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Abstract 

Aqueous Partitioning Capsules (APC) are a novel delivery system generated from peptides with 

a primary sequence of Ac-KKKFLIVIKKK-COHN2. Transmission electron microscopy of APC 

revealed that the peptides formed a spherical shape at a pH of 2. Therefore, the peptide (Ac-

KKKFLIVIKKK-COHN2), at a pH of 2, was considered as a possible mRNA delivery system. 

Circular dichroism data shows that the peptides form random coils at pH 2 and 7, and forms β-

sheets at pH 12. The size characteristics of APC were determined using dynamic light scattering 

(DLS) and nanoparticle tracking analysis. APC have been shown to encapsulate rhodamine 6G 

dye and genetic materials, such as green fluorescent protein (GFP) plasmid and mRNA. GFP-

encoding mRNA and plasmid were encapsulated, as well as attached to the outside of APC. To 

determine the location of the genetic materials, RiboGreen™ assays and nuclease digestion 

studies were used to confirm the location of the genetic material, on either the outside 

(accessible) or the inside (protected) of APC. APC have shown efficiency in delivering GFP 

plasmids and GFP mRNA for transfection of human embryonic kidney (HEK) cells. The stability 

of APC were studied over time using DLS to measure any size changes. Preliminary studies of 

APC encapsulation abilities, stability over time, and delivery of GFP mRNA and plasmid to 

HEK cells will be discussed. 
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Chapter 1 - Introduction and Background 

 Nanotechnology 

Nanotechnology as applied to therapeutics, known as nanomedicine yields many 

possibilities in healthcare.1 Nanotechnology is defined as particles or capsules having a size of 

100 nm or less.2,3 Nanomedicine encompasses a slightly larger range of nanodrugs with sizes up 

to or above 200 nm.2 One major aspect of nanomedicine is delivery of drugs and genetic 

materials into cells. Throughout the past decade, the field of nanotechnology and its applications 

in medicine have grown greatly. For example, nanotechnology has opened the door to promising 

treatments for genetic diseases and cancers.4–7  Nanotechnology has improved delivery systems 

of drugs and genetic materials through increasing the stability, increasing half-life, increasing the 

solubility for hydrophobic drugs, and aiding in controlled release.1 With the delivery of genetic 

material in particular, the use of nanotechnology has shown to be useful in aiding in vaccine 

delivery, as seen with the mRNA-based SARS-CoV-2 vaccines made by Moderna and 

BioNTech/Pfizer.2,8,9  

The delivery of genetic material and gene therapy drugs face many challenges that are not 

present in other therapies; including being degraded within the bloodstream, high 

immunogenicity, poor cellular uptake, and low release efficiency.4,10–12 Poor cellular uptake of 

genetic materials stems from their polyanionic structures, which make them unable to penetrate 

the nonpolar cell membranes or tissue barriers.13 mRNA, specifically, is more difficult to deliver 

into cells when compared to DNA and double-stranded RNA (dsRNA) because it is less stable in 

storage or circulation.  

A delivery system for genetic materials and gene therapy drugs can overcome current 

barriers and improve effectiveness of these therapies.7,10 Two types of FDA approved vectors 
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include viral and nonviral vectors.4,14,15 Some commonly used viral vectors include adeno-

associated viruses (AAV), retroviruses, and lentiviruses.4,16,17 Viral vectors are able to efficiently 

deliver many different types of genetic materials, however, they are more likely to be toxic to 

cells and elicit immune responses. One example of a currently used viral vector delivery system 

is with the Johnson & Johnson DNA SARS-CoV-2 vaccine. This vaccine uses AAV to deliver 

DNA encoding for the SARS-CoV-2 S protein.18,19 Problems arising from viral vectors include 

complex manufacturing processes and eliciting an immune response.16,20,21 Manufacturing of 

viral vectors requires many steps to scale up production to meet market demands.20,21  Production 

of AAV includes plasmid development, cell expansion, and viral vector production and 

purification.20 These processes are costly, time-consuming, and require multiple steps.  

Nonviral vectors can include lipid, polymer, and peptide nanoparticles.4,6,9,10  Lipid 

vectors for gene delivery are more biocompatible and less likely to elicit immune responses than 

viral vectors but are less efficient at gene delivery.22–24 Examples of lipid nanoparticles being 

used as a delivery system is with the Moderna and BioNTech/Pfizer SARS-CoV-2 vaccines. 

These vaccines contain nucleoside-modified mRNA, encoding for the SARS-CoV-2 S protein, 

held within lipid nanoparticles to allow for delivery of the genetic material to cells.25 Polymeric 

nanoparticles, specifically cationic polymers, show promise for gene delivery due to their 

positive charges neutralizing the negatively charged genetic materials and their modifiable 

chemical structures that allow for increased carrying capacity.15,26,27 Compared to liposomal drug 

delivery systems, polymeric delivery systems have been shown to increase stability of the 

material being delivered and aid in creating controlled release systems.1,23,24 For mRNA delivery, 

specifically, nonviral vectors are the preferred delivery vehicles, due to their ability to protect 
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mRNA from degradation while exhibiting lower immunogenicity and easier manufacturing 

processes than viral vectors.22,23 

 Liposomes 

Lipid delivery vectors, or liposomes, are the most commonly used nanoparticle for 

delivery, with multiple formulations gaining FDA approval.15,28 Liposomes are composed of a 

lipid bilayer that can self-assemble in aqueous solvents and complex together with solutes, such 

as drugs and genetic materials.29 The SARS-CoV-2 vaccines by Moderna and BioNTech/Pfizer 

employed liposomes to complex with and deliver mRNA-encoding for the SARS-CoV-2 S 

protein.8,9,19 Liposomes for these vaccines are comprised of a lipid bilayer that carriers a cationic 

surface charge, allowing it to complex with the negatively charged mRNA.19 mRNA-liposomal 

complexes carry a neutral charge, which allows for penetration of cell membranes to deliver the 

genetic material.19,30  

Two examples of commercially available liposomal transfection reagents are 

Lipofectamine 3000™ and Lipofectamine MessengerMAX™. Both of these reagents are capable 

of delivering genetic materials to a wide-range of cells, including primary cultures, stem cells, 

and cancer cells.30,31 Lipofectamine™ transfection reagents consist of a cationic head groups, 

hydrocarbon tails consisting of 14 or more carbon atoms, spacer groups connecting the head 

groups to the hydrocarbon tails, and helper lipids.30 The helper lipid is a neutral co-lipid that 

complexes with the cationic lipid and aids in formulation of complexes with genetic materials.30 

The positively charged Lipofectamine™ reagents complex together with negatively charged 

genetic materials, allowing for delivery of genetic materials across cell membranes. 

Lipofectamine 3000™ is designed specifically for DNA and dsRNA delivery, while 

Lipofectamine MessengerMAX™ is designed specifically mRNA delivery to cells. Both 
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liposomal reagents can efficiently deliver genetic materials to cells efficiently. However, 

drawbacks include cytotoxicity and difficult manufacturing processes that result in high 

costs.30,32  

Conjugation or encapsulation of amphiphilic peptides with liposomes has improved their 

usefulness in nanomedicine, specifically in the treatment of cancers.29,33 Through conjugation 

with targeting peptides, the liposomes can target cancer cells selectively.33,34 Liposomes are 

highly successful in delivering genetic material and aiding in therapeutic treatments, however, 

some limitations include the potential to alter the pharmacological effects of drugs, along with 

unknown stability and difficult preparation processes.  

 Polymersomes 

Polymeric nanoparticles, or polymerosomes, are made of repeating units of various 

polymers, with common constituents being polyethylene glycol and chiostin.35,36 Polymeric 

nanoparticles are classified as either non-biodegradable or biodegradable. Biodegradable 

polymeric nanoparticles are less cytotoxic than non-biodegradable polymeric nanoparticles, 

making them more commonly used for therapeutic purposes.15,26,27  The modifiable structure of 

both non-biodegradable and biodegradable polymeric nanoparticles allow them to have multiple 

therapeutic uses; such as altering surface properties of the nanoparticles for cellular targeting or 

carrying different drugs or genetic materials.26,35,36 Still, the major limitations to these 

nanotechnologies include difficult and complex manufacturing processes, intracellular 

biodegradability, and short half-lives in biological systems.26,37 
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 Branched Amphiphilic Peptide Capsules 

Self-assembling nano-carriers show promise as delivery vehicles, as they can overcome 

obstacles such as poor absorption that can 

be seen in other drug delivery classes.38,39 

Biomolecular self-assembly occurs 

frequently in nature, such as many of the 

multi-protein complexes that are needed for 

cellular functions.38–40 Developing self-

assembling nano-carriers using 

biomolecules, such as peptides, shows promise in improving delivery of drugs and genetic 

materials.36,38,41–43 Biomolecular self-assembly is described as the spontaneous process forming 

noncovalent interactions resulting in an ordered 3D structure, with no external guidance to aid 

the assembly process.38,44,45 Self-assembly of peptide nano-carriers will typically occur due to a 

small change in the environment, such as pH or temperature, which alters the peptides in a way 

that promotes the formation of new ordered 3D structure, due to novel noncovalent 

interactions.38,46 Self-assembling nano-carriers will typically have simple, one-step assembly 

processes, overcoming a hurdle of other nanotechnologies that require complex and costly 

manufacturing processes.14 

Branched amphiphilic peptide capsules (BAPC) are self-assembling peptide-based 

nanoparticles.14,24,47–49 BAPC are formulated using two distinct branched, amphiphilic peptides, 

h5 and h9, shown in Figure 1.1.  BAPC are self-assembled peptide-based nanoparticles that form 

in water at room temperature.44,49 As compared to other types of nanotechnologies, BAPC have 

simple formulation processes, requiring only a single-step hydration. Along with a simple 

Figure 1.1. BAPC h5 and h9 peptide sequences. The two 

branched peptide sequences used, in equimolar concentrations, 

to formulate BAPC. 
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formulation process, BAPC are composed of peptides and mimic the structure of biomolecules; 

both characteristics that decrease the possibility of immunogenicity.24,44  BAPC have been shown 

previously to maintain their self-assembled structures at temperatures up to 37°C.49 Previous 

research has shown delivery of plasmid DNA and dsRNA to cells using BAPC as the delivery 

system.50–52     

BAPC were first described in Gudlur et al.44, who described the initial discovery that 

these peptides self-assembled into nanovesicles. After initial discovery of the self-assembling 

nature of BAPC, they were studied for their ability to deliver various solutes and genetic 

materials into cells. In a study by Avila et al.50, BAPC were shown to be efficient in facilitating 

delivery of lethal dsRNA to red flour beetles (Tribolium castaneum) and pea aphids 

(Acyrthosiphon pisum). The dsRNA was bound to BAPC surfaces and delivered orally through 

their diets.50 Ingestion of the lethal dsRNA/BAPC complexes by both insect species resulted in 

death and demonstrated that BAPC were able to deliver genetic material via oral innoculation.50  

In a study by Avila et al.53, BAPC were shown to deliver plasmid DNA both in vitro and in vivo. 

In vitro, BAPC were used to transfect HeLa cells with plasmid encoding for GFP and in vivo, 

BAPC delivered HPV-16 oncogene encoding DNA vaccines to mice.53 Inoculation of the mice 

with the DNA/BAPC complexes resulted in efficient tumor growth control compared to mice 

receiving no vaccine treatment, or naked DNA (not complexed with BAPC).53  

BAPC have very simple assembly processes, initially both the h5 and h9 peptides (Figure 

1.1.) are dissolved individually in trifluoroethanol (TFE), combined in an equimolar ratio, dried 

using vacuum suction, and rehydrated using deionized water or an aqueous solution containing a 

solute.14,44 TFE is used to dissolve the individual peptides, since the h5 and h9 peptides form α-

helices when in this hydrophobic solvent, meaning the peptides are unable to form capsules 
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under these conditions. This ensures capsules are not formed until both peptides are combined. 

This simple formation process allows for efficient formulation and less room for quality control 

errors that may occur with complex manufacturing processes. Along with a simple formulation 

process, BAPC are stable at high temperatures (37°C), when exposed to proteases, and when 

exposed to chaotropes.14,49 BAPC stability can be both an advantage and disadvantage for them 

as cargo delivery. An advantage is that BAPC are stable at higher temperatures, such as body 

temperature, and when exposed to a wide range of chemical agents, which allows for 

encapsulation of a wide range of solutes. However, a disadvantage of high stability is that BAPC 

sometimes have a lowered efficiency of cargo delivery once inside cells.14 That being said, 

BAPC have been shown to deliver multiple types of solutes, including genetic materials into 

cells.  

 Corralling Amphipathic Peptide Colloids 

Another example of a self-assembling peptide-based nanoparticle are Corralling 

Amphipathic Peptide Colloids (CAPC).54 CAPC are similar to BAPC in their ability to self-

assemble, however, CAPC can encapsulate hydrophobic compounds, such as oils and 

hydrophobic dyes.54 CAPC are formulated using the peptide Ac-FLIVI-KKKKK-CO-NH2. Since 

CAPC can encapsulate hydrophobic compounds, they offer the unique ability to encapsulate and 

deliver molecules with low aqueous solubility. As with BAPC, CAPC have a simple formulation 

process allowing for easy assembly of the nano-carriers. One key difference between CAPC and 

BAPC, are that CAPC are formulated using linear peptide sequences, while BAPC are 

formulated using branched peptide sequences. While BAPC can self-assemble in water, CAPC 

require formation in hydrophobic solvents or oils and are sonicated to stabilize suspension of the 

capsules in aqueous solutions. The ability of CAPC to develop in hydrophobic solvents or oils 
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allows for them to encapsulate hydrophobic compounds that may have poor cellular uptake due 

to their hydrophobicity.55 But, CAPC allows for more efficient delivery of hydrophobic 

compounds through encapsulating them. CAPC are stable at high temperatures, up to 90°C, and 

for over a year when stored at room temperature (22°C) in the dark.54 CAPC can facilitate 

delivery of hydrophobic dyes, such as Nile Red, and hydrophobic oils, such as cannabidiol oil.54  

 Aqueous Partitioning Capsules 

 

Figure 1.2. K3h5nK3 peptide forms nanospheres at pH 2, different structures at higher pH. Transmission 

electron microscopy (TEM) images of K3h5nK3 peptide taken at A) pH 2 (imaged at 34,000x) B) pH 7 imaged at 

70,000x) and C) pH 12 (imaged at 70,000x). Images were produced using a Hitachi STEM 4800 EM (Hitachi High 

Tech Group, Germany). Peptides are labeled with methyl mercury on their C-terminal. A droplet (20 µl) of each 

sample was placed onto a 200-mesh Formvar-coated grid. Samples were dried at 55°C in a drying oven for 30 min 

before visualization. Scale bar is 100 nm. Reproduced from Barros, et al.14 

Another novel example of peptide-based nano-carriers are Aqueous Partitioning Capsules 

(APC). The first description of the peptides that compose APC were in a paper from Mo et. al.56, 

which characterized the peptide Ac-KKKFLIVIKKK-COHN2 (K3h5nK3) and explored it for use 

as an adhesive. In this publication, the researchers showed that K3h5nK3 was a strong adhesive at 

a pH of 12.56 Multiple peptides were analyzed during this study, but the sequence KKK-FLIVI-

KKK was among the strongest adhesives.56 The dry adhesion strength was tested by using the 

peptide to glue two pieces of wood planks together and applying shear pressure until the bond 

broke.56 The APC peptide exhibited a dry adhesion strength of 3.27 ± 0.19 MPa.56 Wet adhesion 
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strength was determined through measuring the pressure at which the bond would fail after 

adhering two pieces of wet wood together. The wet adhesion strength was less, being a shear 

pressure of 1.13 ± 0.25 MPa.56    

Along with exploring the adhesive properties of the peptide, secondary structure was 

characterized using circular dichroism (CD). The CD spectra obtained at a basic pH of 12 

revealed it formed β-sheet secondary structures.56 Other sequences, studied in Mo et al., that did 

not show strong adhesion strength did not form β-sheets at basic pH. This suggests that the 

presence of β-sheet secondary structures are needed to improve the assembly properties. During 

exploration of the adhesive properties of the K3h5nK3 peptide, transmission electron microscopy 

(TEM) images were taken at pH of 2, 7, and 12, as shown in Figure 1.1.14 The TEM images 

revealed that at pH of 2, APC formed small nanospheres. At pH 12 TEM images showing the 

peptides having formed intertwined nanofibrils. Nanofibril intertwining at basic pH may be an 

explanation for the strong adhesive properties. At pH 7, the peptides form random coil secondary 

structures. At pH 7, the same adhesive properties seen at pH 12 are not exhibited. The formation 

of nanospheres at a pH 2, as opposed to the nanofibrils seen at pH 7, is intriguing as the 

protonation status of lysine differs little over this pH range, as the amino group has a pKa of 

approximately 9 and the side chain has a pKa of approximately 10.5.     

Based solely on the TEM images, it is not clear whether the peptides at a pH of 2 are 

forming solid or hollow capsules. Therefore, I explored the possibility of using the KKK-FLIVI-

KKK peptide as a peptide-based nanocarrier, like BAPC and CAPC. This work explores the dye, 

mRNA, and plasmid encapsulation and delivery abilities of APC. Variations of the peptide 

sequence Ac-KKK-FLIVI-KKK-CO-NH2 (K3h5nK3) were examined, including Ac-KKK-IVILF-

KKK-CO-NH2 (K3h5K3) and Ac-KKK-FLIVIGSII-KKK-CO-NH2 (K3h9K3). Table 1.1 shows 
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the sequences explored during this project along with their molecular masses. Encapsulation of 

genetic materials and aqueous dyes within APC was explored. Attachment of genetic materials to 

the outside of APC were explored, due to the large number of lysine residues in the primary 

sequence, which contain a positive charge at both acidic and neutral pH. The negatively charged 

genetic material is proposed to attach to these positively charged lysine residues.  

Peptides Sequence MW (g/mol)  

K3h5nK3 KKK-FLIVI-KKK 1378.1 

K3h9K3 KKK-FLIVIGSII-KKK 1742.3 

K3h5K3 KKK-IVILF-KKK 1378.1 

Table 1.1. APC peptide sequences. Peptide amino acid sequences used to formulate APC, along with their 

molecular masses. 
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Chapter 2 - Characteristics of APC 

 Materials and Methods 

 Peptide Synthesis 

Solid phase peptide synthesis was used to generate the peptides that form APC. Peptides 

were synthesized on either a PS3 peptide synthesizer (Protein Technologies inc.; Tucson, AZ) or 

a CS Bio CS136X peptide synthesizer (CS Bio; Silicon Valley, CA). These systems employ 

different methods to synthesize the peptides, but both employ Fmoc amino acids that were 

obtained from BioSystems, Inc. (Windsor, CO).  

Amino acid synthesis on the PS3 peptide synthesizer was performed on a 0.5 mmol scale. 

Each cartridge was loaded with 0.5 mmol of the desired amino acid, 0.068 grams of 1-Hydroxy-

7-azabenzotriazole (HOAt) (AAPPTec, Louisville, KY) and 0.190 grams of 1-

[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate 

(HATU) (P3 Biosystems, Louisville, KY) were added. Peptide synthesis was completed while 

under Nitrogen gas. The reagents used for peptide synthesis on the PS3 peptide synthesizer 

included dimethylformamide (DMF), 20% piperidine, and 0.4 M N-methylmorpholine (NMP) 

(Thermo Fisher Scientific, Waltham, MA). CLEAR-Amide Resin, 100-200 mesh and 0.3-0.5 

meq/g, was employed (Biosynth, Staad, Switzerland). Peptide synthesizers were attached to two 

nitrogen gas cylinders, with the primary cylinder having a pressure set at 80 pounds per square 

inch (PSI) and the secondary cylinder having a pressure of 70 PSI Once the reaction vesicle was 

secured to the synthesizer, the solvent bottles and lines were pressurized and primed. The correct 

sequence of peptides to be synthesized was programmed into the peptide synthesizer. The 

primary sequences were KKK-FLIVI-KKK, KKK-IVILF-KKK, or KKK-FLIVIGSII-KKK 

(Table 1.1). Reaction vesicle washes used 4 mL DMF with a consistent time of 5 min and amino 
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acid washes used 500 µl with a consistent time of 5 min. After the reaction was completed, the 

resin was dried using a vacuum and dichloromethane (DCM). The resin was weighed, and the 

peptide was prepped for either capping or cleavage.  

When preparing amino acids for peptide synthesis on the CS Bio peptide synthesizer, 

they were prepared in 4-5 molar excess of amino acids versus resin, per coupling. Amino acids 

were dissolved in 15 mL of DMF per the number of couplings. HOAt was prepared at 0.4 M in 

15 mL of DMF, multiplied by the number of couplings. HATU was prepared at 0.2 M in 30 mL 

of DMF, multiplied by the number of couplings. The peptides were synthesized onto clear amide 

resin and peptide synthesis was accomplished under nitrogen gas. The reagents used for 

synthesis included 50% DMF/50% NMP, DCM, acetyl capping cocktail (for capping), 0.2 M 

HATU in DMF, 0.4 M HOAt in DMF, 0.8 M N,N-Diisopropylethylamine in DMF, and 20% 

piperidine in DMF. The correct amino acid sequence for the peptide synthesis was programmed 

into the CS Bio program. The primary sequences used are shown in Table 1.1 and include KKK-

FLIVI-KKK, KKK-IVILF-KKK, or KKK-FLIVIGSII-KKK. The filter in the reaction vesicle 

was then replaced and the reaction vesicle was added onto the peptide synthesizer. The resin was 

added to the reaction vesicle, using DCM to wash any remaining resin into the reaction vesicle. 

Peptide synthesis was then allowed to begin. Once the peptide synthesis was completed, the resin 

was dried using vacuum suction and DCM. The resin was then weighed and prepped for 

cleavage.  

The peptides were next cleaved from the resin at room temperature for 90 min, using 

92% trifluoroacetic acid (TFA), 5% thioanisole, 2% 1,2-ethanedithiol, and 1% distilled, 

deionized water. Filtration was then done to remove any excess liquids. To precipitate the 

peptide, ice cold diethyl ether was used. Three more consecutive washes using diethyl ether were 
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done to precipitate the peptide. The peptides were lyophilized through suspension in deionized 

water. Peptides were dried using vacuum and stored as a solid at room temperature in 50 mL 

Falcon tubes.  

 Preparation of APC 

The dried peptides were dissolved in purely 2,2,2-triuoroethanol (TFE) after synthesis 

and cleavage. The concentration of the peptide solution was determined by measuring the 

absorbance of phenylalanine at a wavelength of 257.5 nm, on a CARY 50 Bio UV-visible 

spectrometer (Agilent Technologies, Santa Clara, CA). The concentration of peptide in solution 

was then calculated using Beer’s Law (A = absorbance, ε = molar extinction coefficient, c = 

concentration, l = path length): 

𝐴 =  𝜀𝑐𝑙 

The path length was 0.3 cm, as absorbance measurements were taken using a 0.3 cm 

length quartz cuvette. The molar extinction coefficient of phenylalanine at 257.5 nm, which is 

195 M-1 cm-1, was used for calculations. Concentrations were adjusted to 1 mM in TFE, unless 

indicated otherwise. Solvent was removed using a vacuum evaporation and APC were 

rehydrated with a buffer of specified pH. APC were rehydrated for characterization with buffers 

at pH 2 10 mM glycine-HCl, pH 7 10 mM imidazole, adjusted with HCl, and pH 12 sodium 

hydroxide (NaOH). Sodium acetate/acetic acid (10 mM) buffers were used for the pH range 

3.00-4.56. If specified, APC were formed at acidic pH, they incubated at room temperature for 1-

20 min before increasing the pH to 7, through addition of imidazole-HCl buffer. pH for buffers 

was confirmed using an Orion 2 Star pH benchtop probe (Thermo Fisher Scientific, Waltham, 

MA). The Orion 2 Star pH benchtop probe was calibrated using pH 4.00 Buffer Solution Red, 
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pH 7.00 Buffer Solution Yellow, and pH 10.00 Buffer Solution Blue prior to measurements 

(Avantor, Radnor, PA). 

 Preparation of mRNA- or dsDNA-APC’s nanoparticles 

For encapsulation of the genetic material within APC, 200 ng of the genetic material was 

added to 20 µl of pH 2 glycine-hydrochloric acid (HCl) buffer. The 20 µl of pH 2 buffer with the 

genetic material was immediately used to rehydrate the APC. APC were then allowed to incubate 

at room temperature for 1-20 min before increasing the pH to 7 using 80 µl of 10 mM imidazole 

buffer. Imidazole buffer was prepared at a concentration of 10 mM and pH was adjusted to 7 

using HCl. For attachment of the genetic material to the outside of APC, 20 µl of the pH 2 

glycine-HCl buffer was used to rehydrate the APC. APC were allowed to incubate for 5 min at 

room temperature in the pH 2 buffer, before adding 200 ng of genetic material. After adding the 

genetic material, APC were allowed to incubate at room temperature for 1-20 min, before 

increasing the pH to 7 using 80 µl of 10 mM imidazole buffer. The APC were then used 

immediately for transfections or for characterization studies after being formulated. pH for 

samples was confirmed using pH 0-14 indicator paper (Cytvia, Buckinghamshire, United 

Kingdom). 

 Circular dichroism 

CD spectral data were collected using a Jasco-815 spectrophotometer (Jasco Analytical 

Instruments, Easton, MD). Samples were prepared as previously described in Preparation of 

APC. Samples were prepared at a range of pH including pH 2, pH 7, pH 12, and in TFE. The 

buffer used for pH 2 was 10 mM glycine-HCl buffer. The buffer used for pH 7 was 10 mM 

imidazole buffer, which was adjusted to a pH of 7 using HCl. NaOH was used for samples at pH 

12. While running samples, nitrogen gas from a cylinder was allowed to flow through the CD 
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spectrophotometer. The type of cuvette used to collect data was a 1 mm path length quartz 

cuvette (Starna Cells Inc., Atascadero, CA). The wavelength range scanned was 260 nm to 190 

nm, using 50 nm/min as the scan rate. 1 nm step intervals were used during the scans. A total of 

five scans were recorded and averaged for each sample. Ellipticity was measured using 

millidegrees as the units. A Savitsky-Golay filter was used to smooth the spectrum; this analysis 

of the data was provided for by the manufacturing company. Data was corrected based on the 

solvent used, in the CD measurements, either TFE, water, or buffers were used as solvents. The 

type of solvent used depended on the pH of the sample or chemical solvent used to rehydrate the 

APC.  

 Dynamic light scattering and zeta potential characterization 

APC were prepared at a concentration of 1 mM as previously described (Preparation of 

APC and Preparation of mRNA- or dsDNA-APC’s nanoparticles). The particle sizes and zeta 

potentials for each of the samples was analyzed using a Zetasizer Nano ZS (Malvern Instruments 

Ltd, Westborough, MA). The particle size measurements were completed using a quartz cuvette 

to hold the sample. The temperature of the Zetasizer was set to 25°C. A total of 25 runs were 

completed by the Zetasizer during each measurement, giving standard deviations along with the 

particle sizes. The results given after each measurement included size distribution profiles and 

polydispersity. Based on the diffusion coefficient (D), the particle size with the greatest number 

of particles in the solution was recorded. Sizes are calculated based on the following Stokes-

Einstein equation (k [Boltzmann’s constant] = 1.381 x 10-23 J/K, T = absolute temperature, n = 

viscosity, D = diffusion coefficient):  

𝑑𝐻 =
𝑘𝑇

3𝜋𝑛𝐷
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Calculations are completed automatically using proprietary software (Zetasizer). For Zeta 

potential measurements were conducted in quartz (Omega) cuvettes at 25°C, with power adjusted 

to a maximum of 200 V. Three-hundred and forty measurements were made on each sample and 

the mean Zeta potential was reported. 

 

 Nanoparticle Tracking Analysis 

Nanoparticle tracking analysis (NTA) was performed using a NanoSight LM 14 (Malvern 

Panalytical, UK). A single chamber was connected to a 405 nm laser and digital images were 

acquired (Hamamatsu Photonics K. K. CMOS camera Model # C11440-50B). The samples were 

injected into the single chamber using sterile syringes (BD Discardit II, New Jersey, USA). 

Videos were acquired at 25.0 frames per second over a period of 60 seconds. The temperature 

was kept consistent at 25.0 °C. APC capsules were prepared at a concentration of 1 mg/mL as 

previously described in Preparation of APC, at either pH 2 or pH 3. The buffer used for pH 2 

was 10 mM glycine-HCl buffer and the buffer used for pH 3 was 10 mM acetic acid/sodium 

acetate buffer. Images were analyzed to calculate number and size of APC nanoparticles in 

solution (NanoSight NTA 3.3). 
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 Results and Discussion 

 Circular Dichroism 

CD was used to determine the secondary structures of peptides in solution. Random coils, 

α-helices, and β-sheets each exhibit distinctive CD spectrums. Random coil CD spectra are 

characterized by drop in CD (mDeg) around 200 nm which subsequently increases and levels out 

through a wavelength of 260 nm.57,58 α-helical CD spectra are characterized by a tall peak of CD 

(mDeg) at 190 nm that decreases at approximately 200 and 220 nm.57,58 β-sheet CD spectra are 

characterized by a small peak of CD (mDeg) at approximately 200 nm, with a decrease around 

210 nm.57,58  

Circular dichroism was used to determine the secondary structure of the K3h5nK3 peptides 

that compose APC at different pH values, with results shown in Figure 2.1. The pH used were 

the same as in the original TEM images (Figure 1.2.); pH 2, pH 7, and pH 12. At pH 2, K3h5nK3  

peptides appear to form random coil secondary structures, showing a distinctive minimum in CD 

(mDeg) near 200 nm. APC formulated at pH 7 also exhibit a distinctive minimum in CD (mDeg) 

at 200 nm characteristic of random coil secondary structure. At pH 12, K3h5nK3 peptides are 

shown to form β-sheets, with a peak in CD spectra at approximately 200 nm and a dip in CD 

spectra at approximately 220 nm. The K3h5nK3 peptides forming β-sheets confirms the 

observations in Mo et al., which revealed the same information about the secondary structure at 

basic pH. Interestingly, when APC are initially formed at a pH of 2, but then increased to a pH of 
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12, a β-sheet conformations are not induced. Rather, the secondary structures of these APC are 

shown to remain as a random coil. This observation indicates that once formed at an acidic pH, 

the secondary structure becomes stable and resistant to further changes in pH. In TFE, K3h5nK3 

peptides are shown to form an α-helical secondary structure, exhibiting a peak at 190 nm that 

decreases at approximately 200 and 220 nm. In TFE, K3h5nK3 peptides remain as individual α-

helical peptides, as opposed to formulating APC.    

Figure 2.1. K3h5nK3 peptide forms random coils at acidic and neutral pH, β-sheets at basic pH. Circular 

dichroism data for APC (K3h5nK3) at different pH values and in TFE. Samples were formulated at 1 mM 

concentration in TFE (1385 mM, pH 7) (represented by blue line, circles), pH 2 10 mM glycine-HCl buffer 

(represented by orange, squares), pH 7 10 mM imidazole buffer (represented by gray line, triangles), pH 12 NaOH 

solution (represented by yellow, crosses), initially at pH 2 10 mM glycine-HCl buffer but increased to pH 7 using 

imidazole buffer after 5 min (represented by purple line, squares), and initially at pH 2 10 mM glycine-HCl buffer 

but increased to pH 7 using pH 12 NaOH solution (represented by green lines, line). Horizontal axis represents 

wavelength in nanometers and the vertical axis represents CD measurement in mdeg. Each line represents the 

average of three runs (n=3).  
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α-helices are typically monomeric in nature, meaning that capsules, including APC, 

cannot properly form when the peptides constituting them have secondary structures that are α-

helical. Therefore, looking into at which concentration of TFE α-helices begin to form, can be 

useful since it could determine at which concentration capsules would begin to break open. This 

could help allow for quantification of contents of capsules, since forcing capsules to break open 

and release contents could be done by adding TFE.   

Figure 2.2. TFE induces secondary structure change in K3h5nK3 peptides from random coils to α-helices. 

Circular dichroism spectra for APC peptides (K3h5nK3) in increasing concentrations of TFE, ranging from 0 mM to 

1385 mM. TFE concentrations used were 0 mM (represented by orange line, circles), 138.5 mM TFE (represented 

by gray line, squares), 277.0 mM TFE (represented by yellow line, diamonds), 415.5 mM TFE (represented by black 

line, squares), 554.0 mM TFE (represented by green line, lines), 692.5 mM TFE (represented by navy line, circles), 

831.0 mM TFE (represented by red line, crosses), 1108 mM TFE (represented by dark gray line, asterisk), 1385 mM 

TFE (represented by blue line, x’s) and  Horizontal axis represents wavelength in nanometers and the vertical axis 

represents CD measurement in mdeg. Each line represents the average of three samples (n=3). 
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Due to the results in Figure 2.1 showing K3h5nK3 peptides to form α-helices in TFE, CD 

was again employed to study the stability of K3h5nK3 peptides in TFE. Increasing concentrations 

of TFE were used to explore at which concentration K3h5nK3 peptides secondary structures 

reorganized from random coils to α-helices. K3h5nK3 peptides were exposed to increasing 

concentrations of TFE, ranging from 0 mM (0%) to 1385 mM (100%) TFE, as shown in Figure 

2.2. K3h5nK3 peptides consistently form random coils, having CD spectra with a dip around 200 

nm that flattens out through 260 nm, from 0-277.0 mM (0-20%) TFE (Figure 2.2). All 

concentrations at or above 415.5 mM (30%) TFE show α-helical secondary structure, exhibiting 

peaks at 190 nm with minima at 200 nm and 220 nm. Disruption of the random coil secondary 

structure through TFE, a hydrophobic solvent, suggests that APC may assemble using 

hydrophobic interactions.   

CD spectra were also obtained from the K3h9K3 peptide; KKK-FLIVIGSII-KKK. This 

sequence, like K3h5nK3, exhibited a random coil secondary structure at pH 2, pH 3.5 and pH 7  

(Figure 2.3A.). Along with analyzing K3h9K3 peptides on CD, K3h5K3 peptides were also 

analyzed using CD (Figure 2.3B.). The results for the CD spectra of K3h5nK3 peptides also 

random coil secondary structures at acidic and neutral pH. Addition of four hydrophobic amino 

acid residues (GSII), for the K3h9K3 peptides, does not disrupt the secondary structure observed 

in the K3h5nK3 peptide. Reversal of the hydrophobic interior from FLIVI (K3h5nK3) to IVILF 

(K3h5K3) also does not alter the secondary structure. These results suggest the importance of the 

flanking KKK segments on both C- and N-terminals are important in secondary structure 

formation. With the hydrophobic interior segments playing a role in secondary structure 
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formation as well, but mainly due to their hydrophobicity, as opposed to their specific order 

within the primary sequence.  

  

 Dynamic Light Scattering 

 

  

 

 

 

DLS was used to determine size and polydispersity; to characterize the size and variation 

among the individual APC in solution.59,60 The Zetasizer used to complete the DLS 

measurements, can also measure Zeta potential. On DLS, APC were analyzed at various pH, as 

in the original TEM images (Figure 1.1), measurements were taken at pH 2, pH 7, and pH 12, 

Sample Size (nm) Polydispersity Zeta Potential 

(mV) 

TFE 686.6 ± 209 34.0% n/a 

pH = 2.00 155.8 ± 33 20.7% 6.4 

pH = 7.00 243.5 ± 57 29.2% 1.2 

pH = 12.0 2047.5 ± 1283 29.0% -3.9 

pH = 2.00 to 7.00 175.6 ± 100 26.1% 9.3 

pH = 2.00 to 12.0 3015 ± 2148 28.0% -0.6 

Figure 2.3. K3h5K3 and K3h9K3 peptide forms random coils at acidic and neutral pH.  Shown are the CD 

spectra for the K3h5K3 and K3h9K3 peptides that also compose APC, taken at different pH. Panel A) CD spectra for 

K3h9K3 taken at pH 2 (represented by orange line, squares), pH 3.5 (represented by blue line, diamonds) and pH 7 

(represented by gray line, triangles). Panel B) CD spectra for K3h5K3 taken at pH 2 (represented by orange line, 

squares), pH 3.5 (represented by blue line, diamonds) and pH 7 (represented by gray line, triangles). Horizontal axis 

represents wavelength measurement in nanometers and vertical axis represents CD measurement in mdeg. 

Table 2.1. DLS shows APC sizes increase as pH is increased. Dynamic light scattering analysis of APC at 

different pH and in TFE (1385 mM). Sizes shown with standard deviation and n =3. 
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shown in Table 2.1. Along with these pH values, APC were analyzed in TFE. These DLS results 

suggest that APC form smaller particles, approximately 100-200 nm, when formed at highly 

acidic pH, with size increases as pH is raised. In TFE, pH 7, and pH 12, APC have sizes too 

large to be considered as possible nano-carriers. Their large size would cause difficulties in 

passing through cellular membranes, making them less ideal for delivering drugs or genetic 

materials. The large size seen in APC formed at pH 12 is expected, based on the TEM images 

(Figure 1.2.) that revealed formation of nanofibrils at basic pH. APC formulated at neutral and 

basic pH exhibit both larger particle and a broader range of particle sizes. The smaller size of 

APC at pH 2 make them a candidate for being a delivery system. The positive surface charge of 

the particles is another quality making APC a possible delivery system, as particles with a 

positively charged surface are more likely to penetrate cell membranes than particles with 

negatively charged surfaces.40,61 A highly positive surface charge also allows for the possibility 

of attaching negatively charged molecules to the surface of the capsules. Interestingly, when 

APC are formed at a pH 2 but, have the pH increased to 7 shortly after formation, the size 

remains like APC formed and kept at pH 2. The Zeta potential also remains positive, being +9.3 

mV, when the APC are formed at pH 2 and then have the pH raised to pH 7. These results, along 

with corresponding CD spectra, indicate that forming APC at a pH 2 before increasing to pH 7, 

allows APC formulation in the strongly acidic pH and maintaining their formulation through 

transition to neutral pH. 
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Next, APC were formulated using various acidic pH, to determine the maximum pH that 

could be employed to produce nano-sized particles. Genetic material, in particular mRNA, is 

notoriously unstable. Therefore, examining characteristics of APC formation over a range of 

acidic pH could reveal that APC may form nanocapsules at a pH higher than 2, which would be 

more optimal for mRNA. APC were formed at an acidic pH, ranging from 2.00-4.56, and 

allowed to incubate at the acidic pH for either 5 min or 20 min before increasing the pH to 

neutral. For the 5-minute incubation at acidic pH, APC formed particles ranging from 50-100 nm 

in size, with an increase in size seen at 3.90 and above resulting in 200-300 nm sized particles 

(Table 2.2.). For the 20-minute incubation at acidic pH, APC formed particles ranging from 100-

200 nm in size, with an increase in size seen at 3.51 and above resulting in 200-500 nm sized 

particles (Table 2.3.).  The sizes seen with the longer incubation time (20-min) were overall 

larger than those with short incubation times (5-min). One consistency throughout both Tables 

2.1. and 2.2. is that Zeta potentials remain highly positive throughout the entire acidic pH range. 

These results show that APC surface charge remains cationic throughout the pH range of 2.00-

4.56.  

pH 

5 min → pH 7 

Size (nm) Polydispersity Zeta Potential 

(mV) 

2.00 85.4 ± 67 17.7% 14.3 

2.49 62 ± 52 31.2% 8.2 

3.00 84.8 ± 27 28.4% 15.9 

3.30 71.8 ± 34 29.0% 10.8 

3.51 92.5 ± 85 24.7% 5.9 

3.90 151 ± 93 27.8% 10.5 

4.56 187.8 ± 166 29.4% 7.5 

Table 2.2. APC form nanosized particles when formed at pH of 3.51 and below (5-minute incubation). 

Characteristics of APC at different pH values and with an incubation time of 5 min before increasing the pH to 7, 

obtained using DLS. Size shown with standard deviation and n = 3. 
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APC created using the K3h5K3 peptide were also analyzed on DLS, formulated at either 

pH 2, pH 3.9, pH 7, or pH 12, shown in Table 2.4. The results for K3h5K3 APC were like those 

seen in K3h5nK3 APC (Table 2.1.). These results suggest that creating APC with either K3h5nK3 

or K3h5nK3 exhibit similar size characteristics. Sizes of K3h5K3 APC when formed at a pH 2 were 

143.2 nm and the zeta potential was +5.7 mV, both like the results of the forward APC sequence 

formed at pH 2 (Table 2.1). The Zeta potential decreases from 5.7 mV, at pH 2, to -6.8 mV as 

pH is increased to 12. However, one difference in size characteristic data of K3h5K3 APC is a 

greater increase in the standard deviation of all pH tested. This suggests that the size distribution 

of APC created using K3h5K3 peptides is much greater than exhibited in K3h5nK3 APC. One 

explanation for this observation is that the inversion of hydrophobic interior amino acids from 

FLIVI (K3h5nK3) to IVILF (K3h5K3) causes a disruption in particle formation, resulting in 

increased range of size distribution of APC. Zeta potential increases as pH increases, a trend seen 

in APC formulated from K3h5nK3 (Table 2.1.). 

 

 

pH 

20 min → pH 7 

Size (nm) Polydispersity Zeta Potential 

(mV) 

2.00 135.2 ± 12.4 27.90% 14.4 

2.49 193.1 ± 140.6 23.90% 7.70 

3.00 192.7 ± 149 24.10% 8.30 

3.30 140.5 ± 69.8 29.90% 7.00 

3.51 239.8 ± 189 34.90% 11.6 

3.90 207.5 ± 87.7 33.90% 5.50 

4.56 493 ± 320 24.80% 8.50 

Table 2.3. APC form nanosized particles when formed at pH of 3.51 and below (20-minute incubation). 

Characteristics of APC at different pH values and with an incubation time of 20 min before increasing the pH 

to 7, obtained using DLS. Sizes shown with standard deviation and n = 3. 
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pH Size (nm) Polydispersity 

Zeta Potential 

(mV) 

2.00 143.2 ± 210 33.00% 5.7 

3.90 282 ± 191 38.30% 0.7 

7.00 191.3 ± 160 35.20% -0.2 

12.0 2479 ± 1419 33.80% -6.8 

Table 2.4. APC formulated from K3h5K3 peptides exhibit similar trends in particle size as APC formulated 

from K3h5nK3 peptides. Characteristics of inverted APC sequence, formed at pH 2, 3.90, 7.00, and 12.0. Sizes 

shown with standard deviation and n = 3. 

 

These results reveal that 1-minute and 5-minute incubation times for this sequence give 

particles between the range of 100-300 nm. The 20-minute incubation time yields particles with 

a smaller particle size of 38 nm. While the 1-minute and 5-minute incubation times reveal 

formation 100-300 nm size particles. This suggests that along with forming larger particles, there 

is also a greater size range of particles when formed at a 20-minute incubation time.  

 

 

 

 

 

 

Table 2.5. APC formulated from K3h9K3 peptides exhibit similar trends in particle size as APC formulated 

from K3h5nK3 peptides. Characteristics of extended APC sequence, formed at pH 3.50. Sizes shown with standard 

deviation and n = 3. 

 

Neutralization Time 

(min) 

Size (nm) Polydispersity 

1 148.0 ± 97 29.7% 

5 264.0 ± 100.4 37.5% 

20 38.0 ± 12 30.1% 
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 Nanoparticle Tracking Analysis 

Figure 2.4. NTA reveals size distribution profile of APC formulated at pH 2, showing particle size between 

100-200 nm. Panel A) Size distribution of particles in solution. Vertical axis represents concentrations of particles 

per mL and horizonal axis represents particle size in nm. B) Intensity of the sizes of particles in solution. Vertical 

axis represents intensity (a.u.) and horizontal axis represents size in nm.  

 

Along with DLS, NTA was also used to characterize the size of the particles in solution. 

NTA is a technique that employs use of a video camera to visualize and record each individual 

particle in solution using a laser and ultramicroscope.62 This technique allows for the 

measurement of each individual particle in solution, compared to DLS which measures a size 

distribution profile of the particles in solution.59,62 Usage of NTA allows for visualization of 

individual particles in solution through video taken during measurements.62,63 Employing both 

DLS and NTA to measure the size of the particles can help ensure the accuracy of the size 

characterization of APC in solution. 

NTA analysis of APC formed at pH 2 showed a mean size of 139.1 nm, with a standard 

deviation of 8.9 nm, and a mode size of 94.7 nm, with a standard deviation of 13.1 nm. These 

results are consistent with the data obtained from DLS, in which sizes were 100-200 nm (Table 

2.1). The size distribution profiles of all particles in solution, for APC formulated at pH 2, are 

shown in Figure 2.4. The size distribution profiles obtained using NTA allow for a complete 
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profile and better assessment of particle sizes in solution, showing that majority of particles are 

about 100 nm, with very few particles above 200 nm.  

NTA analysis of APC formed at pH 3 showed a mean size of 240.1 nm, with a standard 

error of 104.0 nm, and a mode size of 230.9 nm, with a standard deviation of 104.6 nm. These 

results are also consistent with data obtained on DLS, which showed sizes of 200-300 nm when 

APC were formulated at a pH of 3 (Tables 2.3-2.4). The size distribution profiles of these APC, 

formulated at pH 3, in solution are shown in Figure 2.5. The size distribution profiles obtained 

using NTA allow for a better look into the sizes of each individual particle in solution, showing 

that most particles are about 200 nm. Unlike APC formed at pH 2, the APC formulated at pH 3 

have many more particles above the size of 300 nm, with some particles above the size of 1000 

nm. The results of NTA confirm that APC formulate smaller nanocapsules when formed at a pH 

of 2, as opposed to being formulated at a pH of 3. NTA results suggest that APC formulated at 

pH 2 exhibit both smaller particle sizes and lower particle size distribution than APC formulated 

at pH 3. 

 

Figure 2.5. NTA reveals size distribution profile of APC formulated at pH 3, showing particle size between 

200-700 nm. Panel A) Size distribution of particles in solution. Vertical axis represents concentrations of particles 

per mL and horizonal axis represents particle size in nm. B) Intensity of the sizes of particles in solution. Vertical 

axis represents intensity (a.u.) and horizontal axis represents size in nm.  
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 Discussion 

 The use of CD, DLS, and NTA allowed for insight into the size and secondary structure 

characteristics of APC. CD spectral data revealed that secondary structure of all peptide 

sequences, KKK-FLIVI-KKK, KKK-FLIVIGSII-KKK, and KKK-IVILF-KKK, all form random 

coil secondary structures when formed at both acidic and neutral pH. The use of a hydrophobic 

solvent, TFE, to disrupt the random coil secondary structure into an α-helices suggests 

hydrophobic interactions play a major role in formation of nanocapsules. DLS and NTA reveal 

particle size increases as pH is increased, with the smallest particles forming at pH 2 and the 

largest aggregates forming at pH 12. However, when APC are initially formed at pH 2, but later 

have their pH increased to 7, the particle size does not increase drastically. Rather, the size of 

these particles remains comparable to particles made and kept at pH 2. This same trend is 

observed in CD spectra, where forming the APC initially at pH 2, but increasing the pH to 12, 

does not induce the β-sheet secondary structure. Instead, the secondary structure remains a 

random coil. These trends suggest that once initially formed at pH 2, raising the pH will not alter 

the size and secondary structure characteristics. Although use of these techniques is important in 

determining the potential viability in using APC as a genetic material or drug delivery system, 

the next step will be to use APC to deliver genetic materials or water-soluble dyes into cell lines. 

Delivery of genetic materials and dyes to mammalian cells lines would indicate that APC can 

encapsulate solutes, entering cells, and releasing their contents into the cells.  
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Chapter 3 - Delivery and Encapsulation of Genetic Materials and 

Dyes Using APC 

 Materials and Methods 

 APC dye encapsulation 

APC were prepared as previously described in Preparation of APC. Rhodamine 6G was 

added to 1.0 mL of pH 2, 10 mM glycine-HCl buffer, giving a final dye concentration of 100 

µM. Rhodamine 6G dye in glycine-HCl buffer was used to rehydrate APC. Samples were placed 

into Amicon Ultra centrifuge filters, with a molecular weight cut-off of 30 kDa (EMD Millipore, 

Billerica, MA). Samples were washed with water three times and spun at 3000 RCF for 3 min at 

25°C using a Prism R Refrigerated Microcentrifuge tabletop (Labnet, Edison, NJ). Samples were 

washed a fourth time with 200 µL of 200 mM sodium trifluoroacetic acid (TFA) at 3000 RCF for 

3 min at 25°C. Centrifuge filters were then inverted into clean tubes and spun once more at 3000 

RCF for 1 min at 25°C, to remove the APC containing dye. Samples of APC with encapsulated 

rhodamine 6G dye were placed onto a glass slide and allowed to dry at room temperature (25°C). 

Once completely dried, the slides were analyzed using a confocal LSM 700 laser-scanning 

microscope (Carl Zeiss, Gottingen, Germany). An excitation wavelength of 350 nm was used to 

visualize the dye.64 Images taken on the confocal microscope were analyzed using ZEN 3.5 (blue 

edition). 
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 APC GFP plasmid and GFP mRNA transfections 

Human embryonic kidney (HEK) and baby hamster kidney (BHK) cells were grown at 

37°C with 5% CO2. HEK and BHK cells were grown in 4.5 g/L glucose Dulbecco’s Modified 

Eagle medium with penicillin-streptomycin and fetal bovine serum (Corning, Inc., Corning, NY). 

Media was replaced every 72 hours. Cells were seeded into Thermo Scientific Lab-Tek II CC2 8 

well cell trays, at a concentration of 2.5 x 104 cell per well to prepare for transfections. Cells 

grew until reaching a confluence of at least 70% before transfections were conducted.  

APC were prepared for transfection as previously described in Preparation of mRNA- 

or dsDNA-APC’s nanoparticles. Different ratios of APC to genetic material were tested during 

transfections, along with testing both attachment to the surfaces and encapsulation within APC. 

Different ratios of genetic material to APC peptide tested included 1:5 (w/w), 1:10 (w/w) and 

1:20 (w/w). Ratios always included 200 ng of either green fluorescence protein (GFP) plasmid or 

mRNA (TriLink Biotechnologies, San Diego, CA). The amount of peptide was 1 µg in the 1:5 

ratios, 2 µg in the 1:10 ratios, and 4 µg in the 1:20 ratios. The exact volume of APC used was 

calculated based on obtaining the concentration of stock solution of APC, as described 

previously in Preparation of APC, and using the molecular masses of the peptides (Table 1.1.) 

to determine the volume required to obtain the desired mass of APC. The volume of genetic 

material was calculated by obtaining the concentration of the genetic material on a NanoDrop, 

ND-1000 Spectrophotometer to determine the volume needed to get 200 ng of GFP plasmid or 

GFP mRNA (Marshall Scientific, Hampton, NH).   

HEK and BHK cell media were refreshed immediately before transfection with Opti-

MEM Reduced Serum (Thermo Fisher Scientific, Waltham, MA). APC were sterilized using 

ultraviolet light for 30 min, immediately before transfections. Designated conditions were added 
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to individual wells, immediately after formulation of the mRNA- or plasmid DNA-APC. Cells 

were exposed to GFP-containing APC for 44 hours. Cells were fixed using 4% perfluoroalkoxy 

alkanes (PFA) in phosphate buffered saline (PBS), at pH 7.4. After termination of transfections 

and fixing of cells, media was replaced with PBS (American Type Culture Collection, Manassas, 

VA). Cell membranes were permeabilized with 0.1% Triton X for 1 hour (Thermo Fisher 

Scientific, Waltham, MA). After permeabilization of the cell membranes, the cells were washed 

with PBS. The cell tray was then allowed to completely dry before adding SlowFadeTM Diamond 

Antifade Mountant with 4’,6’-diamidino-2-phenylindole (DAPI), to stain the nuclei of the cells 

(Thermo Fisher Scientific, Waltham, MA). A 25 x 55 mm glass coverslip was placed on top of 

the cell tray and sealed using clear nail polish (Thermo Fisher Scientific, Waltham, MA). The 

cell tray was covered in aluminum foil and stored at room temperature before analyzing on a 

confocal microscope. Images were taken using a LSM 700 laser-scanning microscope (Carl 

Ziess, Gottingen, Germany). The images taken on the confocal microscope were analyzed using 

ZEN 3.5 (blue edition). 

For analysis of the transfections on the Countess II FL cell counter, HEK cells were 

grown in 36-well plate (Life Technologies, Rockville, MD). Cells were dissociated from the 

plate using 50 µl of 0.8% trypsin.  Cells incubated for 2 min in trypsin, before removing 10 µl of 

cells to place into a microcentrifuge tube. To stain for cell viability, 20 µl of trypan blue solution 

was added. Cells (10 µl) were removed and placed into Countess™ cell counting chamber slides 

and subsequently analyzed on the Countess™ II FL cell counter for cell viability and GFP 

fluorescence (Invitrogen, Waltham, MA).  
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 RiboGreen Assays 

 RiboGreen™ assays were completed in 96-well plates. Samples for testing were prepared 

as described previously in Preparation of mRNA- or dsDNA-APC’s nanoparticles. 

Immediately after sample preparation, APC were dispensed into 96-well plates. Each well 

included 0.5 µl of Quant-iT™ RiboGreen™ reagent in 100 µl of 1X Tris/EDTA (TE) buffer 

(Thermo Fisher Scientific, Waltham, MA). Each condition under analysis was made in a 

triplicate. After adding RiboGreen™ reagent to each well, the 96-well plate was immediately 

covered with aluminum foil and taken to a plate reader for analysis. The fluorescence was 

measured with an excitation wavelength of 480 nm and an emission wavelength of 520 nm.65,66  

 Gel Electrophoresis 

APC samples were prepared with GFP plasmid both encapsulated and surface-bound, as 

described previously in Preparation of mRNA- or dsDNA-APC’s nanoparticles. After APC 

formation and incubation with GFP plasmid, they were allowed to digest for 30 min at 37°C with 

DNase I, from bovine pancreas grade II (Roche Diagnostics GmbH, Mannheim, Germany). Once 

samples were done digesting, 5 µl of TE buffer and 50 µl of 1X orange DNA loading dye were 

added to samples. Gels were made with 0.8% agarose and contained ethidium bromide to 

visualize DNA. MOPS was used as the running buffer for the gels. Samples were resolved for 50 

min at a consistent 100 V. Once the gels were done running, MOPS running buffer was drained 

from the chamber and gels were removed from the chamber. Gel images were acquired using a 

gel viewer.  
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 Nanoparticle Tracking Analysis 

NTA was performed using a NanoSight LM 14 (Malvern Panalytical, UK), as described 

previously in Chapter 2 Nanoparticle Tracking Analysis. Samples were prepared as described 

previously in Preparation of mRNA- or dsDNA-APC’s nanoparticles. APC were prepared at 

a ratio of 1:10 (w/w) for genetic material to peptide. Poly I.C. was used to prepare samples 

(Sigma-Aldrich, Saint Louis, MO). The amount of poly I.C. was kept consistent at 200 ng and 2 

µg of APC peptide were used. Samples were analyzed immediately after preparation.  
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 Results and Discussion 

 Encapsulation of Rhodamine 6G Dye 

 Before looking into possible delivery capabilities of APC, encapsulation of solutes 

dissolved in water was first analyzed. APC were formulated at pH 2 in a solution of rhodamine 

6G dye. The APC were subsequently washed using sodium TFA, placed onto a glass slide, 

allowed to dry, and analyzed on confocal microscopy. Encapsulation of rhodamine 6G dye was 

confirmed using confocal microscopy, as shown in Figure 3.1. APC can be seen with 

encapsulated rhodamine 6G dye, confirming that the nano-capsules that form at pH 2 are capable 

of encapsulating both aqueous solvents and solutes. However, one drawback to analyzing APC 

using confocal microscopy is that there is a limit to the size of particles able to be viewed. The 

detection limit for the confocal microscope is 1-2 microns, 

therefore, any particles smaller than this will be 

undetectable. This detection limit is much larger than the 

particle sizes previously obtained using DLS and NTA, 

therefore APC with encapsulated rhodamine 6G in Figure 

3.1 represent APC of a much larger size than most capsules 

described in the previous chapter. However, the confocal 

images still reveal pertinent information, including 

confirmation of encapsulated rhodamine 6G dye and support 

of capsule formation.  

 

 

Figure 3.1. APC encapsulates rhodamine 

6G dye. Confocal microscopy of APC 

encapsulating the fluorescent dye-rhodamine 

6G. APC are roughly 1-2 microns in 

diameter, as anything smaller than 1-2 

microns will be undetectable by the confocal 

microscope. Scale bar shown represents 1 

µm. 
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 GFP Plasmid Transfections Using APC 

Following encapsulation of a water-soluble dye, APC were analyzed for their ability to 

encapsulate genetic materials, as well as bind the genetic materials to the surface of the capsules, 

and subsequently deliver the genetic material into cells. HEK cells were transfected with GFP 

plasmid using APC as the transfection agent; with GFP plasmid either encapsulated within APC 

or surface bound. The negative control shown in images is HEK cells only, with no transfection 

reagent used (Figure 3.2A.). Lipofectamine 3000™ is an example of a cationic lipid-based 

transfection reagent that is marketed commercially. Lipofectamine 3000™ complexes with 

negatively charged genetic materials to deliver across cell membranes.37. As previously 

mentioned, liposomes self-assemble in aqueous solutions by forming a lipid bilayer with a 

cationic surface. The negatively charged genetic materials then complex with the cationic surface 

charge on the liposomes. Lipofectamine 3000™ transfection reagent is designed specifically to 

deliver DNA and dsRNA to cells. Lipofectamine 3000™ is efficient at delivery of plasmids to 

cells, however, is not typically used in any clinically applications, due to its high 

cytotoxicity.37,67 Even with its high cytotoxicity, Lipofectamine 3000™ is a useful tool in 

research settings to deliver DNA to cells, and therefore, is a useful comparison when assessing 

the transfection ability of APC (Figure 3.2B.).  
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APC with surface bound GFP plasmid showed successful transfection of the DNA into 

HEK cells (Figure 3.3.). HEK cells treated with APC complexed surface bound GFP plasmid 

show expression of GFP, indicating APC have penetrated cell membranes and delivered the 

plasmid (Figure 3.3.). The w/w ratio of GFP plasmid to APC peptide with the most efficient 

transfection was 1:10, which showed the greatest amount and intensity of GFP fluorescence 

(Figure 3.3B.).  These confocal images show that APC, when prepared at a ratio of 1:10 GFP 

plasmid to peptide, exhibit stronger expression of GFP in HEK cells than Lipofectamine 3000™ 

(Figure 3.2B.).  

Figure 3.2. Human embryonic kidney cells treated with either no transfection reagent or Lipofectamine 

3000™ complexed with GFP plasmid. All nuclei are stained blue with DAPI. Green stain is GFP 

fluorescence. Panel A) HEK cells treated with no transfection reagent. Panel B) HEK cells treated with 

Lipofectamine 3000™ complexed together with 200 ng of GFP plasmid. Scale bar shown represents 20 µm. 
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Figure 3.3. APC deliver surface bound GFP plasmid to HEK cells. All nuclei are stained blue with DAPI. Green 

stain is GFP fluorescence. Panel A) HEK cells treated with APC containing surface bound GFP plasmid (at a w/w 

ratio of 1:20 GFP plasmid to APC peptide) as the transfection reagent. Panel B) HEK cells treated with APC 

containing surface bound GFP plasmid (at a w/w ratio of 1:10 GFP plasmid to APC peptide) as the transfection 

reagent. Panel C) HEK cells treated with APC containing surface bound GFP plasmid (at a w/w ratio of 1:5 GFP 

plasmid to APC peptide) as the transfection reagent. Scale bar shown represents 20 µm.  

 

In Figure 3.4, APC containing encapsulated GFP plasmid showed successful transfection 

of the DNA into HEK cells. Similarly, to APC complexed with surface bound GFP plasmid, 

containing encapsulated GFP plasmid were most efficient at gene delivery at a w/w GFP plasmid 

to APC peptide ratio of 1:10 (Figure 3.4B.). Overall, the GFP plasmid transfection using APC as 

the transfection reagent showed APC could facilitate uptake of GFP plasmid into HEK cells. 

Compared to Lipofectamine 3000 reagent™, APC elicit much more intense fluorescence in the 

HEK cells. These results reveal that at each ratio of GFP plasmid to peptide, 1:5, 1:10 and 1:20, 

APC are capable penetrating HEK cell membranes and delivery of plasmid. Images also suggest 

that the 1:10 ratio of genetic material to peptide, of both APC with encapsulated and surface 

bound GFP plasmid, results in the strongest uptake of plasmid into cells (Figure 3.3B. and 
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Figure 3.4B.). However, it does not reveal whether APC are encapsulating GFP plasmid. 

Therefore, further studies need to be done to characterize the differences between APC made 

with intentions of encapsulating GFP plasmid versus attaching GFP plasmid to the surface. Still, 

these GFP plasmid transfection results reveal APC can penetrate cells membranes to deliver 

DNA for expression.  

 

The sizes of APC complexed with GFP plasmid were analyzed on DLS to determine their 

size and charge characteristics. The sizes of each APC, whether with GFP plasmid encapsulated 

or attached to the outside, range from 100-300 nm (Table 3.1). These results reveal that when 

complexed with DNA, APC still formulate particles with sizes compatible with entry into cells.  

 

 

Figure 3.4. APC deliver encapsulated GFP plasmid to HEK cells. All nuclei are stained blue with DAPI. Green 

stain is GFP fluorescence. Panel A) HEK cells treated with APC containing encapsulated GFP plasmid (at a w/w 

ratio of 1:20 GFP plasmid to APC peptide) as the transfection reagent. Panel B) HEK cells treated with APC 

containing encapsulated GFP plasmid (at a w/w ratio of 1:10 GFP plasmid to APC peptide) as the transfection 

reagent. Panel C) HEK cells treated with APC containing encapsulated GFP plasmid (at a w/w ratio of 1:5 GFP 

plasmid to APC peptide) as the transfection reagent. Scale bar shown represents 20 µm. 
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Table 3.1. APC complexed with GFP plasmid form particles between 100-300 nm in size. Size characteristics of 

the APC used for GFP plasmid transfection. Sizes shown with standard deviation, and n = 3. 

 

 GFP mRNA Transfections Using APC 

The GFP mRNA transfections were conducted similarly to GFP plasmid transfections 

previously discussed, with HEK cells being transfected with GFP mRNA using APC as the 

transfection agent. Again, APC were formulated with GFP mRNA either encapsulated or 

surface-bound. The negative control is, again, HEK cells treated with no transfection reagent 

(Figure 3.5A.). The positive control was Lipofectamine™ MessengerMAX™, which is a 

commercially available lipid transfection reagent, optimized for transfections involving mRNA.  

Like previously mentioned Lipofectamine 3000™, Lipofectamine™ MessengerMAX™ is a 

cationic lipid transfection reagent, that works by complexing the negatively charged mRNA to 

the cationic liposomal surface. Lipofectamine™ MessengerMAX™ is also not used clinically 

due to cytotoxicity concerns, but can be effective at delivering mRNA, small RNAs, and short 

dsDNA in research settings. Therefore, Lipofectamine™ MessengerMAX™ can serve as a tool 

of comparison to determine the ability of APC to transfect cell lines using mRNA (Figure 

3.5B.).  

 

 

 

Sample Size (nm) Polydispersity Zeta (mV) 

1:20 Outside 307.6 ± 213 24.00% 4.4 

1:20 Inside 171.6 ± 110 33.00% 7.8 

1:10 Outside 159.7 ± 101 28.20% 1.7 

1:10 Inside 170.9 ± 168 28.00% 2.0 

1:5 Outside 113.9 ± 77 25.10% 8.2 

1:5 Inside 199.4 ± 12 24.87% 4.4 
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Figure 3.5. Human embryonic kidney cells treated with either no transfection reagent or Lipofectamine 

MessengerMAX™ complexed with GFP mRNA. All nuclei are stained blue with DAPI. Green stain is GFP 

fluorescence. Panel A) HEK cells treated with no transfection reagent. Panel B) HEK cells treated with 

Lipofectamine MessengerMAX™ complexed together with 200 ng of GFP mRNA. Scale bar shown represents 20 

µm. 

 

APC with surface bound GFP mRNA showed successful transfection of the mRNA into 

HEK cells, as cell can be seen expressing GFP fluorescence (Figure 3.6.). HEK cells treated 

with APC complexed surface bound GFP mRNA show expression of GFP, indicating APC have 

penetrated cell membranes and delivered the mRNA (Figure 3.6.). The w/w ratio of GFP mRNA 

to APC peptide with the most efficient transfection was 1:5, which showed the greatest amount 

and intensity of GFP fluorescence (Figure 3.6C.). Overall, these results show that APC can 

deliver surface bound GFP mRNA, as GFP fluorescence can be seen in the HEK cells.  
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Figure 3.6. APC deliver surface bound GFP mRNA to HEK cells. All nuclei are stained blue with DAPI. Green 

stain is GFP fluorescence. Panel A) HEK cells treated with APC containing surface bound GFP mRNA (at a w/w 

ratio of 1:20 GFP mRNA to APC peptide) as the transfection reagent. Panel B) HEK cells treated with APC 

containing surface bound GFP mRNA (at a w/w ratio of 1:10 GFP mRNA to APC peptide) as the transfection 

reagent. Panel C) HEK cells treated with APC containing surface bound GFP mRNA (at a w/w ratio of 1:5 GFP 

mRNA to APC peptide) as the transfection reagent. Scale bar shown represents 20 µm. 

 

These results are similar to those seen in GFP plasmid transfections, with both GFP 

mRNA and plasmid transfections revealing the w/w ratio of genetic material (either mRNA or 

plasmid) to APC peptide with most efficient delivery being 1:10. These confocal images show 

that APC, when prepared at a ratio of 1:10 GFP mRNA to peptide, exhibit stronger expression of 

GFP in HEK cells than Lipofectamine MessengerMAX™ (Figure 3.4B.). Overall, the results of 

the GFP mRNA transfection, as analyzed by confocal microscopy, show that APC can facilitate 

uptake of GFP mRNA into HEK cells. The results of the 1:5 (surface bound GFP mRNA) and 

1:10 (encapsulated GFP mRNA) ratio APC showed the greatest expression of GFP mRNA when 

compared to the other ratios tested and the Lipofectamine MessengerMAX™ (Figure 3.6). 

Along with showing GFP expression in many of cells treated with APC as the transfection 

reagent, the cell confluence with the 1:5 encapsulated GFP mRNA (Figure 3.7) and 1:10 
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encapsulated GFP mRNA (Figure 3.6), showed higher levels of cell confluence when compared 

to other conditions tested and the controls of HEK cells only and Lipofectamine 

MessengerMAX™.  

 

Figure 3.7. APC deliver encapsulated GFP mRNA to HEK cells. All nuclei are stained blue with DAPI. Green 

stain is GFP fluorescence. Panel A) HEK cells treated with APC containing encapsulated GFP mRNA (at a w/w 

ratio of 1:20 GFP mRNA to APC peptide) as the transfection reagent. Panel B) HEK cells treated with APC 

containing encapsulated GFP mRNA (at a w/w ratio of 1:10 GFP mRNA to APC peptide) as the transfection 

reagent. Panel C) HEK cells treated with APC containing encapsulated GFP mRNA (at a w/w ratio of 1:5 GFP 

mRNA to APC peptide) as the transfection reagent. Scale bar shown represents 20 µm. 
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One drawback of confocal microscopy is that it can only give an idea of cytotoxicity, not 

an exact quantification of cell viability. Therefore, along with analyzing transfected cells using 

confocal microscopy, a Countess™ cell counter was employed to help validate results seen in 

confocal microscopy and allow for cytotoxicity assays to be employed. Unlike for the confocal 

microscopy, with the cell counter, cell viability was able to be calculated using trypan blue 

staining. Trypan blue penetrates membranes of dead cells, but not living cells. Therefore, cells 

that become stained with trypan blue are considered nonviable. While cells that do not become 

stained with trypan blue are considered viable, living cells. Trypan blue (0.4%) solution was 

used to stain for cell viability during these transfections.68 Cells were stained with trypan blue 

immediately before analysis on the cell counter. Cell viability was automatically calculated on 

the Countess™, along with total concentration of cells and GFP fluorescence. Cell viability of 

HEK cells treated with either no transfection reagent or Lipofectamine MessengerMAX™ were 

determined, as shown in Figure 3.8. Cells treated with no transfection reagent have a cell 

viability of 92%, while cells treated with Lipofectamine MessengerMAX™ have a cell viability 

of 33%. 

Figure 3.8. Cell viability of human embryonic kidney cells treated with no transfection reagent and 

Lipofectamine MessengerMAX. Panel A) Cell viability of HEK cells treated with no transfection reagent. Cell 

viability was calculated using 0.4% trypan blue. Trypan blue staining revealed 92% of cells were viable, with 8% of 

cells dead. Panel B) Cell viability of HEK cells treated with Lipofectamine MessengerMAX (complexed with 200 

ng of GFP mRNA). Cell viability was calculated using 0.4% trypan blue. Trypan blue staining revealed 33% of cells 

were viable, with 67% of cells dead.  
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HEK cells were treated with either APC, formulated from either K3h5nK3 peptides or 

K3h5K3 peptides, containing GFP mRNA as the transfection reagents. APC were formulated to 

encapsulate the GFP mRNA for each of these studies. For APC created using K3h5nK3 peptides, 

both GFP mRNA to peptide ratios of 1:10 and 1:20 showed GFP fluorescence, without affecting 

cell viability (Figure 3.9.). Cell viability of HEK cells treated with APC remained between 86-

88% of cells being viable. These results reveal that APC not only can transfect cells with GFP 

mRNA but are not negatively affecting cell viability. APC created from K3h5K3 peptides also 

Figure 3.9. APC, formulated from K3h5nK3 peptide, deliver GFP mRNA to HEK cells without affecting cell 

viability. Panel A) GFP fluorescence of HEK cells treated with APC containing encapsulated GFP mRNA (using a 

ratio of 1:10 GFP mRNA to K3h5nK3 peptide) as the transfection reagent. 2% of HEK cells are shown expressing 

GFP fluorescence. Panel B) Cell viability of HEK cells treated with APC containing encapsulated GFP mRNA 

(using a ratio of 1:10 GFP mRNA to K3h5nK3 peptide) as the transfection reagent. Cell viability was calculated 

using 0.4% trypan blue. Cell viability revealed 88% of cells alive and 12% of cells dead. Panel C) GFP 

fluorescence of HEK cells treated with APC containing encapsulated GFP mRNA (using a ratio of 1:20 GFP 

mRNA to K3h5nK3 peptide) as the transfection reagent. 10% of HEK cells are shown expressing GFP fluorescence. 

Panel D) Cell viability of HEK cells treated with APC containing encapsulated GFP mRNA (using a ratio of 1:20 

GFP mRNA to K3h5nK3 peptide) as the transfection reagent. Cell viability was calculated using 0.4% trypan blue. 

Cell viability revealed 86% of cells alive and 14% of cells dead. 
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successfully transfected HEK cells with GFP mRNA, as cells showed GFP fluorescence at both 

GFP mRNA to peptide ratios of 1:10 and 1:20 (Figure 3.10.). Cell viability of these HEK cells 

remained between 74-82%. Lipofectamine MessengerMAX™ was used as a comparison, again. 

The cells treated with Lipofectamine MessengerMAX™ did express GFP fluorescence, however,  

the cell viability was much lower ranging from 33% (Figure 3.8B.). Analysis of using APC to 

deliver GFP mRNA using a cell counter confirmed results previously seen on confocal 

microscopy, that APC can deliver GFP mRNA into HEK cells. The exact percentage of cells 

expressing GFP fluorescence could also be calculated automatically using the cell counter. For 

APC created using K3h5nK3 peptides, 2% and 10% of cells were expressing GFP fluorescence 

Figure 3.10. APC, formulated from K3h5K3 peptide, deliver GFP mRNA to HEK cells without affecting cell 

viability. Panel A) GFP fluorescence of HEK cells treated with APC containing encapsulated GFP mRNA (using a 

ratio of 1:10 GFP mRNA to K3h5K3 peptide) as the transfection reagent. 4% of HEK cells are shown expressing 

GFP fluorescence. Panel B) Cell viability of HEK cells treated with APC containing encapsulated GFP mRNA 

(using a ratio of 1:10 GFP mRNA to K3h5nK3 peptide) as the transfection reagent. Cell viability was calculated 

using 0.4% trypan blue. Cell viability revealed 74% of cells alive and 26% of cells dead. Panel C) GFP 

fluorescence of HEK cells treated with APC containing encapsulated GFP mRNA (using a ratio of 1:20 GFP 

mRNA to K3h5K3 peptide) as the transfection reagent. 3% of HEK cells are shown expressing GFP fluorescence. 

Panel D) Cell viability of HEK cells treated with APC containing encapsulated GFP mRNA (using a ratio of 1:20 

GFP mRNA to K3h5nK3 peptide) as the transfection reagent. Cell viability was calculated using 0.4% trypan blue. 

Cell viability revealed 82% of cells alive and 18% of cells dead. 



46 

peptide ratios of 1:10 and 1:20, respectively (Figure 3.8.). For APC created using K3h5nK3 

peptides, 4% and 3% of cells were expressing GFP fluorescence peptide ratios of 1:10 and 1:20, 

respectively (Figure 3.9). Overall, these results suggest that APC are not toxic to HEK cells and 

confirm the ability of APC to transfect GFP mRNA into cell lines. Since APC are formulated 

using peptides, these results are consistent with the idea that peptide-based nanoparticles are less 

toxic than lipid-based nanoparticles or viral vectors.14,24,44 

Along with formulating APC using the peptides K3h5nK3 and K3h5K3 for transfections, 

K3h9K3 peptides were used to transfect BHK cells with GFP plasmid and GFP mRNA. K3h9K3 

APC exhibited delivery of both GFP plasmid and GFP mRNA, as shown in Figure 3.11. These 

results suggest that extension of the hydrophobic part of the peptide sequence, from FLIVI to 

FLIVIGSII, does not interfere with APC ability to deliver genetic materials. This trend supports 

the idea that small alterations in the hydrophobic segment of the peptides, such as IVILF and 

FLIVIGSII, do not interfere with the ability of APC to deliver genetic materials.  

  

 

Figure 3.11. APC, formulated from K3h9K3 peptide, deliver GFP mRNA and GFP plasmid to BHK cells. 

Confocal images showing BHK cells, with nuclei stained with DAPI and GFP fluorescence. Panel A) BHK cells 

only. B) BHK cells treated with 1:10 ratio K3h9K3 APC with GFP mRNA encapsulated as the transfection reagent. 

C) BHK cells treated with 1:10 ratio K3h9K3 APC with GFP plasmid encapsulated as the transfection reagent. Scale 

bar shown represents 20 µm. 
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Additional transfections were performed to determine ideal conditions that would 

facilitate the highest uptake and expression of GFP mRNA in HEK cells. Different incubation 

times, or the amount of time APC would sit at an acidic pH before raising pH to neutral, were 

analyzed. APC were formulated with incubation times of 1 minute, 5 min, or 20 min. Along with 

using a variety of incubation times, different acidic pH values were used. Instead of solely 

formulating the APC at pH 2, APC were also formulated at pH 3 and pH 3.5. Raising the pH 

slightly could help reduce damage to the genetic materials that may occur when sitting at the 

acidic pH for a few min. DLS results shown in Table 2.1 and Table 2.2 suggest that APC 

formed above pH 3.51 begin to aggregate and form larger particles, which would make delivery 

of genetic materials unlikely. 

The results of APC formulated at pH 2, with either 1-minute, 5-min, or 20-min for the 

incubation time are shown in Figure 3.11. These transfections result in GFP expression in the 

HEK cells, with greatest expression seen in APC formulated with 1-minute and 20-minute 

incubation times. At both the 1- and 20-minute incubation times almost all HEK cells were 

expressing some level of fluorescence. The 1-min incubation time showed the highest level of 

GFP fluorescence compared to all conditions tested, shown in Figure 3.11C. One explanation 

for why this condition revealed high levels of expression is that GFP mRNA only sits at the 

acidic pH for 1-min, helping to prevent any damage that might occur to the genetic material at 

acidic pH. APC formed at both pH 3 and pH 3.5 showed either none or very little GFP 

expression at the 1-, 5-, and 20-min incubation times (data not shown).  
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Figure 3.12. APC deliver GFP mRNA to HEK cells. All nuclei stained blue with DAPI. Panel A) HEK cells with 

no transfection reagent. Panel B) HEK cells treated with 200 ng GFP mRNA and Lipofectamine MessengerMAX™ 

as the transfection reagent. Panel C) APC (1:10 ratio of GFP mRNA to K3h5nK3 peptide) as the transfection reagent 

for HEK cells. Peptides rehydrated at pH 2 with 1-min incubation time before increasing pH to 7. GFP mRNA 

encapsulated within APC. Panel D) APC (1:10 ratio of GFP mRNA to K3h5nK3 peptide) as the transfection reagent 

for HEK cells. Peptides rehydrated at pH 2 with 5-min incubation time before increasing pH to 7. GFP mRNA 

encapsulated within APC. Panel E) APC (1:10 ratio of GFP mRNA to K3h5nK3 peptide) as the transfection reagent 

for HEK cells. Peptides rehydrated at pH 2 with 20-min incubation time before increasing pH to 7. GFP mRNA 

encapsulated within APC. Scale bars shown represents 20 µm. 

 

These results confirm that APC are most efficient when formed at pH 2, as well as that an 

incubation time of 1-minute also results in the most efficient delivery of GFP mRNA. Overall 

results from both transfections analyzed on confocal microscopy and the Countess™ cell counter 

highlight that APC can deliver mRNA into mammalian cell lines. However, these results do not 

reveal information about whether APC are encapsulating genetic materials. Since other 

transfection reagents capable of delivering mRNA to cells work through complexing the 

negatively charged genetic material to their positively charged surfaces, the idea of encapsulating 

mRNA within a peptide-based nanoparticle is novel. Damage to genetic material could be 

limited through encapsulation via APC. Therefore, further experiments need to be conducted to 

determine if APC are capable of encapsulation of genetic materials, or if they are complexing 

them to their positively charged surface. Still, these GFP mRNA transfections reveal APC can 
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protect mRNA from degradation to penetrate cells membranes and deliver mRNA for 

expression.  

 RiboGreen Assays 

 RiboGreen™ assays were employed to determine the differences between APC 

formulated to encapsulate genetic materials versus those formulated with intentions of 

complexing genetic material to the surface. The RiboGreen™ reagent fluoresces when exposed 

to genetic materials, making it a quality assay to assess relative amounts of genetic material 

present in a given sample.65,66 If genetic materials are encapsulated within APC, they would not 

be available to interact with the RiboGreen™ reagent in the solvent. But genetic material that is 

surface bound could interact with the RiboGreen™ reagent. Therefore, APC with encapsulated 

genetic materials should exhibit significantly lower fluorescence than those with surface-bound 

genetic materials. When using RiboGreen™, samples are excited at a wavelength of 485 nm and 

emission intensity is measured at a wavelength of 520 nm.66  Independent samples student’s T 

test showed that APC with encapsulated poly I.C. (inside samples) and surface-bound poly I.C. 

(outside samples), at ratios of 10:1 and 1:1, were significantly different; having p-values <0.001 

(Figure 3.13.). These results suggest that APC are capable of encapsulating genetic materials. 

However, other ratios tested, including 1:5, 1:10, and 1:20 showed no significant difference 

between the amount of genetic material detected in the outside versus inside APC (data not 

shown). One explanation being that when APC are forming around genetic material, they may 

also have genetic material attached to the outside of capsules after formation. Lower amounts of 

peptide, 10:1 and 1:1, do show significant differences in relative amounts of genetic material 

interacting with the RiboGreen™ reagent. Having lower amounts of peptide may help prevent 

excess genetic material from binding to APC surfaces, as there is less peptide present, and all 
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peptide present is used for encapsulation. Overall, the results of RiboGreen™ assays reveal there 

is a difference between APC prepared to encapsulate genetic material versus attach genetic 

material to the APC surfaces.  

 

 

Figure 3.13. RiboGreen assay reveals differences in fluorescence between APC with surface-bound versus 

encapsulated DNA. Panel A) RiboGreen™ assay results of 10:1 ratio APC, showing comparison between APC 

with poly I.C. encapsulated versus poly I.C. attached to the outside. Panel B) RiboGreen™ assay results of 1:1 ratio 

APC, showing comparison between APC with poly I.C. encapsulated versus attached to the outside. The horizontal 

axis represents the ratio of poly I.C. to K3h5nK3 peptide tested and the vertical axis represents the fluorescence 

reading (a.u.).  

 

 Gel Electrophoresis 

Along with utilizing RiboGreen™ to help determine the location of genetic materials, gel 

electrophoresis was also used. Digestion of GFP plasmid using DNAse was used to study if 

encapsulation within APC was able to protect DNA from digestion. Controls of GFP plasmid 

digested and undigested were used to determine the effect of DNAse on the genetic material 

(Figure 3.14). GFP plasmid digested with DNase I results in a weaker band expressed than 

compared to undigested GFP plasmid. In Figure 3.14., lanes 6 and 7 show the 1:1 ratio APC 

with GFP plasmid encapsulated and attached to the surface, respectively. A weak band can be 

seen with APC with surface bound GFP plasmid, implying that digestion did occur, and that 

APC did not protect the DNA. For APC containing encapsulated GFP plasmid, no band can be 
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seen, showing that APC are protecting the genetic materials. These results support the idea that 

APC can encapsulate genetic material, as APC formulated for encapsulation confer protection 

from DNA digestion. Overall, these results indicate that APC with encapsulated plasmid do 

confer protection against DNAse digestion.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.14. APC protects DNA from DNase 

digestion. Gel electrophoresis performed on APC 

treated with DNase I for 30 min at 37°C. APC with 200 

ng GFP plasmid either encapsuled (inside) or surface-

bound (outside). Lane 1) DNA ladder. Lane 2) GFP 

plasmid (200 ng) with no DNase treatment. Lane 3) GFP 

plasmid (200 ng) with DNase treatment for 30 min at 

37°C. Lane 4) APC with 200 ng GFP plasmid surface-

bound (5:1 ratio GFP plasmid to peptide) and treated 

with DNase. Lane 5) APC with 200 ng GFP plasmid 

encapsulated (5:1 ratio GFP plasmid to peptide) and 

treated with DNase. Lane 6) APC with 200 ng GFP 

plasmid surface-bound (1:1 ratio GFP plasmid to 

peptide) and treated with DNase. Lane 7) APC with 200 

ng GFP plasmid encapsulated (1:1 ratio GFP plasmid to 

peptide) and treated with DNase. 
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 NTA Characterization of APC with Genetic Materials 

 

 

Figure 3.15. NTA reveals size distribution profile of APC with encapsulated DNA forms particles ranging 

100-400 nm in size. Panel A) Size distribution of particles in solution. The vertical axis represents concentration of 

particles per mL and horizonal axis represents particle size measured in nanometers. Panel B) Intensity of the sizes 

of particles in solution. The vertical axis represents intensity (a.u.) and horizonal axis represents particle size 

measured in nanometers.   

 

 NTA was performed on APC containing poly I.C either surface-bound or encapsulated. 

NTA results, shown in Figure 3.15, revealed that APC with poly I.C. encapsulated had an 

average size of 270.7 nm, with a standard deviation of 105.9 nm. These results are like those 

obtained from DLS (Table 3.1); that APC with genetic material encapsulated range from 100-

300 nm in size. NTA results for APC with surface-bound poly I.C. are shown in Figure 3.16. 

The average size was 246.3 nm, with a standard deviation of 23.1 nm. These results are, again, 

consistent with results obtained from DLS (Table 3.1). Both NTA and DLS size analysis of APC 

with genetic material surface-bound or encapsulated show the sizes ranging from 100-300 nm in 

size.  
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Figure 3.16. NTA reveals size distribution profile of APC with surface-bound DNA forms particles ranging 

100-500 nm in size. Panel A) Size distribution of particles in solution. The vertical axis represents concentration of 

particles per mL and horizonal axis represents particle size measured in nanometers. Panel B) Intensity of the sizes 

of particles in solution. The vertical axis represents intensity (a.u.) and horizonal axis represents particle size 

measured in nanometers.   
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Chapter 4 - Stability of APC 

 Materials and Methods 

 Time Stability Studies 

 The stability of APC over time was assessed by employing DLS/Zeta measurements to 

track the sizes, polydispersity, and zeta potentials. DLS and Zeta measurements were performed 

as previously mentioned in Dynamic light scattering and zeta potential characterization. One 

change to the protocol described in this section was that samples stored at 4°C were also assessed 

at 4°C, to maintain the same temperature throughout the study. Samples stored at room 

temperature were assessed at 25°C. Samples were stored either on a laboratory benchtop (25°C), 

while samples stored at 4°C were stored in a refrigerator. All samples were stored in 1.5 mL 

plastic microcentrifuge tubes. Samples were analyzed on DLS/Zeta to determine their sizes, 

polydispersity, and Zeta potentials throughout the course of 16-20 days. 
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 Results and Discussion 

 Time Stability of APC 

 Since a major factor into the quality of a nano-carrier delivery system is stability, the 

stability of APC over time was studied through analyzing their size characteristics using DLS.14 

One drawback of delivery vectors that are currently FDA approved that is they are stable only at 

low temperatures and for short periods.8,14,19  Having delivery vectors with stability at higher 

temperatures and for longer periods would allow for greater access to product on efficiency to 

use.14 Using DLS measurements tracked over time can reveal physical stability characteristic of 

the nanoparticles, as it can assess whether nanoparticles have begun aggregating or degrading.28 

Aggregation of APC would impact delivery efficiency, as aggregation would cause increases in 

particle size that could make APC incompatible with cell penetration. Degradation of APC 

would impact delivery efficiency, as degradation of particles could result in dissociation with and 

inability to deliver cargo to cells. Over the course of two weeks to a month, the size of the 

particles was tracked over time using DLS measurements. To maintain the proper temperature, 

the DLS Zetasizer was set to measure at either room temperature or 4°C when recording 

measurements. Both K3h5nK3 and K3h9K3 peptides were tracked for their stability over time. 

Day Size (nm) Polydispersity 

Zeta 

(mV) 

1 88.0 ± 126 27.17% 20.5 

2 95.5 ± 138 26.77% 15.7 

3 173.7 ± 120 26.47% 6.0 

4 131.0 ± 158 28.47% 27.0 

5 141.2 ± 122 22.97% 25.0 

9 133.9 ± 118 29.93% 1.7 

10 20.4 ± 7 23.95% 0.9 

11 106.4 ± 141 27.70% 2.6 

16 20.1 ± 5 26.55% 1.8 

19 7.7 ± 10 27.10% 1.7 

Table 4.1. APC, formulated from K3h5nK3, shows size instability when stored at room temperature (25°C). 

Size stability of APC over time when stored at room temperature. Size shown with standard deviation and n = 3. 
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Stability of APC, formulated from K3h5nK3 peptides, were tracked over the course of 19 

days at room temperature (Table 4.1.), and over the course of 16 days when stored at 4°C (Table 

4.2.). At room temperature, particle size remains 100-200 nm for the first 9 days. On day 10, the 

particle size decreases to 20 nm, indicating that particles are breaking down. The Zeta potential 

also begins decreasing from highly positively (+6.0-25.0 mV) to only +1-3 mV. These results 

suggest that at room temperature, APC are only stable for about a week, after which they begin 

to deteriorate. The standard deviations seen for APC stored at room temperature are extremely 

high. This further suggests that APC are unstable when stored at room temperature, as higher 

standard deviations indicate there are a broad range of particle sizes in solution.   

Day Size (nm) Polydispersity 

Zeta Potential 

(mV) 

1 259.4 ± 81 28.70% 3.6 

2 278.9 ± 102 33.96% 4.7 

3 359.8 ± 151 23.06% 0.533 

4 123.3 ± 5 28.33% 0.167 

5 133.6 ± 20 37.80% 0.033 

8 237.5 ± 61  36.26% 0.833 

9 168.2 ± 83 18.56% 4.467 

10 193.1 ± 70 34.96% 8.867 

11 318.0 ± 181 85.23% 3.133 

13 84.7 ± 5 37.40% 6.367 

14 26.7 ± 26 42.40% 2.667 

16 480.0 ± 143 38.63% 0.8 

Table 4.2. APC, formulated from K3h5nK3, shows size instability when stored 4°C. Size stability of APC over 

time when stored at 4°C. Size shown with standard deviation and n = 3. 

 

At 4°C, APC stability does not improve. On day 3, APC size increases from 200-300 nm 

to 400 nm, indicating particle aggregation. The trends seen in Table 4.1. and Table 4.2. reveal 

that when stored at either 4°C or room temperature begin to aggregate together after 3-10 days of 

storage. These results show that APC are not stable over long periods of time when stored at 
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room temperature or 4°; when formulated using K3h5nK3 peptides. This suggests that when using 

APC for delivery, they would need to be formulated and used immediately, since aggregation 

occurs over short periods of time.  

 Since APC, formulated with K3h5nK3 peptides, exhibited poor stability over long periods 

of time, at both room temperature and 4°C, stability of APC created from K3h9K3 peptides was 

explored. The increase in hydrophobic residues from FLIVI to FLIVIGSII was hypothesized to 

potentially increase size stability. At room temperature, stability of K3h9K3 APC appears like that 

of K3h5nK3 APC (Table 4.3.). At room temperature, the extended sequence still appears to have 

stability at room temperature for only about a week, before particle size increases, indicating that 

APC are beginning to aggregate together and are becoming unstable. After 6 days of storage at 

room temperature, particle sizes increase from 100-200 nm to 300 nm.  

Day Size (nm) Polydispersity 

1 25.2 ± 3 23.3% 

2 147.5 ± 65 49.1% 

3 147.9 ± 66 72.5% 

5 249.2 ± 34 145% 

6 336.5 ± 31 14.5% 

7 363.7 ± 65 26.8% 

8 177.5 ± 21 149% 

9 92.4 ± 73 59.0% 

13 161.2 ± 60 36.6% 

Table 4.3. APC, formulated from K3h9K3, shows size instability when stored at room temperature (25°C). 

Each sample was read three times using dynamic light scattering to determine size and polydispersity. The results 

are the average of those runs, with the standard deviation included in the table for the size, n=3. 

 

 Along with stability at room temperature, stability of K3h9K3 APC was examined at 4°C 

(Table 4.4.). Throughout the course of 96 days, the K3h9K3 APC had sizes ranging from 21-400 

nm. The standard deviations and polydispersity are lower than previous samples, indicating a 

narrower range of particle sizes than previous studies. These results indicate that K3h9K3 APC 
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have slightly increased stability as compared to K3h5nK3 APC. But, size stability of APC, 

whether formulated with either K3h5nK3 or K3h9K3 are not stable over long periods of time. 

Day Size (nm) Polydispersity 

1 220.3 ± 36 27.40% 

2 22.3 ± 6 22.20% 

3 21.8 ± 4 21.20% 

5 186.2 ± 38 31.00% 

6 227.2 ± 49 14.50% 

7 387.1 ± 67 20.00% 

8 320.6 ± 44 23.40% 

9 225.7 ± 101 23.20% 

13 178.8 ± 77 36.30% 

14 260.8 ± 137 13.80% 

15 435.0 ± 161 16.90% 

16 204.2 ± 25 63.50% 

18 321.2 ± 46 43.40% 

20 349.8 ± 9 13.40% 

Table 4.4. Size stability of APC, formulated from K3h9K3, when stored at 4°C, tracked over the course of 96 

days. Size stability of extended sequence APC over time when stored at 4°C, tracked over the course of 96 days. 

Sizes shown with standard deviation and n = 3. 

 

Unfortunately, instability of APC over time is not an ideal characteristic of a delivery 

system. However, studying the stability of APC using DLS to track changes in size 

characteristics over time is just one way to look for long-term stability. Future studies could 

include using NTA to track size distribution profiles of APC over time, giving a better idea of 

sizes of each individual particle in solution. Forming APC with either genetic material (GFP 

plasmid or GFP mRNA) and allowing them to incubate for a certain period, at either temperature 

or 4°C, before using APC to transfect cell lines could also give better insight into the stability of 

APC as a delivery system.  
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Chapter 5 - Discussion and Future Work 

 Discussion 

 The results of this project reveal that APC show promise as a novel system for genetic 

material and drug delivery. APC have a simple formulation process, a quality that is important in 

developing new delivery systems, as current methods, including viral and nonviral vectors, have 

complex manufacturing steps.14,20 When in TFE, peptides formulate α-helical secondary 

structures, as observed through CD spectral data (Figure 2.2.). Removing TFE and rehydrating 

with pH 2 buffers results in formulation of APC, with random coil secondary structures (Figure 

5.1.). Once formulated at pH 2, the pH can be increased without 

inducing secondary structure or size characteristics alterations. 

Suggesting that once capsules have formulated at pH 2, secondary 

structure becomes locked and resistant to further changes in pH. 

These capsules are capable of encapsulation of aqueous dyes and 

genetic materials, including GFP mRNA, GFP plasmid, and poly 

I.C. Along with encapsulation abilities, the cationic surface allows 

for attachment of negatively charged molecules, such as genetic 

materials, to APC surfaces. Genetic materials both surface-bound 

and encapsulated within APC can be delivered to cells. 

Transfections of both GFP mRNA and GFP plasmid to HEK and 

BHK cells confirm that ability of APC to deliver these genetic 

materials into cells. APC transfecting HEK cells with GFP mRNA 

was confirmed using both confocal microscopy and a Countess™ 

cell counter. Analyzing transfection using the Countess™ cell 

Figure 5.1. APC formulation process. 

Schematic detailing the formulation 

process of APC. First, APC are in TFE 

solution, where they are α-helical in 

secondary structures. TFE solvent can 

be removed via vacuum drying and 

APC can be rehydrated using pH 2 

buffers. The pH can be increased to 

neutral, with APC keeping a random 

coil secondary structure and small 

particle size (100-300 nm).  
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counter allowed for studies into cell viability through trypan blue staining. Trypan blue assays 

revealed that HEK cell viability was not impacted by treatment of APC as a transfection reagent 

(Figures 3.8. and 3.9.). Successful transfection reveals that APC can protect genetic materials, as 

well as penetration of cellular membranes. Studies using RiboGreen™ assays and gel 

electrophoresis revealed differences in APC with genetic materials encapsulated versus surface 

bound. Protection of genetic materials and movement through cell membrane are two 

characteristics needed for successful delivery systems.14 The results detailed in this paper suggest 

that APC are a novel delivery system, capable of delivering genetic materials to mammalian cell 

lines.  

The current mechanisms of action that cause capsule formation at acidic pH are currently 

unknown. However, data suggests that the flanking KKK segments are exposed at the aqueous 

interface. This would cause the APC surface to be cationic, with the positively charged lysine 

residues being exposed. Zeta potential measurements 

at acidic pH are consistently positive, indicating the 

cationic surface of particles. The hydrophobic cores, 

FLIVI, FLIVIGSII, and IVILF, of APC can be 

inferred to play a significant role in capsule formation 

through hydrophobic interactions. Supported by the 

secondary structures being disrupted by the addition 

of hydrophobic solvents, such as TFE (Figure 2.2.). 

This indicates that hydrophobic interactions between 

the hydrophobic core peptides play a significant role 

in holding capsules together. A proposed structure of 

Figure 5.2. Proposed structure of assembled 

APC in aqueous solvents. Schematic illustrating 

a proposed formation of APC in aqueous 

solutions. The flanking KKK segments are 

exposed to the aqueous solution and the 

hydrophobic interior segments remain in the 

interior of the capsules, away from an exposure to 

the aqueous solutions. 
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assembled APC in aqueous solvents is shown in Figure 5.2. Based on experimental data, 

including CD spectra and Zeta potential measurements, the flanking KKK segments on the 

peptides are exposed to the aqueous solvent. Hydrophobic interactions between hydrophobic 

interior segments act as a major driving force for capsule formation.   

 Future Work  

One drawback, for APC as a delivery system, is their instability over time, for APC 

formulated with K3h5nK3 peptides. However, the APC formulated with K3h9K3 showed slightly 

longer stability over time at 4°C. Compared to BAPC and CAPC, APC are much less stable over 

long periods of time. Both BAPC and CAPC are stable in temperatures up to 37°C and over the 

course of a few months.49 However, the strong stability of BAPC has manifested problems in 

their ability to break open and deliver encapsulated solutes into cells.14 One way to potentially 

improve the stability of APC would be to create capsules using an equimolar mixture of the 

K3h5nK3 and K3h9K3 peptides. BAPC contain a mixture of h5 and h9 branched peptides (Figure 

1.1.). Since BAPC show significant stability with having a mixture of two peptides, APC may 

also benefit from using a mixture of the K3h5nK3 and K3h9K3. Future work could explore the 

characterization, including CD, DLS, and NTA, and delivery capabilities are with the mixture of 

K3h5nK3 and K3h9K3 peptides. 

Studies using fluorescence resonance energy transfer (FRET) pairs could help determine 

the specific orientation of peptides when they form capsules. FRET pairs are molecules that 

fluorescence differently when interacting with one another, due to dipole-dipole interactions 

between an electron donor and acceptor molecule.69 Specifically, the FRET pair of tryptophan 

and 4-cyanophenylalanine could be used, as both molecules can be added onto peptides during 

synthesis.70 Since tryptophan and 4-cyanophenylalanine are a FRET pair, when they interact with 
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one another the fluorescence will greatly increase, specifically at the excitation wavelength of 

270 or 330 nm.70 APC could be formulated using a combination of peptides with tryptophan or 

4-cyanophenylalanine and assessing them fluorescently. This will determine if peptides align 

themselves in a way that allows FRET pair interaction, or if they are just aligning themselves 

randomly to form capsules. Another method to determine how APC form could be to employ 

computational molecular modeling. Since there are no major differences in protonation state of 

the APC peptide sequence from pH 2 to pH 7, a question remaining as to why APC formulate 

nanocapsules at pH 2 and aggregates at pH 7 (Figure 1.2.). Computational molecular modeling 

could allow for exploration into different scenarios in which capsules formulate at acidic pH, 

giving insight into mechanisms behind APC formation. Molecular modeling has been used 

previously to model formation of many different types of particles, including chromatosomes, 

atmospheric molecular clusters, and the self-assembly of protein-complexes.71–73   

As mentioned previously, more data are required to explore use of APC as a delivery 

system. However, one possible clinical application for APC could be for cystic fibrosis (CF) 

treatment. One major hurdle in treatment of CF is the difficulty for drugs to pass through the 

thick mucus layers associated with CF airway cells.74,75 Figure 5.3 shows entry of APC, as well 

as CAPC, containing red dyes into CF airway cells. These results show that both APC and CAPC 

can penetrate the thick mucus to deliver dyes into underlying CF airway cells. The APC used 

contained rhodamine 6G dye, as previous studies discussed above confirmed the encapsulation 

of this dye (Figure 3.1.). Since CAPC are able to encapsulate hydrophobic materials, the 

hydrophobic Nile red dye was used.14 A control of PBS was used, showing no red fluorescence 

in the images. Tricafta® is currently the main treatment for CF patients. Tricafta® is a 

combination of three drugs: Ivacaftor, Elexacaftor, and Tezacaftor. A delivery system that 
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encapsulates and delivers the Tricafta® directly into cells could help improve treatment, through 

allowing greater uptake of the drugs.  The preliminary results showing entry of APC and CAPC 

into CF cells, indicating that both peptide-based nanoparticles show promise in aiding delivery of 

Tricafta® into CF cells. 

 

 

 

 

 

 

 

 

 

 

Figure 5.3. Delivery of dyes to cystic fibrosis cells using APC and CAPC. Delivery of 

Rhodamine 6G dye to cystic fibrosis cells using APC and delivery of Nile Red dye to cystic 

fibrosis cells using CAPC™. Control of PBS delivered to APC shown as a negative control. 

Work done at KU Medical Center using their cystic fibrosis cells. 
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As gene and mRNA therapies, to grow more popular, the demand for delivery systems 

for these gene therapies and drugs will grow as well.10 With APC showcasing the ability to 

deliver mRNA and DNA to eukaryotic cells, which highlights the potential future use of APC as 

a method to delivery gene therapies. APC positively charged surfaces allow the possibility to 

encapsulate one material, while simultaneously attaching another, negatively charged, material to 

APC surfaces. Compared to other delivery methods, APC have simple formulation and 

production processes. Preparation of APC is cheaper than other methods, such as formulation of 

liposomes and preparation of viral vectors.20,21,28 APC are minimally toxic as they are formulated 

with peptides. All these qualities make APC a quality delivery system and showcase potential 

future applications, including drug and mRNA therapy delivery. However, as previously stated, 

more work focused on APC formation, as well as ways to improve APC stability. Overall, APC 

show promise as a potential drug or genetic material delivery system in the ever-growing world 

of nanotechnology.  
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