleimide-PEG30kDa with yields of 75 – 88%. 1H-NMR 

analysis was used to determine average molecular mass by comparing integration of PEG 

protons at 3.62 ppm to lysine ε CH2 protons at 2.92 ppm259. 
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Table 3-1: PEG-Peptide Yield and IC50 data.

% Yield Mass (Calc / Obs)
20.0 3008.9 / 3008.8

33.4 1589.1 / 1589.0

32.2 2229.9 / 2230.2

28.8 2870.8 / 2870.6

19.2 3511.7 / 3511.2

18.9 4152.5 / 4152.3

% Yield Mass (Calc / Obs)

77.0 8909 / 8697 14.86 0.99

80.2 31589 / 31717 20.2 0.991

88.5 32230 / 32839 10.8 0.999

79.7 32871 / 33320 5.5 0.999

74.7 33512 / 34957 2.1 0.999

86.5 34152 / 36655 2.1 0.999

Polylysine Peptidea

(Acr-Lys
4
)
3
-Acr-Lys-Cys

Cys-Trp-Lys
10

Cys-Trp-Lys
15

Cys-Trp-Lys
20

Cys-Trp-Lys
25

Cys-Trp-Lys
30

PEG Peptideb IC
50 R2

(Acr-Lys
4
)
3
-Acr-Lys-Cys-PEG

5kDa

PEG
30kDa

-CWK
10

PEG
30kDa

-CWK
15

PEG
30kDa

-CWK
20

PEG
30kDa

-CWK
25

PEG
30kDa

-CWK
30

aDetermined by ESI Mass Spectrometry
bDetermined by 1H-NMR Spectroscopy
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3.4.2. Particle Size and Zeta Potential Analysis of PEG-Peptide Polyplexes

(Acr-Lys4)3-Acr-Lys-Cys-PEG5kDa DNA polyplexes were formed at 0.8 nmol PEG-peptide

per μg DNA. This peptide to DNA ratio has been shown to saturate DNA with acridinylated 

peptides, forming stable polyplexes184. Particle size was found to be 170 nm diameter by multi-

modal intensity dynamic light scattering, multi-modal volume analysis showed a diameter of 91 

nm, while multi-modal number analysis showed a diameter of 62 nm. Multi-modal intensity 

analysis was chosen as the measurement method. Polyplexes prepared at 100 μg DNA in 100 μL 

retained their 172 nm diameter, due to PEGylation preventing aggregation. Zeta potential of 

(Acr-Lys4)3-Acr-Lys-Cys-PEG5kDa DNA polyplexes was determined to be +15 mV in 5 mM 

HEPES.

PEG30kDa-Cys-Trp-LysN DNA polyplexes were formed at 1.0 nmol PEG-peptide per μg 

DNA. As lysine chain length increase from 10 – 30 residues, particle diameter decreased from 

200 – 150 nm (Fig. 3-1A). Zeta potential analysis showed that the 10 lysine peptide produced a 

+3 mV charge, while the 15 lysine peptide produced a +9 mV charge, and 20, 25, and 30 lysines 

produced +15 mV charges (Fig. 3-1D).

Polyplex particle size and zeta potential were also determined in solutions of bovine 

serum albumin to better mimic physiological conditions. (Acr-Lys4)3-Acr-Lys-Cys-PEG5kDa DNA 

polyplex particle size was not affected by addition of BSA, but zeta potential changed from +15 

mV to -3 mV as BSA was titrated from 0 – 5 mg/mL (Fig. 3-1C). The 5 mg/mL BSA had 

negligible effect on PEG30kDa-Cys-Trp-LysN DNA polyplex particle size (Fig. 3-1B), however, 

zeta potential was changed to +6 mV for 10, 15, 20, and 25 lysines, while the 30 lysine peptide 

polyplex had a charge of approximately +10 mV (Fig 3-1E).
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When 80 nmol of PEG-peptide were dissolved in 5 mg/mL BSA and tested for particle 

size, (Acr-Lys4)3-Acr-Lys-Cys-PEG5kDa was shown to form particles with diameter of 

approximately 22 nm, while 5 mg/mL BSA without peptide failed to show significant particles 

(Fig. 3-2A). PEG30kDa-Cys-Trp-LysN peptides showed particles with diameter of 60 nm for 10 

lysine peptides to 43 nm for 30 lysine peptides (Fig. 3-2B). The size difference between acridine 

and nonacridine peptides is most likely explained by the difference in PEG lengths, 5 and 30 

kDa, respectively.
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Figure 3-1: Particle Size and Zeta Potential of Acridine and nonacridine Peptides with or without
BSA. Without BSA, both acridine and nonacridine peptides produce particles of 150 – 200 nm, in
A. With BSA, particle sizes changed, with shorter lysine peptides producing larger particles and

longer peptides producing smaller particles in B. When the zeta potential for acridine peptide
polyplexes was measured with BSA, charge changed from +15 mV to -3 mV in C. Zeta potential of

nonacridine polyplexes without BSA in D show that longer peptides have higher charges, up to
15mV. When measured with BSA in E, zeta potentials are reduced.
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3.4.3 Pharmacokinetics Analysis of PEG-Peptide Polyplexes

(Acr-Lys4)3-Acr-Lys-Cys-PEG5kDa DNA polyplex doses were prepared at 1, 3, 5, 10, 50, 

and 100 μg pGL3 DNA with 0.6 μCi 125I-pGL3 tracer and 0.8 nmol peptide per μg DNA. 

Polyplexes were delivered to mice by tail vein injection and blood samples were collected at 

time points from 5 min to 8 hr.

Gamma counting of blood samples produced pharmacokinetic profiles with dose-

dependent changes (Fig. 3-3A). Polyplex doses from 1 – 10 μg showed an increase of 125I-pGL3 

concentration in blood to a Cmax at times from 1 – 5 hr followed by loss of 125I-pGL3 in blood. 

The time of Cmax increased as polyplex dose increased, with 1 μg polyplex dose Cmax occuring at 

1 hr post-injection, 3 μg at 2 hr, 5 μg at 3 hr, and 10 μg at 5 hr. The 50 and 100 μg polyplex doses

gave a reversed trend, with loss of 125I-pGL3 over 4 hr (Fig. 3-3B).
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Figure 3-2: PEG-Peptide Albumin Nanoparticle size. Particle size distribution of of 5 mg/mL
BSA with or without 80 nmol (Acr-Lys4)3-Acr-Lys-Cys-PEG5kDa is shown in A. In B, particle size

of PEG-peptide albumin nanoparticles is shown for nonacridine peptides.



www.manaraa.com

Electrophoresis of extracted 125I-pGL3 DNA showed that increased amounts of polyplex 

led to greater stability (Fig. 3-3A Inset). The 3 μg dose shows intact circular 125I-pGL3 bands for 

up to 4 hr. Circular DNA bands were obtained as late as 7 hr for the 10 μg dose, and 8 hr for 50 

and 100 μg polyplex doses (Fig. 3-3B Inset).

3.4.4 Biodistribution Analysis of PEG-Peptide Polyplexes

Mice were dosed with (Acr-Lys4)3-Acr-Lys-Cys-PEG5kDa DNA polyplexes at 1, 3, 5, 10, 

50, and 100 μg with a 0.6 μCi 125I-pGL3 tracer. Major organs were harvested at time points from 

5 min to 8 hr and gamma counted. The liver was the major site of bioaccumulation at all doses of

polyplex, with <5% in lung and <8% in spleen (Fig. 3-4A). At 1 – 5 μg doses, the percent of 

dose in stomach peaked at 16% at 2 hr post-injection, likely due to metabolism of 125I-pGL3 in 

the liver and excretion into the duodenum through the bile. Since the duodenum is close to the 

stomach it might be accidentally included with the stomach instead of the small intestine during
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Figure 3-3: Amount of 125I-DNA in blood. Radiation in blood was measured after dosing 1, 3, 5,
or 10 μg in A, or 50 or 100 μg in B, of (Acr-Lys4)3-Acr-Lys-Cys-PEG5kDa polyplex. Insets show

agarose gel autoradiograms showing intact plasmid DNA at times up 8 hr.
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Figure 3-4: Biodistribution of (Acr-Lys4)3-Acr-Lys-Cys-PEG5kDa DNA Polyplexes at 5 Min. Percent
of dose in each organ is shown in A, most of dose accumulates in the liver. In B, the μg of polyplex

in liver at 5 min was plotted against mass of DNA dosed. In C, data was replotted as μM PEG-
peptide in liver at 5 min against amount of peptide dosed. In D, inhibition curves of polyplex

bound PEG-peptide and unbound excess PEG-peptide doses were prepared.
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dissection. 

As polyplex dose increased, the percent of dose accumulated in the liver at 5 min post-

injection decreased. The 1 – 5 μg doses produced ~60% of dose in the liver at 5 min, while the 

10 μg dose produced 50% of dose in the liver, the 50 μg dose produced 18% of dose in liver, and 

100 μg dose produced 11% of dose in liver at 5 min (Fig. 3-4A).

These results were replotted in terms of μg DNA dosed vs μg DNA in liver at 5 min, 

creating a saturation curve (Fig. 3-4B). This saturation appeared to result from binding to a 

receptor, and was further analyzed by assuming the 20 g mice had 2 mL of blood and that PEG-

peptide remained bound to the DNA throughout the 5 min biodistribution time. Data was plotted 

as μM PEG-peptide dosed vs μM PEG-peptide in liver at 5 min. This curve was fitted by non-

linear least squares regression using Graphpad Prism 6 (Graphpad Software, La Jolla, CA, USA).

The best fit curve modeled binding to a single receptor site with apparent kd of 2.84 μM of PEG-

peptide with 3.31 μM of receptor in the liver with r2 = 0.98 (Fig. 3-4E). Results were also plotted

in terms of μM PEG-peptide dosed vs % of PEG-peptide taken up by liver at 5 min to obtain a 

half-maximal inhibitory concentration of 8 μM for polyplex bound PEG-peptide (Fig. 3-4D).

Based on these findings, it was hypothesized that rapid uptake of a 1 μg dose of DNA 

could be inhibited by co-dosing large amounts of PEG-peptide, far above the normal 0.8 nmol 

peptide per μg DNA. A 1 μg tracer dose of 125I-pGL3 (0.6 μCi) was combined with 0.8, 10, 20, 

40, 60, or 80 nmol (Acr-Lys4)3-Acr-Lys-Cys-PEG5kDa and delivered to mice by tail vein injection. 

The percent of dose in the liver at 5 min was determined as before. As the PEG-peptide dose 

increased, the percent of dose in the liver decreased from 60% to 16%. The data was plotted as 

μM of PEG-peptide vs percent of dose in liver at 5 min, producing an inhibition curve with a half
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maximal inhibitory concentration of 14.86±0.02 μM, twice that determined for polyplex-bound 

PEG-peptides, 6.82±0.06 μg (Fig. 3-4D).

This suggests that scavenger receptors could be responsible for the rapid uptake of 

polyplexes by the liver. A 200 μg dose of polyinosinic acid, a known scavenger receptor 

inhibitor, was able to inhibit the rapid uptake of a 1 μg 0.6 μCi dose of 125I-pGL3 PEG-peptide 

polyplex to 21±3.2% at 5 min, significantly less than the no polyinosinic acid control, 58±1.9%, 

p < 0.001.

The biodistribution data from later time points, 1 – 8 hr, was also analyzed. The 1 μg 

polyplex dose resulted in 60% of the dose accumulating in the liver at 5 min post-injection, but 

declined to <10% of dose at 4 – 8 hr, resulting in a metabolic elimination half-life of 2.1 hr (Fig. 

3-5A). The 3 and 5 μg polyplex doses resulted in 60% of dose in the liver at 5 min post-injection,

declining to 25% at 4 hr and 10% at 8 hr, with a metabolic half-life of 2.6 hr. The 10 μg polyplex 
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Figure 3-5: PEG-Peptide Polyplex Biodistribution to the liver over 0 – 8 hr. In A, Percent of dose
in liver after dosing 1 – 100 μg of (Acr-Lys4)3-Acr-Lys-Cys-PEG5kDa 125I-pGL3 polyplex shows

rapid uptake and decay at low doses, and delayed uptake and slow decay at high doses. In B, the
50 and 100 μg doses are replotted as μg polyplex in liver to show identical uptake rates of 0.5

μg/min.
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dose resulted in 50% of dose in the liver at 5 min, increasing to 55% at 2 hr, then declining to 

30% at 8 hr, with metabolic half-life of 5.1 hr. The 50 and 100 μg polyplex doses resulted in 17%

and 11% of dose in liver at 5 min, respectively. The 50 μg polyplex dose increased to 40% of 

dose in liver at 15 min, and 100 μg polyplex dose increased to 40% at 45 min, revealing a 

delayed-uptake behavior. Both 50 and 100 μg polyplex doses slowly declined from 40% with 

metabolic half-lives of 15 hr. Data for 50 and 100 μg polyplex doses was replotted in terms of 

time vs μg of polyplex in liver (Fig. 3-5B). Both doses showed a delayed-uptake rate of 0.5 

μg/min.

Similar delayed uptake behavior was observed when a 0.6 μCi tracer dose of 125I-pGL3 

polyplex was dosed with 40 or 80 nmol of (Acr-Lys4)3-Acr-Lys-Cys-PEG5kDa. Though the percent

of dose in the liver climbs as high as 55% before declining (Fig. 3-6).

109

Figure 3-6: Delayed Uptake Induced by Large Excess of PEG-Peptide. A 0.6 μCi tracer dose of
125I-pGL3 DNA mixed with 1 – 80 nmol (Acr-Lys4)3-Acr-Lys-Cys-PEG5kDa was delivered to mice,
and livers were gamma counted at 0 – 8 hr, showing delayed uptake and slow decay. The 50 μg

polyplex dose is included for comparison.

50 μg DNA 40 nmol Peptide
1 μg DNA 40 nmol Peptide
1 μg DNA 80 nmol Peptide
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PEG30kDa-Cys-Trp-LysN polyplexes were prepared with 1 μg (0.6 μCi) of 125I-pGL3 DNA 

and 0, 5, 10, 20, 40, or 80 nmol of peptide and delivered to mice by tail vein injection. Organs 

were harvested at 5 min post-injection and gamma counted. Again, the liver was the major site of

accumulation at 5 min, and the percent of dose in liver decreased as amount of PEG-peptide 

increased. Data was plotted in terms of μM PEG-peptide dosed, assuming blood volume of 2 

mL, vs percent of dose in liver and fitted by non-linear least squares regression by GraphPad 

Prism 6 (Fig. 3-7). IC50 values were determined based on the fitted equations (Table 3-1). The 10

lysine peptide produced an IC50 of 20.1 μM, showing weak inhibition of rapid-uptake into the 

liver. The 15 lysine peptide was twice as potent, with IC50 of 10.8 μM and maximal inhibition at 

20 μM PEG-peptide dose. The 20 lysine peptide showed greater potency, with IC50 of 5.5 μM. 

The 25 and 30 lysine peptides both showed an IC50 of 2.1 μM.
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Figure 3-7: Inhibition of Rapid Polyplex Uptake by Simple PEGylated Polylysine Peptides.
Plotting concentration of PEG-peptides dosed vs. percent of dose in the liver at 5 min shows that

the peptides inhibit rapid uptake, and that IC50 decreases as lysine length increases, until the
peptide is 25 or 30 lysines long, which are equally potent.
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3.4.5 Recovery of Rapid-Uptake Capacity

Mice were dosed with 50 μg of (Acr-Lys4)3-Acr-Lys-Cys-PEG5kDa pGL3 polyplex or 40 or

80 nmol of (Acr-Lys4)3-Acr-Lys-Cys-PEG5kDa with no DNA to saturate the liver's rapid-uptake 

capacity. Then, 1 μg (0.6 μCi) 125I-pGL3 (Acr-Lys4)3-Acr-Lys-Cys-PEG5kDa polyplex was dosed at

5 min, 2, 4, or 8 hr after the initial injection, and the percent of radioactive dose in the liver was 

determined at 5 min after the second injection (Fig. 3-8). All three formulations showed loss of 

rapid-uptake capacity at 5 min, the 50 μg polyplex dose produced approximately 20% of dose in 

liver, the 40 nmol PEG-peptide dose produced approximately 25% of dose in liver, and the 80 

nmol PEG-peptide dose produced approximately 12% of dose in liver at 5 min biodistribution 

time. All three formulations showed recovery of rapid-uptake capacity by 4 hr, where 50 – 60% 

of dose was captured by the liver at 5 min biodistribution time.
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Figure 3-8: Recovery of Rapid Uptake Capacity After Inhibition. Mice were dosed with 50 μg of
DNA (Acr-Lys4)3-Acr-Lys-Cys-PEG5kDa polyplex or 40 or 80 nmol of (Acr-Lys4)3-Acr-Lys-Cys-

PEG5kDa peptide. At 0 – 8 hr post-injection, mice were dosed with 0.6 μCi tracer dose of 125I-pGL3
polyplex and amount of dose in the liver was determined 5 min later. Rapid uptake capacity is

restored by 4 hr.

●  50 μg DNA 40 nmol Peptide

▼   1 μg DNA 80 nmol Peptide

○  1 μg DNA 40 nmol Peptide
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3.4.6 Hydrodynamic Delayed Stimulation of PEG-Peptide Polyplexes

To determine if inhibiting the rapid uptake of PEG-peptide DNA polyplexes by the liver 

actually extended how long plasmid DNA remained transfection competent, a series of delayed 

hydrodynamic stimulation experiments were performed.

PEG-peptide polyplexes were prepared with 1 μg of pGL3 luciferase expressing plasmid 

DNA with 50 or 100 μg of pSEAP secreted alkaline phosphatase expressing plasmid DNA to 

increase total amount of DNA while keeping luciferase expressing DNA constant. These 
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Figure 3-9: Delayed Hydrodynamic Stimulation with Rapid-Uptake Inhibition. pGL3 Plasmid
DNA with either 50 or 100 μg of (Acr-Lys4)3-Acr-Lys-Cys-PEG5kDa DNA polyplex or 40 or 80
nmol of excess (Acr-Lys4)3-Acr-Lys-Cys-PEG5kDa peptide was hydrodynamically stimulated at

time time points up to 18 hr. Delayed hydrodynamic stimulation of 1 μg pGL3 polyplex is shown
as comparison (●). Under high doses of polyplex or excess peptide, luciferase expression at 9

hour stimulation time is significantly greater than 1 μg pGL3 polyplex at 9 hours, * = p < 0.05.
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polyplexes were dosed by tail vein injection and followed by hydrodynamic stimulatory doses of 

normal saline at 1, 2, 3, 4, 5, 7, 8, 12, 15, or 18 hr, and imaged for bioluminescence at 24 hr after 

hydrodynamic stimulation.

Saturating rapid-uptake with large doses of PEG-peptide DNA polyplex extended the 

time for polyplexes to remain transfection competent in the liver from 4 hr at low doses to 12 hr 

at high doses (Fig. 3-9).

Similarly, 1 μg of pGL3 plasmid was dosed with 40 or 80 nmol of (Acr-Lys4)3-Acr-Lys-

Cys-PEG5kDa and followed by hydrodynamic stimulatory doses. These conditions also extended 

transfection competence time in the liver to 12 – 15 hr (Fig. 3-9).

Additionally, 1 μg of pGL3 plasmid DNA was combined with 80 nmol of PEG30kDa-Cys-

Trp-LysN with N = 15, 20, or 25 lysines. PEG-peptide polyplexes were delivered by tail vein 

injection and followed by hydrodynamic stimulatory injections of normal saline at 1 hr post-

injection. The 15 lysine PEG-peptide polyplex produced approximately 1x107 

photons/sec/cm2/steradian, one tenth of the signal produced by direct hydrodynamic injection of 

1 μg pGL3 plasmid DNA (Fig. 3-10A). The 20 lysine PEG-peptide polyplex produced 

approximately 5x107 photons/sec/cm2/steradian, and the 25 lysine PEG-peptide polyplex 

produced approximately 2.5x108 photons/sec/cm2/steradian, demonstrating that 80 nmol of 

PEG30kDa-Cys-Trp-Lys25 can protect a 1 μg dose of pGL3 DNA for up to 1 hr in the liver.

To establish a relationship between inhibition of rapid-uptake by PEG30kDa-Cys-Trp-Lys25 

and level of hydrodynamic stimulated gene expression, 1 μg of pGL3 DNA was prepared with 

10, 40, or 80 nmol of the 25 lysine PEG-peptide. Mice were dosed with PEG-peptide polyplex 

and administered a saline hydrodynamic stimulatory injection at 1 hr post-injection. The 10 nmol
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dose produced no detectable luciferase expression (Fig. 3-10B), while the 40 nmol dose 

produced approximately 1x107 photons/sec/cm2/steradian, and the 80 nmol dose produced 

approximately 2.5x108 photons/sec/cm2/steradian. This showed that more effective inhibition of 

rapid-uptake led to better expression after hydrodynamic stimulation.

3.4.7 Imaging of Polyplexes in the Liver

Cy5 polyplex was prepared with 50 μg Cy5 fluorescently labeled pGL3 plasmid DNA 

and 40 nmol (Acr-Lys4)3-Acr-Lys-PEG5kDa in 100 μL HBM and delivered to mice by tail vein 

injection. Livers were removed and fixed at 1 hr post-injection and prepared for microscopic 

imaging. Fluorescent microscopy was used to locate the Cy5-DNA in the liver as red points (Fig.

3-11). Cy5-DNA is found outside the hepatocytes, and only in the experimental mouse. The
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Figure 3-10: Delayed Hydrodynamic Stimulation with Simple PEGylated Polylysine Peptides. In
A, 1 μg pGL3 DNA was dosed with 80 nmol of PEG30kDa-Cys-Trp-LysN peptide, with N = 15, 20,

or 25 lysines and hydrodynamically stimulated at 1 hr. The 25 lysine peptide restored full
expression compared to direct hydrodynamic injection of pGL3 DNA. In B, the 25 lysine peptide

was dosed at 10, 40, or 80 nmol with 1 μg pGL3 DNA. The 40 and 80 nmol peptide doses
produced luciferase after 1 hr delayed hydrodynamic stimulation, but only the 80 nmol produced

full level expression, significantly higher than background, p ≤ 0.05.
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control mouse received non-labeled DNA PEG-peptide polyplex and does not show red points.
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Figure 3-11: Imaging of Cy5-DNA Polyplexes in the Liver. Cy5 labeled pGL3 DNA was prepared
with (Acr-Lys4)3-Acr-Lys-Cys-PEG5kDa and delivered to mice. At 1 hr post-injection livers were

removed and prepared for imaging. Cy5 polyplex is visible when tissue is stained with biotinylated
ulex aglutinin and FITC-streptavidin. Polyplex does not appear to be inside cells, consistent with it

being in the Space of Disse. Yellow arrows point to nuclei, white arrows point to Cy5 DNA.
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3.5 Discussion

Previous studies have shown that delayed hydrodynamic stimulation is a useful technique

for studying how DNA polyplex formulations can protect plasmid DNA in the bloodstream183–185. 

When DNA is properly protected, a delayed hydrodynamic stimulation can produce transgene 

expression at levels equal to direct hydrodynamic delivery of DNA at up to 4 hr after initial 

injection184,185. However, it was not clear how the expression level in the liver could be the same 

after DNA polyplexes had been allowed to circulate throughout the body for an extended period 

of time rather than immediately delivered to the liver as in direct hydrodynamic injection.

To examine the mechanism behind delayed hydrodynamic injection in more detail, PEG-

peptide DNA polyplexes were characterized with or without 5 mg/mL BSA to better mimic 

physiological conditions. Actual blood has an albumin concentration closer to 50 mg/mL, 

however concentrations this high create artifacts during particle size and zeta potential 

measurements. (Acr-Lys4)3-Acr-Lys-Cys-PEG5kDa DNA polyplexes had diameters of 

approximately 170 nm with zeta potential of +15 mV when measured without BSA. When BSA 

was added, particle size did not significantly change, but zeta potential did, changing from +15 

mV to -3 mV at 5 mg/mL BSA (Fig. 3-1E). Simpler polylysine PEG-peptides were prepared to 

compare to the polyacridine PEG-peptides. The polylysine PEG30kDa-Cys-Trp-LysN DNA 

polyplexes had diameters of 150 – 200 nm, with longer peptides making smaller particles, most 

likely due to higher charges and higher affinity for the DNA backbone. Similarly to (Acr-Lys4)3-

Acr-Lys-Cys-PEG5kDa, addition of BSA did not significantly alter particle size and reduced the 

zeta potential (Fig. 3-1). However, the polylysine peptide polyplex zeta potentials did not 

become negatively charged, but were reduced to approximately +6 mV.
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The particle size and zeta potential of nanoparticles have important implications for 

pharmacokinetics and biodistribution. The fenestrated endothelia of the liver sinusoids have 

pores, known as fenestrae, that allow proteins and other small particles to cross the sinusoid wall 

and enter the Space of Disse. These fenestrae have a diameter of approximately 100 nm in 

humans and 140 nm in mice7, but follow a distribution with some smaller or larger pores. The 

particle size measured by dynamic light scattering is also an average of a distribution of sizes. 

The 150 – 200 nm diameter PEG-peptide polyplexes used in this study are small enough that 

some population of particles most likely overlaps with some population of fenestrae, allowing 

the particles to pass through. 

Zeta potential is important for circulatory stability and toxicity. Particles with strong 

positive charge can aggregate proteins in the bloodstream, forming large enough particles to 

obstruct narrow capillaries in the lung249. However, a negatively charged particle is subject to 

uptake by scavenger receptors on liver sinusoidal endothelial cells and Kupffer cells, which can 

quickly remove a population of particles from the bloodstream47,58,260,268,270,272,274,285. PEGylation is 

often used to mask the charges on particles and bring zeta potential close to neutral249,259,260. The 

fact that DNA PEG-peptide polyplexes show reduction of zeta potential in the presence of 5 

mg/mL BSA implies that these particles may become even more negative in the blood where 

protein concentration is higher. Negatively charged particles would become candidates for 

scavenger receptor uptake.

Interestingly, PEG-peptides were demonstrated to form particles in the presence of 5 

mg/mL BSA even without DNA (Fig. 3-2). These particles had small diameters, 22 – 60 nm, 

allowing them to easily pass through fenestrae. Polylysine peptide albumin particles showed 
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decreased diameter as lysine chain length increased, the additional lysines most likely increase 

affinity for albumin and create a more tightly packed particle. The (Acr-Lys4)3-Acr-Lys-Cys-

PEG5kDa peptide albumin particle shows a 22 nm diameter, even smaller than the 30 lysine 

polylysine peptide, the hydrophobic acridines may increase affinity for albumin, or the longer 

PEG on the polylysine peptides creates the larger diameter. PEGylation probably prevents the 

particles from forming larger aggregates.

When radioiodinated DNA was used to form (Acr-Lys4)3-Acr-Lys-Cys-PEG5kDa 

polyplexes and injected into mice at increasing doses, the pharmacokinetic profile changed as 

dose increased (Fig. 3-3). At low doses of 1, 3, 5, and 10 μg, the amount of DNA in the blood 

increased to a maximum concentration at 1, 2, 3, and 10 hr post-injection, respectively. High 

doses of 50 or 100 μg produced profiles with maximum blood concentration at 5 min post-

injection. By extracting plasmid DNA from the blood samples and analyzing by gel 

electrophoresis it was shown that higher doses of polyplexes lead to better protection of plasmid 

DNA in the blood, with intact circular DNA detectable at 8 hr post injection at the 50 and 100 μg 

doses.

Dissecting mice after administration of increased doses of (Acr-Lys4)3-Acr-Lys-Cys-

PEG5kDa PEG-peptide radioiodinated DNA polyplexes showed that the liver captured most of the 

dose at 5 min post-injection (Fig. 3-4A). As the amount of polyplex dosed increased, the percent 

of dose in the liver at 5 min decreased. When plotted in terms of μg of DNA polyplex in the liver,

a saturation curve was revealed (Fig. 3-4B). By replotting the data in terms of μM of PEG-

peptide, an inhibition curve was created, (Fig. 3-4D), with IC50 of approximately 8 μM. It was 

suspected that rapid uptake of polyplexes by the liver was mediated by scavenger receptors. As 
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the polyplex dose increased the scavenger receptors became saturated, allowing the remaining 

polyplex to avoid capture and continue circulation. This hypothesis was supported by data from 

polyinosinic acid administration. Polyinosinic acid is a known scavenger receptor inhibitor274, 

and injection of 200 μg of PolyI was able to reduce the rapid uptake of 125I-pGL3 polyplex from 

60% to 20% of dose.

When biodistribution analysis was carried out over 8 hr, the percent of polyplex dose in 

the liver showed two distinct patterns (Fig. 3-5A). At low doses, the percent of dose in the liver 

at 5 min was approximately 60%, and declined with a half-life of approximately 2 hr. At high 

doses, the percent of dose in the liver at 5 min was low, 10 – 20%. The percent of dose in liver 

increased to approximately 40% within 1 hr before declining with half-life of approximately 15 

hr. When plotted in terms of μg of polyplex rather than percent of dose, the 50 and 100 μg 

polyplex doses showed an uptake rate of approximately 0.5 μg/min (Fig. 3-5B). This identical 

rate is consistent with particles passing through fenestrated sinusoidal endothelium into the 

Space of Disse. Once in the Space of Disse, the particles are protected against scavenger receptor

uptake. Because the percent of dose in the liver peaks at 40% and then decays slowly, the 

polyplex concentration in the Space of Disse most likely reaches a dynamic equilibrium, with 

particles entering and leaving through fenestrae at equal rates. Even though the delayed uptake is

only observable at high doses of polyplex, low doses are probably subject to some delayed 

uptake as well. Even 1 μg polyplex doses can be hydrodynamically stimulated at time points up 

to 4 hr post-injection, even though the half-life of polyplex in the liver is only 2 hr.

Additionally, the delivery of 1 μg of DNA with excess amounts of peptide also showed 

delayed uptake into the liver followed by decay with long half-lives (Fig. 3-6). This is most 
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likely related to the formation of peptide albumin particles observed during particle sizing 

experiments (Fig. 3-2). nonacridine polylysine peptides were also able to produce albumin 

particles, and were also shown to inhibit rapid uptake of polyplex in the liver (Fig. 3-7), with 

longer peptides making smaller particles (Fig. 3-2B) and smaller IC50 (Table 3-1).

By administering a dose of 50 μg polyplex or 40 or 80 nmol of (Acr-Lys4)3-Acr-Lys-Cys-

PEG5kDa to inhibit rapid uptake, followed by injection of 1 μg of 125I-pGL3 polyplex at 5 min – 8 

hr post-injection, it was shown that rapid uptake could be inhibited for as long as 4 hr after 

injection of the inhibitory dose (Fig. 3-8). This shows that clearance of PEG-peptide polyplex or 

PEG-peptide albumin particles was slow compared to the delayed uptake of polyplexes by the 

liver, which occurs over a period of 1 hr.

Delayed hydrodynamic stimulation has been used to study how well different polyplex 

formulations protect DNA in the bloodstream over time184,185. Previous studies have shown that a 

1 μg dose of pGL3 (Acr-Lys4)3-Acr-Lys-Cys-PEG5kDa polyplex can be hydrodynamically 

stimulated as late as 4 hr post-injection while retaining a full level of expression. In this study, 

the technique was applied to demonstrate that inhibition of rapid uptake by scavenger receptors 

would protect the DNA polyplexes in the bloodstream for an extended period of time. Both high 

doses of DNA (Acr-Lys4)3-Acr-Lys-Cys-PEG5kDa polyplex and 1 μg DNA with large excesses of 

(Acr-Lys4)3-Acr-Lys-Cys-PEG5kDa were able to achieve full level expression at time points as late 

as 12 hr post-injection (Fig. 3-9), three times as long as without rapid uptake inhibition.

nonacridine polylysine PEG-peptides were not capable of protecting DNA in the 

bloodstream for more than 5 min when dosed at 1 μg of polyplex at 0.8 nmol PEG-peptide per 

μg DNA260. However, when PEG-peptide was escalated as high as 80 nmol, 1 μg polyplex doses 
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could be hydrodynamically stimulated at 1 hr post-injection (Fig. 3-10). Longer lysine chains, 

which have higher affinity for DNA, show better signal, with a 25 lysine peptide showing full 

level expression at 1 hr stimulation time. The amount of peptide was also shown to be important, 

with 80 nmol of PEG-peptide producing full level expression. However, hydrodynamic 

stimulation of PEGylated polylysine DNA polyplexes at 2 hr produced no detectable signal (Data

not shown). This demonstrates that simple peptides with much lower affinity for DNA than their 

acridine containing counterparts can be made to protect DNA in the bloodstream for 1 hr when 

dosed at levels high enough to inhibit rapid uptake by the liver. However their weaker affinity 

still results in much shorter stimulation times than those achieved by acridine containing 

peptides.

This shows that protecting DNA polyplexes in circulation is complex. Peptides must 

protect DNA against degradation by nucleases, which requires tight binding. Peptides must also 

inhibit scavenger receptors to prevent the rapid uptake of polyplexes by Kupffer cells and 

sinusoidal endothelial cells, which requires large doses. While simple polylysine peptides are 

easier to synthesize than the acridine peptides, they do not have the affinity required to protect 

DNA for longer periods of time.

DNA was labeled with Cy5 fluorophore and used to prepare (Acr-Lys4)3-Acr-Lys-Cys-

PEG5kDa polyplexes, which were dosed to mice at 50 μg doses. When the livers were removed 

and sectioned and imaged by microscopy, red points were visible in the Cy5-DNA experimental 

mouse but not in the control mouse under both DAPI and ulex agglutinin staining (Fig. 3-11). 

The red Cy5-DNA was not seen inside hepatocytes, which is consistent with the hypothesis that 

particles accumulate in the Space of Disse. However, the Space of Disse is approximately 1 μm 
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wide286, near the limit of resolution for optical microscopy, and the polyplexes are less than 200 

nm wide, so standard optical microscopy techniques cannot precisely determine the location of 

polyplexes in the liver.

Nonviral delivery of DNA to specific tissues requires that DNA must circulate through 

the bloodstream for enough time to find their targets while remaining intact. Two major 

mechanisms that quickly remove intact DNA from the bloodstream are degradation by 

nucleases260 and uptake by scavenger receptors46. Polyacridine peptides have been shown to 

protect DNA against degradation in the bloodstream184,185, but were not previously known to 

inhibit scavenger receptor mediated uptake. This study has shown that high doses of PEG-

peptide, either as bound DNA polyplex or unbound free peptide with 1 μg DNA, can inhibit the 

rapid uptake of DNA by scavenger receptors. This not only improves the circulation time of 

DNA, but extends the time at which DNA can be hydrodynamically stimulated to achieve high 

level protein expression. Additionally, rapid uptake inhibition can be achieved using simple 

polylysine peptides, suggesting that scavenger receptor inhibition may be accomplished through 

easily produced substances. These results should help stabilize DNA in the bloodstream, and may

be applicable to delivery of other nanoparticle scale compounds, including liposomes or viruses. 

Longer circulation times and better DNA stability should help develop vehicles that deliver DNA

without hydrodynamic injection, allowing nonviral delivery to better compete with viral gene 

delivery.

122



www.manaraa.com

4 PEGylated Polyacridine Peptide Enhances mRNA Expression in Vivo

In collaboration with Jacob A. Poliskey, Elizabeth Mullins, and Nicholas Baumhover

This research is also presented in Crowley, et al, “Efficient Expression of mRNA PEG-Peptide

Polyplexes in Liver,” in progress.

4.1 Abstract

Non-viral delivery of mRNA has gained much interest in recent years, due to mRNA's 

potential to transiently produce protein in cells without the need for nuclear entry, which inhibits 

nonviral DNA delivery. This transient expression could be useful for genome-editing techniques 

such as CRISPR/Cas or TALEN endonucleases, or to express toxic proteins to treat cancer. 

However, mRNA is much less stable than DNA, and is highly susceptible to nuclease digestion. 

Preventing this digestion is critical to effective non-viral delivery of mRNA. This study applies 

PEGylated Polyacridine Peptides, previously shown to stabilize DNA in vivo, to mRNA. 

Peptides with and without acridine showed similar affinity for mRNA and similar ability to 

protect against RNase challenge. However, only the acridinylated peptide was capable of 

enhancing protein expression in vivo when mRNA peptide polyplex was delivered to mice by 

hydrodynamic tail vein injection. Polyplex with 1 μg of luciferase mRNA and PEGylated 

acridinylated peptide produced bioluminescent signal 10 fold higher than luciferase expressing 

plasmid DNA at 24 hr post-injection. Additionally, the acridinylated peptide was able to protect 

mRNA against degradation in an in vitro serum incubation followed by hydrodynamic delivery. 

PEGylated polyacridine peptides show the potential to protect mRNA against degradation in 

vivo, and may be helpful in the eventual nonviral delivery of mRNA without hydrodynamic 
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dosing. Additionally, tailed mRNA was shown to bind to Oligo(dT), Oligo(rU), and Poly(rU) in 

an attempt to improve peptide binding and better protect mRNA in vivo. Oligo(dT) was shown to

eliminate bioluminescence after hydrodynamic dosing of mRNA. Oligo(rU) and Poly(rU) did not

interfere with bioluminescence after direct hydrodynamic injection, but were not able to produce 

bioluminescence after delayed hydrodynamic stimulation. Finally, polyadenosine tailing of 

mRNA was attempted with the ATP analogs 1-Thio-ATP or 2'-Fluoro-2'-dATP. These analogs 

were shown to be ineffective substrates for polyadenosine tailing of mRNA.

4.2 Introduction

While most gene therapy research has focused on delivering DNA to treat disease, recent 

innovations in RNA synthesis and genome editing have generated interest in delivery of 

messenger RNA, mRNA. mRNA has advantages over DNA for certain applications, including no

need for nuclear entry, no chance for random insertion into the genome, and the transient 

expression of potentially cytotoxic proteins287. However, mRNA delivery is hampered by 

ubiquitous RNase enzymes and immune responses288.

The earliest report of mRNA delivery comes from 1990289, where naked luciferase mRNA

was injected into mouse muscle and produced detectable levels of luciferin. Since then, much of 

the mRNA delivery research has focused on mRNA vaccines290–292, and takes advantage of 

mRNA's immunogenic properties to act as a “self-adjuvant”293. However, these immunogenic 

responses could hinder non-vaccine applications of mRNA, resulting in reduced protein 

expression.

mRNA has been delivered in vivo with cationic lipids and cationic polymers. When 
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injected intravenously, the RNA is often expressed the spleen294–297. mRNA has also been 

delivered in vivo using a lipid calcium phosphate nanoparticle298. mRNA is condensed with 

protamine and trapped in a calcium phosphate core coated with a lipid bilayer. PEGylated lipids 

are added to the outer surface of the bilayer to “stealth” the particle against serum proteins and 

aggregation. These particles accumulate in tumors, most likely due to the enhanced permeability 

and retention, or EPR, effect. 

Another method to deliver RNA in vivo is hydrodynamic tail vein injection170,171. RNA is 

dissolved in a large volume of saline, normally equal to 8 – 10% of a mouse's mass, such that a 

20 g mouse will get 1.8 mL of saline. The RNA saline solution is injected into the animal's tail 

vein in 5 - 7 seconds. The high pressure forces the RNA into the hepatocytes where it can be 

expressed. Hydrodynamic dosing has been used to deliver DNA172,173, RNA174, proteins299, 

viruses177, nanoparticles176, and even whole cells178 to mouse liver. The liver is the primary target 

of hydrodynamic delivery due to its unique architecture of fenestrated sinusoidal endothelium. 

The 100 – 140 nm fenestrae allow fluid and particles direct access to the hepatocytes8, and 

allows the liver to swell up during the hydrodynamic injection and accommodate the large 

volume of saline with minimal injury179,300,301.

The first report of hydrodynamic delivery of mRNA to mice was McCaffrey et al., 

2002175, and required injection of 50 μg of luciferase expressing mRNA with 30 μg competitor 

RNA and 400 units of RNase inhibitor to protect the luciferase mRNA from RNases. The mice 

produced detectable luciferase expression in their livers at 3 hr post injection.

Many advances in mRNA technology have occurred to improve both the stability and 

efficiency of mRNA. One technique is the addition of β-globin untranslated regions, UTRs. Most

125



www.manaraa.com

mRNAs have half-lives on the order of minutes to hours in the cytoplasm, however, α-globin and

β-globin mRNA have half-lives between 16 and 48 hours302. The enhanced stability is caused by 

structural elements in the 3' UTR, however α-globin and β-globin 3' UTRs stabilize mRNA 

through different mechanisms. α-globin 3' UTR is vulnerable to ribosomal read through. If the 

ribosome reads as few as 4 codons past the stop codon, the protective structures of the 3' UTR 

are unfolded and the mRNA is destabilized and produces less than 1% normal α-globin protein 

levels. Stop codon mutations are responsible for α-thalassemia constant spring, the most 

common non-deletional thalassemia303. When preparing a gene for in vitro transcription, β-globin

UTRs are often spliced 5' and 3' of the gene to help stabilize the mRNA in the cytoplasm287,296,297.

Nucleotide substitution can also improve mRNA's transfection quality. It has been shown 

that substitution of uridine with pseudouridine and cytidine with 5-methyl-cytidine during in 

vitro transcription, as well as HPLC purification of in vitro transcribed mRNA can improve 

mRNA translation and reduce immune response294–296,304.

Cationic peptides have been used to protect plasmid DNA in vivo. PEGylated 

polyacridine peptides have been shown to protect plasmid DNA in the bloodstream of mice for 

up to 12 hr183–185,197,247. A 1 μg dose of plasmid remains fully transfection competent after 

hydrodynamic stimulation, where DNA polyplex is i.v. dosed in a small volume followed by a 

hydrodynamic injection of normal saline after some delay. Hydrodynamic stimulation is a useful 

technique to determine how well a formulation protects DNA in the bloodstream183. PEGylated 

polyacridine peptides enhance DNA circulatory half-lives by inhibition of nuclease degradation 

and inhibition of uptake by liver fenestrated endothelial cells and Kupffer cells247. nonacridine 

PEGylated polylysine peptides are also capable of protecting DNA during circulation when 
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delivered in large doses305.

Given that polyacridine peptides bind to, and protect, double stranded DNA, it was 

hypothesized they could bind to, and protect, mRNA. Even though mRNA is single stranded, 

RNAs often adopt complex secondary structures and form double helices (Fig. 4-1). These 

helices could allow the acridines to intercalate and enhance peptide binding over nonacridine 

polylysine peptides. Experience with PEGylated polyacridine peptides with DNA suggests that 

higher affinity leads to greater stability in the bloodstream184. These peptides may confer similar 

stability to mRNA.

It was also hypothesized that PEGylated polyacridine peptide binding could be improved 

with the addition of uridine or thymine polymers to bind to the 3' PolyA tail and increase the 

amount of double stranded RNA available for peptide to bind to.

Additionally, the use of nucleotide analogs to stabilize RNA against RNase activity has 

been demonstrated with RNA aptamers306. Modifications to the RNA backbone, either with 

phosphorothioate groups instead of phosphates, or replacing the 2' hydroxyl with a fluoride 

group prevents degradation in vivo307. It was hypothesized that the 3' polyadenosine tail could be 

synthesized with ATP analogs to incorporate these modifications and protect it against 

degradation.

In this study, luciferase mRNA was produced through in vitro transcription and was 

tested with PEGylated peptides. These peptides were shown to bind to mRNA and provide 

protection against RNase activity in vitro. Hydrodynamic injection was used to deliver mRNA to

mouse liver, and it was shown that polyacridine peptides enhanced luciferase expression. It was

also shown that PolyA tailed mRNA could be bound to Oligo(dT), Oligo(rU), and Poly(rU).
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Oligo(dT) binding prevented mRNA from functioning after hydrodynamic delivery, while 

Oligo(rU) and Poly(rU) did not affect bioluminescence. Polyadenosine tailing was attemped with

1-Thio-ATP and 2'-Fluoro-2'-dATP, but was not successful.
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Figure 4-1: Structures of Luc-UTR mRNA, nonacridine and acridine PEG-peptides. The
predicted secondary structure of Luc-UTR mRNA is shown in A, with many double helices.
In B, the nonacridine PEGylated polylysine peptide PEG5kDa-Cys-trp-Lys20 is shown, and in

C, the acridine containing (Acr-Lys4)3-Acr-Lys-Cys-PEG5kDa is shown.
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4.3 Materials and Methods

4.3.1 DNA Preparation

pGL3 control vector (Promega, Madison, WI, USA), a 5.3kb plasmid with firefly 

luciferase gene controlled by an SV40 promoter, was grown in DH5α E. coli and purified by 

Qiagen Gigaprep kit (Qiagen, Germantown, MD, USA). Purified plasmid DNA was quantified 

on a NanoDrop Lite Spectrophotometer (Thermo Fisher Scientific, Pittsburgh, PA, USA).

4.3.2 mRNA Synthesis

An initial attempt to produce luciferase mRNA was made by cutting the Luciferase gene 

from gWiz-Luc plasmid DNA (Aldevron, Fargo, ND, USA) using the NotI and BamHI cut sites 

and inserting into the pcDNA3.1(-) vector (Life Technologies, Grand Island, NY, USA) at those 

same cut sites, downstream from the T7 promoter. 

Improved template DNA for in vitro transcription was prepared by synthesizing the 

firefly luciferase gene with 5' and 3' untranslated regions, UTRs, from human β globin with 

codon optimization for expression in mice (GenScript, Piscataway, NJ, USA). This synthesized 

gene was named Luc-UTR. Luc-UTR was inserted into the pcDNA3.1(-) vector between the 

XbaI and BamHI sites, downstream from the T7 promoter site. Luc-UTR pcDNA3.1(-) was 

grown in DH5α E. coli and isolated with a Qiagen Miniprep kit (Qiagen, Germantown, MD, 

USA).

Purified Luc-UTR pcDNA3.1(-) plasmid was linearized with HindIII-HF (New England 

Biolabs, Ipswich, MA, USA) at 37 °C for 60 min. Residual RNase A from the miniprep was 

removed by digestion with 1.2 U proteinase K (Thermo Fisher Scientific, Pittsburgh, PA, USA) 
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in 0.5% SDS (Research Products International, Mt. Prospect, IL, USA). Linearized template 

DNA was purified by phenol:chloroform:isoamyl alcohol extraction and isopropanol 

precipitation. Precipitated DNA was resuspended in RNase Free H2O and quantified on a 

NanoDrop Lite Spectrophotometer.

Pre-mRNA was produced by in vitro transcription using the Ambion MEGAscript T7 Kit 

(Life Technologies, Grand Island, NY, USA) according to manufacturer's instructions. Briefly, 1 

μg linearized template Luc-UTR pcDNA3.1(-) DNA was added to 7.5 mM ATP, GTP, CTP, UTP 

with 10X reaction buffer and T7 RNA Polymerase in total volume of 20 μL. The mixture was 

incubated at 37 °C for 4 hr. After transcription, 2 units of TURBO Dnase in 1 μL was added to 

the reaction mixture and incubated at 37 °C for another 15 min. The reaction was stopped by 

addition of 115 μL RNase free water and 15 μL 5 M ammonium acetate 100 mM EDTA. Pre-

mRNA was purified by phenol:chloroform:isoamyl alcohol extraction and isopropanol 

precipitation. Purified pre-mRNA was quantified on NanoDrop Lite Spectrophotometer.

The 3' PolyA tail was added to the pre-mRNA using the Ambion PolyA Tailing Kit (Life 

Technologies, Grand Island, NY, USA) adapted from manufacturer's instructions. Briefly, pre-

mRNA was mixed with 1 mM ATP, 50 mM Tris-HCl, 250 mM NaCl, 10 mM MgCl2, pH 7.9, 

and 8 units E. coli polyadenosine polymerase in total volume of 100 μL. Reaction mixture was 

incubated at 37 °C for 1 hr. Then, 35 μL RNase free H2O and 15 μL ammonium acetate stop 

solution were added. Tailed mRNA was purified by phenol:chloroform:isoamyl alcohol 

extraction and isopropanol precipitation. Purified pre-mRNA was quantified on NanoDrop Lite 

Spectrophotometer.
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The 5' cap was added to tailed mRNA using the Vaccinia Capping System and mRNA 

Cap 2'O-methyltransferase (New England Biolabs, Ipswich, MA, USA) according to 

manufacturer's instructions. Briefly, 10 μg of RNA was heated to 65 °C for 5 min, then chilled on

ice for 5 min. RNA was then mixed with 0.5 mM GTP, 0.2 mM SAM, 10 units Vaccinia Capping

Enzyme, and 50 units mRNA cap 2'O-methyltransferase in total volume of 20 μL. The reaction 

mixture can be scaled according to the mass of mRNA. The mixture was incubated at 37 °C for 1

hr. Capped, tailed, mRNA was then purified by phenol:chloroform:isoamyl alcohol extraction 

and isopropanol precipitation. Purified mRNA was quantified on NanoDrop Lite 

Spectrophotometer. RNA was stored in -70 °C freezer.

Additionally, batches of mRNA were synthesized as above, but UTP and CTP were 

substituted with pseuodouridine triphosphate (Ψ) and/or 5-methylcytidine triphosphate (5meC) 

(Trilink Biotechnologies, San Diego, CA, USA).

4.3.3 Gel Electrophoresis

mRNA was examined for size and integrity by agarose native gel electrophoresis. A 1% 

gel was produced by dissolving 0.5 g agarose (Research Products International, Mt. Prospect, IL,

USA) with 50 mL 0.5X Lithium Boric Acid Electrophoresis Buffer (Faster Better Media, 

Baltimore, MD, USA) and 2 μL 50 μg/mL ethidium bromide (Bio-Rad Laboratories, Hercules, 

CA, USA). Because RNA secondary structure can create multiple bands on non-denaturing gels, 

RNA samples were heated to 65 °C for 5 min and were chilled on ice for 5 min to obtain a single 

band on gel. RNA was prepared at 1 μg for each lane with 5X LB Loading Medium (Faster 

Better Media, Baltimore, MD, USA) and loaded into the gel. Electrophoresis was carried out at 
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145 V for 30 min using a Bio-Rad PowerPac 200 (Bio-Rad Laboratories, Hercules, CA, USA). 

Gels were imaged using a UVP BioSpectrum Imaging System and VisionWorks®LS software 

(UVP, Upland California).

4.3.4 Oligo(dT) Binding Assay

Oligo(dT)25 cellulose beads (New England Biolabs, Ipswich, MA, USA) at 83.3 μg/μL 

were measured as 10 μL aliquots in PCR tubes, spun down, and storage buffer was removed. 

Beads were washed twice with 20 μL of Oligo(dT) loading buffer, 0.5 M NaCl, 20 mM Tris-HCl,

1.0 mM EDTA, pH 7.5. RNA samples at 1 μg each were diluted to 10 μL with Oligo(dT) loading

buffer, heated to 65 °C for 5 min and chilled on ice for 5 min. RNA samples were then mixed 

with Oligo(dT)25 cellulose beads for 5 min at room temperature. RNA-Bead mixtures were spun 

down, 5X LB Loading Medium was added, and supernatents were loaded into 1% agarose gels 

alongside untreated RNA controls. Electrophoresis and imaging were performed as described 

above.

4.3.5 Thermal Melt Assay

Solutions were prepared with 1 μg mRNA in 1xSSC buffer, 150 mM NaCl, 15 mM 

sodium citrate, pH 7.4 with total volume of 90 μL in PCR tubes. Thiazole orange was prepared 

by dissolving 5 mg in 1000 μL methanol, followed by 1000 fold dilution in 1xSSC buffer, 10 μL 

of which was added to the mRNA solutions. Samples were placed in a BioRad Icycler thermal 

cycler with MyIQ Single Color Real Time PCR Dectection System (BioRad Laboratories, 

Hercules, CA, USA) and held at 25 °C for 5 min, then heated to 85 °C over 10 min, with 
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fluorescence measured every 10 seconds. Melting point was determined by calculating the 

negative first order derivative of the fluorescence vs temperature plot.

4.3.6 Synthesis of PEG-Peptides

(Acr-Lys4)3-Acr-Lys-Cys and Cys-Trp-Lys20 were prepared as previously 

described184,185,305, by solid phase peptide synthesis using an Apex 396 Synthesizer (Advanced 

ChemTech, Louisville, KY, USA), using standard FMOC procedures. PEGylation of the Cys 

residues was performed by reacting 1 μmol of peptide with 1.1 μmol of PEG5kDa-maleimide in 4 

ml of 100 mM HEPES buffer pH 7 for 12 hr. PEGylated peptides were then purified by semi-

preparative scale RP-HPLC.

4.3.7 Formulation and Characterization of RNA PEG-Peptide Polyplexes

RNA polyplexes were formed by mixing equal volumes of mRNA and PEG-Peptide at 

0.8 nmol peptide per 1 μg of RNA.

Thiazole Orange displacement was used to show peptide-RNA binding. mRNA was 

dissolved at 40 μg in 4 mL 1 mM sodium Citrate pH 6.4 with 40 μL 0.5 mg/mL thiazole orange 

in methanol. Solutions of (Acr-Lys4)3-Acr-Lys-PEG5kDa were prepared in triplicate at 0, 125, 

250, 625, and 1250 pmol of peptide in 1 mM sodium citrate pH 6.4 at total volume of 250 μL. 

RNA thiazole orange solution was added to each peptide solution in equal volumes (250 μL 

each) and allowed to incubate at room temperature for 20 min. Fluorescence intensity of each 

sample was then measured with λex = 484 nm and λem = 535 nm using a Perkin Elmer LS50B 
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fluorometer (Perkin Elmer, Waltham, MA, USA).

A band shift assay was performed by making polyplexes with 1 μg mRNA and PEG-

Peptide at 0.00, 0.01, 0.05, 0.10, 0.30, 0.70, or 1.00 nmol peptide per μg RNA. RNA polyplexes 

were loaded onto 1% agarose gels and electrophoresis and imaging were performed as above.

Particle size and zeta potential were determined by dynamic light scattering with a 

Brookhaven Zetaplus (Brookhaven Instruments, Holtsville, NY, USA) using 2 mL of RNA 

polyplex at 30 μg/mL in 5 mM HEPES pH 7.5.

4.3.8 RNase Protection Assay

Polyplexes were prepared with 2 μg of Tailed Luc-UTR mRNA and 1.6 nmol of either 

(Acr-Lys4)3-Acr-Lys-Cys-PEG5kDa or PEG5kDa-Cys-Trp-Lys20. mRNA polyplexes were 

incubated with 0, 3, 10, 30, 100, 300, 1000, or 3000 ng/ml of RNase A (Thermo Fisher 

Scientific, Pittsburgh, PA, USA) in total volume of 20 μl of 5 mM HEPES buffer, pH 7.4 for 10 

min at 37 °C. Proteinase K was diluted to 0.5 mg/mL in 500 μL 100 mM NaCl, 50 mM Tris, and 

1% SDS, pH 8.0 and added to the samples, which were incubated at 37 °C for 30 min to destroy 

the RNase. RNA was extracted with 500 μL phenol:chloroform:isoamyl alcohol followed by 

ethanol precipitation. Pelleted RNA was dried and resuspended in 10 μl of 5 mM HEPES buffer. 

RNA was electrophoresed and imaged as described above.

4.3.9 Hydrodynamic Dosing of RNA

RNA polyplexes were prepared with 5 μg of mRNA and 4 nmol of PEG-Peptide as 

described above. Triplicate ICR male mice were weighed, and average mass was used to 
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calculate volume necessary for hydrodynamic dosing, at 0.09 mL per gram of animal mass. RNA

polyplexes were dissolved in enough normal saline for 5 hydrodynamic doses. Triplicate mice 

were restrained and hydrodynamically dosed with 1 μg of RNA polyplex by tail vein injection in 

5 – 7 seconds. Doses of pGL3 luciferase expressing plasmid DNA at 1 μg were used as a positive

control.

4.3.10 Delayed Hydrodynamic Stimulation

Delayed hydrodynamic stimulation is performed in a similar manner to standard 

hydrodynamic injection. However, delayed hydrodynamic stimulation delivers mRNA polyplex 

in a small volume, 100 μL, of HEPES buffered mannitol, HBM (5 mM HEPES, 270 mM 

mannitol, pH 7.4). The polyplexes are allowed to circulate through the bloodstream for some 

time, after which a hydrodynamic bolus dose of normal saline with no additional RNA is injected

into the tail vein. Bioluminescent imaging is performed 24 hr after hydrodynamic injection as 

described below.

4.3.11 Bioluminescent Imaging

At 24 hr after hydrodynamic dosing of RNA polyplexes, mice were anesthetized with 

2.5% isofluorane gas and intraperitoneally dosed with 80 μL of 30 μg/μL D-Luciferin (Gold 

Biotechnology, St. Louis, MO, USA) in phosphate buffered saline. At 5 min post injection, mice 

were imaged for bioluminescence in an IVIS Imaging 200 Series (Xenogen, Hopkins, MA, 

USA), with 2.5% isofluorane gas, medium binning, 24.6 cm field of view, and 10 second 

acquisition time.
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4.3.12 Serum Incubation Assay

Three mice were anesthetized with intraperitoneal injection of 100 mg/kg ketamine and 

10 mg/kg xylazine, their blood was collected through cardiac puncture. The pooled mouse blood 

was allowed to clot at room temperature for 15 min. Clotted blood was centrifuged at 5000 RPM 

at 4 °C for 10 min. Serum was removed and split into 100 μL aliquots and stored at -70 °C.

RNA polyplexes were prepared with 5 μg of mRNA and 4 nmol of PEG-Peptide as 

described above in total volume of 5 μL. Polyplexes were diluted with 15 μL of mouse serum 

and allowed to incubate at room temperature for 30 min. The polyplex serum mixture was 

diluted with normal saline and used for hydrodynamic dosing as described above.

4.3.13 Expression Time Course

Luc-UTR mRNA polyplexes were prepared with (Acr-Lys3)4-Acr-Lys-Cys-PEG5kDa at 

0.8nmol peptide per μg mRNA. Triplicate mice were hydrodynamically injected with 1 μg doses 

of polyplex and imaged at 4, 24, 36, 48, 60, 72, 84, and 96 hr to determine how expression 

changed over time.

4.3.14 Oligo(dT) and Oligo(rU) Binding

Polythymine DNA oligos at 16, 20, 24, 28, and 32 bases long and a 32 base long 

polyuridine RNA oligo (Integrated DNA Technologies, Coralville, IA, USA) were mixed with 

capped and tailed Luc-UTR mRNA at 10 “Tail Equivalents”, assuming 200 nt long PolyA tails. 

These mixtures were delivered to mice by hydrodynamic tail vein injection.
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To determine approximately how many copies of Oligo(rU) were needed to bind one 

copy of tailed mRNA, Oligo(rU) was mixed with tailed Luc-UTR mRNA at 0, 0.8, 1.7, 4.2, 8.4, 

12.6, 16.8, 83.6, 166.8, 419.2, 836.2, and 1674.6 to 1 ratios of Oligo(rU) to mRNA in Oligo(dT) 

binding buffer as described above. Oligo(rU)-mRNA mixtures were then used with the 

Oligo(dT) cellulose bead binding assay as above.

PolyA tail length was estimated by assuming that Oligo(dT) cellulose beads could only 

bind tailed mRNA if at least 25 consecutive adenines were available for binding. Since the 

Oligo(rU) is 32 bases long, 32 uridines + 25 adenines is 57 bases, and 32 uridines divided by 57 

bases is 56%. So complete inhibition of Oligo(dT) bead binding should occur when the 

Oligo(rU) occupies at least 56% of the tail. PolyA tail length was estimated by multiplying the 

Oligo(rU):mRNA ratio by 32 uridines, then dividing by 56%.

Oligo(rU) binding to tailed mRNA was also examined by thermal melt assay. Tailed and 

untailed mRNA solutions were prepared at 10 μg RNA with 100 μL 5 μg/mL thiazole orange in 

total volume of 900 μL 1xSSC buffer. RNA solutions were aliquotted into 90 μL portions in PCR

tubes. Oligo(rU) solutions were prepared in 1xSSC buffer at total volume of 30 μL and 10 μL of 

each solution was added to mRNA solutions such that ratio of Oligo(rU) to mRNA was 0, 0.8, 

1.7, 4.2, 8.4, 12.6, 16.8 to 1. Solutions were placed in the thermal cycler and melt curves were 

performed as described above.

4.3.15 Poly(rU) and Poly(rA) Binding

Poly(rU), Poly(rA), and Poly(rU)·Poly(rA) duplex (Sigma Aldrich, St. Louis, MO, USA) 

were dissolved in 1xSSC at approximately 1 mg/mL and stored at -70 °C.
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Poly(rU)·Poly(rA) duplex was dissolved at 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0 μg in 90 μL of 

1xSSC buffer with 10 μL of 1000 fold diluted thiazole orange for a total volume of 100 μL in 

PCR tubes. Samples were placed in the thermal cycler and melting curves were obtained as 

above.

Poly(rU)·Poly(rA) duplex was dissolved at 1.0 or 50.0 μg in 90 μL of 1xSSC buffer with 

10 μL of 1000 fold diluted thiazole orange as above. Samples were melted multiple times to 

study affect of repeated heating and cooling on fluorescence. Additionally, a “reverse” melt curve

was obtained by heating RNA solutions to 85 °C for 5 min followed by cooling to 25 °C over 60 

cycles, at 10 seconds per cycle.

Tailed Luc-UTR mRNA at 1.0 μg was mixed with 0.0 – 1.0 μg of Poly(rU) or 

Poly(rU)·Poly(rA) duplex in 25 μL of 1xSSC and loaded into 1% non-denaturing agarose gels 

and electrophoresed as above. Additionally, 1.0 μg tailed or untailed Luc-UTR mRNA was 

mixed with 1.0 μg of Poly(rU), 1.0 μg Poly(rU) plus 1.0 μg Poly(rA), or 2.0 μg 

Poly(rU)·Poly(rA) duplex in 30 μL 1xSSC and electrophoresed as above.

Tailed or untailed Luc-UTR at 1.0 μg was mixed with 1.0 μg Poly(rU) and/or 1.0 μg 

Poly(rA) in 90 μL 1xSSC with 10 μL of 1000 fold diluted thiazole orange. Samples were placed 

in the thermal cycler and melting curves were obtained as above. Additionally, 10 μg of tailed or 

untailed Luc-UTR mRNA was dissolved in 1xSSC buffer with 100 μL of 1000 fold diluted 

thiazole orange for a total volume of 900 μL and divided into 90 μL aliquots in PCR tubes. 

Poly(rU) was dissolved at 0 – 1.0 μg/μL in 30 μL 1xSSC and 10 μL of each was added to each 

mRNA tube to obtain 0.0, 0.5, 1.0, 2.5, 5.0, 7.5, and 10.0 μg Poly(rU). Samples were placed in 

the thermal cycler and melt curves were obtained as above.
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Poly(rU), Poly(rU) plus Poly(rA), or Poly(rU)·Poly(rA) duplex at 1.0 μg was dissolved in

25 μL 1xSSC with 0.00. 0.01, 0.05, 0.10, 0.25, 0.50, 0.75, 1.00 nmol of (Acr-Lys4)3-Acr-Lys-

Cys-PEG5kDa. Samples were loaded into 1% non-denaturing agarose gels and electrophoresed as

above.

Particle sizing was performed by mixing 48 μg Poly(rU)·Poly(rA) duplex in 0.8 mL 5 

mM HEPES pH 7.4 and 38.4 nmol (Acr-Lys4)3-Acr-Lys-Cys-PEG5kDa was dissolved in 0.8 mL 

5 mM HEPES pH 7.4. Solutions were combined to produce RNA PEG-peptide polyplexes at 0.8 

nmol peptide per μg RNA. Particle size and zeta potential measurements were carried out as 

above.

Hydrodynamic dosing of mRNA Poly(rU)·Poly(rA) mixtures were carried out by mixing 

1.0 μg tailed Luc-UTR mRNA with 1.0 μg Poly(rU) or 2.0 μg Poly(rU)·Poly(rA) duplex and 

(Acr-Lys4)3-Acr-Lys-Cys-PEG5kDa at 0.8 nmol peptide per μg RNA. Samples were delivered to 

mice by either direct hydrodynamic injection or delayed hydrodynamic stimulation at 5 min 

post-injection. Additionally, 1.0 μg tailed Luc-UTR mRNA was mixed with 50 μg 

Poly(rU)·Poly(rA) duplex and (Acr-Lys4)3-Acr-Lys-PEG5kDa at 0.8 nmol per μg RNA and 

delivered to mice by either direct hydrodynamic injection or delayed hydrodynamic stimulation 

at 5 min post-injection. Bioluminescence imaging was carried out 24 hr later as described above.

4.3.16 PolyA Tailing with ATP Analogs

Pre-mRNA was prepared through in vitro transcription as above. However, tailing was 

carried out using the ATP analogs 1-Thio-ATP or 2'-Fluoro-2'-dATP (Trilink Biotechnologies, 
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San Diego, CA, USA). Several reaction conditions were tested including variations of reaction 

time, reaction temperature, ATP analog concentration, manganese ion concentration, addition of 

spermidine, admixtures with ATP, or use of yeast polyadenosine polymerase. Presence or 

absence of PolyA tail was determined by band shift assay or Oligo(dT) cellulose bead binding 

assay with gel electrophoresis. Tailed mRNA was capped as above and delivered to mice through

hydrodynamic tail vein injection.

“Standard” reaction conditions are as above, but with 1 mM of either 1-Thio-ATP or 2'-

Fluoro-2'-dATP.

Reaction time was varied by setting up 5 reactions with standard conditions and 

incubating at 37 °C. Every hour a reaction was removed from the thermal cycler and placed on 

dry ice to stop the reaction. After all samples had been frozen, they were thawed and purified by 

phenol:chloroform:isoamyl extraction and isopropanol precipitation as described above.

Reaction temperature was varied by setting up reactions with standard conditions and 

incubating at 37 °C. Temperature was increased from 37 °C to 60 °C over 60 min.

ATP analog concentration was varied by setting up reactions with either 0.5 mM or 10 

mM ATP analog, representing one half or 10 times the standard concentration.

Effect of manganese ion concentration was tested by setting up reactions with 100 μM, 

500 μM, 1000 μM, 1500 μM, 2000 μM, or 2500 μM of MnCl2.

Effect of spermidine addition was tested by setting up reactions with 1 mM spermidine 

(Sigma Aldrich, St. Louis, MO, USA).

ATP admixtures were set up using either 10:1 or 1:1 ratios of ATP analog:ATP, maintaing 

total “ATP” concentration at 1 mM.
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Yeast Polyadenosine Polymerase was tested by setting up reactions with 53.3 units of 

yeast polyadenosine polymerase (Affymetrix USB Products, Cleveland, OH, USA) instead of E. 

coli polyadenosine polymerase. Because the unit definitions provided by the different 

manufacturers were different, 53.3 units of yeast enzyme were used to match the enzyme activity

(8 units) of E. coli polymerase.

4.4 Results

4.4.1 mRNA Synthesis

Capped and tailed Luc-UTR mRNA was produced by in vitro transcription and quantified

by absorbance at 260 nm. Typical yields for a 20 μL reaction were approximately 200 μg of pre-

mRNA. After tailing and capping, final yield was 100 – 150 μg, with significant batch to batch 

variation. Pre-mRNA typically had a 260/280 ratio of approximately 2.0, tailed mRNA would 

have a 260/280 ratio between 2.0 and 2.4, though this was most likely due to carryover of free 

ATP from the tailing reaction, as capped mRNA usually had a lower 260/280 ratio, 

approximately 2.0, implying loss of free ATP after the final purification. Gel electrophoresis 

showed that the mRNA formed good bands with minimal smear, implying little to no degradation

by RNase. Gels often produced two bands, most likely due to mRNA secondary structures with 

different migration rates. Single bands could be produced by heat denaturing the mRNA and 

chilling it on ice. This also made RNA ladders unreliable, as the nondenatured RNA could not be 

trusted to run according to size. However, tailed mRNA could be distinguished from nontailed 

mRNA by band shift.
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4.4.2 mRNA Polyplex Characterization

The thiazole orange displacement assay showed that (Acr-Lys4)3-Acr-Lys-PEG5kDa 

caused significant loss of fluorescence at 50 pmol peptide per μg of RNA, and near total loss of 

fluorescence at 250 pmol per μg (Fig. 4-2). Both are well below the 800 pmol per μg used to 

formulate RNA polyplexes, implying that the mRNA is saturated with peptide.

Band shift assays using (Acr-Lys4)3-Lys-Cys-PEG5kDa and PEG5kDa-Cys-Trp-Lys20 

RNA polyplexes demonstrated that both peptides bound to the mRNA and formed polyplexes 

that inhibited migration. Both peptides completely inhibited migration at 0.10 nmol peptide per 

μg RNA (Fig. 4-3). At 0.7 and 1.0 nmol/μg, (Acr-Lys4)3-Lys-Cys-PEG5kDa formed polyplexes 

that ran up the gel, opposite from naked mRNA. This showed that the polyplexes were stable 

enough to not dissociate under electrophoresis conditions.
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Figure 4-2: Thiazole Orange displacement assay with Luc-UTR mRNA and (Acr-Lys4)3-Acr-
Lys-Cys-PEG5kDa. mRNA is saturated by 250 pmol of peptide per μg mRNA.
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Dynamic light scattering data showed that RNA polyplexes with (Acr-Lys4)3-Acr-Lys-

Cys-PEG5kDa formed particles with diameter of 104 nm and zeta potential of +15 mV. When 

pGL3 plasmid DNA is used, the same peptide forms particles with diameter of 170 nm, and
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Figure 4-3: Band shift assays demonstrate mRNA binding to PEG5kDa-Cys-Trp-
Lys20 and (Acr-Lys4)3-Acr-Lys-Cys-PEG5kDa. mRNA migration is inhibited by 0.10

nmol of nonacridine peptide in A, or acridine peptide in B.
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 +15mV zeta potential177. This is consistent with the shorter length of mRNA vs plasmid DNA 

(1.6 kb vs 5.3 kb).

4.4.3 RNase Protection Assays

mRNA was complexed with PEG5kDa-Cys-Trp-Lys20 or (Acr-Lys4)3-Acr-Lys-Cys-

PEG5kDa and incuabated with 0 – 3000 ng/mL RNase A for 10 min, then RNase was digested

 with proteinase K and RNA was purified by phenol:chloroform:isoamyl alcohol extraction and 

ethanol precipitation. Purified RNA was electrophoresed on 1% non-denaturing agarose gel. 

When PEG5kDa-Cys-Trp-Lys20 was used, RNA remained intact at 30 ng/mL RNase A, but 

showed degradation at 100 ng/mL. When (Acr-Lys4)3-Acr-Lys-Cys-PEG5kDa was used, RNA 

also showed some degradation at 100 ng/mL, but appeared less degraded than with the 

nonacridine peptide (Fig. 4-4).
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Figure 4-4: mRNA is protected from RNase by PEG-peptides. mRNA is
protected from up to 30 ng/mL of RNase A by nonacridine peptide in A, or

acridine peptide in B.

A
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4.4.4 Hydrodynamic Dosing and Bioluminescence

The initial attempt to produce luciferase mRNA was able to produce mRNA that was 

used in hydrodynamic injection. However, in order to detect any luminescence, 20 μg of mRNA 

had to be injected rather than 1 μg, and bioluminescent imaging had to be performed at 4 hr post-

injection rather than 24 hr post-injection. Mice produced approximately 1.0x106 

photons/sec/cm2/steradian, (Fig. 4-5) which was above background, but very poor, especially 

considering the amount of material needed.

Luc-UTR mRNA at 1 μg was hydrodynamically dosed into mice and bioluminescence 

was measured 24 hr post-injection. mRNA without peptide produced a bioluminescent signal of
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Figure 4-5: Direct Hydrodynamic Dosing of mRNA. Luc-UTR mRNA at 1 μg is comparable to an
equal mass of pGL3 plasmid DNA and better than the original Luciferase mRNA tested at 20 μg.

Luc-UTR mRNA requires a 5' cap to express luciferase, and the 3' PolyA tail improves
expression.
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 3.7x107 photons/sec/cm2/steradian. The pGL3 plasmid DNA control produces 1.0 – 5.0 x108 

photons/sec/cm2/steradian, so when equal masses of naked mRNA and DNA are used, the DNA 

produces higher luciferase expression. This is not unexpected, as each DNA plasmid can produce

several mRNA transcripts. Direct hydrodynamic dosing of capped, untailed Luc-UTR mRNA 

produces approximately 1.8x106 photons/sec/cm2/steradian. Hydrodynamic dosing of tailed 

mRNA without the 5' cap, or uncapped, untailed, mRNA produces no detectable bioluminescent 

signal (Fig. 4-5).

147

Figure 4-6: Hydrodynamic Dosing of Luc-UTR mRNA PEG-Peptide Polyplexes. (Acr-Lys4)3-Acr-
Lys-Cys-PEG5kDa mRNA polyplexes produce significantly higher bioluminescence than pGL3

plasmid DNA or PEG5kDa-Cys-Trp-Lys20 mRNA polyplex. **** = p < 0.0001.
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However, when mRNA is bound to (Acr-Lys4)3-Acr-Lys-PEG5kDa to form RNA 

polyplexes, hydrodynamic dosing produced 1.4x109 photons/sec/cm2/steradian, significantly 

higher than unbound mRNA, but not significantly different from pGL3 DNA. When PEG5kDa-

Cys-Trp-Lys20 is used, signal is not significantly different from unbound mRNA (Fig. 4-6).

4.4.5 Serum Protection Assay

Luc-UTR mRNA incubated in mouse serum for 30 min was not capable of producing 

bioluminescence after hydrodynamic dosing into mice. mRNA PEG5kDa-Cys-Trp-Lys20 polyplex
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Figure 4-7: (Acr-Lys4)3-Acr-Lys-Cys-PEG5kDa mRNA Polyplexes Remain Transfection Competent
After 30 min Incubation in Mouse Serum. mRNA with no peptide or with PEG5kDa-Cys-Trp-Lys20

fails to produce bioluminescence after incubation and hydrodynamic injection. * = p < 0.05.
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was also not able to produce bioluminescence after incubation. However, mRNA (Acr-Lys4)3-

Acr-Lys-Cys-PEG5kDa polyplex was still able to produce 1x108 photons/sec/cm2/steradian after 

incubation and hydrodynamic delivery, indicating that acridines are necessary for at least partial 

protection against serum RNases (Fig. 4-7).

4.4.6 Expression Time Course

Bioluminescent signal at 4 hr post injection was already over 1x109 

photons/sec/cm2/steradian, and remained there at 24 hr. Both images had some pixels that 

saturated the detector, so actual signal may be higher at either of these time points.
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Figure 4-8: (Acr-Lys4)3-Acr-Lys-Cys-PEG5kDa Luc-UTR mRNA Polyplexes Produce Detectable
Levels of Bioluminescence for at Least 72 hr Post-Injection. * = p ≤ 0.05 relative to 4 hr time.

*

*
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 Bioluminescent signal decreased after 24 hr, and was at background by 84 hr (Fig 4-8).

4.4.7 Oligo(dT) and Oligo(rU) Binding

Luc-UTR mRNA bound to Oligo(dT) at 16 or 32 bases long and hydrodynamically 

injected had 2 orders of magnitude less bioluminescence than nonbound mRNA (Fig. 4-9A). 

When bound to 32 base long Oligo(rU), bioluminescence was not significantly different from

 unbound control after direct hydrodynamic injection. However, when a 5 min delayed 

hydrodynamic stimulation was performed, there was no expression (Fig. 4-9B).

Luc-UTR mRNA was bound to several ratios of Oligo(rU) and assayed for binding with 

Oligo(dT) cellulose beads. Bead binding appeared to be completely inhibited by Oligo(rU) to 

mRNA ratios of 4.2:1 and above, partially inhibited by 0.84:1 and 1.67:1 ratios (Fig. 4-9C,D).

With total inhibition occurring between 4.2:1 and 8.4:1 ratios, PolyA tail length was estimated at 

200 – 500 adenines, consistent with the PolyA tailing kit manufacturer's claim for PolyA tail 

length.

Tailed and untailed Luc-UTR mRNA was bound to several ratios of Oligo(rU) and 

assayed by thermal melt curves with thiazole orange from 25 °C to 85 °C. Tailed mRNA showed 

strong fluorescence at 25 °C with 8.4, 12.6, and 16.8 to 1 ratios of Oligo(rU) to mRNA, similar 

to the results from gel electrophoresis(Fig. 4-9E,F). Melting point was determined to be 

approximately 48 °C for the 8.4 to 1 ratio, and approximately 50 °C for the 12.6 and 16.8 to 1 

ratios. Untailed mRNA did not show increased fluorescence with any ratio of Oligo(rU) (Fig. 4-

9G,H).
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Figure 4-9: mRNA with Oligo(rU) or Oligo(dT) Binding. A: Oligo(rU) bound mRNA PEG-
polyplex is still transfection competent, however Oligo(dT) bound mRNA polyplex produces very

little bioluminescence with either 16 or 32 thymines. B: Though Oligo(rU) bound mRNA
polyplex produces bioluminescence after direct hydrodynamic injection, it fails after delayed

hydrodynamic stimulation. C, D: Oligo(rU) binds to tailed mRNA and prevents mRNA binding to
Oligo(dT) cellulose beads at as little as 4.2 copies of Oligo(rU) per mRNA. E, F: Tailed mRNA
binds Oligo(rU) and shows fluorescene in thiazole orange melt curve assay, mRNA Oligo(rU)

complex melts at approximately 50 ºC. G, H: Untailed mRNA fails to bind Oligo(rU).
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4.4.8 Poly(rU) and Poly(rA) Binding

Poly(rU)·Poly(rA) duplex at 0.0 – 1.0 μg was mixed with thiazole orange and melted in 

the thermal cycler. As amount of RNA increased, fluorescence increased, such that 1.0 μg of 

RNA produced approximately 1000 relative light units. As temperature increased, fluorescence 

decreased, then steeply fell off at 60 – 65 °C. The negative first derivative of the fluorescence 

was plotted to determine the inflection point of the melt curve and assign a melting point to the 

RNA. All amounts of RNA had melting points at approximately 65 °C (Fig. 4-10A).

Poly(rU)·Poly(rA) duplex was dissolved at 1.0 μg or 50 μg in 100 μL with thiazole 

orange and melted multiple times in the thermal cycler. When 1.0 μg of RNA was melted the first

time, fluorescence at 25 °C was approximately 400 relative light units, while subsequent melt 

curves showed approximately 600 relative light units (Fig. 4-10C,D). When RNA was heated to 

85 °C then cooled to 25 °C, a very similar curve was obtained, but the melting point was 

approximately 60 °C, less than the 65 °C melting point when temperature is increased from 25 

°C to 85 °C (Fig. 4-10C,D). At 50 μg, RNA behaved similarly to 1.0 μg, however when RNA 

was cooled from 85 °C to 25 °C, fluorescence became much stronger, almost twice as high as

 initial fluorescence when heating from 25 °C to 85 °C (Fig. 4-10E,F).

Tailed Luc-UTR mRNA at 1.0 μg was mixed with 0.00 – 1.00 μg of Poly(rU) or 

Poly(rU)·Poly(rA) duplex and analyzed by gel electrophoresis. Poly(rU) by itself is not visible 

on agarose gel because ethidium bromide cannot intercalate. However, as amount of Poly(rU) 

increased, the mRNA bands in the gel became less intense and a smear became visible at 0.25 μg

of Poly(rU). With Poly(rU)·Poly(rA) duplex, mRNA bands also became less intense as the RNA
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 polymer increased. A smear became visible at 0.05 μg of duplex, and drastically changed 

appearance at 0.50 μg of duplex, becoming very dark at the bottom of the smear and the mRNA 

bands are no longer visible (Fig. 4-11A,B).

Tailed or untailed Luc-UTR at 1.0 μg was mixed with 1.0 μg of Poly(rU), 1.0 μg 

Poly(rU) and 1.0 μg of Poly(rA), or 2.0 μg of Poly(rU)·Poly(rA) duplex and electrophoresed. 
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Figure 4-10: Melting Properties of Poly(rU)·Poly(rA) Duplex. A, B: Increasing amount of RNA
increases fluorescence. Poly(rU) Poly(rA) melts at 65 °C. C, D: Melting RNA a second time

increases fluorescent intensity. Subsequent melting does not change fluorescence. Cooling RNA
instead of heating it produces a similar melt curve, but melting point appears slightly lower. E, F:
Melting 50 μg of RNA shows that melting behavior does not change much at high concentrations

of RNA. However, cooling the RNA produces much higher fluorescent intensities.
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With Poly(rU), untailed mRNA appears to be almost identical to untailed mRNA by itself. 

However, the tailed mRNA with Poly(rU) shows smearing and a slight band shift 

compared to tailed mRNA by itself. With the mixture of Poly(rU) and Poly(rA) or the premade 

Poly(rU)·Poly(rA) duplex, neither the tailed or untailed mRNA bands were visible. All lanes 

showed a dark smear, however lanes with tailed mRNA showed a taller smear, reaching further 

up the gel (Fig. 4-11C).
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Figure 4-11: mRNA Binding to Poly(rU) and Poly(rU)·Poly(rA) Duplex. A: Tailed mRNA was
mixed with 0 – 1 μg of Poly(rU). Smear at 0.25 μg and above suggests binding. B: Tailed mRNA
was mixed with Poly(rU)·Poly(rA) duplex. Smearing changes and mRNA bands disappear at 0.5

μg and above. C: Tailed or untailed mRNA was mixed with Poly(rU) or Poly(rU)·Poly(rA)
duplex. tailed mRNA shows smearing with poly(rU) or a taller smear with duplexes.
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Tailed or untailed mRNA at 1.0 μg was mixed with 1.0 μg of Poly(rU) or Poly(rA), or 

Poly(rU) and Poly(rA) were mixed at 1.0 μg each with thiazole orange and subjected to melt 

curve analysis. Before mixing, both tailed and untailed mRNA showed almost identical melt 

curves with no clear melting point. Poly(rU) by itself showed almost no fluorescence at any 

temperature (Fig. 4-12A,B). Interestingly, Poly(rA) showed fluorescence at 25 °C just as intense 

as the mRNA fluorescence, but fluorescence was quickly lost as temperature increased, with 

melting point at approximately 30 °C (Fig. 4-12C,D). 

When mRNA was mixed with Poly(rU), tailed mRNA showed much higher fluorescence 

than either RNA alone. Tailed mRNA by itself had fluorescence at 25 °C of 400 relative light 

units, while the tailed mRNA Poly(rU) mixture had approximately 1300 relative light units, and 

melted at approximately 64 °C. Untailed mRNA had nearly identical melt curves with or without 

Poly(rU) (Fig. 4-12A,B). When mRNA was mixed with Poly(rA), tailed mRNA with Poly(rA) 

showed a slight increase in fluorescence, from 400 to 550 relative light units. Untailed mRNA 

showed no change in fluorescence (Fig. 4-12C,D).

When Poly(rU) and Poly(rA) were mixed, fluorescence at 25 °C was approximately 1200

relative light units with melting point at approximately 65 °C. Interestingly, fluorescence showed

a slight increase just below the melting point (Fig. 4-12E,F).
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Tailed or untailed Luc-UTR mRNA was mixed with 0.0 – 10.0 μg of Poly(rU) and 

subjected to melt curve analysis. Tailed mRNA with Poly(rU) showed fluorescence from 

approximately 800 – 1000 relative light units, while untailed mRNA with Poly(rU) showed 

fluorescence at approximately 300 – 400 relative light units, similar to tailed mRNA without 

Poly(rU). The melting points of the tailed mRNA Poly(rU) mixtures were approximately 65 °C 

(Fig. 4-13).

156

Figure 4-12: Melt Curves of mRNA, Poly(rU), Poly(rA) Mixtures. A, B: Tailed or untailed mRNA
with Poly(rU). Only tailed mRNA shows binding, melts at 64 °C. C, D: Tailed or untailed mRNA
with Poly(rA). Neither mRNA binds, but Poly(rA) shows some fluorescence on its own at 25 °C.

E, F: Poly(rU) mixed with Poly(rA) shows binding with melting point at 65 °C.
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Poly(rU), Poly(rU) plus Poly(rA), and premade Poly(rU)·Poly(rA) duplexes at 1.0 μg 

were mixed with 0.00 – 1.00 nmol of (Acr-Lys4)3-Acr-Lys-Cys-PEG5kDa and analyzed by gel 

electrophoresis. Poly(rU) is not visible by itself, but some smearing is visible at 0.30, 0.70. and 

1.00 nmol of peptide, these smears are moving up the gel, similar to high concentrations of 

peptide with mRNA. Both mixtures of Poly(rU) and Poly(rA) duplex showed smears at 0.00 and 

0.01 nmol of peptide, but smears at 0.01 nmol of peptide did not migrate as far. No smears are 

visible at 0.05 or 0.10 nmol of peptide, and smears moving up the gel are visible at 0.30 nmol of 

peptide and above (Fig. 4-14).
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Figure 4-13: Tailed and Untailed mRNA was Mixed with 0 – 10 µg Poly(rU) and Melted. A, B:
Tailed mRNA showed strong fluorescence with 0.5 µg of Poly(rU) and above, melted at 65 °C.

C, D: Untailed mRNA showed no binding with any amount of Poly(rU).
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Particle size and zeta potential of Poly(rU)·Poly(rA) duplex with (Acr-Lys4)3-Acr-Lys-

Cys-PEG5kDa at 0.8 nmol peptide per μg RNA were obtained by dynamic light scattering. 

Particles were obtained with diameter of approximately 114 nm and zeta potential at +7 mV, 

consistent with observations of mRNA.

Tailed Luc-UTR mRNA was mixed with Poly(rU) or Poly(rU)·Poly(rA) duplex at 1.0 μg 

each, and polyplexed with (Acr-Lys4)3-Acr-Lys-Cys-PEG5kDa at 0.8 nmol peptide per μg RNA. 
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Figure 4-14: RNA Homopolymer Peptide Binding. Poly(rU) (A), a mixture of Poly(rU) and
Poly(rA) (B), and Poly(rU)·Poly(rA) duplex (C) were mixed with 0 – 1 nmol of (Acr-Lys0)3-Acr-
Lys-Cys-PEG5kDa and electrophoresed. Poly(rU)·Poly(rA) mixtures show complete inhibition of

migration at 0.05 nmol peptide, while Poly(rU) remains invisible.
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RNA polyplexes were delivered to mice by hydrodynamic tail vein injection. When polyplexes 

were delivered by direct hydrodynamic dosing, all samples produced 109 

photons/sec/cm2/steradian, equal to mRNA control (Fig. 4-15A). However, when RNA 

polyplexes were delivered by small volume injection followed by hydrodynamic stimulation at 5 

min, no luminescence was detected (Fig. 4-15A). 

When 1.0 μg mRNA was mixed with 50 μg of Poly(rU)·Poly(rA) duplex and (Acr-

Lys4)3-Acr-Lys-Cys-PEG5kDa and delivered to 8 mice by either direct hydrodynamic injection or

delayed hydrodynamic stimulation, all but 1 mouse died less than 24 hr post-injection. The 

surviving animal only received 80% of the hydrodynamic injection due to a slipped needle, and 

probably only received approximately 40 μg of Poly(rU)·Poly(rA) duplex. This mouse produced 
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Figure 4-15: Hydrodynamic Injection of mRNA Poly(rU)·Poly(rA) Polyplexes. A: Direct
Hydrodynamic injection of 1 µg Luc-UTR mRNA with 1 µg of Poly(rU)·Poly(rA) produced

expression equal to mRNA polyplex control. Delayed hydrodynamic stimulation at 5 min failed to
produce bioluminescence. B: Direct or delayed hydrodynamic injection of 1 µg mRNA with 50 µg

Poly(rU)·Poly(rA) was lethal to all but 1 mouse. Surviving mouse received a lower dose, and
produces lower bioluminescence, with significant luminescence in the tail.
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approximately 5x106 photons/sec/cm2/steradian in the liver, and approximately 3x106 

photons/sec/cm2/steradian in the tail (Fig. 4-15B).

4.4.9 Tailing with ATP Analogs

An early attempt at tailing with 1-Thio-ATP and 2'-Fluoro-2'-dATP produced mRNA that 

was able to produce bioluminescence equal to ATP tailed mRNA, and was still able to produce 

luminescence after delayed hydrodynamic stimulation with delay times of 5, 30, and 60 min. 

However, attempts to replicate this result were unsuccessful.

Reaction time was varied from 1 to 5 hr using either ATP or 2'-Fluoro-2'-dATP. Tailed 

mRNAs were tested with the oligo(dT) bead binding assay. ATP tailed mRNA did not show 

noticable band shift, but did show band loss at all time points, with smearing becoming more 

apparent at longer time points(Fig. 4-16A). The 2'-Fluoro-2'-dATP tailed mRNA did not show 

band shift or band loss on gel (Fig. 4-16B). mRNAs were capped and tested for activity with 

hydrodynamic dosing. ATP tailed mRNA showed loss of bioluminescence over time, with the 3, 

4, and 5 hr reactions having significantly less signal than the 1 hr reaction (P < 0.05) (Fig. 4-

16C). The 2'-Fluoro-2'-dATP mRNA tailed for 1 hr showed poor signal, with later time points 

having lower signal (not significantly different from 1 hr time point) (Fig. 4-16D).
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Figure 4-16: Affect of Longer Reaction Times on PolyA Tailing. A: Tailing with ATP was able to
produce tailed mRNA as expected. As reaction time increased, band intensity slightly decreased. B:
Tailing with 2'-Fluoro-2'-dATP failed to produce tailed mRNA at any time, bands became smeared
as reaction time increased. C: ATP tailed mRNA showed decreased luciferase expression as tailing
reaction time increases, with 5 hr reaction producing significantly less luminescence than mRNA

polyplex control, * = p < 0.05. D: 2'-Fluoro-2'-dATP tailed mRNA produced very little
luminescence at 1 hr reaction time, and was background at all other reaction times. **** = p <

0.0001.
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Reaction temperature was tested with a temperature ramp from 37 °C to 60 °C over 1 hr. 

Neither 1-Thio-ATP, or 2'-Fluoro-2'-dATP showed band shift, though ATP tailed mRNA was 

shifted relative to the ATP analogs, it was not shifted relative to a non-tailed control (Fig. 4-17).

ATP and 2'-Fluoro-2'-dATP concentration was varied at 0.5 mM, 1.0 mM and 10 mM. 

The 10 mM ATP tailed mRNA showed very high 260/280 ratio, 4.24, most likely due to 

carryover through the purification. This overestimated the true mRNA concentration, so that less 

mRNA was actually used on gels. The 10 mM ATP tailed mRNA showed band shift, but not 

more than 1.0 mM ATP tailed mRNA control (Fig. 4-18A). Both the 1.0 mM ATP control and 

10.0 mM ATP mRNA showed band loss on oligo(dT) bead binding assay (Fig. 4-18B). However,

the 10 mM or 0.5 mM 2'-Fluoro-2'-dATP and 1-Thio-ATP did not show band shift or band loss 

(Fig. 4-18).
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Figure 4-17: Effect of Increasing Temperature During Tailing Reaction. Temperature was
increased from 37 ºC to 60 ºC over 1 hr. The ATP reaction still shows some band shift, while 2'-

fluoro-2'-dATP and 1-thio-ATP show no evidence of tailing.



www.manaraa.com

Manganese ion concentration was tested because many polyadenosine polymerase buffer 

recipes call for small amounts of manganese. When 1-Thio-ATP was tested with 0 μM, 500 μM, 

1000 μM, 1500 μM, 2000 μM, 2500 μM MnCl2, band shift was not seen on a formaldehyde 

denaturing gel (Fig. 4-19A). When 1-Thio-ATP and 2'-Fluoro-2'dATP were tested at 100 μM 
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Figure 4-18: Effect of Changing Concentration on Tailing Reaction. A: Increasing substrate
concentration 10 fold shows that 10 mM ATP still forms tailed mRNA, but band shift is reduced.

10 mM 2'-Fluoro-2'-dATP shows no band shift. B: mRNA tailed with 10 mM ATP still shows
band loss on Oligo(dT) bead binding assay, while 2'-Fluoro-2'-dATP tailed mRNA shows no

band loss. C, D: Reducing substrate concentration to 0.5 mM also fails to produce evidence of
tailing by either band shift or band loss for 2'-Fluoro-2'-dATP or 1-Thio-ATP. 
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MnCl2, no band shift or band loss was seen on gel (Fig. 4-19B,C).

ATP, 1-Thio-ATP, and 2'-Fluoro-2'-dATP tailing was tested with the addition of 1 mM 

spermidine. ATP tailed mRNA showed band shift similar to no spermidine control (Fig. 4-20A), 

1-Thio-ATP and 2'-Fluoro-2'-ATP showed no band shift (Fig. 4-20B).
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Figure 4-19: Effect of Manganese on Tailing Reaction. A: Formadehyde denaturing gel of
mRNA tailed with 1-Thio-ATP with 0 – 2500 µM Mn2+, no band shift. B: mRNA tailed with 10

mM 2'-Fluoro-2'-dATP in 100 µM Mn2+, no band shift. C: Oligo(dT) bead binding assay of
mRNA tailed with 10 mM 2'-Fluoro-2'-dATP or 1-Thio-ATP in 100 µM Mn2+, no band loss.
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Admixtures of ATP and either 1-Thio-ATP or 2'-Fluoro-2'-dATP were tested because the 

successful initial tailing attempt may have had leftover ATP from the in vitro transcription step. 

This leftover ATP may have helped the ATP analogs become incorporated into the polyA tail. 

Admixtures at 10:1 and 1:1 ratios of ATP analog:ATP were tested, with total concentration held 

constant at 1 mM. The 10:1 ratios with 1-Thio-ATP and 2'-Fluoro-2'-dATP showed no visible 

band shift (Fig. 4-21A). The 1:1 ratios showed band shift (Fig. 4-21B). Both nucleotides at 1:1 

and 2'-Fluoro-2'-dATP at 10:1 ratios showed band loss on oligo(dT) bead binding assay (Fig. 4-

21C). These mRNAs were capped and tested in hydrodynamic dosing experiments. All but the 1-

Thio-ATP 10:1 ratio showed luciferase expression with direct hydrodynamic injection(Fig. 4-

21D), however none showed activity after hydrodynamic stimulation with 5 min delay .
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Figure 4-20: Effect of Spermidine on Tailing Reaction. A: Spermidine does not show any
affect on mRNA tailing with ATP. B: Tailing with 2'-Fluoro-2'-dATP or 1-Thio-ATP and 1

mM spermidine does not produce a band shift.
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Yeast polyadenosine polymerase was tested to see if an equivalent enzyme from a 

different species would have a more favorable substrate specificity. mRNA tailed with ATP, 1-

Thio-ATP, or 2'-Fluoro-2'-dATP showed no band shift or band loss (Fig. 4-22).
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Figure 4-21: Tailing mRNA with Mixtures of ATP and ATP Analogs. A: mRNA tailed with 10:1
ratios of 2'-Fluoro-2'-dATP or 1-Thio-ATP to ATP does not show visible band shift. B: mRNA
tailed with 1:1 ratios of 2'-Fluoro-2'-dATP or 1-Thio-ATP does show a band shift. C: All tailed
mRNA except 10:1 1-Thio-ATP:ATP show band loss on oligo(dT) bead binding assay. D: All

tailed mRNAs except 10:1 1-Thio-ATP:ATP show luminescence, but signal is less than mRNA
polyplex control, ** = p < 0.01.
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4.5 Discussion

Thiazole orange displacement (Fig. 4-2) and Gel electrophoresis band shift assays (Fig. 

4-3) demonstrated that (Acr-Lys4)3-Acr-Lys-Cys-PEG5kDa and PEG5kDa-Cys-Trp-Lys20 would 

bind to in vitro transcribed mRNA. These peptides have been previously shown to bind to DNA, 

and that the polyacridinylated peptide could protect DNA in the bloodstream of mice for up to 12

hr308. However, plasmid DNA has different structural properties than mRNA. Most obviously, 

plasmid DNA is circular, and entirely double stranded, allowing for efficient intercalation of 

acridines at any position. mRNA is linear and single stranded, however, mRNA can adopt very 

complex secondary structures with significant amounts of RNA forming double helices (Fig. 4-

1). Furthermore, DNA double helices typically form a B helix, whereas RNA double helices 

prefer the A helix309. These differences in amount of double strandedness and shape of helix 

could affect how well polyacridine peptides bind.

Dynamic light scattering particle size and zeta potential measurements show that mRNA 

polyplexes formed with PEGylated polyacridine peptide form particles with mean diameter of 
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Figure 4-22: mRNA Tailing with Yeast Polyadenosine Polymerase. Yeast PAP fails to produce
band shift in A, or band loss in B with any ATP substrate.
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104 nm and zeta potential of +15 mV. The 104 nm diameter is smaller than the 170 nm diameter 

measured for pGL3 plasmid DNA with the same peptide308, but zeta potential is the same for 

both. The RNA polyplexes should be small enough to pass through the fenestrae of mouse liver 

sinusoids, which have an average diameter of 140 nm. Human liver sinusoids have fenestrae with

smaller average diameter, approximately 100 nm7, however the fenestrae diameter in all species 

follows a distribution, so some human fenestrae would be large enough for a 104 nm particle to 

pass through.

PEGylated polyacridine DNA polyplexes have been demonstrated to bind to serum 

albumin, and that this binding changes the zeta potential from positive to slightly negative308. 

Negatively charged particles are candidates for scavenger receptor uptake on liver sinusoidal 

endothelial cells and Kupffer cells. This charge reversal can turn DNA polyplexes into scavenger

receptor ligands resulting in rapid clearance from the bloodstream. Though this was not studied, 

RNA polyplexes would likely have similar behavior.

To determine if the PEGylated peptides could protect mRNA against RNase, RNA 

peptide polyplexes were subjected to RNase A incubations at increasing concentrations of 

RNase, and analyzed by gel electrophoresis (Fig. 4-4). Both peptides could protect RNA at 30 

ng/mL of RNase A, but degradation began at some point between 30 and 100 ng/mL. The 

acridinylated (Acr-Lys4)3-Acr-Lys-Cys-PEG5kDa peptide may show less degradation at 

100ng/mL than the non-acridinylated peptide. This would be consistent with the acridine 

moieties producing higher affinity and better protection.

Hydrodynamic tail vein injection of mRNA was able to produce high levels of luciferase 

expression, comparable to the hydrodynamic delivery of pGL3 plasmid DNA (Fig. 4-5). When 
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mRNA was injected without peptide, bioluminescence was lower than that for plasmid DNA at 

24 hr post injection. This is not unexpected, as each DNA plasmid can produce several copies of 

mRNA that can each produce several copies of protein. However, DNA must enter the nucleus to

transcribe RNA, whereas mRNA only needs to reach the cytoplasm. Most likely, during 

hydrodynamic injection, a higher proportion of the mRNA dose reaches the cytoplasm than DNA

dose reaches the nuclei. Dosing capped mRNA without 3' PolyA tail produces a small amount of 

bioluminescence. The 5' cap may be sufficient to recruit ribosomes and translate some luciferase,

however untailed mRNA has a short half life310. Alternatively, hydrodynamic injection may force 

some mRNA into the nucleus, where it may recruit PolyA tailing enzymes and become tailed.

Importantly, Luc-UTR mRNA was able to produce much stronger bioluminescence at 

lower doses and for longer times than the initial attempt at luciferase mRNA. This is most likely 

due to improvements made during the synthesis of the Luc-UTR gene, including codon 

optimization and addition of untranslated regions. These changes would increase the rate of 

protein translation and mRNA cytoplasmic half-life, resulting in greater amounts of protein. The 

original luciferase mRNA was able to produce bioluminescence comparable to the first reported 

hydrodynamic injection of mRNA in McCaffrey et al175.

When mRNA was bound to a PEGylated peptide without acridines, PEG5kDa-Cys-Trp-

Lys20, bioluminescence was not significantly different from mRNA without peptide. mRNA 

bound to a polyacridine peptide gave significantly more bioluminescence than mRNA without 

peptide (Fig. 4-6). Since polyacridine peptides can bind mRNA through a combination of 

electrostatic and intercalative interactions, it should bind mRNA with higher affinity than a 

nonacridine peptide, which relies on electrostatic interactions alone. In the bloodstream or 
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cytoplasm of an animal, nonacridine peptides may be stripped off the RNA and bind to cell 

membranes, proteins, and other molecules. This could expose the RNA to nucleases, resulting in 

degradation and loss of bioluminescence.

To examine the RNase protection more closely, RNA polyplex was incubated in mouse 

serum for 30 min, then hydrodynamically injected into mice (Fig. 4-7). mRNA polyplex with 

polyacridine peptide was transfection competent after 30 min of serum incubation, demonstrating

that (Acr-Lys4)3-Acr-Lys-Cys-PEG5kDa could protect mRNA in serum. However, mRNA with 

either no peptide or the nonacridine PEG5kDa-Cys-Trp-Lys20 peptide was not transfection 

competent. The additional binding affinity provided by the acridines is most likely responsible 

for the greater protection in serum.

The expression time course reveals that protein expression begins very quickly, with 

maximum bioluminescent signal appearing as soon as 4 hr post injection (Fig. 4-8). Signal 

remained high for 24 hr and gradually fell from 24 hr to 84 hr. Bioluminescence remained above 

background for 72 hr. This duration is comparable to expression from pGL3 plasmid DNA.

To test if PEGylated Polyacridine Peptide could protect mRNA in the bloodstream like it 

can protect plasmid DNA, delayed hydrodynamic stimulation was performed with mRNA 

polyplex at a 5 min delay. However, no bioluminescence was detected. The discrepancy between 

the serum incubation and delayed stimulation experiments might be related to incubation 

conditions. Serum incubation was done in total volume of 20 μL at room temperature. In this low

volume, simplified model, peptide could bind at equilibrium, and any peptide that dissociates 

from the mRNA could rebind. However, in the bloodstream, any peptide that dissociates is likely

to find something else to bind to and will not rebind to the mRNA. Additionally, the 3' 
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polyadenosine tail is a large section of single stranded mRNA that does not form double helices 

because there is no sufficiently long polyuridine tract to bind to. This means that polyacridine 

peptides will not bind to the polyadenosine tail with much affinity. In the bloodstream, the 

peptide might rapidly dissociate, exposing the tail to degradation. Once the 3' tail is removed, the

mRNA cannot be used for translation. Therefore, two strategies were selected for protecting the 

3' PolyA tail against degradation.

The first strategy used polythymine DNA oligos, Oligo(dT), or polyuridine RNA oligos, 

Oligo(rU) to bind to the PolyA tail, forming double stranded DNA:RNA or RNA:RNA helices. 

These helices should have higher affinity for polyacridine peptide and could be better protected. 

However, binding mRNA with Oligo(dT) at either 16 or 32 bases long caused the 

bioluminesence after hydrodynamic dosing to decrease by two orders of magnitude (Fig. 4-9). 

Binding mRNA to Oligo(rU) at 32 bases did not affect bioluminescence after direct 

hydrodynamic dosing, but was not able to protect the RNA in the bloodstream for 5 min either. 

Oligo(rU) was shown to bind to tailed mRNA by inhibition of Oligo(dT) cellulose bead binding 

and thermal melt curve analysis, while not binding to untailed mRNA. The amount of Oligo(rU) 

needed to full bind tailed mRNA closely matched between both assays.

The loss of bioluminescent signal after Oligo(dT) binding is interesting, and may be 

caused by RNAse H activity. RNAse H is a ribonuclease that recognizes RNA:DNA double 

helices and hydrolyzes the RNA strand. This enzyme is normally involved in DNA replication, 

where it removes the RNA primers from the lagging strand of the replication fork311–313. In this 

case, RNAse H may be degrading the PolyA tail and leaving the mRNA unable to translate 

protein.
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Because oligo(rU) was so short, only 32 bases with a predicted melt point of about 42 °C,

longer RNA polymers were chosen for testing. Poly(rU) and Poly(rA) are heterogenous polymers

produced by Polynucleotide Phosphorylase314,315. The Poly(rU)·Poly(rA) duplex has been shown 

to be more resistant toward RNase than single stranded RNAs316–318. Additionally, with its greater

double strandedness, it was hypothesized that the duplex could bind the polyacridine peptide 

with higher affinity than mRNA. Poly(rU)·Poly(rA) was shown to have greater fluorescence 

with thiazole orange than tailed or untailed mRNA, which demonstrates the greater double 

strandedness. Additionally, the melting points of Poly(rU)·Poly(rA) or Poly(rU) tailed mRNA 

complexes were approximately 65 °C (Fig. 4-10), higher than the melting point for tailed mRNA

with Oligo(rU), 48 °C, or for mRNA alone, which shows no clear melting point (Fig. 4-9). 

mRNA by itself may not show a clear melting point due to its complex secondary structures, 

which would melt at different temperatures.

When a sample of RNA was melted more than once, the later melt curves often showed 

greater fluorescent intensity than the first melt curve (Fig. 4-10), suggesting that heating the 

RNA to denature it and allowing it to cool slowly could produce a more stable secondary 

structure with greater affinity for thiazole orange. This effect was greater when 50 μg 

Poly(rU)·Poly(rA) was cooled from 85 °C to 25 °C, where fluorescence at 25 °C was twice as 

high than when the same RNA was heated from 25 °C to 85 °C.

When 1.0 μg of tailed mRNA was combined with 0.00 – 1.00 μg Poly(rU) or 

Poly(rU)·Poly(rA) duplex and electrophoresed, both gels showed smears at higher amounts of 

RNA (Fig. 4-11). The poly(rU) gel shows some loss of mRNA band intensity and slight band 

shift as Poly(rU) amount increases, with smearing visible at 0.25 μg or more of Poly(rU). The 
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Poly(rU)·Poly(rA) duplex gel shows even greater loss of mRNA band intensity and smearing at 

as low as 0.05 μg of duplex RNA. At 0.50 μg or more of duplex, mRNA bands were not visible 

at all and only a smear with very intense lower region could be seen. Because the Poly(rU) and 

Poly(rA) polymers are heterogenous, smearing is expected. The mRNA bands might lose 

intensity as the mRNA binds to Poly(rU) polymers of different sizes and becomes spread out. 

Tailed and untailed mRNA at 1.0 μg was mixed with Poly(rU) by itself or a hand made 

mixture of Poly(rU) and Poly(rA) or premade Poly(rU)·Poly(rA) duplex and analyzed by gel 

electrophoresis (Fig. 4-11). Because untailed mRNA with Poly(rU) looks like untailed mRNA 

alone, untailed mRNA was probably not binding to Poly(rU). When either mixture of 

Poly(rU)·Poly(rA) was used, dark smears were visible with either tailed or untailed mRNA. 

None of these lanes had any visible mRNA bands, but lanes with tailed mRNA had taller smears 

than lanes with untailed mRNA.

Agarose gel electrophoresis was not producing clear results with heterogenous RNA 

polymers, therefore thermal melt curve analysis was used to study binding of mRNA and 

Poly(rU) (Fig. 4-12). When tailed mRNA was combined with Poly(rU), fluorescent intensity 

increased approximately three fold, while untailed mRNA showed no change in fluorescence 

when combined with Poly(rU). The tailed mRNA Poly(rU) mixture had a melting point of 

approximately 65 °C, similar to the Poly(rU)·Poly(rA) duplex melt curves. Tailed and untailed 

mRNA combined with Poly(rA) did not show much change in fluorescence intensity, implying 

lack of interaction between mRNA and Poly(rA). Poly(rA) alone showed some fluorescence at 

25 °C that quickly disappeared as temperature increased, suggesting that the Poly(rA) is adopting

some structure that binds thiazole orange. Previous studies have shown the formation of a 
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parallel double helix formed by two molecules of Poly(rA) under certain buffer condtions319–321, 

but these conditions were not used in this current study. When Poly(rU) and Poly(rA) were 

mixed and melted, the melting point was 65 °C, similar to the commercially available premade 

duplex. Because fluorescence of Poly(rU) with either tailed mRNA or Poly(rA) was high at 25 

°C before RNA was melted, the RNA was most likely able to base pair without heating under 

these buffer conditions. However, since fluorescence increased after the first melt, heating is 

probably necessary to get more complete base pairing.

When tailed or untailed mRNA was combined with 0 – 10 μg of Poly(rU), fluorescence 

appeared to reach maximum with tailed mRNA at as low as 0.5 μg of Poly(rU) (Fig. 4-13). 

Untailed mRNA did not show any major change in fluorescence at any amount of Poly(rU), 

again demonstrating that untailed mRNA does not interact with Poly(rU).

Poly(rU), Poly(rU) with Poly(rA), or Poly(rU)·Poly(rA) duplex at 1 μg was mixed with 

(Acr-Lys4)3-Acr-Lys-Cys-PEG5kDa and analyzed by gel electrophoresis (Fig. 4-14). This showed

that Poly(rU) or Poly(rU)·Poly(rA) duplexes were capable of binding the polyacridine peptide, 

and that this binding inhibited migration through the gel. Partial inhibition was achieved at 0.01 

nmol of peptide with total inhibition at 0.05 nmol of peptide and above. mRNA did not show 

total migration inhibition until 0.10 nmol of peptide, suggesting that Poly(rU)·Poly(rA) duplex 

had higher affinity for polyacridine peptide than mRNA, consistent with its greater double 

strandedness. Particle size and zeta potential measurements showed that Poly(rU)·Poly(rA) 

duplex could form peptide polyplexes with (Acr-Lys4)3-Acr-Lys-Cys-PEG5kDa with diameter of 

approximately 114 nm and zeta potential of +7 mV, similar to particles obtained with mRNA.
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In an attempt to protect mRNA in vivo, 1.0 μg doses of tailed Luc-UTR mRNA was 

prepared with 1.0 μg Poly(rU) or 2.0 μg of Poly(rU)·Poly(rA) duplex and (Acr-Lys4)3-Acr-Lys-

Cys-PEG5kDa and hydrodynamically delivered to mice (Fig. 4-15). It was hypothesized that the 

duplexed RNA would form polyplexes that trapped mRNA and had higher affinity for 

polyacridine peptide. While direct hydrodynamic injection produced bioluminescence equal to 

mRNA polyplex control, delayed hydrodynamic stimulation at 5 min produced no detectable 

signal. In an attempt to inhibit scavenger receptor uptake and improve polyplex circulation 

time308, 1.0 μg of Luc-UTR mRNA was mixed with 50 μg of Poly(rU)·Poly(rA) duplex and 

delivered by hydrodynamic injection. Unfortunately, only one of the eight mice dosed with this 

formulation survived to 24 hr post-injection. The surviving mouse only received a partial 

hydrodynamic dose, and only received about 40 μg of Poly(rU)·Poly(rA). This animal produced 

5x106 photons/sec/cm2/steradian in the liver, much less than mRNA polyplex control. It is not 

known if this reduced signal is due to toxicity from Poly(rU)·Poly(rA) or lower pressures 

because it did not receive the entire hydrodynamic dose. This mouse also showed significant 

luminescence in its tail, not usually seen with hydrodynamic dosing of mRNA.

While Poly(rU)·Poly(rA) is known to have immunogenic properties322–324, acute toxicity 

was not expected. A 50 μg dose of Poly(rU)·Poly(rA) in a 27 g mouse is approximately 1.8 

mg/kg, close to doses used in human clinical trials with no adverse affects325–327. One potential 

source of toxicity may be activation of 2'-5'-oligoadenylate synthetase and RNase L295,328,329, 

which cleaves single stranded RNA, including some sites on ribosomes, during viral infections. 

This prevents translation of viral proteins, but can kill cells if kept active for too long.
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The second strategy for tail protection was based on synthesizing the PolyA tail from ATP

analogs designed to confer nuclease resistance. ATP analogs 1-Thio-ATP and 2'-Fluoro-2'-dATP 

were chosen because phosphorothioate and 2'-Fluoro modifications are used to create stabilized 

RNA for siRNA and RNA aptamer applications306,307. However, those RNA sequences are much 

shorter than a messenger RNA, and are usually chemically synthesized, allowing for easy 

addition of the nucleotide analogs. Even aptamers that are too long for chemical synthesis can be

produced through in vitro transcription with a mutant T7 RNA polymerase that incorporates 

nucleotide analogs with modifications at the 2' position307.  

An early attempt at tailing mRNA with these ATP analogs was able to produce mRNA 

that not only produced good expression with direct hydrodynamic dosing, but could also produce

bioluminescence after 5, 30, and 60 min delays between small volume mRNA dose and 

hydrodynamic stimulatory injection. However, attempts to replicate this result were difficult. 

Polyadenosine polymerase is specific for ATP, when made to accept other nucleotides, tails are 

usually very short, often just a single nucleotide long330–333. Though 1-Thio-ATP and 2'-Fluoro-2'-

dATP are more similar to ATP, they are expected to be less efficient substrates.

To encourage tailing, reactions were carried out under several different conditions. ATP 

and 2'-Fluoro-2'-dATP were used in reactions incubated at 37 °C for 1, 2, 3, 4, or 5 hr (Fig. 4-

16). ATP was able to produce polyA tails that bound oligo(dT) cellulose beads at all time points, 

but 2'-Fluoro-2'-dATP was not able to produce detectable PolyA tails. When these mRNAs were 

capped and delivered to mice by hydrodynamic dosing, the mRNA tailed with ATP for longer 

reaction times showed loss of expression, and 2'-Fluoro-2'-dATP showed no expression, because 

there was no significant tailing. The loss of expression after longer reaction times was 
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interesting, but it is not clear whether the RNA was being slowly degraded or if tail length was 

too long.

The effect of a temperature ramp on 3' tailing was tested for ATP, 1-Thio-ATP, and 2'-

Fluoro-2'-dATP (Fig. 4-17). Increasing the temperature from 37 °C to 60 °C over 1 hr or the use 

of spermidine were reported to improve 3' end labeling using ATP analogs and yeast 

polyadenosine polymerase in previous literature334, but did not improve tailing in this study (Fig. 

4-20 and 4-22). The temperature ramp not only did not improve tailing with ATP analogs, but 

did not produce detectable tails with ATP, the increased temperature most likely denatured the 

polyadenosine polymerase before significant tailing had time to occur.

Increasing the substrate concentration ten fold also failed to produce detectable tails with 

1-Thio-ATP and 2'-Fluoro-2'-dATP (Fig. 4-18). When ATP was increased, mRNA was still tailed,

but tails did not appear longer than when tailing was performed using the standard concentration 

of substrate. Previous reports suggested that substrate inhibition of polyadenosine polymerase 

was possible under certain circumstances335, so 1-Thio-ATP and 2'-Fluoro-2'-dATP were used in 

reactions at half the standard substrate concentration, but no detectable tailing was produced.

Manganese is often added to polyadenosine polymerase reactions because it has been 

shown to improve the activity of the enzyme, however, at high enough concentration manganese 

has also been shown to inhibit tailing332–335. The Ambion PolyA tailing kit used in this study 

suggests adding MnCl2 so that the reaction mixture contains 2.5 mM Mn2+, however literature 

suggests that Mn2+ as low as 100 μM may be too high335. Because of this, most tailing reactions 

were carried out without the manganese, but to test if manganese could promote reaction with 

ATP analogs, reactions were performed with different concentrations of Mn2+. However, no 
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detectable tailing was seen with either analog (Fig. 4-19).

Admixtures of ATP and ATP analogs were tested to determine if tails could be produced 

with some mixture of the two nucleotides (Fig. 4-21). Incomplete purification may have allowed 

some ATP to be carried over from the in vitro transcription step to the tailing step, creating an 

inadvertent admixture. 1:1 and 10:1 ratios of 1-Thio-ATP or 2'-Fluoro-2'-dATP to ATP were 

tested. The 1:1 ratios showed clear band shift compared to nontailed RNA, and the 10:1 ratios 

showed very small band shift. Oligo(dT) bead binding showed that all but 10:1 1-Thio-ATP 

sample bound to the beads. Direct hydrodynamic dosing showed that all but 10:1 1-Thio-ATP 

sample could produce luciferase, demonstrating that tailing was necessary for expression. None 

of the samples showed bioluminescence after hydrodynamic stimulation with 5 min delay, 

indicating that the mRNA was not stable in the bloodstream.

One explanation for why the original results could not be replicated may be the template 

DNA. During the in vitro transcription step for the successful batch of RNA, the DNAse 

digestion step was accidentally skipped. Since the linear DNA template contained a powerful 

CMV promoter upstream of the luciferase gene, even a small amount of DNA could have caused 

significant luciferase expression.

This study has demonstrated that in vitro transcribed mRNA with natural nucleotides can 

produce protein levels in vivo that are competitive with plasmid DNA when delivered through 

hydrodynamic injection. PEGylated polyacridine peptides used to protect DNA in vivo were 

shown to protect mRNA from RNase activity in vitro, and could enhance luciferase expression 

by approximately 15 fold, and kept signal above background for 72 hr. These findings show that 

mRNA has the potential to replace DNA in some gene delivery applications. mRNA delivery 
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may be further enhanced through the use of modified nucleotides such as pseudouridine and/or 

5-methylcytidine, which have been shown to improve protein expression and reduce immune 

response294–298. mRNA stability may be improved with different peptides with higher affinity for 

mRNA. While hydrodynamic injection may not be applicable to human healthcare, it remains a 

useful research tool. With the improvements to mRNA hydrodynamic delivery demonstrated in 

this study, in vivo mRNA transfection may become useful for expression of genome editing 

nucleases or transposases in conjunction with plasmid DNA.
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5 Phospholipase A2 and Nuclear Entry

In collaboration with Jianfeng Jin

5.1 Abstract

Nonviral DNA delivery requires the DNA to enter the nucleus of cells before it can be 

transcribed and translated to treat disease. However, nuclear entry remains a significant barrier to

efficient DNA delivery. Several viruses have been found with phospholipase A2 activity in their 

capsid proteins, and if this activity is removed, they are no longer able to efficiently infect cells. 

It was hypothesized that phospholipase A2 activity may play a role in delivering the viral DNA 

into the nucleus. This study chemically modified bee venom phospholipase A2 in an attempt to 

prepare it for nonviral DNA delivery. The enzyme was labeled with DNA binding polyacridine 

peptides, nuclear localizing peptides, biotin, and hepatocyte targeting oligosaccharides. However,

chemical modification often damaged enzyme activity and phospholipase often harmed gene 

transfection rather than improve it. Phospholipase mutants with free thiols were also produced in 

bacterial expression systems and attempts were made to chemically modify them. However, 

these mutant proteins were not easily modified, most likely due to addition of glutathione or 

other reducing agents to their free thiols.

5.2 Introduction

Gene therapy, viral or nonviral, requires that the DNA cargo be carried across cellular 

membranes such as the plasma membrane, endosomal membrane, or nuclear envelope. Viruses 
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have developed methods to cross these membranes through billions of years of evolution. 

Nonviral systems are still challenged by these membranes. Endosomal escape and nuclear entry 

are important barriers to efficient nonviral gene delivery systems73,100,336,337. Escaping the 

endosome has been addressed by using fusogenic peptides such melittin191,197, or by exploiting 

the proton sponge effect using cationic polymers such as PEI101.

Crossing the nuclear envelope is still challenging. In rapidly dividing cells, the nuclear 

envelope is disassembled and rebuilt every time the cell divides, creating an opportunity for 

DNA polyplexes in the cytoplasm to enter the nucleus. However, non-dividing quiescent cells do

not divide often enough to take advantage of this. The nuclear envelope is a double layered 

membrane contiguous with the endoplasmic reticulum. It is perforated with many nuclear pore 

complexes which allow small molecules to pass through by diffusion and large molecules, such 

as proteins and RNAs, to pass through by active transport147,148. 

Nuclear pore complexes can dilate to allow larger particles through, but only to about 

39nm50, not large enough for most nonviral DNA delivery particles to pass through. This 

diameter is not large enough for most viruses to pass through either. Viruses have mechanisms 

for delivering their DNA into the nucleus, and it may be possible to borrow these mechanisms 

for nonviral nuclear entry.

One possible mechanism may be phospholipase A2, PLA2 (EC 3.1.1.4), activity found in 

the VP1 coat protein of parvoviruses338–341. The coat protein contains a PLA2 domain that is 

normally inactive, but when the virus enters the endosome, the domain is activated as the 

endosome becomes acidified. The PLA2 domain is pushed through to the surface of the capsid, 

where it can access the endosomal membrane and hydrolyze phospholipids. This destabilizes the 
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membrane, tearing the endosome open and allowing the virus to escape into the cytoplasm. If 

this PLA2 activity is lost due to mutation, the virus is far less efficient at infecting cells. It was 

hypothesized that this PLA2 activity may also be involved in nuclear entry, and that PLA2 

activity could be incorporated into a nonviral DNA delivery system to assist with nuclear entry 

(Fig. 5-1A).

The phospholipases A2 are a broad class of enzymes found in almost all organisms342–344. 

They hydrolyze phospholipid esters at the 2-acyl position and produce a fatty acid and 

lysophospholipid345 (Fig. 5-1B). PLA2 is involved in several cellular signaling pathways, such as

inflammation346 and apoptosis347. PLA2 is also found in the venom of many venomous animals 

such as bees348–350, wasps351, spiders352,353, scorpions354, centipedes355, snakes356, gila monsters357, 

cuttlefish358, sea anemones359, cone snails360, and others, creating an interesting example of 

convergent evolution361. These PLA2s often have neurotoxic and hemorrhagic activity, although 

some venom PLA2s are toxic while having no catalytic activity, acting as ligands for receptors 

on neurons362–364. Several enzyme activity assays have been developed for phospholipase A2365–

372, ranging from simple spectrophotometric assays to FRET and radiation based assays.

Bee venom PLA2 is a well characterized protein and member of the Group III PLA2 

family364,373–376. The enzyme is produced as a 167 amino acid 19kDa protein. The first 18 amino 

acids are a pre-peptide involved in properly secreting the protein during synthesis. The next 15 

amino acids are a pro-peptide that keeps the enzyme inactive until it is cleaved by a protease. 

The mature protein is 134 amino acids long and 15.2kDa. The mature protein has 12 lysines and 

10 cysteines, which form 5 disulfide bonds, and the active site can be inactivated by mutating a 

histidine to glutamine. The enzyme is glycosylated, but the glycosylation is highly
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Figure 5-1: PLA2 for Nuclear Entry. PLA2 is hypothesized to help DNA polyplexes enter the
nucleus in A. First a modified PLA2 binds to a target receptor, 1, and is internalized through

endocyotosis, 2. Then the PLA2 disrupts the endosomal membrane and escapes into the
cytoplasm, 3. Once in the cytoplasm, PLA2 enters the nucleus, 4, where it attacks the nuclear

envelope, creating holes for DNA polyplexes to pass through, 5. In panel B, a model
phosphatidylcholine is shown with the sites were the different phospholipase enzymes hydrolyze

the molecule.
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 heterogeneous. PLA2 acts synergistically with another bee venom component, the fusogenic 

peptide melittin, to lyse membranes377. The enzyme is also a common allergen in bee sting 

allergy378. The mature enzyme is also commercially available from honeybee venom gland 

extracts.

Some venom phospholipases, such as bee venom PLA2, have also been expressed in 

recombinant expression systems such as bacteria and insect cells379–383. In bacteria, the PLA2 

proteins are typically packaged in inclusion bodies and must be unfolded and refolded. This 

makes production more complicated and reduces yield. Expression in insect cells was able to 

produce properly folded, mature, active enzymes with glycosylation. Several mammalian 

phospholipase enzymes have also been produced in recombinant expression systems363,384–392.

Bee venom PLA2 has been utilized in some nonviral DNA delivery studies. One study 

attached PLA2 to an atomic force microscopy probe and touched the enzyme to the surface of 

cells. The enzyme was able to create holes in the cellular membrane up to 10 μm across. Plasmid

DNA was then delivered through these holes by AFM probe393. Another study covalently linked 

bee venom PLA2 to PEI and used it to transfect cells in vitro. PEI with PLA2 was less toxic than

PEI without PLA2, and was able to produce higher levels of transgene expression at high N:P 

ratios394. PLA2 was delivered to cells in vitro with DNA in cationic cycloamylose nanogels, and 

showed higher transgene expression than nanogel and DNA alone395.

This study attempted to modify bee venom PLA2 through bioconjugate chemistry 

techniques. Wild type commercially available enzyme was modified using reagents that reacted 

with primary amines, such as NHS esters and 2-Iminothiolane. Recombinant PLA2 was also 

made in an attempt to add free thiols in known locations, so that the enzyme could be site 
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specifically labeled with thiol reactive reagents396,397.

5.3 Materials and Methods

5.3.1 PLA2 Activity Assays

Bee Venom Phospholipase A2 (Sigma Aldrich, St. Louis, MO, USA) was dissolved in 

phosphate buffered saline to obtain an enzyme concentration of 10 μg/μL.

PLA2 enzyme activity was measured according to a previously described colorimetric 

assay366. Briefly, 124 mg of bromothymol blue was dissolved in 100 mL of 2 mM HEPES, 10 

mM CaCl2, pH 7.5 and stored at 4 °C. Phosphatidylcholine (Sigma Aldrich, St. Louis, MO, 

USA) was dissolved at 160 mg/mL in methanol and stored at -20 °C. Immediately before 

performing the assays, 500 μL of phosphatidylcholine was added to 10 mL of bromothymol blue 

buffer and 10 μL Triton X-100 and vigorously mixed by vortexing. Buffer was adjusted to pH of 

7.5 with 5 M NaOH and turned dark green. Buffer was sterile filtered with 0.2 μm syringe filter. 

The assay was performed by adding 500 μL of filtered dye buffer to a cuvette, then 1 μg of PLA2

was added to the buffer. The cuvette was covered with parafilm, quickly mixed by inversion, and

placed in a Beckman DU640 UV-Visible spectrophotometer (Beckman Coulter, Brea, CA, USA).

Absorption at 640 nm was measured every 10 sec for 180 sec. As PLA2 hydrolyzed 

phosphatidylcholine to lysophospholipid and fatty acids, the pH decreased and the buffer 

changed from green to yellow and absorbance at 640 nm was lost. Data were analyzed by 

comparing the initial velocity of the absorption plots to a PLA2 standard.

An alternative colorimetric assay was performed using the sPLA2 Assay Kit (Cayman 

Chemical Company, Ann Arbor, MI, USA). The provided assay buffer was diluted 10 fold to 
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obtain a concentration of 25 mM Tris-HCl, 10 mM CaCl2, 100 mM KCl, 0.3 mM Triton X-100, 

pH 7.5. Dithionitrobenzoate, DTNB, was dissolved in 1 mL H2O to obtain 10 mM DTNB, 400 

mM Tris-HCl, pH 8.0 and kept on ice in the dark. Diheptanoyl Thio-phosphatidylcholine, 

diheptanoyl Thio-PC, was dissolved in 12 mL of assay buffer to obtain a final concentration of 

1.66 mM. Bee venom PLA2 was provided at 100 μg/mL as a positive control, and diluted 100 

fold with assay buffer. The assay was set up in 96 well plates, with 2 wells as non-enzymatic 

controls with 10 μL DTNB solution and 15 μL of assay buffer. Positive control wells were set up 

with 10 μL DTNB, 10 μL Bee Venom PLA2 standard, and 5 μL assay buffer. Sample wells were 

prepared with 10 μL DTNB, 10 μL of PLA2 sample, and 5 μL of assay buffer. Reactions were 

initiated by adding 200 μL of diheptanoyl Thio-PC substrate solution to each well as quickly as 

possible. The plate was mixed by shaking and absorbance at 405 nm was measured every 15 sec 

for 300 sec on a Biotek EL808 plate reading spectrophotometer (BioTek Instruments, Winooski, 

VT, USA). As PLA2 hydrolyzed the diheptanoyl Thio-PC substrate, the free thiols reacted with 

DTNB to produce 5-thio-2-nitrobenzoate, which is yellow, with ε405 = 12.8 mM-1cm-1. PLA2 

activity in μmol/min/mL was determined using the equation:

5.3.2 SDS-PAGE Gel Electrophoresis

SDS-PAGE gels were set up with 15% resolving gel made with 4.5 mL 40% 37.5:1 

Acrylamide:Bis-Acrylamide (BioRad Laboratories, Hercules, CA, USA), 3 mL 1.5 mM Tris-HCl

pH 8.8, 4.26 mL ddH2O, 120 μL 10 w/v% Sodium Dodecyl Sulfate, 5 μL TEMED, and 120 μL 10 

w/v% Ammonum Persulfate. A 4% stacking gel was made with 800 μL 40% 37.5:1 
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Acrylamide:Bis-Acrylamide, 2 mL 0.5 M Tris-HCl pH 6.8, 5 mL ddH2O, 80 μL 10 w/v% SDS, 16

μL TEMED, 80 μL 10 w/v% Ammonium Persulfate. Gels were cast in BioRad mini PROTEAN 

glass plates (BioRad Laboratories, Hercules, CA, USA) at 1.5 mm thick.

Electrophoresis running buffer was prepared at 10X concentration with 30 g Tris base, 

145 g glycine, and 10 g SDS in 1 L ddH2O. Gel staining buffer was prepared with 1 g coomassie 

brilliant blue, 400 mL 95% ethanol, 100 mL glacial acetic acid, and brought to 1 L with ddH2O. 

Destaining buffer was prepared with 400 mL 95% ethanol, 100 mL glacial acetic acid, and 

brought to 1 L with ddH2O.

Protein sample loading buffer was prepared at 6X concentration with 6 mL glycerol, 3 

mL 0.5 M Tris-HCl pH 6.8, 1 g SDS, 600 μL β-Mercaptoethanol, and 5 mg bromophenol blue 

and divided into 1 mL aliquots and stored at -20 °C. When protein samples had disfulfide bonds 

that needed to be preserved, protein sample loading buffer was prepared without β-

Mercaptoethanol. Protein samples were prepared with 5 μg of protein and protein sample loading

buffer with ddH2O to bring loading buffer to 1X concentration in PCR tubes. Samples were 

denatured by heating to 95 °C for 5 min. Samples were loaded into the gel and electrophoresed at

200 V, until the dye front reached the seal near the bottom of the glass plates. Gels were stained 

and destained and imaged using a UVP Biospectrum gel imaging system (UVP, Upland, CA, 

USA).

5.3.3 Agarose Gel Electrophoresis

DNA complexes were analyzed by agarose gel electrophoresis by pouring a 0.8% agarose

gel with TBE buffer and ethidium bromide. DNA complexes were prepared at 1 μg amounts and 
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mixed with 5X DNA loading buffer. Samples were loaded into the gel and electrophoresed at 100

V for 45 min. Gels were imaged on the UVP Biospectrum imaging system.

5.3.4 LC-MS Analysis

LC-MS analysis of compounds was performed using 1 nmol of compound in 100 μL 

ddH2O on a Vydac C18 analytical 0.47x25 cm column at 0.7 mL/min with 0.1 v/v% TFA with an 

acetonitrile gradient of 15-30 v/v% over 30 min, while acquiring electrospray ionization mass 

spectrometry in positive mode on an Agilent 1100 Series LC-MS system (Agilent Technology, 

Santa Clara, CA, USA).

5.3.5 BCA Assay

Protein concentrations in cell lysates were measured by BCA assay (Pierce Thermo 

Fisher Scientific, Rockford, IL, USA). A standard curve was obtained by diluting 2 μg/μL bovine

serum albumin in a 2 fold serial dilution from 2 μg/μL – 16 ng/μL in 20 μL volumes with lysis 

buffer in triplicate in a 96 well plate, with a 0 μg/μL blank control. Cell lysate samples at 20 μL 

were added to other wells in the 96 well plate. BCA assay reagents A and B were mixed in a 50:1

ratio at a volume equal to 200 μL times the number of wells. The assay was performed by adding

160 μL of mixed BCA reagent to each well, incubating the plate at 37 °C for 20 min, then 

measuring absorption at 562 nm on the BioTek EL808 plate reading spectrophotometer. 

Luciferase activity was reported in terms of RLU per μg of protein.
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5.3.6 Hydrodynamic Delivery

pGL3 plasmid DNA was prepared as either plasmid alone or in combination with 

peptides and/or proteins at a dose of 1 μg plasmid per mouse. DNA dose was diluted in normal 

saline at a volume equal to 0.09% of the animal's mass. DNA dose was delivered to mice by 

hydrodynamic tail vein injection in 5 sec.

At 24 Hr post injection, mice were anesthetized by 3% isolfluorane and intraperitoneally 

injected with 80 μL of 30 μg/μL D-Luciferin (Gold Biotechnology, St. Louis, MO, USA) in PBS.

At 5 min after luciferin injection, mice were imaged for bioluminescence in an IVIS Imaging 200

Series (Xenogen, Hopkins, MA, USA). Bioluminescent imaging was performed in a light-tight 

chamber with temperature controlled stage, while mice were administered 3% isofluorane. 

Images were acquired with medium binning, at 24.6 cm field of view, and 10 sec exposure time. 

Bioluminescent imaging data is reported as photons/sec/cm2/steradian in a 2.86 cm diameter 

region of interest placed over the liver.

Alternatively, DNA doses were prepared in HBM and delivered by tail vein injection in a 

volume of 100 μL. At some time after injection, mice were given an injection of normal saline of

volume equal to 0.09% of the mouse's mass in 5 sec. Mice were imaged for bioluminescence as 

described above.

5.3.7 Synthesis of PLA2-Cys-(Acr-Lys)6

N-(γ-Maleimidobutyrloxy)succinimide ester, GMBS, (Pierce Thermo Fisher Scientific, 

Rockford, IL, USA) was dissolved at 1 mg in 250 μL DMF. Bee venom PLA2 was derivatized 

by taking 20 μg of PLA2 from a 10 μg/μL stock solution, then 30 nmol GMBS was added to 
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create a 2 fold molar excess over lysines in PLA2, or 20 fold excess over PLA2 itself. Then, 50 

mM NaHCO3 at pH 8 was added to bring the volume to 20 μL in a 0.5 mL microcentrifuge vial. 

Reaction mixture was incubated at room temperature for 30 min. Reaction mixture was diluted 

with 480 μL 10 mM ammonium acetate pH 7.5 and transferred to 0.5 mL Amicon Ultra 10 kDa 

MWCO spin filters (EMD Millipore, Bellerica, MA, USA) and centrifuged at 14,000 RPM for 

10 min. Concentrated sample was diluted with 480 μL 50 mM NaHCO3 and spun again. 

Changing buffer to ammonium acetate helps to eliminate any residual GMBS and adjusts the pH 

for better compatibility with the pH indicator based PLA2 activity assay.

Concentrated sample was collected and transferred to a 0.5 mL microcentrifuge vial. 

(Acr-Lys)6-Cys peptide183 (Fig. 5-2) was added in 0 – 3 fold excess over PLA2 and incubated at 

room temperature for 30 min. Reaction mixture was spin filtered as above to remove excess 

peptide. PLA2-Cys-(Acr-Lys)6 was analyzed by SDS-PAGE electrophoresis and PLA2 activity 

assays as above.
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Figure 5-2: (Acr-Lys)6-Cys Peptide. This peptide has 6 acridines for intercalating into
DNA. It was developed prior to the (Acr-Lys4)3-Acr-Lys-Cys peptide and does not protect

DNA in the bloodstream as effectively.



www.manaraa.com

5.3.8 Synthesis of PLA2-Avidin-(Acr-Lys)6 Complexes

PLA2 was biotinylated by mixing 20 μg PLA2 with with sulfosuccinimidyl-6-

(biotinamido) hexanoate, NHS-Biotin, (Pierce Thermo Fisher, Rockford, IL, USA) at 10 fold 

excess over PLA2 in 50 mM NaHCO3 in total volume of 20 μL. Reaction mixture was incubated 

at room temperature for 30 min and spin filtered as above to remove excess biotin and change 

buffer to ammonium acetate.

(Acr-Lys)6-Cys peptide was biotinylated by mixing 5 nmol of peptide with Maleimide-

PEG2-Biotin (Pierce Thermo Fisher, Rockford, IL, USA) in 5 fold excess over peptide in 10 mM 

ammonium acetate in total volume of 20 μL. Reaction mixture was incubated at room 

temperature for 30 min.

PLA2-biotin and (Acr-Lys)6-Cys-Biotin were complexed with Avidin through a templated

synthesis on DNA. pGL3 plasmid DNA at 1 μg was mixed with 0.1 nmol (Acr-Lys)6-Biotin in 

ddH2O. Avidin (Pierce Thermo Fischer, Rockford, IL, USA) was added in 4 fold excess over 

(Acr-Lys)6-Biotin to prevent aggregation. PLA2-biotin was added in 4 fold excess over Avidin. 

Complexes were analyzed by agarose gel electrophoresis.

5.3.9 Reaction of PLA2 with 2-Iminothiolane

PLA2 was reacted with 2-iminothiolane (Pierce Thermo Fisher, Rockford, IL, USA), also

known as Traut's Reagent, to add thiol groups to the lysines on the enzyme. PLA2 at 20 μg was 

mixed with a 10 fold excess of 2-iminothiolane in 50 mM NaHCO3 pH 8. Reaction was 

incubated at room temperature for 30 min and spin filtered as above to remove excess 2-

iminothiolane. PLA2-Iminothiolane was analyzed by SDS-PAGE gel and PLA2 activity assay as 
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above.

5.3.10 Synthesis of NLS-Thiopyridine Peptide

The SV40 Nuclear Localizing Sequence, NLS, peptide146 CPKKKRKVG was previously 

synthesized by solid phase peptide synthesis and provided by Nicholas Baumhover. The peptide 

was prepared for conjugation with PLA2-Iminothiolane by creating the thiopyridine derivative, 

NLS-TP. Dithiopdipyridine reaction buffer was prepared by mixing a 10:3 solution of 2 M acetic 

acid:isopropanol. Dithiodipyridine, DTDP, (Pierce Thermo Fisher, Rockford, IL, USA) was 

dissolved in methanol at approximately 40 nmol/μL. NLS peptide at 500 nmol was reacted with 

10 fold excess of DTDP in total volume of 1300 μL DTDP reaction buffer at room temperature 

for 30 min. Reaction was quenched by diluting the mixture 2:1 with 0.1% TFA. Reaction mixture

was split into 100 nmol portions and purified by semi-preparative scale HPLC with 0.1% TFA 

with an acetonitrile gradient of 0% – 20% over 40 min with flow rate of 5 mL/min. The major 

peaks were collected and pooled, volume was reduced to approximately 2 mL by rotary 

evaporation. Solution was frozen on dried ice and placed on the freeze drier overnight. Dried 

peptide was dissolved in 1.0% acetic acid to exchange the TFA counter ion with acetate. Solution

was frozen and freeze dried again and peptide was dissolved in ddH2O. NLS-TP was analyzed by

LC-MS as above.

5.3.11 Synthesis of PLA2-NLS

PLA2-NLS was synthesized with with either NLS-TP or a previously produced NLS-

Maleimide peptide provided by Nicholas Baumhover. PLA2-Iminothiolane produced as above 
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was reacted with 15 μg of enzyme and 20 fold excess of either peptide in 50 mM NaHCO3 at 90 

μL total volume at room temperature for 7 hr. Reaction mixtures were spin filtered as above to 

remove excess peptide. PLA2-NLS derivatives were analyzed with PLA2 activity assay and 

SDS-PAGE electrophoresis as above.

5.3.12 Synthesis of PLA2-Tri with I-Tri

I-Tri, a triantennary oligosaccharide prepared from bovine fetuin protein and 

derivativized with a tyrosine to add absorption at 280nm and an iodoacetamide group to allow 

reaction with thiol groups, was previously prepared189. PLA2-Iminothiolane was reacted with 0 –

25 fold excess of I-Tri in 50 mM NaHCO3 for 6 hr. Reaction mixtures were spin filtered as above

and analyzed by SDS-PAGE gel electrophoresis and PLA2 enzyme activity assay.

Additionally, PLA2-Iminothiolane was prepared with 5 – 50 fold excess of 2-

iminothiolane and reacted with 5 fold excess of I-Tri and analyzed as above. A reaction time 

course was studied by producing PLA2-Iminothiolane with 15 fold excess of 2-iminothiolane 

and 10 fold excess of I-Tri at reaction times from 30 min to 24 hr and analyzed as above. Effect 

of pH on the reaction was studied by reacting PLA2-Iminothiolane with 5 fold excess of I-Tri in 

50 mM NaHCO3 at pH 7.0 – 9.5 and analyzed as above.

5.3.13 Synthesis of Tri-Thiopyridine

Triantennary oligosaccharide, with tyrosine to provide a primary amine, was previously 

produced189. Tri at 1.5 μmol was reacted with 150 μmol of 2-iminothiolane in 3.5 mL 100 mM 

NaHCO3 for 3 hr at room temperature. Tri-Iminothiolane was purified by size exclusion 
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chromatography on G-10 column with 0.1% TFA as mobile phase. Tri-iminothiolane peak was 

collected at approximately 25 min in a 500 mL round bottom flask and dried to about 2 mL by 

rotovap. Solution was frozen on dry ice and placed on the freeze drier overnight. 

Tri-Iminothiolane was derivativized with DTDP by dissolving the freeze dried 1.5 μmol 

Tri-iminothiolane with 100 fold excess of DTDP. The 150 μmol DTDP was dissolved in as little 

methanol as possible and added to 5 mL of 10:3 2 M acetic acid:isopropanol. The Tri-

Iminothiolane was added to the reaction mixture and incubated at room temperature overnight 

while shaking. Tri-thiopyridine, Tri-TP, was purified by size exclusion chromatography on G-10 

column as above. The peak was collected and freeze dried, product was dissolved in 3 mL 0.1% 

TFA and analyzed by HPLC.

5.3.14 Synthesis of PLA2-Tri wth Tri-Thiopyridine

PLA2-Iminothiolane was produced as above with 10 – 50 fold excess of 2-iminothiolane.

PLA2-Iminothiolane was reacted with 5 – 20 fold excess of Tri-TP in 50 mM NaHCO3 for 2 hr. 

Samples were spin filtered as above to remove excess Tri-TP. PLA2-Tri was analyzed by SDS-

PAGE electrophoresis and PLA2 enzyme activity assay as above.

5.3.15 Affinity Chromotography with Lectin Column

PLA2-Tri was produced on a 50 μg scale with 10 fold excess of 2-iminothiolane and 5 

fold excess of Tri-TP as above. A lectin affinity chromatography column was obtained with 

Erythrina cristagalli immobilized lectin (EY Laboratories Inc., San Mateo, CA, USA). This lectin

has affinity for the terminal galactose residues on the triantennary oligosaccharide. Wash buffer 
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was prepared with 50 mM Tris, 150 mM NaCl, 10 mM CaCl2, pH 7.5. Elution buffer was made 

by adding enough lactose to wash buffer to obtain 100 mM lactose. Column was prepared and 

equilibrated with 500 μL of wash buffer. PLA2 samples were added to column at 50 μg amounts 

and washed with 300 μL aliquots of wash buffer. Fractions were collected in 0.5 mL 

microcentrifuge vials in 500 μL aliquots for a total of 10 fractions. PLA2-Tri was eluted in the 

same manner with elution buffer, collecting another 10 fractions. Fractions were analyzed by 

PLA2 activity assay as above. Fractions were concentrated by pooling all elution fractions and 

concentrating on 10 kDa MWCO spin filters as above. Concentrated samples were analyzed by 

SDS-PAGE electrophoresis as above.

5.3.16 PLA2 Gene Construction

Several forms of bee venom phospholipase A2 gene were produced by synthesizing the 

complete Bee Venom PLA2 gene with codon optimization for expression in E. coli with a C-

terminal NLS sequence PKKKRKVG (GeneArt Life Technologies, Grand Island, NY, USA) and 

then manipulating the gene with site-directed mutagenesis and PCR. The original gene with 

leader peptides and NLS intact was referred to as BV-NLS. Bee venom PLA2 with no signal 

peptide, propeptide, or NLS was produced by using PCR to amplify the desired portion of the 

gene while inserting a new start codon, and was referred to as BVM, or Bee Venom Mature. Bee 

venom PLA2 without the leader sequences, but with NLS was also produced by PCR 

amplification and referred to as BVM-NLS. An active site mutant was produced by site-directed 

mutagenesis of BVM-NLS to convert the histidine at position 67 to a glutamine and referred to 

as H67Q375. Two additional mutants were produced by changing the cysteine at either position 37
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or 113 to alanine to break disulfide bonds and leave free thiols, and were referred to as C37A or 

C113A. All genes were inserted into into the PET28 plasmid (Novagen EMD Millipore, 

Bellerica, MA, USA).

Additionally, 2 human phospholipase A2 genes were synthesized. Human Group III 

PLA2 contains 3 domains, the N terminal domain, middle domain, and C terminal domain. The 

middle domain has similar sequence and structure to bee venom PLA2398. The middle domain of 

human Group III PLA2 was cloned into the PET28 plasmid. Human Group X PLA2 was also 

synthesized with an N terminal NLS sequence and cloned into PET28.

5.3.17 PLA2 Expression in Bacteria

PLA2 genes in PET28 plasmid were inserted into BL21 E. coli cells and grown overnight

on agar plates at 37 °C. Colonies were picked and grown overnight in 5 mL of Terrific Broth, 

then transferred to 500 mL cultures and incubated at 37 °C while shaking at 250 RPM for 7 hr. 

Cells were induced by addition of 0.5 mL of 0.5 M IPTG, shaking speed was reduced to 180 

RPM and cells were incubated another 16 hr. Cells were split into 50 mL Falcon tubes and spun 

down at 4000 RPM for 30 min and pellets were suspended in 4 mL 50 mM Tris pH 8.0 with 4 μL

Triton X-100, 8 μL protease inhibitor cocktail (Roche Diagnostics, Mannheim, Germany), 16 μL 

0.5 M EDTA, and 300 μL 10 mg/mL lysozyme. Mixtures were incubated at 37 °C while shaking 

at 180 RPM for 30 min, then frozen on dry ice. Mixtures were thawed and 400 μL of 1 M MgCl2 

and 4 μL DNase were added, and mixtures were incubated at 37 °C while shaking at 180 RPM 

for 30 min. Mixtures were spun at 11,000 RPM for 10 min and supernatent was removed.
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Pellets were suspended in 20 mL detergent solution, 200 mM NaCl, 1% deoxycholic acid,

1% Triton X-100. Mixtures were centrifuged again at 11,000 RPM for 10 min, supernatent was 

removed and pellets were suspended in 20 mL 1%Triton X-100, 1 mM EDTA, and centrifuged 

again at 11,000 RPM for 10 min. Supernatents were removed and pellets were suspended again 

in 20 mL 1% Triton X-100, 1 mM EDTA and centrifuged again. Supernatents were removed and 

pellets were suspended in 8 mL 100 mM Tris, 6 M Guanidine HCl, 100 mM DTT, pH 8.3 to 

unfold the PLA2 trapped in inclusion bodies. Mixtures were incubated overnight at 4 °C. 

Mixtures were centrifuged at 11,000 RPM for 10 min, supernatents were recovered and pH was 

adjusted to 4, then dialyzed against 1 L of 4 M guanidine HCl, 20 mM acetic acid for 4 hr at 4 

°C. Dialysis buffer was replaced with fresh 4 M guanidine HCl, 20 mM acetic acid and dialyzed 

another 4 hr at 4 °C. Dialysis buffer was replaced again and dialyzed at 4 °C overnight. Dialysis 

buffer was changed to a refolding buffer, 1 M Tris-HCl, 10 mM CaCl2, 1 mM EDTA, 5 mM 

glutathione, 1 mM glutathione disulfide, pH 8.3 and protein sample was dialyzed at 4 °C for 24 

hr. Protein solution was recovered and centrifuged at 20,000 RPM for 20 min.

The supernatent was taken and buffer was replaced with 50 mM Tris-HCl, 10 mM CaCl2, 

pH 7.0 using a PD-10 column (GE Healthcare, Buckinghamshire, UK). Fractions collected from 

the PD-10 column were tested for PLA2 activity and active fractions were processed by FPLC 

on an AKTApurifier FPLC with 5 mL HiTrap SP cation exchange column (GE Healthcare, 

Buckinghamshire, UK) with a flow rate of 5 mL/min with 50 mM Tris-HCl 10 mM CaCl2, pH 

7.0, with NaCl gradient of 0 – 1 M over 20 min. Absorbance at 280 nm was monitored and 

fractions were collected and pooled. Pooled fractions were concentrated with an Amicon 

ultrafiltration unit with YM-3 membrane under nitrogen gas. Refolded protein was analyzed by 
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SDS-PAGE electrophoresis and PLA2 activity assays.

5.3.18 Chemical Modification of Mutant PLA2

PLA2 C37A or C113A at 5 μg was reacted with 0 – 5 fold excess of I-Tri in 100mM 

NaHCO3 for 24 hr at room temperature. Additionally, the reaction was run at pH 7, 8, 9, or 10. 

Protein samples were analyzed by SDS-PAGE electrophoresis as above.

To test if the proteins had free thiol available for labeling, wild type PLA2, C37A, or 

C113A were reacted with stoichiometric amounts of TCEP at room temperature for 30 min to 

help reduce disulfides in 100 mM Tris pH 7.0. Samples were spin filtered in 3 kDa spin filters to 

remove excess TCEP. A 20 fold excess of PEG5kDa-maleimide was added to the reduced protein 

samples and allowed to react at room temperature for 24 hr, then analyzed by SDS-PAGE 

electrophoresis.

5.4 Results

5.4.1 Synthesis of PLA2-Cys-(Acr-Lys)6

Bee venom PLA2 was conjugated to (Acr-Lys)6-Cys peptide using the heterobifunctional 

linker GMBS. Initial attempts at the reaction showed that PLA2 could be multiply labeled with 

(Acr-Lys)6 and visualized on SDS-PAGE gel (Fig. 5-3A). However, not all free (Acr-Lys)6-Cys 

was removed from the labeled PLA2, demonstrated by presence of free (Acr-Lys)6-Cys peptide 

on SDS-PAGE gel (Fig. 5-3B). Additionally, the reaction with GMBS and peptide greatly 

reduced PLA2 activity (Fig. 5-3D). The PLA2 labeling reaction was reoptimized to use a 10 fold

excess of GMBS to help preserve activity (Fig. 5-3C). These reaction conditions still allowed 
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labeling with (Acr-Lys)6-Cys, but with less evidence of multiple labeling (Fig. 3E), however, 

enzyme activity was still harmed (Fig. 5-3F). Interestingly, enzyme activity was improved after
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Figure 5-3: SDS-PAGE and Enzyme Activity Analysis of PLA2-(Acr-Lys)6. PLA2 can be
conjugated with (Acr-Lys)6-Cys peptide using GMBS, and multiple additions of peptide can be

seen as laddering as in panel A. However, GMBS treatment can also lead to PLA2 aggregation as
seen in A and B, which reduces enzyme activity as seen in C. In panel B, a free (Acr-Lys)6-Cys

control lane is included to show that not all of the peptide becomes bound to PLA2-GMBS.
PLA2-(Acr-Lys)6 loses enzyme activity as shown in D. The amount of leftover free peptide can be

reduced if less peptide is used, shown in E, however using less peptide leads to a greater loss of
PLA2 activity, in F.
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 reaction with (Acr-Lys)6-Cys.

5.4.2 Synthesis of PLA2-Avidin-(Acr-Lys)6 Complexes

PLA2 was biotinylated with 0 – 10 fold excess of NHS-Biotin. Enzyme activity was not 

severely harmed at any amount of biotin (Fig. 5-4A). When PLA2-biotin was combined with 0 – 

1 molar equivalents of Avidin, using more Avidin greatly reduced enzyme activity (Fig. 5-4B), 

indicating that PLA2 had been successfully biotinylated. Incubation of PLA2-Biotin Avidin 

complexes with a 100 or 200 fold excess of free biotin for up to 4 hr restored PLA2 activity (Fig.

5-4C), indicating that even the strong Avidin-biotin complex could be overcome with a large 

excess of free biotin.
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Figure 5-4: Enzyme Activity of PLA2-Biotin. In panel A, PLA2 was reacted with 0 - 10 fold
excess of NHS-Biotin, and showed little loss of activity. When PLA2-Biotin is combined with
Avidin in B, enzyme activity is lost as the amount of Avidin approaches the amount of PLA2.
When PLA2-Avidin complexes are incubated in large excesses of free biotin for up to 4 hr in

C, PLA2 activity is restored, indicating that PLA2-Biotin is released from Avidin.

A B

C



www.manaraa.com

(Acr-Lys)6-Cys was reacted with a maleimide-PEG2-biotin and analyzed by LC-MS. The 

total ion chromatograph, absorbance at 280 nm, and fluorescence at 409 nm all showed 3 peaks 

(Fig. 5-5). The third peak with retention time of approximately 22 min showed a mass of 3247.4,

almost identical to the expected mass of 3248.1. However, peak 2 was 15.45 mass units heavier 

than expected, and peak 1 was 31.3 mass units heavier than expected. This is most likely 

explained by addition of 1 or 2 oxygen atoms to the sulfur atom of biotin. This biotin-sulfoxide 

results from a reaction of biotin with oxygen gas in the presence of UV light and reduces affinity 

for Avidin399. 

Biotinylated PLA2 and (Acr-Lys)6-Cys were combined with Avidin in the presence of 

plasmid DNA in an attempt to use the DNA as a template to build complexes. When components 

were combined in a 1:1:1 ratio, visible flocculates were formed, most likely as 1 Avidin bound 
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Figure 5-5: LC-MS Analysis of (Acr-Lys)6-Biotin. (Acr-Lys)6-Cys was reacted with a
maleimide-Biotin. LC-MS shows correct mass at 3247.4, but also shows masses

corresponding to biotin sulfoxide with 1 or 2 additional oxygen atoms.
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(Acr-Lys)6 peptides on different plasmids. To prevent flocculation, the amount of Avidin was 

increased to 4 fold excess over (Acr-Lys)6-Cys-Biotin and PLA2-Biotin was increased to 4 fold 

excess over Avidin. However, when agarose gel electrophoresis was used to perform band shift 

assays on DNA (Acr-Lys)6-Biotin Avidin PLA2-Biotin complexes, the addition of PLA2-biotin 

allowed DNA to migrate through the gel. Complexes with biotinylated peptide and Avidin show 

no migration of DNA (Fig. 5-6A). This suggests that PLA2-biotin was displacing the (Acr-Lys)6-

Biotin from Avidin, releasing the DNA from the complex.

To help reduce this displacement, PLA2 was biotinylated with less NHS-Biotin, 1 – 10 

fold excess rather than 10 fold excess. When these complexes were electrophoresed, the 3:1 and 

1:1 biotin:PLA2 samples showed no DNA migration (Fig. 5-6B). DNA with different 

combinations of (Acr-Lys)6-Biotin, Avidin, and PLA2-Biotin was electrophoresed to demonstrate

what components were needed to inhibit DNA migration (Fig. 5-6C). When both peptide and 

Avidin were used, DNA migration was inhibited and most DNA remained in the well. The 

addition of PLA2-Biotin did not change this. When DNA was combined with (Acr-Lys)6-Biotin 

and PLA2-Biotin, but no Avidin, DNA was able to migrate and did not remain in the well. 

However, when DNA was mixed with Avidin, either with or without PLA2-Biotin, some DNA 

remained in the well, suggesting that Avidin itself binds DNA, most likely through electrostatic 

binding.

Hydrodynamic dosing of 1 μg pGL3 plasmid DNA peptide polyplex with a mixture of 

95% (Acr-Lys)6-Cys-PEG5kDa and 5% (Acr-Lys)6-Biotin into mice showed 5 fold less 

bioluminescence than DNA with 100% of (Acr-Lys)6-Cys-PEG5kDa (Fig. 5-6D). When Avidin 

was added, bioluminescence was 100 fold less than the 100% (Acr-Lys)6-Cys-PEG5kDa control.
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5.4.3 Hydrodynamic Dosing of pGL3 DNA and PLA2

Mice were hydrodynamically injected with 1 μg doses of pGL3 DNA and 0 – 50 μg of 

unmodified bee venom PLA2. As the dose of PLA2 increased, the bioluminescence decreased 

(Fig. 5-7). When mice were dosed with 15 or 50 μg of PLA2, they died. The mice that received 

50 μg doses died within 15 min of injection, while those who received 15 μg doses died within 1 

hr.
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Figure 5-6: PLA2-Avidin-(Acr-Lys)6 Complexes Bind to DNA. The band shift assay in A shows a
slight band shift when DNA is bound to (Acr-Lys)6-Biotin, and that migration is stopped when also

bound to Avidin, however some migration is restored upon additon of PLA2-Biotin. In B, the
amount of PLA2-Biotin was varied, and more PLA2-Biotin seemed to show more DNA released
from Avidin. In panel C, DNA was tested with or without different components of the complex,

and Avidin was able to inhibit some DNA migration by itself, trapping the DNA in the well. Mice
were hydrodynamically dosed with these complexes in D, and the Avidin complex shows a loss of

signal.
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5.4.4. Synthesis of PLA2-Iminothiolane

Bee venom PLA2 was reacted with 0 – 10 fold excess of 2-Iminothiolane and tested for 

activity. Even a 10 fold excess of 2-Iminothiolane did not harm PLA2 activity (Fig. 5-8).
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Figure 5-7: Hydrodynamic Co-Dosing of DNA and PLA2. Different amounts of bee venom PLA2
were mixed with 1 µg doses of pGL3 plasmid DNA and hydrodynamically injected into mice. As

the amount of PLA2 used increased, the bioluminescent signal decreased. Mice that received more
than 10 µg of PLA2 died.

Figure 5-8: Synthesis of PLA2-Iminothiolane. Bee venom PLA2 was reacted with a 0 – 10
fold excess of 2-Iminothiolane. PLA2 activity was not harmed.
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5.4.5 Synthesis of NLS-Thiopyridine Peptide

A thiopyridine derivative of the SV40 NLS peptide CPKKKRKVG was produced by 

reacting the NLS peptide with DTDP. LC-MS analysis showed that modified peptide had a mass 

of 1209.592 mass units, very close to the 1209.531 mass units predicted for the molecule (Fig. 5-

9A).

5.4.6 Synthesis of PLA2-NLS

PLA2-Iminothiolane was conjugated with either NLS-Thiopyridine (Fig. 5-9B) or NLS-

Maleimide (Fig. 5-9C) in a 1, 3, or 5 fold excess. PLA2-NLS enzyme activity was not severely 

affected (Fig. 5-10A). SDS-PAGE analysis of PLA2-NLS showed that PLA2-NLS produced 

with NLS-Thiopyridine formed high mass aggregrates that failed to migrate through the gel. 

PLA2-NLS produced with NLS-maleimide formed proteins that did migrate, with laddering 

suggesting smaller aggregates or 2 or 3 PLA2 molecules (Fig. 5-10B). PLA2-NLS was treated 

with TCEP to reduce disulfide bonds and again analyzed by SDS-PAGE. This restored some of
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Figure 5-9: LC-MS Analysis of NLS-Thiopyridine. The SV40 NLS-Cys peptide was reacted with
DTDP to produce NLS-TP and verified by LC-MS with mass of 1209.592 in panel A. The

structure of NLS-TP is shown in panel B, while the NLS-Maleimide peptide that was also used is
shown in C.
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Figure 5-10: Synthesis of PLA2-NLS. PLA2-Iminothiolane was reacted with 1, 3, or 5 fold
excess of either NLS-TP or NLS-Maleimide. Panel A shows that loss of enzyme activity was
minimal. SDS-PAGE showed that use of NLS-TP produced a PLA2-NLS that did not migrate
through the gel, and PLA2 dimers and trimers are visible in NLS-Maleimide lanes in B. When

PLA2-NLS was treated with TCEP to reduce disulfide bonds in C, PLA2 migration was restored
in the NLS-TP lanes and PLA2 aggregates disappeared from the NLS-Maleimide lanes. When

PLA2-Iminothiolane was allowed to incubate for an extended amount of time, significant loss of
activity was seen in D. However, addition of NLS provided some protection. When PLA2-NLS

at 1 µg was co-dosed with pGL3 DNA by hydrodynamic injection in E, PLA2-NLS did not seem
to reduce bioluminescent signal by as much as PLA2, but differences are not significantly

different from DNA alone.
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the protein's ability to migrate and eliminated laddering (Fig. 5-10C). These gels show PLA2-

Iminothiolane forms disulfide linked aggregates that can be broken up by reducing agents. When 

PLA2-Iminothiolane was allowed to incubate for 7 hr, PLA2 activity was reduced by about half, 

while PLA2-NLS with either NLS peptide lost less activity (Fig. 5-10D), suggesting that 

addition of peptide protected the PLA2 against aggregation.

5.4.7 Synthesis of PLA2-Tri with I-Tri

PLA2-Iminothiolane was conjugated with the iodoacetamide derivative of Triantennary 

oligosaccharide (Fig. 5-11), I-Tri, in 5 – 25 fold excess. SDS-PAGE analysis shows that larger 

excesses of I-Tri produces laddering, showing singly and doubly modified PLA2 (Fig. 5-12A). 

PLA2 enzyme activity was greatly harmed when a 0, 5, or 10 fold excess of I-Tri was used, but 

not when 15, 20, or 25 fold excess of I-Tri was used (Fig. 5-12B), suggesting that Tri 

modifications protect PLA2 activity.
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Figure 5-11: Structure of I-Tri. The triantennary oligosaccharide
from bovine fetuin has high affinity for the ASGPR, and can be
used to target molecules to hepatocytes. I-Tri has been modifed

with a tyrosine to provide absorbance at 280 nm and an
iodoacetamide group to react with thiols.
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Figure 5-12: Synthesis of PLA2-Tri with I-Tri. PLA2-Iminothiolane could be reacted with 5 - 25
fold excesses of I-Tri to produce PLA2-Tri with 1 or 2 oligosaccharides, as seen in A. However,
when less than a 15 fold excess of I-Tri was used, PLA2 activity was greatly reduced, as seen in
B. To encourage complete labeling of PLA2, the amount of 2-Iminothiolane was increased to as

much as 50 fold excess, then reacted with 5 fold excess of I-Tri. However, 15 fold or more
excess of 2-Iminothiolane eliminates PLA2 activity, as seen in C. SDS-PAGE in D shows that

unmodified PLA2 was still present, with PLA2 dimers present in lanes without I-Tri. A reaction
time course is shown in E, and demonstrates that unmodified PLA2 was still present after 24 hr

of reaction, and that enzyme activity decreased as reaction time increased, as shown in F.
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However, even at 25 fold excess of I-Tri, significant amounts of unmodified PLA2 

remained. To try and get a complete reaction, the amount of 2-Iminothiolane used was increased 

to 15, 30, and 50 fold excess over PLA2, then reacted with a 5 fold excess of I-Tri. PLA2 activity

was greatly reduced when reacted with 15 fold excess of 2-Iminothiolane, and completely 

eliminated with 30 or 50 fold excesses (Fig. 5-12C). Addition of I-Tri did not change enzyme 

activity. When analyzed by SDS-PAGE gel, 15, 30, and 50 fold excesses of 2-Iminothiolane 

showed higher mass bands of PLA2 dimers, while samples with I-Tri showed a band indicating 

singly labeled PLA2-Tri. All lanes showed significant amounts of unmodified PLA2 (Fig. 5-

12D).

To drive the reaction toward completion, PLA2 was reacted with a 15 fold excess of 2-

Iminothiolane and 10 fold excess of I-Tri over a 24 hr period. Samples were taken at several time

points and analyzed by SDS-PAGE and PLA2 activity assays. SDS-PAGE showed that singly 

labeled PLA2-Tri appeared as early as 30 min, and doubly labeled PLA2-Tri appeared by 12 hr, 

but unmodified PLA2 remained at 24 hr (Fig. 5-12E). As reaction time went on, PLA2 activity 

decreased (Fig. 5-12F).

5.4.8 Synthesis of PLA2-Tri with Tri-Thiopyridine

The thiopyridine derivative of the triantennary oligosaccharide (Fig. 5-13A) was 

produced by reacting the free amine on the tyrosine residue of Tri with 2-Iminothiolane, then 

reacting the free thiol produced by 2-Iminothiolane with DTDP. 

PLA2-Iminothiolane was produced with 20 or 50 fold excess of 2-Iminothiolane, then a 

20 fold excess of Tri-Thiopyridine. PLA2 enzyme activity almost completely lost when PLA2-
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iminothiolane was not reacted with Tri-Thiopyridine, but was better protected when Tri-

Thiopyridine was added (Fig. 5-13B). SDS-PAGE analysis showed that PLA2-Iminothiolane 

totally disappeared from the gel. PLA2-Tri prepared with a 20 fold excess of 2-Iminothiolane 

showed several bands, suggesting that many Triantennary groups had been added. PLA2-Tri 

produced with a 50 fold excess of 2-Iminothiolane showed bands representing singly and doubly 

labeled PLA2-Tri (Fig. 5-13C).

5.4.9 Purification of PLA2-Tri by Lectin Column

PLA2 and PLA2-Tri produced with Tri-Thiopyridine were run through an Erythrina 

cristagalli immobilized lectin column400–402, fractions were collected and analyzed for PLA2 

enzyme activity by plotting the negative rate of change in absorbance. Fractions 1 – 10 used a 
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Figure 5-13: Synthesis of PLA2-Tri with Tri-Thiopyridine. Tri-Thiopyridine, Tri-TP, shown in A,
was produced by reacting Tri with 2-Iminothiolane and DTDP. PLA2-Iminothiolane was reacted

with Tri-TP, which protected PLA2 activity, shown in B. SDS-PAGE in C shows multiple
additions of Tri to PLA2.
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wash buffer to remove unbound protein, while fractions 11 – 20 used a lactose containing elution

buffer to remove bound proteins. PLA2 produced activity in fractions 4 – 12, while PLA2-Tri 

produce activity in 2 broad peaks, fractions 4 – 11 and then 13 – 18 (Fig. 5-14A). This shows 

that PLA2-Tri can be bound by the lectin and separated from unmodified PLA2. When the 

number of wash fractions and elution fractions were increased to 15 each instead of 10, better 

separation between the modified and unmodified PLA2 was obtained (Fig. 5-14B). When the 

fractions from the 2 peaks are pooled and concentrated and analyzed by SDS-PAGE, the PLA2-

Tri lane shows no unmodified PLA2 (Fig. 5-14C), however, the PLA2-Iminothiolane lane
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Figure 5-14: Purification of PLA2-Tri by Lectin Column. An Erythrina cristigalli immobilized
lectin column was used to remove PLA2-Tri from unmodified PLA2, using 10 wash fractions and
10 elution fractions. PLA2 activity in each fraction was measured to produce A. When the number

of fractions was increased to 15 each, the resolution between modified and unmodified PLA2
improved in B. When fractions were pooled and concentrated and run on SDS-PAGE in C,

unmodified PLA2 was removed from PLA2-Tri. However, some PLA2-Tri was still present in the
PLA2 lane, suggesting either column overloading or column failure.
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shows what is probably PLA2-Tri contamination. The lectin column eventually failed to separate

modified and unmodified PLA2-Tri, this gel probably showed the early stages of column failure.

5.4.10 PLA2 Expression in Bacteria

The bee venom and human PLA2 genes were successfully modified and cloned into 

PET28 plasmids for bacterial expression, and confirmed by sequencing.

Results from a representative PLA2 purification and refolding are shown. PLA2 C37A 

was expressed in E. coli, inclusion bodies were recovered and unfolded. Proteins were refolded 

and initially purified by FPLC (Fig. 5-15A). Fractions were collected and pooled into 4 groups, 

fractions 7 – 10, fractions 11 – 16, fraction 17, and fraction 18. Pooled fractions were analyzed 

by SDS-PAGE (Fig. 5-15B), with bands at about 15kDa appearing in the fractions 11 – 16 and 

fraction 17 lanes. The fraction 11- 16 sample and fraction 17 samples were separately run on 

FPLC to further purify the samples. The fraction 11 – 16 sample produced 2 broad peaks, with 

the second peak having PLA2 enzyme activity (Fig. 5-15C). The fraction 17 sample produced 2 

broad peaks, with the first peak having PLA2 enzyme activity (Fig. 5-15C). Collected fractions 

were analyzed by SDS-PAGE (Fig. 5-15D), with 15kDa bands appearing in the flowthrough in 

both samples, all peaks of the fraction 11 – 16 sample, and the first 2 peaks of the fraction 17 

sample. Protein concentration and specific activity were measured for each fraction, and peak 

concentration was obtained in fractions 19 – 26 of fraction 17, with 17.5 mg/mL of total protein. 

(Fig. 5-15E). However, peak specific activity was found in fractions 9 – 18 of fraction 17, at 

53.8 Units/mg.
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Figure 5-15: Recombinant Expression of PLA2 in E. coli. PLA2 C37A was expressed in BL21 E.
coli, unfolded, and refolded. Refolded protein solution was purified by ion exchange

chromatography in A, and fractions 11 - 16 and 17 were taken because of the protein band they
showed on SDS-PAGE in B. Fractions 11-16 and 17 were purified by another round of ion

exchange chromatography in C, where peaks 9 - 18, 19 - 26, and 29 - 30 were collected from both.
All fractions and the flowthrough samples showed proteins at 15 kDa on SDS-PAGE in D,

consistent with PLA2 C37A. Fractions were analyzed for protein concentration and specific activity
in E, with fractions 9 - 18 of fraction 17 showing the highest specific activity
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5.4.11 Chemical Modification of Mutant PLA2

Bee venom PLA2 C113A was treated with I-Tri in 0 – 5 fold excess for 24 hr and 

analyzed by SDS-PAGE. Higher mass bands were visible in the 4 and 5 fold excess samples 

(Fig. 5-16A), indicating that some PLA2 had been singly labeled with Tri. However, these bands 

were very faint, demonstrating the reaction did not work well. PLA2 C113A (Fig. 5-16B) and 

C37A (Fig. 5-16C) were also treated with a 3 fold excess of I-Tri for 24 hr in 100mM Tris at pH 

of 7, 8, 9, or 10. No higher mass band was visible in any lanes, again indicating the reaction did 

not work. PLA2 C113A was treated with a 20 fold excess of PEG5kDa-Maleimide for 24 hr in 100 
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Figure 5-16: Chemical Modification of PLA2 C37A or C113A. Purified PLA2 C113A was
reacted with I-Tri, and showed some labeling at 4 or 5 fold excess of I-Tri in A, but not much.

When PLA2 C113 in panel B, or C37A in panel C, were reacted with I-Tri at pH 7 - 10, no
labeled bands were seen. No labeled bands were seen when PLA2 C113A was reacted with a 20

fold excess of PEG-Maleimide in panel D.
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mM Tris at pH 5, 6, 7, and 8. Again, no higher mass bands were visible in any lane (Fig. 5-16D).

Wild type bee venom PLA2, PLA2 C37A, and PLA2 C113A were treated with an excess 

of TCEP for 30 min to reduce disulfide bonds. PLA2 samples were then treated with 20 fold 

excesses of PEG5kDa-Maleimide for 24 hr and analyzed by SDS-PAGE. The wild type PLA2 with 

PEG shows a faint band at 15 kDa, another faint band at approximately 25 kDa, and dark band at

approximately 32kDa (Fig. 5-17A). This shows that wild type PLA2 could be almost entirely 

double labeled with PEG5kDa-Maleimide. However, the PLA2 C37A and PLA2 C113A lanes 

show no protein bands at all. Wild type PLA2 and PLA2 C113A were treated with or without 

TCEP and with or without PEG5kDa-maleimide at 42 °C for 24 hr and analyzed by SDS-PAGE. 

All PLA2 samples with PEG showed very faint higher mass bands (Fig. 5-17B). It is not clear 

why the wild type PLA2 failed to react with PEG5kDa-Maleimide this time, but heating the 

reaction to 42 °C did not make the reaction work much better with PLA2 C113A.
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Figure 5-17: Reaction of TCEP Treated PLA2 with PEG-Maleimide. In panel A, wild type PLA2,
PLA2 C37A, and PLA2 C113A were treated with TCEP and then reacted with PEG-Maleimide.
Wild Type PLA2 shows two labeled bands, indicating that disulfides were reduced and the free
thiols could react with the maleimide. However, no bands are seen in the C37A or C113A lanes.

The experiment was repeated in B with wild type PLA2 and PLA2 C113A while heating at 42 °C.
In this experiment, faint labeled bands are present in all samples with PEG-Maleimide, but

reactions did not work well.
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PLA2 C37A was analyzed by LC-MS. A peak with retention time of 15 min and mass of 

16,620.5 g/mol was obtained (Fig. 5-18A), while a mass of 16,346.6 g/mol was expected. Some 

LC-MS runs showed a small peak in the Total Ion Chromatogram at 28 min. The 16,620.5 g/mol 

mass might be explained by the addition of glutathione to the free thiol on the protein. 
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Figure 5-18: LC-MS Analysis of PLA2 C37A. Purified PLA2 C37A was analyzed by LC-MS in A,
and a mass of 16,620.5 was obtained, heavier than the 16,346.6 expected for PLA2. However, a

mass of 304.8 was found at retention time of 28 min, matching glutathione in panel B, and masses
of 258.5 and 515.7 were found with retention time of 30 min, matching glutathion disulfide in C.

This suggests that glutathione is present in the purified PLA2 solutions, and may even be
conjugated to PLA2 through the free thiol that was intended for chemical modification.
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Glutathione was analyzed by LC-MS (Fig. 5-18B), and produced a small peak in the Total Ion 

Chromatogram at 28 min with a mass of 304.8 g/mol, close to the 307.32 expected for 

glutathione. Glutathione disulfide was also analyzed by LC-MS and produced a peak in the Total

Ion Chromatogram at 30 min with mass peaks at 258.5 and 515.7 (Fig. 5-18C). When the 

16,346.6 g/mol of PLA2 C37A is added to the 307.32 g/mol of glutathione, a mass of 16,653.9 

g/mol is obtained, about 33.4 g/mol heavier than the 16,620.5 g/mol observed for PLA2 C37A. 

Unfortunately, obtaining a clean LC-MS of any PLA2 sample proved too difficult to get more 

precise results. The PLA2 C37A LC-MS also showed a low intensity mass peak of 305.4 mass 

units with retention time of about 28 min and mass peaks of 258.9 and 516.8 mass units with 

retention time of 30 min. This indicates that a small amount of free glutathione and a larger 

amount of oxidized glutathione disulfide may have been present in the purified protein samples, 

and could have interfered with any attempts to label free thiols on PLA2.

5.5 Discussion

Phospholipases play an important role in several biochemical processes, including 

cellular signalling, inflammation, and apoptosis342–344,346,347. Additionally, several species have 

utilized phospholipases in their venoms348–361. Phospholipase A2 activity is also important for 

viruses to infect their host cells338–341. In the laboratory, PLA2 has been able to create large holes 

in cellular membranes393. These features make PLA2 an interesting target for delivery of large 

particles to cells. Particles that are too large or too charged to pass through cellular membranes 

need assistance to enter cells or escape endosomes, and PLA2's ability to create holes in 

membranes may allow particles such as DNA polyplexes into the cytoplasm. If PLA2 can be 
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directed to the nuclear envelope, it might be able to help polyplexes enter the nucleus and 

become expressed.

However, the original hypothesis that PLA2 would help DNA polyplexes enter the 

nucleus was based on the adeno associated virus requiring PLA2 activity to infect cells338, was 

later refuted by research that demonstrated that virus mutants without PLA2 activity were still 

able to enter the nucleus when microinjected into cells403. This shows that PLA2 is involved in 

endosomal escape, but another mechanism is responsible for the virus delivering its DNA cargo 

to the nucleus.

Bee venom PLA2 was an attractive choice for the PLA2 used in this study. Bee venom 

PLA2 is relatively small, approximately 15 kDa, with 5 disulfide bonds to increase stability, and 

12 lysines available for chemical modification348. Importantly, bee venom PLA2 extracted from 

honey bee venom glands is commercially available and relatively inexpensive.

Bee venom PLA2 has been used in previous studies in attempts to improve nonviral 

delivery of DNA to cells in vitro393–395. Our initial attempts to prepare PLA2 for DNA delivery 

involved attaching the polyacridine peptide (Acr-Lys)6-Cys to the lysines of PLA2 through the 

heterobifunctional crosslinker GMBS (Fig. 5-3). This was done to try and produce a version of 

PLA2 that could bind DNA and still digest cellular membranes. PLA2 could be labeled with 

multiple peptides, but the reaction was never able to go to completion, and enzyme activity was 

lost. Excess free (Acr-Lys)6-Cys was also very difficult to remove, which would have interfered 

with binding to DNA. Due to loss of activity and purification problems, this project was halted in

favor of other PLA2 labeling strategies. However, an interesting phenomenon was observed 

where PLA2 labeled with (Acr-Lys)6-Cys retained more activity than PLA2 labeled with GMBS 
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alone. This may have been because GMBS replaces a hydrophilic lysine with a hydrophobic 

maleimide, while the (Acr-Lys)6-Cys peptide adds several additional lysines to restore solubility.

A PLA2-Avidin-(Acr-Lys)6 complex was designed using biotinylated PLA2 and (Acr-

Lys)6-Cys. PLA2 was biotinylated with an NHS-Biotin compound, which did not seem to harm 

activity (Fig. 5-4). When this PLA2-Biotin was bound to Avidin, enzyme activity was lost. When

very small amounts of Avidin were used, little activity was lost. When Avidin was added in a 1:1 

ratio to PLA2, almost all activity was lost. This is likely due to the formation of crosslinked 

PLA2-Avidin aggregates. When aggregates were incubated with a large excess of free biotin, 

PLA2 activity was restored, demonstrating that Avidin binding could be reversed.

The (Acr-Lys)6-Cys peptide was biotinylated with a Maleimide-PEG2-Biotin compound. 

LC-MS showed that the biotinylation was successful (Fig. 5-5), but that approximately 20% of 

the biotin had been oxidized to form biotin sulfoxide399, which has reduced affinity for Avidin.

DNA, (Acr-Lys)6-Biotin, Avidin, and PLA2-Biotin were mixed and analyzed on agarose 

gel electrophoresis (Fig. 5-6). When mixed in equal molar amounts, visible flocculation 

occurred, suggesting that Avidin was crosslinking plasmids and creating large aggregates. To 

prevent aggregation, the amount of Avidin was increased to 4 fold excess over peptide and 

PLA2-Biotin was increased to 4 fold excess over Avidin. DNA migration could be inhibited by 

addition of (Acr-Lys)6-Biotin and Avidin, however, addition of PLA2-Biotin restored some DNA 

migration. This is most likely due to PLA2-Biotin displacing some (Acr-Lys)6-Biotin from 

Avidin, freeing the DNA from the complex. When PLA2 biotinylation was changed to use less 

biotin, this displacement was no longer seen. Interestingly, DNA migration could be partially 

inhibited by addition of Avidin alone, suggesting that Avidin could bind DNA on its own, most 
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likely through electrostatic interaction.

The DNA-(Acr-Lys)6-Avidin complex was hydrodynamically dosed into mice to see how 

it affected in vivo transfection (Fig. 5-6). Unfortunately, bioluminescent signal from the Avidin 

complexes was much smaller than DNA (Acr-Lys)6-Cys-PEG5kDa controls. The large amount of 

protein attached to the DNA could have adversely affected the biodistribution and 

pharmacokinetic profiles, even in direct hydrodynamic injection. Even replacing 5% of (Acr-

Lys)6-Cys-PEG5kDa with (Acr-Lys)6-Cys-Biotin reduced bioluminescent signal after 

hydrodynamic dosing.

A simpler hydrodynamic dosing experiment was designed by dosing mice with 1 μg of 

pGL3 plasmid DNA and 0 – 50 μg of unmodified bee venom PLA2 (Fig. 5-7). As the amount of 

PLA2 increased, the bioluminescent signal decreased. At doses above 10 μg, mice quickly died. 

The loss of signal was most likely due to PLA2 destroying hepatocytes that would have been 

transfected and produce luciferase. The deaths were most likely caused by digestion of red blood 

cells. This experiment demonstrated that PLA2 activity must be very carefully controlled and 

directed not just to specific cells, but to specific membranes in those cells.

To help direct PLA2 activity to the membranes of the nuclear envelope, the SV40 nuclear

localizing sequence146, NLS, peptide was added to PLA2 through either a maleimide or 

thiopyridine reaction. PLA2 was reacted with 2-Iminothiolane to create free thiols attached to the

lysines of the enzyme. Initial activity measurements did not show much loss of activity (Fig. 5-

8), but later reactions with 2-Iminothiolane showed activity loss (Fig. 5-12, Fig. 5-13). This loss 

was most likely caused by formation of PLA2 dimers, trimers, etc through disulfide bond 

formation. These higher mass complexes were seen on SDS-PAGE gels prepared without β-
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mercaptoethanol, which would have reduced the disulfide bond linking PLA2 to NLS. This also 

explains why initial measurements showed full activity, since the PLA2-Iminothiolane was tested

for enzyme activity immediately after preparation and very little time was given to form 

aggregates.

NLS peptide was prepared with dithiodipyridine, DTDP, to produce NLS-Thiopyridine, 

which was verified by LC-MS (Fig. 5-9). NLS-Maleimide peptide was provided. Both peptides 

were used to label PLA2-Iminothiolane (Fig. 5-10). When the reaction between PLA2-

Iminothiolane and NLS-Thiopyridine or NLS-Maleimide was run for a short amount of time, 

PLA2 activity was not damaged by addition of NLS. When the reaction allowed to continue for 7

hr, the PLA2-Iminothiolane control lost about half of its acitivity, while PLA2-NLS lost less 

activity, again suggesting that addition of peptide to PLA2 protected activity, similarly to how 

the addition of (Acr-Lys)6-Cys protected PLA2 after modification by GMBS. When PLA2-NLS 

was analyzed by SDS-PAGE electrophoresis, PLA2-NLS produced with NLS-Thiopyridine did 

not migrate through the gel, suggesting that large aggregates had been formed through disulfide 

bonds. However, the PLA2-NLS produced with NLS-Maleimide migrated through the gel, but 

showed signs of PLA2 dimers and trimers. No visible band shift was seen to suggest PLA2 had 

been modified by NLS. When PLA2-NLS was treated with TCEP to reduce disulfide bonds, 

some migration was restored to PLA2-NLS produced with NLS-Thiopyridine, but bands were 

still faint. PLA2-NLS produced with NLS-Maleimide showed no higher mass bands, suggesting 

that the PLA2 dimers and trimers had been reduced.

PLA2-NLS produced with either NLS peptide was delivered to mice in 1 μg doses by 

hydrodynamic dosing with 1 μg doses of pGL3 plasmid DNA (Fig. 5-10). Both PLA2-NLS 
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samples produced slightly less bioluminescent signal than the control DNA dose, and slightly 

more signal than an unmodified PLA2 control, however no differences were significant. The 

slight improvement of PLA2-NLS over PLA2 may be explained by the PLA2-NLS having less 

activity than unmodified PLA2, therefore causing less damage to hepatocytes.

To help direct PLA2 to hepatocytes, bee venom PLA2 was modified by attaching the 

triantennary oligosaccharide, Tri, isolated from bovine fetuin. Tri contains terminal galactose 

residues and binds to the Asialogylcoprotien Receptor, ASGPR198, which is abundant on 

hepatocytes. Once bound to ASGPR, the receptor and Tri are internalized through endocytosis. 

Tri can be attached to other molecules to direct them toward hepatocytes and get them into 

endosomes.

PLA2-Iminothiolane was reacted with Iodoacetamide-Tri, I-Tri (Fig. 5-11). At larger 

excesses of I-Tri, SDS-PAGE analysis showed laddering, with higher mass bands indicating 

PLA2 modified with 1 or 2 Tri molecules (Fig. 5-12). PLA2 activity was severely damaged 

when PLA2-Iminothiolane was reacted with small amounts of I-Tri, but larger excesses of I-Tri 

protected PLA2 activity, again demonstrating protection by adding components to the protein. 

However, most of the PLA2 in the reactions was not labeled with Tri, and attempts were made to

drive the reaction further to completion by using larger amounts of 2-Iminothiolane to modify 

PLA2. However, these larger amounts of 2-Iminothiolane caused greater harm to PLA2 activity, 

and I-Tri addition was not able to recover activity. When analyzed by SDS-PAGE, PLA2-

Iminothiolane without Tri showed dimer formation, while PLA2 with Tri showed bands for 

singly modified PLA2-Tri. However, these conditions were still unable to drive the reaction 

toward completion. The reaction was allowed to run for 24 hr, with samples taken at several time
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points and analyzed for PLA2 activity and by SDS-PAGE. As the reaction continued, PLA2 

activity was lost. Even though single and double modified PLA2-Tri appeared on the gel with 

increasing time, unmodified PLA2 was not eliminated.

The loss of activity alongside being unable to completely label PLA2 meant this strategy 

would not work well. The unmodified PLA2 would not be targeted toward hepatocytes and 

might still be harmful to red blood cells. The addition of Tri to PLA2 might be responsible for 

the loss of activity depending on where it bound to the protein. If the Tri were added to a lysine 

on the membrane binding surface of the enzyme, it might not be able to bind to cellular 

membranes and access the phospholipids.

To produce a PLA2-Tri with a reversible linkage, Tri-Thiopyridine was produced by 

reacting Tri with DTDP (Fig. 5-13). Tri-Thiopyridine was reacted with PLA2-Iminothiolane in 

20 fold excess. Again, addition of Tri protected PLA2 activity compared to PLA2-Iminothiolane.

SDS-PAGE of PLA2-Tri showed several bands, indicating multiple additions of Tri to PLA2, 

with smaller amounts of unmodified PLA2. This suggests that the Tri-Thiopyridine is more 

reactive with PLA2-Iminothiolane than I-Tri. However, not even the improved PLA2-Tri 

reaction went to completion and some unmodified PLA2 remained.

To separate PLA2-Tri from unmodified PLA2, a lectin column was used to bind PLA2-

Tri by the terminal galactose residues and allow unmodified PLA2 to wash through. Though bee 

venom PLA2 is glycosylated, its oligosaccharides have mostly terminal mannose, with some 

fucose, and even less N-acetyl-galactosamine instead of galactose373, and doesn't bind the 

column. PLA2-Tri could be bound to the column and eluted off with lactose (Fig. 5-14), 

efficiently separating it from unmodified PLA2. The PLA2 in each fraction could be measured 
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by PLA2 activity assay and SDS-PAGE shows that unmodified PLA2 can be totally removed 

from PLA2-Tri. However, the lectin column proved to be fragile, and eventually stopped binding

PLA2-Tri. Care must be taken to monitor the column for binding ability and the column should 

be replaced once it no longer separates PLA2-Tri from unmodified PLA2.

Using bee venom PLA2 extracted from bees imposed some limitations on producing 

modified PLA2. Bee sting allergy is fairly common and potentially dangerous404, and using bee 

venom protein could trigger harmful allergic reactions in human patients. It also creates 

uncertainty in chemical modification, since a lysine modifying reagent could target any of the 12 

lysines on the enzyme, and different lysines may have different affects on enzyme activity. Some

enzymes may also receive multiple modifications. By expressing recombinant PLA2 in bacterial 

systems, it is possible to introduce mutations that may allow site specific modification. It also 

removes the glycosylation normally found on bee venom PLA2, potentially reducing it's 

allergenic potential. However, bee venom PLA2 is not easy to express in bacteria. The enzyme is

usually packaged into inclusion bodies, and must be recovered, unfolded, and refolded379. 

Recombinant expression also allows the production of human forms of PLA2, which should be 

less likely to cause an allergic reaction.

Several variants of bee venom PLA2 were produced, some with or without the leader 

peptides responsible for directing the nascent enzyme through the secretion pathway during 

synthesis and keeping the enzyme inactive in the bee venom gland, some with nuclear localizing 

sequences, some with cysteines mutated to alanine to break disulfide bonds and create free thiols,

and one with an inactive active site. The middle domain of human PLA2 Group III and PLA2 

Group X were chosen because their size, sequence, and folding were fairly similar to bee venom 
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PLA2. These genes were synthesized and inserted into PET28 plasmid for bacterial production.

Bee venom PLA2 C37A and C113A were produced in bacteria as a proof of concept that 

the enzymes could be produced and purified and chemically modified. While active enzymes 

could be recovered, yields were lower than desired (Fig. 5-15). Chemical modification of the 

purified refolded recombinant enzymes failed, and they did not show much reactivity with 

iodoacetamide or maleimide containing compounds (Fig. 5-16). It is likely that their poor 

reactivity can be explained by reducing agents used in the refolding process, such as glutathione 

and dithiothreitol. If these compounds form disulfide bonds with the free thiols created in the 

mutant PLA2, then those thiols would not be available for modification with maleimide or 

iodoacetamide. This hypothesis is supported by the presence of glutathione disulfide and small 

amounts of free glutathione in samples of purified PLA2 C37A (Fig. 5-18). 

Attempts to reduce disulfide bonds in PLA2 mutants or wild type bee venom PLA2 with 

TCEP and then label them with iodoacetamide or maleimide containing reagents were also not 

successful (Fig. 5-17). Wild type PLA2 reduced with TCEP was double labeled with PEG5kDa-

Maleimide in one experiment at 37 °C, but was not labeled in another reaction at 42 °C. 

Recombinant PLA2 was not efficiently labeled under any conditions.

Wild type bee venom Phospholipase A2 was able to be modified with DNA binding (Acr-

Lys)6-Cys peptide, nuclear localizing NLS peptides, Avidin binding biotin, and hepatocyte 

targeting triantenarry oligosaccharide. However, it was not possible to reliably control how many

times a PLA2 was labeled, and heterogeneous labeling was common. Pushing the labeling 

reactions to completion also proved difficult, and significant amounts of unlabeled PLA2 

remained in almost all reactions. Preserving PLA2 activity was also problematic, especially 
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when labeled with 2-Iminothiolane. PLA2-Iminothiolane would form disulfide bonds and 

aggregates with no PLA2 activity. PLA2 mutants could be produced in bacteria and refolded, but

was not efficiently labeled.

It may be better to produce PLA2 in eukaryotic systems such as yeast or insect 

cells388,391,392. These would be much closer to the environment bee venom PLA2 is normally 

produced in, and would probably eliminate the need to unfold and refold the enzyme. 

Alternatively, an artificial amino acid405 could be used to provide a unique handle for chemical 

modification while leaving the native disulfide bonds in place. A recent report406, demonstrated 

that denatured lysozyme from boiled eggs could be unfolded, then rapidly and efficiently 

refolded using a “vortex fluid device”. This method might be applicable to recombinant PLA2 

production.
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6 Research Summary

The human liver is vital to the metabolism of many endogenous and exogenous 

compounds, and the production site for most important proteins in the bloodstream. As such, it is

subject to a wide variety of genetic metabolic disorders, infectious diseases, and cancers5,27. Liver

transplantation is often used to treat these issues, but the number of donor livers available is too 

low, even with live donor transplantation407. Therefore, gene therapy has become an attractive 

goal for treating liver disease28.

While viral gene therapy has had some success in vivo45, it faces significant challenges, 

such as immune reaction, large scale production, and quality control408. Nonviral gene therapy 

should avoid many of these issues, but has not been nearly as efficient as viral gene therapy in in 

vivo applications409.

The research presented in this thesis has focused on improving the nonviral delivery of 

DNA or mRNA to the liver. Chapter 2 presented work on the in vitro nonviral transfection of 

HepG2 cells or primary hepatocytes in 384 and 1536 wellplates. Even though in vitro 

transfections fail to account for biodistribution, pharmacokinetics, circulation, or other 

phenomenon found in whole animal models, they can be used to study receptor binding, polyplex

internalization, endosomal escape, and nuclear entry. Additionally, in vitro transfection can be 

used to genetically modify cells taken from a patient's tissues before reimplantation, allowing the

modified cells to provide the metabolic functions missing from the rest of the tissue30.

By miniaturizing the transfection assays, more transfection agents can be tested at a time, 

leveraging the advantages of high-throughput screening for in vitro transfection. This should help
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discover new transfection agents that offer more efficient transfection, less toxicity, or more 

precise targeting to specific cell types.

Mammalian cancer cell lines are used in most in vitro transfection studies. They are easy 

to obtain and maintain in culture, however they may not accurately represent cells in an in vivo 

environment. By using primary hepatocytes, more accurate conditions can be studied. This 

places a higher standard on transfection agents, because the primary cells are more vulnerable to 

toxicity and do not rapidly divide. Despite issues with nuclear entry, PEI and calcium phosphate 

were both able to transfect primary hepatocytes, with calcium phosphate DNA nanoparticles 

being the more effective of the two. Miniaturization of the assay is even more beneficial when 

using primary cells, where the number of cells that can be obtained from a single animal is 

limited. The 384 wellplate allows many more samples to be tested from one cell preparation.

Nonviral delivery of DNA in vivo is much more difficult than transfection in vitro. In 

vivo, the DNA must be protected against degradation by nucleases, must find its target tissues, be

taken up by the cells, and enter the nucleus to be expressed. Polyintercalating polyacridine 

peptides have been shown to protect DNA against degradation by nucleases and increase the time

that DNA can circulate in the bloodstream of a mouse while remaining transfection competent 

through hydrodynamic stimulation. However, the mechanism behind delayed hydrodynamic 

stimulation was not fully understood.

Chapter 3 presents work that helped to elucidate the mechanism behind delayed 

hydrodynamic stimulation, while further improving the time that DNA peptide polyplexes could 

circulate. The polyplexes were shown to bind serum proteins and become negatively charged. 

These negatively charged particles were susceptible to uptake by scavenger receptors on Kupffer 
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cells and sinusoidal endothelial cells. By using 50 – 100 μg doses of polyplex, scavenger 

receptors could be saturated, allowing DNA polyplexes to be hydrodynamically stimulated at 

times up to 12 hr post-injection. The PEGylated peptides themselves were also able to bind 

serum proteins and form small nanoparticles capable of inhibiting scavenger receptors and 

extending DNA polyplex circulation time.

Once scavenger receptors were inhibited, polyplexes showed a delayed uptake into the 

liver. This suggested that the polyplexes were crossing sinusoidal fenestrae and entering the 

Space of Disse. Polyplexes in the Space of Disse were protected against scavenger receptor 

uptake and could be forced into hepatocytes by the high pressure of a hydrodynamic injection of 

normal saline.

Inhibiting scavenger receptors to extend circulation time should also be applicable to 

other types of nanoparticles, such as liposomes or viruses263–267. By extending circulation time, 

the particles have more time to find their target tissues and are more likely to be successfully 

delivered, reducing the number of particles that need to be injected. Since simple PEGylated 

polylysine peptides were able to inhibit scavenger receptors, they may be useful as general rapid 

uptake inhibitors with other types of nanoparticles.

While inhibiting scavenger receptors increased the time DNA peptide polyplexes could 

circulate in the bloodstream, hydrodynamic stimulation was still required to force the DNA into 

hepatocytes. One problem with DNA delivery research is that in order to see any expression, the 

DNA must not only enter the cells, but must also escape the endosome and enter the nucleus. If 

any step fails, there may not be any detectable signal, and it would not be possible to determine 

which step failed.
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In recent years, there has been significant interest in mRNA delivery. mRNA has the 

advantage of not needing to enter the nucleus to produce protein, eliminating one of the steps and

simplifying the delivery process. However, mRNA is much more susceptible to nuclease 

digestion than DNA, and must be better protected.

Chapter 4 presents work towards using mRNA in hydrodynamic injection. The only other

reported uses of hydrodynamic injection for mRNA delivery were able to produce a detectable 

amount of luciferase in the liver at 4 – 12 hr when a large amount of mRNA was used174,175. The 

work presented here significantly improved the efficiency with the addition of untranslated 

regions to improve the mRNA's half-life in the cytoplasm and codon optimization to increase the

amount of protein the mRNA could make. PEGylated polyacridine peptides were demonstrated 

to bind mRNA and further enhanced luciferase expression after hydrodynamic injection, so that 1

μg of mRNA peptide polyplex was able to produce 109 photons/sec/cm2/steradian, 10 fold higher 

signal than a 1 μg dose of pGL3 plasmid DNA. Furthermore, PEGylated polyacridine peptides 

were able to provide some protection to mRNA against RNases in mouse serum.

However, mRNA could not be protected in the bloodstream for 5 min, and did not work 

with delayed hydrodynamic stimulation. The extreme vulnerability of mRNA to RNases makes it

very difficult to deliver mRNA in vivo. There are two potential general strategies to improve the 

stability of mRNA peptide polyplexes in the bloodstream, either modify the peptide or modify 

the RNA. While the polyacridine peptides have been extensively studied184,185, one structural 

feature that has not been thoroughly explored is the linker between the acridine and peptide 

backbone. Currently, the acridine is attached directly to the epsilon amine of a lysine, but this 

may not be long enough to reach inside the RNA double helix, which is an A type helix309. The 
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base pairs of an A type helix are more steeply tilted than in the B type helix commonly found in 

DNA, it also has a deeper major groove and shallower minor groove. These structural differences

may reduce the peptide's affinity for the RNA double helix. If the acridine were attached to the 

lysine epsilon amine through a longer, more flexible, linker, it may overcome the different helical

structure and improve binding.

Altering the mRNA to improve polyplex stability would involve increasing the amount of

double strandedness in the RNA, since the acridines intercalate into double stranded RNA. While

mRNA usually adopts a complex secondary structure with some double stranded portions, much 

of the molecule remains single stranded, especially the 3' polyA tail. The addition of polyuridine 

or other RNA homopolymers may increase the amount of double stranded RNA by binding to the

polyA tail or simply burying the mRNA inside a larger RNA peptide polyplex. Immogenicity and

toxicity associated with PolyA·PolyU duplexes may be reduced by replacing uridine with 

pseudouridine, based on other work using pseudouridine in mRNA294,296.

If the mRNA stability issues can be solved, mRNA delivery could not only be used as a 

tool to debug DNA delivery by testing methods to target cells, internalize polyplexes, and escape 

endosomes, but could be therapeutically useful by itself. While delivered mRNA would only be 

able to produce proteins temporarily, such short term production may be desirable in situations 

where the protein product is potentially toxic. Some of these proteins may include anticancer 

applications298, or genome editing applications, such as CRISPR/CAS-9172, TALEN 

endonucleases410, zinc finger endonucleases411, or transposases174.

One challenge faced by DNA or mRNA delivery is crossing cellular membranes. While 

endosomal escape is often achieved through the proton sponge effect61,99,100 or fusogenic 
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peptides113, phospholipase enzymes are also capable of disrupting membranes393 and may be able 

to be engineered to assist with nuclear entry of DNA. Chapter 5 presented work on the chemical 

modification of bee venom PLA2 and recombinant expression of mutant forms of PLA2. While 

the project failed to develop a useful product for enhancing DNA delivery, some progress was 

made towards developing techniques to label PLA2 with peptides and oligosaccharides, as well 

as purifying the modified protein away from unmodified enzyme. Attempts to recombinantly 

produce bee venom PLA2 were difficult and ran into trouble with preserving the free thiols that 

were needed for site specific labeling. These issues may be overcome by expression in 

eukaryotic cells388,391,392, where the proteins can be properly folded and secreted, and with 

artificial amino acids405, which would allow the site specific addition of bioorthogonal functional 

groups that can be labeled without interfering with the protein's lysines or cysteines.

The toxicity observed when large amounts of PLA2 were injected into mice suggests that 

it may have potential as a cytotoxic agent if properly targeted and controlled. It may be that 

mRNA delivery could be useful to produce PLA2 inside target cells to disrupt cellular 

membranes and induce apoptosis. mRNA delivered alongside DNA might be able to produce 

PLA2 or other proteins that induce the nuclear envelope to break down and allow DNA to enter 

the nucleus.

Nonviral gene delivery is still a very challenging problem with much work left to do. 

However, PEGylated polyacridine peptides have greatly improved the stability of DNA in the 

bloodstream and may play an important role in a future therapeutic nonviral DNA delivery 

application. This thesis presents significant progress toward that goal, by developing assays for 

nonviral gene delivery that may be applied toward the high-throughput screening of gene transfer
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agents, by demonstrating the importance of scavenger receptors for DNA polyplex delivery and 

how scavenger receptor inhibition can extend circulation time, and by applying PEGylated 

polyacridine peptides to mRNA delivery to enhance expression in hydrodynamic injection and 

provide some protection against nucleases. 

Hopefully, this research has helped to build a foundation for further discoveries with 

applications that improve human health and quality of life.
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Appendix

A.1 Luciferase mRNA Sequences

Start Codons are highlighted in Green, stop codons in Red, and UTRs in Blue

A.1.1 Luc mRNA Without Untranslated Regions
5’GGGAGACCCAAGCUGGCUAGCGUUUAAACGGGCCCUCUAGACUCGAGCGGCCGCUCUAGGAAG
CUUUCCAUGGAAGACGCCAAAAACAUAAAGAAAGGCCCGGCGCCAUUCUAUCCGCUGGAAGAUGG
AACCGCUGGAGAGCAACUGCAUAAGGCUAUGAAGAGAUACGCCCUGGUUCCUGGAACAAUUGCUU
UUACAGAUGCACAUAUCGAGGUGGACAUCACUUACGCUGAGUACUUCGAAAUGUCCGUUCGGUUG
GCAGAAGCUAUGAAACGAUAUGGGCUGAAUACAAAUCACAGAAUCGUCGUAUGCAGUGAAAACUC
UCUUCAAUUCUUUAUGCCGGUGUUGGGCGCGUUAUUUAUCGGAGUUGCAGUUGCGCCCGCGAACG
ACAUUUAUAAUGAACGUGAAUUGCUCAACAGUAUGGGCAUUUCGCAGCCUACCGUGGUGUUCGUU
UCCAAAAAGGGGUUGCAAAAAAUUUUGAACGUGCAAAAAAAGCUCCCAAUCAUCCAAAAAAUUAU
UAUCAUGGAUUCUAAAACGGAUUACCAGGGAUUUCAGUCGAUGUACACGUUCGUCACAUCUCAUC
UACCUCCCGGUUUUAAUGAAUACGAUUUUGUGCCAGAGUCCUUCGAUAGGGACAAGACAAUUGCA
CUGAUCAUGAACUCCUCUGGAUCUACUGGUCUGCCUAAAGGUGUCGCUCUGCCUCAUAGAACUGC
CUGCGUGAGAUUCUCGCAUGCCAGAGAUCCUAUUUUUGGCAAUCAAAUCAUUCCGGAUACUGCGA
UUUUAAGUGUUGUUCCAUUCCAUCACGGUUUUGGAAUGUUUACUACACUCGGAUAUUUGAUAUGU
GGAUUUCGAGUCGUCUUAAUGUAUAGAUUUGAAGAAGAGCUGUUUCUGAGGAGCCUUCAGGAUUA
CAAGAUUCAAAGUGCGCUGCUGGUGCCAACCCUAUUCUCCUUCUUCGCCAAAAGCACUCUGAUUG
ACAAAUACGAUUUAUCUAAUUUACACGAAAUUGCUUCUGGUGGCGCUCCCCUCUCUAAGGAAGUC
GGGGAAGCGGUUGCCAAGAGGUUCCAUCUGCCAGGUAUCAGGCAAGGAUAUGGGCUCACUGAGAC
UACAUCAGCUAUUCUGAUUACACCCGAGGGGGAUGAUAAACCGGGCGCGGUCGGUAAAGUUGUUC
CAUUUUUUGAAGCGAAGGUUGUGGAUCUGGAUACCGGGAAAACGCUGGGCGUUAAUCAAAGAGGC
GAACUGUGUGUGAGAGGUCCUAUGAUUAUGUCCGGUUAUGUAAACAAUCCGGAAGCGACCAACGC
CUUGAUUGACAAGGAUGGAUGGCUACAUUCUGGAGACAUAGCUUACUGGGACGAAGACGAACACU
UCUUCAUCGUUGACCGCCUGAAGUCUCUGAUUAAGUACAAAGGCUAUCAGGUGGCUCCCGCUGAA
UUGGAAUCCAUCUUGCUCCAACACCCCAACAUCUUCGACGCAGGUGUCGCAGGUCUUCCCGACGA
UGACGCCGGUGAACUUCCCGCCGCCGUUGUUGUUUUGGAGCACGGAAAGACGAUGACGGAAAAAG
AGAUCGUGGAUUACGUCGCCAGUCAAGUAACAACCGCGAAAAAGUUGCGCGGAGGAGUUGUGUUU
GUGGACGAAGUACCGAAAGGUCUUACCGGAAAACUCGACGCAAGAAAAAUCAGAGAGAUCCUCAU
AAAGGCCAAGAAGGGCGGAAAGAUCGCCGUGUAAUUCUAGACCAGGCGCCUGGAUCCGAGCUCGG
UACCAAG 3’

A.1.2 Luc-UTR, With Untranslated Regions
5’GGGAGACCCAAGCUGGCUAGCGUUUAAACGGGCCCUCUAGAACAUUUGCUUCUGACACAACUG
UGUUCACUAGCAACCUCAAACAGACACCGCCGCCACCAUGGAGGACGCCAAGAAUAUCAAGAAAG
GCCCCGCUCCCUUCUACCCCCUGGAAGACGGCACAGCCGGCGAACAACUCCACAAGGCCAUGAAG
AGGUAUGCCCUGGUCCCCGGAACCAUCGCCUUCACCGAUGCCCAUAUCGAGGUCGACAUCACCUA
CGCUGAGUACUUCGAGAUGUCCGUCAGGCUCGCCGAGGCUAUGAAGAGAUAUGGCCUCAACACCA
ACCACAGGAUCGUGGUCUGCUCCGAGAACUCCCUGCAGUUUUUCAUGCCCGUGCUGGGCGCCCUG
UUUAUCGGAGUCGCCGUCGCCCCCGCUAACGACAUCUACAACGAGAGAGAGCUCCUGAACAGCAU
GGGCAUUUCCCAGCCUACCGUGGUCUUCGUGAGCAAGAAAGGCCUCCAGAAGAUCCUGAACGUCC
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AAAAGAAGCUGCCCAUUAUCCAGAAGAUCAUCAUCAUGGAUAGCAAGACCGACUACCAGGGAUUC
CAGUCCAUGUACACCUUCGUGACAAGCCAUCUGCCCCCCGGCUUCAACGAGUAUGACUUCGUCCC
CGAGUCCUUCGACAGAGACAAGACCAUCGCCCUGAUCAUGAACUCCUCCGGAAGCACCGGACUGC
CCAAAGGCGUGGCUCUCCCUCACAGGACCGCUUGUGUCAGGUUCAGCCACGCCAGGGACCCCAUC
UUCGGCAACCAGAUCAUCCCCGACACAGCUAUCCUCAGCGUGGUGCCCUUCCACCACGGCUUCGG
AAUGUUCACCACCCUCGGCUACCUCAUCUGUGGCUUCAGAGUGGUGCUCAUGUACAGAUUCGAGG
AGGAGCUGUUUCUGAGGUCCCUCCAGGACUACAAAAUCCAAUCCGCUCUGCUCGUCCCCACCCUG
UUCAGCUUCUUCGCCAAAAGCACCCUGAUCGACAAGUAUGACCUCUCCAACCUGCAUGAGAUCGC
CAGCGGAGGAGCCCCUCUGUCCAAGGAGGUCGGCGAAGCCGUGGCUAAGAGGUUUCACCUCCCUG
GCAUUAGGCAAGGAUACGGCCUGACCGAAACCACAAGCGCUAUCCUGAUCACCCCUGAGGGAGAC
GACAAACCCGGAGCCGUCGGAAAGGUCGUCCCCUUCUUCGAGGCCAAGGUGGUCGACCUGGACAC
CGGCAAGACCCUGGGCGUGAACCAAAGGGGCGAACUCUGUGUGAGGGGCCCUAUGAUCAUGAGCG
GCUACGUCAACAACCCUGAGGCUACCAACGCUCUCAUCGACAAGGAUGGCUGGCUGCACUCCGGA
GAUAUCGCCUACUGGGACGAGGAUGAGCAUUUUUUUAUCGUCGAUAGGCUCAAGAGCCUGAUCAA
GUACAAGGGCUACCAGGUGGCCCCUGCUGAGCUCGAAUCCAUCCUGCUCCAGCACCCUAACAUCU
UUGACGCUGGCGUGGCUGGACUGCCUGACGACGACGCUGGCGAACUCCCUGCCGCUGUCGUGGUC
CUCGAACACGGCAAGACAAUGACCGAGAAGGAGAUCGUGGACUACGUGGCCUCCCAAGUGACAAC
AGCCAAGAAGCUGAGAGGCGGAGUGGUGUUCGUGGACGAGGUGCCCAAGGGCCUGACAGGCAAGC
UCGACGCUAGAAAGAUCAGGGAGAUUCUGAUUAAAGCCAAAAAGGGCGGAAAGAUUGCCGUGUGA
UGAGCUCGCUUUCUUGCUGUCCAAUUUCUAUUAAAGGUUCCUUUGUUCCGUAAGUCCAACUACUA
AACUGGGGGAUAUUAUGAAGGGCCUUGAGCAUCUGGAUUCUGCCUAAUAAAAAACAUUUAUUUUC
AUUGCGGAUCCGAGCUCGGUACCAAG 3’

A.2 PLA2 Gene Sequences
Pre- and Pro-Peptides are highlighted in Yellow, the Active Site Histidine is highlighted 

in Green, Nuclear Localizing Sequences are highlighted in Blue. Translated amino acid 
sequences are provided below the DNA sequence.

A.2.1 BVM Bee Venom PLA2, Mature Sequence
ATGGTCATCTACCCCGGCACCCTGTGGTGCGGCCACGGCAACAAAAGCAGCGGCCCTAATGAG
 M  V  I  Y  P  G  T  L  W  C  G  H  G  N  K  S  S  G  P  N  E
CTGGGCCGGTTCAAGCACACCGACGCCTGCTGCAGAACCCACGACATGTGCCCCGACGTGATG
 L  G  R  F  K  H  T  D  A  C  C  R  T  H  D  M  C  P  D  V  M
TCTGCCGGCGAGTCTAAGCACGGCCTGACCAATACCGCCAGCCACACCAGACTGAGCTGCGAC
 S  A  G  E  S  K  H  G  L  T  N  T  A  S  H  T  R  L  S  C  D
TGCGACGACCAGTTCTACGACTGCCTGAAGAACAGCGCCGACACCATCAGCAGCTACTTCGTG
 C  D  D  Q  F  Y  D  C  L  K  N  S  A  D  T  I  S  S  Y  F  V
GGCAAGATGTACTTCAACCTGATCGACACCAAGTGCTACAAGCTGGAACACCCCGTGACCGGC
 G  K  M  Y  F  N  L  I  D  T  K  C  Y  K  L  E  H  P  V  T  G
TGCGGCGAGAGAACAGAGGGAAGATGCCTGCACTACACCGTGGACAAGAGCAAGCCCAAGGTG
 C  G  E  R  T  E  G  R  C  L  H  Y  T  V  D  K  S  K  P  K  V
TACCAGTGGTTCGACCTGCGGAAGTACTAA
 Y  Q  W  F  D  L  R  K  Y
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A.2.2 BVM-NLS, Mature Bee Venom PLA2, With Nuclear Localizing Sequence
ATGGTCATCTACCCCGGCACCCTGTGGTGCGGCCACGGCAACAAAAGCAGCGGCCCTAATGAG
 M  V  I  Y  P  G  T  L  W  C  G  H  G  N  K  S  S  G  P  N  E
CTGGGCCGGTTCAAGCACACCGACGCCTGCTGCAGAACCCACGACATGTGCCCCGACGTGATG
 L  G  R  F  K  H  T  D  A  C  C  R  T  H  D  M  C  P  D  V  M
TCTGCCGGCGAGTCTAAGCACGGCCTGACCAATACCGCCAGCCACACCAGACTGAGCTGCGAC
 S  A  G  E  S  K  H  G  L  T  N  T  A  S  H  T  R  L  S  C  D
TGCGACGACCAGTTCTACGACTGCCTGAAGAACAGCGCCGACACCATCAGCAGCTACTTCGTG
 C  D  D  Q  F  Y  D  C  L  K  N  S  A  D  T  I  S  S  Y  F  V
GGCAAGATGTACTTCAACCTGATCGACACCAAGTGCTACAAGCTGGAACACCCCGTGACCGGC
 G  K  M  Y  F  N  L  I  D  T  K  C  Y  K  L  E  H  P  V  T  G
TGCGGCGAGAGAACAGAGGGAAGATGCCTGCACTACACCGTGGACAAGAGCAAGCCCAAGGTG
 C  G  E  R  T  E  G  R  C  L  H  Y  T  V  D  K  S  K  P  K  V
TACCAGTGGTTCGACCTGCGGAAGTACCCCAAGAAAAAGCGGAAGGTGTAA
 Y  Q  W  F  D  L  R  K  Y  P  K  K  K  R  K  V

A.2.3 BV-NLS, Immature Bee Venom PLA2, With Nuclear Localizing Sequence
ATGGAGGTGGTGCTGGGCAGCCTGTTCCTGCTGCTGCTGAGCACATCTCACGGCTGGCAGATC
 M  E  V  V  L  G  S  L  F  L  L  L  L  S  T  S  H  G  W  Q  I 
CGGGACCGGATCGGCGACAACGAGCTGGAAGAGAGAATCATCTACCCCGGCACCCTGTGGTGC
 R  D  R  I  G  D  N  E  L  E  E  R  I  I  Y  P  G  T  L  W  C 
GGCCACGGCAACAAAAGCAGCGGCCCTAATGAGCTGGGCCGGTTCAAGCACACCGACGCCTGC
 G  H  G  N  K  S  S  G  P  N  E  L  G  R  F  K  H  T  D  A  C 
TGCAGAACCCACGACATGTGCCCCGACGTGATGTCTGCCGGCGAGTCTAAGCACGGCCTGACC
 C  R  T  H  D  M  C  P  D  V  M  S  A  G  E  S  K  H  G  L  T 
AATACCGCCAGCCACACCAGACTGAGCTGCGACTGCGACGACAAGTTCTACGACTGCCTGAAG
 N  T  A  S  H  T  R  L  S  C  D  C  D  D  K  F  Y  D  C  L  K 
AACAGCGCCGACACCATCAGCAGCTACTTCGTGGGCAAGATGTACTTCAACCTGATCGACACC
 N  S  A  D  T  I  S  S  Y  F  V  G  K  M  Y  F  N  L  I  D  T 
AAGTGCTACAAGCTGGAACACCCCGTGACCGGCTGCGGCGAGAGAACAGAGGGAAGATGCCTG
 K  C  Y  K  L  E  H  P  V  T  G  C  G  E  R  T  E  G  R  C  L 
CACTACACCGTGGACAAGAGCAAGCCCAAGGTGTACCAGTGGTTCGACCTGCGGAAGTACCCC
 H  Y  T  V  D  K  S  K  P  K  V  Y  Q  W  F  D  L  R  K  Y  P 
AAGAAAAAGCGGAAGGTGTAA
 K  K  K  R  K  V

A.2.4 H34Q, Mature Bee Venom PLA2 With Nuclear Localizing Sequence and Active Site 
Mutation
ATGGTCATCTACCCCGGCACCCTGTGGTGCGGCCACGGCAACAAAAGCAGCGGCCCTAATGAG
 M  V  I  Y  P  G  T  L  W  C  G  H  G  N  K  S  S  G  P  N  E 
CTGGGCCGGTTCAAGCACACCGACGCCTGCTGCAGAACCCAGGACATGTGCCCCGACGTGATG
 L  G  R  F  K  H  T  D  A  C  C  R  T  Q  D  M  C  P  D  V  M 
TCTGCCGGCGAGTCTAAGCACGGCCTGACCAATACCGCCCGCCACACCAGACTGAGCTGCGAC
 S  A  G  E  S  K  H  G  L  T  N  T  A  R  H  T  R  L  S  C  D 
TGCGACGACCAGTTCTACGACTGCCTGAAGAACAGCGCCGACACCATCAGCAGCTACTTCGTG
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 C  D  D  Q  F  Y  D  C  L  K  N  S  A  D  T  I  S  S  Y  F  V 
GGCAAGATGTACTTCAACCTGATCGACACCAAGTGCTACAAGCTGGAACACCCCGTGACCGGC
 G  K  M  Y  F  N  L  I  D  T  K  C  Y  K  L  E  H  P  V  T  G 
TGCGGCGAGAGAACAGAGGGAAGATGCCTGCACTACACCGTGGACAAGAGCAAGCCCAAGGTG
 C  G  E  R  T  E  G  R  C  L  H  Y  T  V  D  K  S  K  P  K  V 
TACCAGTGGTTCGACCTGCGGAAGTACCCCAAGAAAAAGCGGAAGGTGTAA
 Y  Q  W  F  D  L  R  K  Y  P  K  K  K  R  K  V

A.2.5 C37A, Mature Bee Venom PLA2 With Nuclear Localizing Sequence and Cysteine 37 
Mutated to Alanine
ATGGTCATCTACCCCGGCACCCTGTGGTGCGGCCACGGCAACAAAAGCAGCGGCCCTAATGAG
 M  V  I  Y  P  G  T  L  W  C  G  H  G  N  K  S  S  G  P  N  E 
CTGGGCCGGTTCAAGCACACCGACGCCTGCTGCAGAACCCACGACATGGCCCCCGACGTGATG
 L  G  R  F  K  H  T  D  A  C  C  R  T  H  D  M  A  P  D  V  M 
TCTGCCGGCGAGTCTAAGCACGGCCTGACCAATACCGCCAGCCACACCAGACTGAGCTGCGAC
 S  A  G  E  S  K  H  G  L  T  N  T  A  S  H  T  R  L  S  C  D 
TGCGACGACCAGTTCTACGACTGCCTGAAGAACAGCGCCGACACCATCAGCAGCTACTTCGTG
 C  D  D  Q  F  Y  D  C  L  K  N  S  A  D  T  I  S  S  Y  F  V 
GGCAAGATGTACTTCAACCTGATCGACACCAAGTGCTACAAGCTGGAACACCCCGTGACCGGC
 G  K  M  Y  F  N  L  I  D  T  K  C  Y  K  L  E  H  P  V  T  G 
TGCGGCGAGAGAACAGAGGGAAGATGCCTGCACTACACCGTGGACAAGAGCAAGCCCAAGGTG
 C  G  E  R  T  E  G  R  C  L  H  Y  T  V  D  K  S  K  P  K  V 
TACCAGTGGTTCGACCTGCGGAAGTACCCCAAGAAAAAGCGGAAGGTGTAA
 Y  Q  W  F  D  L  R  K  Y  P  K  K  K  R  K  V

A.2.6 C113A, Mature Bee Venom PLA2 With Nuclear Localizing Sequence and Cysteine 
113 Mutated to Alanine
ATGGTCATCTACCCCGGCACCCTGTGGTGCGGCCACGGCAACAAAAGCAGCGGCCCTAATGAG
 M  V  I  Y  P  G  T  L  W  C  G  H  G  N  K  S  S  G  P  N  E 
CTGGGCCGGTTCAAGCACACCGACGCCTGCTGCAGAACCCACGACATGTGCCCCGACGTGATG
 L  G  R  F  K  H  T  D  A  C  C  R  T  H  D  M  C  P  D  V  M 
TCTGCCGGCGAGTCTAAGCACGGCCTGACCAATACCGCCAGCCACACCAGACTGAGCTGCGAC
 S  A  G  E  S  K  H  G  L  T  N  T  A  S  H  T  R  L  S  C  D 
TGCGACGACCAGTTCTACGACTGCCTGAAGAACAGCGCCGACACCATCAGCAGCTACTTCGTG
 C  D  D  Q  F  Y  D  C  L  K  N  S  A  D  T  I  S  S  Y  F  V 
GGCAAGATGTACTTCAACCTGATCGACACCAAGTGCTACAAGCTGGAACACCCCGTGACCGGC
 G  K  M  Y  F  N  L  I  D  T  K  C  Y  K  L  E  H  P  V  T  G 
TGCGGCGAGAGAACAGAGGGAAGAGCCCTGCACTACACCGTGGACAAGAGCAAGCCCAAGGTG
 C  G  E  R  T  E  G  R  A  L  H  Y  T  V  D  K  S  K  P  K  V 
TACCAGTGGTTCGACCTGCGGAAGTACCCCAAGAAAAAGCGGAAGGTGTAA
 Y  Q  W  F  D  L  R  K  Y  P  K  K  K  R  K  V
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A.2.7 G3, Human Group III Secreted PLA2, Middle Domain
ATGGGATGGACCATGCCTGGCACACTGTGGTGTGGAGTTGGAGATTCTGCTGGGAACTCCTCG
 M  G  W  T  M  P  G  T  L  W  C  G  V  G  D  S  A  G  N  S  S 
GAGCTGGGGGTCTTCCAGGGACCTGATCTCTGTTGCCGGGAACATGACCGCTGCCCACAGAAC
 E  L  G  V  F  Q  G  P  D  L  C  C  R  E  H  D  R  C  P  Q  N 
ATCTCACCCTTGCAGTACAACTATGGCATCCGAAACTACCGATTCCACACCATCTCCCACTGT
 I  S  P  L  Q  Y  N  Y  G  I  R  N  Y  R  F  H  T  I  S  H  C 
GACTGTGACACCAGGTTTCAGCAATGCCTACAGAATCAGCACGACTCCATCTCGGACATCGTG
 D  C  D  T  R  F  Q  Q  C  L  Q  N  Q  H  D  S  I  S  D  I  V 
GGCGTGGCCTTCTTCAACGTGCTGGAGATCCCCTGCTTTGTGCTGGAGGAGCAGGAGGCGTGT
 G  V  A  F  F  N  V  L  E  I  P  C  F  V  L  E  E  Q  E  A  C 
GTGGCGTGGTACTGGTGGGGCGGGTGTAGGATGTACGGCACAGTGCCCCTCGCTCGCCTGCAG
 V  A  W  Y  W  W  G  G  C  R  M  Y  G  T  V  P  L  A  R  L  Q 
CCCAGGACCTTCTACAATGCCTCCTGGAGCTCCCGGGCCACCTCCCCAACTTAA
 P  R  T  F  Y  N  A  S  W  S  S  R  A  T  S  P  T

A.2.8 G10, Immature Human Group X Secreted PLA2, With Nuclear Localizing Sequence
ATGGGTCCGCTGCCGGTTTGTCTGCCGATTATGTTATTACTGCTGCTGCCGAGCCTTCTTTTG
 M  G  P  L  P  V  C  L  P  I  M  L  L  L  L  L  P  S  L  L  L 
CTTCTGCTGCTGCCTGGTCCGGGTAGCGGTGAAGCAAGCCGTATTCTGCGTGTTCATCGTCGT
 L  L  L  L  P  G  P  G  S  G  E  A  S  R  I  L  R  V  H  R  R 
GGTATTCTGGAACTGGCAGGCACCGTTGGTTGTGTTGGTCCGCGTACCCCGATTGCATATATG
 G  I  L  E  L  A  G  T  V  G  C  V  G  P  R  T  P  I  A  Y  M 
AAATATGGTTGTTTTTGTGGCCTGGGTGGTCATGGTCAGCCTCGTGATGCAATTGATTGGTGT
 K  Y  G  C  F  C  G  L  G  G  H  G  Q  P  R  D  A  I  D  W  C 
TGCCATGGTCATGATTGTTGTTATACCCGTGCAGAAGAAGCAGGTTGTAGCCCGAAAACCGAA
 C  H  G  H  D  C  C  Y  T  R  A  E  E  A  G  C  S  P  K  T  E 
CGTTATAGCTGGCAGTGTGTTAATCAGAGCGTTCTGTGTGGTCCGGCAGAAAACAAATGTCAA
 R  Y  S  W  Q  C  V  N  Q  S  V  L  C  G  P  A  E  N  K  C  Q 
GAACTGCTGTGTAAATGCGATCAAGAAATTGCAAATTGTCTGGCCCAGACCGAATATAATCTG
 E  L  L  C  K  C  D  Q  E  I  A  N  C  L  A  Q  T  E  Y  N  L 
AAATACCTGTTTTATCCGCAGTTTCTGTGTGAACCGGATAGTCCGAAATGTGATGGATCCCCC
 K  Y  L  F  Y  P  Q  F  L  C  E  P  D  S  P  K  C  D  G  S  P 
AAAAAGAAGCGGAAGGTATAA
 K  K  K  R  K  V
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