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ABSTRACT OF THE THESIS 

 

The Fabrication of Cationic Single Nanocapsules with Firefly Luciferase 

for Intracellular delivery 

 

by 

Ziyi Li 

 

Master of Science in Chemical Engineering 

University of California, Los Angeles, 2016 

Professor Yunfeng Lu, Chair 

 

Therapeutic proteins have gained incredible interest in pharmaceutical and biological science. The 

limitation of proteins for becoming an ideal drug candidate would be their relatively poor stability 

and difficulties in administration and drug delivery. In this study, we fabricate the single-protein 

drug delivery platform that previously used to encapsulate EGFP. Luciferase protein was fitted in 

the novel cationic nanocapsules nFluc-AAMAPM and showed promising potential in cellular 

internalization. Characterization and imaging were examined to verify the feasibility of nFluc. It 

is evident that nFluc-AAMAPM, which is positively charged, is potent for better interaction with 

HeLa cells and exhibites significant capability for intracellular delivery.  
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1 Background and Introduction  

1.1 Emergence of Therapeutic Proteins 

Protein, as well known, is one of the most substantial matters in living organisms, or more 

widely speaking, in the whole organic world. Defined by genes, native protein plays an essential 

role in every living process as well as in structural and mechanical support within organisms1. 

Various reports demonstrated that there are at least 84,000-200,000 species of proteins existed in 

human body2. For instance, enzymatic protein, participating in nearly all the biochemical reactions 

in live body with exceptional catalytic capability, has drawn the attention of human being’s in 

various applications for thousands of years3. Compared to traditional chemical catalysts, by 

reducing material and energy costs, enzymes exhibit tremendous advantages in biochemical 

reactions4. Other than enzymatic proteins, the significance of ligands5, receptors6, antibodies7, 

cytokines8, peptide hormones9 and growth factors10 has also been extensively verified and studied, 

especially in pharmaceutical area11, on account of their highly specific, complicated, though 

applicable properties12.  

Evidence shows that, in the past few decades, proteins and peptides have been developed as 

potential drugs widely and prominently13. Therapeutic proteins first began to show notably 

increasing prevalence after recombinant protein was first introduced approximately 30 years ago14. 

In addition to the development of hybridism and recombinant DNA technologies12, 15, the rapid 

growth of the research of protein drugs could also be partially ascribed to the maturation of cloning 

and large-scale fermentation technologies16. Other innovations, such as in process control and 

protein characteristic, were likewise considered as influential impetus during the advancement of 

therapeutic protein development2. Under these favorable circumstances, therapeutic proteins have 
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been booming more and more rapidly since the first ever marketed recombinant protein drug 

(human insulin) emerged in 1982 by Genentech17. By the year of 2013, a total number of 

recombinant-protein based therapeutics grew from 2 to 9118, and over 200 of biotechnological 

products were marketed accumulatively, with a sale number increased to hundreds of billion19. 

 

1.2 Merits and Defects on Therapeutic Proteins  

Compared to traditional small-molecule drugs, therapeutic proteins offer tremendous 

advantages in biopharmaceutical area, including less toxicity, higher specificity and complexity, 

lower cost in development and greater potency on delivery system design:  

(1) Significantly lower toxicity of protein drugs is the primary superiority. The technology 

of recombinant protein successfully accomplished the production of biologics based on live 

materials, leading to expectedly less toxic and more predictable products than that from traditional 

organic chemistry20. As proteins represent the main functions and components in all the live 

systems, it is convinced that therapeutic proteins are well tolerated and biocompatible21. 

Furthermore, by applying mammalian cell lines to develop recombinant protein drugs, the safety 

profiles of drugs could be significantly improved, especially become less immunogenic22 to human 

bodies12, 16.  

(2) Proteins are highly specific and potent owing to their complex structure formulation12 

and a series of functional domains composed with23. Traditionally, small-molecule drugs often 

lacks of the complexity of structure and thus of functions19. On the contrary, as versatile 

macromolecules, proteins are capable of performing a more complex and unique set of functions24, 
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leading to intensively enhanced specificity. With increasing specificity, therapeutic proteins could 

potentially eliminate side-effects as well as enhance drug efficacy25.   

(3) Compared with chemical entities, the considerably lower cost of development of 

protein drugs is evident. Evidence shows that as long as the biological principle and therapeutic 

application of certain protein drug could be thoroughly identified, the chance of protein 

development into a marketed drug product is significantly larger than is the case of traditional 

chemical drug20a. Additionally, the identification process of therapeutic protein always locates in 

the very early phase of development sections, which indicates that the processes prior to the 

identification section would still cost relatively low. Besides of that, a comparison of development 

duration between protein drugs and traditional chemical drugs also reveals the whole development 

processes of innovative protein drugs is far more compressed and briefer,  suggesting lower costs 

on average26.  

(4) Therapeutic proteins also show strong potential on drug delivery system design. Most 

protein domains or short peptides are responsible for multiple intermolecular reactions, therefore 

providing great possibility to build up nanocapsules or nanocages for delivery system27. One other 

reason for proteins to be considered as qualified drug candidates for novel delivery method is that 

they could be easily delivered by traditional routes whose pharmacological characteristics are well 

identified28.   
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Figure 1| Schematic Illustration of the Major Fields of Clinical Indications in which Therapeutic 

Proteins gain most interest.  

 

On account of the enormous advantages and potentials that therapeutic proteins exhibit, a 

dramatic increase in their pharmaceutical application has been prompted on more and more 

ailments. For instance, therapeutic proteins or peptides have emerged as an alternative cure to 

cancer, replacing the traditional chemotherapeutic agents which lack of specificity to cancerous 

cells and thus affect normal cells with excessive toxicity29. In other fields of clinical indications, 

such as autoimmune ailments30, metabolic disorders31, infectious complications32 and 

cardiovascular diseases33 (Figure 1), protein therapeutics also gained a significant role34. 

Functionally, therapeutic proteins could be classified into four groups35. Group I represents mostly 

enzymatic proteins which can regulate disordered cellular activity linked to protein deficiencies; 

Group II therapeutics is proteins (e.g. monoclonal antibodies) with special targeting activity, 

capable to interfere with or stimulate organisms or some signaling pathways; Group III and IV are 

respectively agents that are applied for protein vaccines and protein diagnostics.  
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However, immense challenges still exist when applying these functional proteins clinically, 

due to some unfavorable properties in the nature of proteins20b.  

(1) The high structural complexity and thus relatively poor stability lead to an insufficient 

half-lives of most proteins. In USA, FDA defined the stability of biologics and drugs as “capacity 

of a drug to remain within product specifications that have been established to assure its identity, 

potency, quality, and purity”15. The half-lives of therapeutics could be compromised by external 

chemical and physical factors, as well as by contaminants, impurities and internal environments20b. 

Without a formulation of optimal stability, therapeutic proteins would be neither efficient nor 

durable36.  

(2) Due to the sensitive nature of proteins to physical-chemical changes37, the denaturation 

and aggregation issues also affect the success rate of protein drug administration. Nowadays, most 

of methods of administration are through intravenous, intramuscular or subcutaneous injections, 

which require minimal skills but frequent shots and needles19. Since such inconvenience and 

wastage, other more favorable methods (e.g. oral administration) are preferred in further 

development of biological drugs. However, even though it is the most convenient method so far, 

there are still many deficiencies when pills are administrated orally. Enzymatic and proteolytic 

degradation of proteins are the most common issues38. Plus, the lack of permeability and rapid 

digestion make the adsorption of oral medicine highly inefficient39.  

(3) The macromolecular therapeutics also have poor permeability delivering via biological 

barriers, such as membranes, skins or epithelium19, creating challenging problems to site-specific 

and efficient delivery21.  

(4) There are other barriers between proteins and ideal therapeutics. For example, the 

presence of protein aggregation, which is a propensity of therapeutic proteins during drug 
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operations40, can cause harmful immune responses, leading to various diseases22a. The 

manufacture process of therapeutic proteins could also be complicated and risky. For instance, the 

products may be purified from complex biological materials or even living cells, which is difficult 

to standardize and could also expose the products to caustic conditions23. Besides, other critical 

quality attributes, like identity, quality potency and safety, are crucial elements required adequately 

controlled and regulated while manufactured. 

 

1.3 Efforts on Delivery System  

There have been numerous attempts done by scientists to eliminate the shortcomings of 

therapeutic proteins, at the same time utilize their advantages. Recombinant DNA technology and 

protein engineering are the most direct and radical measures. However, according to the 

complexity of protein structure and pharmaceutical functionality, it is extremely challenging to 

completely acknowledge the whole systems of protein therapy, which becomes the major issue in 

drug development.  

Fortunately, scientists found a possible breakthrough to significantly improve the 

properties of therapeutic proteins by noticing most of the obstacles were issues on drug delivery 

and administration. By modifying the surface of proteins, the stability, efficacy, delivery potent 

could be improved.  The concept of drug delivery had been introduced initially long ago. Back in 

the early years of 20 century, biologists foreshadowed a possibly existed carrier, whose site-

specific property could be applied to pose a particular affinity between therapeutic agents and 

organs. Another primary approach was also predicted around 1910, proposing coated pills as a 

delivery control system41.  



7 

 

Traditional methods of delivering drugs are mostly administration via pills, capsules, 

ointments and solutions42. Recently, enormous effort has been done to progress the development 

of drug delivery system for therapeutic proteins. Novel approaches includes chemical 

modifications, drug entrapments with micro-vesicles, drug pumps or polymeric materials.  

In recent decades, well-defined structural materials in sub-micrometer scale have gained 

extensive interest on drug delivery43. This novel idea to tailor the structure, components and 

function of materials with control could direct to significant advantages, including improving the 

therapeutic safety and delivery efficacy. For instance, nanoparticles could be extremely 

biocompatible and bioactive to resist against an expansive range of internal or external 

environmental conditions, including enzymatic and extreme pH, temperature and ionic strength 

changes44. As active carriers, nano-encapsulated drug could be high efficient in encapsulation rate, 

optimized drug soluble and adjustable hydrophobicity. It is also proved that nanoparticles display 

advanced intracellular delivery superiority45 because their subcellular size benefits their cell uptake 

process and allow them to perform much higher delivery efficiency46. This merit have established 

very promising application in dealing with cellular pathological processes, such as cancer and 

intracellular infection47.  

Tremendously various nanocarriers have been explored, including organic nanoparticles 

like liposomes44, polymer46, micelles48 and dendrimers49 as well as inorganic nanoparticles made 

of metal oxide frameworks50, gold particles51 and quantum dots52. Polymer-based nanocarriers 

have especially exhibited extensive advantages, which not only could protect drugs form 

degradation, help release controlled and enhance targeting precision, but also increase the stability 

of drugs and encapsulation efficiency over other forms of dosages53. Particularly, polymeric 
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nanocapsules provide a promising way for intracellular delivery, because of its flexible structures, 

strong interaction within shells and adjustable particle surface54.  

Generally, nanocapsules can be defined as “nano-vesicular systems which exhibit a typical 

core-shell structure”, usually surrounded by a polymer membrane or coating, within which drug 

could be concluded in the reservoir or cavity55. One of the most widespread structures of 

nanocapsules has been shown in the scheme below (Figure 2).   

 

Figure 2| Schematic Illustration of One of the Polymeric Nanocapsules Structures.  

 

1.4 Nanocapsule Delivery System with Luciferase Encapsulated 

Previouly in our lab, an innovative polymeric single-protein drug delivery system has been 

invented46. It was a method achived by in-situ polymerization built on sigle protein. Protein EGFP, 

which is a stable fluorescent protein, was used to study this delivery system. Two major synthesis 

steps were proceeded to formulate the system. Firstly, several polymerizable acryl groups were 

conjugated onto proteins. Secondly, monomers of different charged were crosslinked as a matrix 

around the protein molecule, forming a polymeric nanocapsule. In order to verify the formation of 

nanocapsules, research like electrophoresis, TEM imaging, in vitro cellular internalization study 
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and in vivo activity study has been proceeded to examine the properties of this novel delivery 

system. In conclusion, it could be proved that this method of forming a single-protein displayed 

general, effective and low-toxicity advantages, as well as its superiority on intracellular delivery 

over previous works.  In situ polymerization also offers several advantages, such as enhanced 

stability on polymer network, easy controlled synthesis and readily tuned particle properties54.  

Firefly luciferase is an important oxidative enzymes that catalyze luciferin to produce 

bioluminescence. It has been used in tremendous regions including biology, clinical imaging and 

gene engineering56. Compared to GFP protein, which is a fluorescent protein as stated above, 

luciferase has much more sensitivity in signalling quantification57. Furthermore, bioluminescence 

requires substance, Mg2+ and ATP to glow, which also makes it a ideal choice for cancer cells 

detection.  

Cancer, as one of the leading causes of death around the world, attracted immense attention 

among pharmaceutical, therapeutic and biological scientists58. In addition to development of cure 

and clinical methods, detection is also prominent in diagnosis and prevention of metastasis. 

Cancerous cells are known to have abnormally limitless division and invasive cell growth, 

associated with promoting blood vessel construction and speedy metabolism process. 

Correspondingly, the level of ATP concentration should be times higher than normal cells, 

providing a remarkable difference between cancerous cells and normal cells, which could be used 

as a detection method for cancerous cells. As a result, luciferase, which requires ATP to be an 

element to emit light signal, is becoming a promising way to help search the ATP-abundance 

cancerous cells.     
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Figure 3| Schematic Illustration of Synthesis of nFluc. 

 

In this thesis, red-mutant firefly luciferase was studied as a central protein that was 

encapsulated in the single-protein delivery system (Figure 3). To characterize the properties of 

luciferase-nanocapsules (nFluc), similar methods were also applied in this research. Furthermore, 

promising cellular internalization was also exibited in in vitro experiments. By examining the 

characteristics and properties of nFluc, it is convinced that this fabricated nanocapsule could be 

proceeded to further research on cancerous cell detection. Especially, as it could be predicted, the 

kinetic and mechanism of cellular internalization would be studied via nFluc, allowing more 

precise prediction of light signal changing. Furthermore, when cell penetrating peptides are 

involved to enhance the intracellular process, the quantified kinetics could also be applied as a 

high flux tools to select appropriate peptides, which might significantly increase the efficiency. 

All in all, we could make further good usage with this fabricated nFluc, especially the one with 

high cell penetraing potential (nFluc-AAMAPM).    
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2 Materials and Methods  

2.1 Materials  

Recombinant E.coli, LB medium, IPTG, PBS buffer, lysozyme, HisPur™ Ni-NTA resin 

and column, imidazole (40mM, 250mM), Bradford reagent, acrylamide (AAM), N-(3-

aminopropyl) methacrylamide (APM), MgSO4 solution (120 mg/ml), ATP solution (50mM), N,N'-

Methylene-bis-acrylamide (BIS), ammonium persulfate (APS), tetramethylethylenediamine 

(TEMED),  desalting resin and column (Thermo Scientific™ Zeba™ Resin), enzyme activity 

buffer (CoA; Mg2+, ATP), FITC (Fluorescein isothiocyanate), agarose gel, TAE buffer, trypsin, α-

chymotrypsin, DAPI (4',6-diamidino-2-phenylindole), MTT solution, HeLa cells, DMSO 

(dimethyl sulfoxide), DMEM (Dulbecco’s modified Eagle’s medium), bovine growth serum, 

penicillin/streptomycin.  

 

2.2 Instruments 

Sonic dismembrators, liquid nitrogen storage tank, refrigerator (-80℃, -20℃, -4℃), 

centrifuge, dialysis bags and clamps, centrifugal tubes, 96-well cluster, cell culture incubator, plate 

reader, electrophoresis cell, folded capillary cells and Zetasizer Nano ZS analyzer, 

spectrophotometer, transmission electron microscope, carbon-coated copper grids, fluorescence 

microscope.  
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2.3 Purification of Firefly Luciferase 

2.3.1 Preparation of Crude Luciferase Extract  

Recombinant E.coli strain was cultured in LB medium at 37℃ overnight in shaking 

incubator. IPTG was added to medium as an inducer. After inducement, the cells were harvested 

by 3000rpm centrifugation for 45 minutes, then resuspended by PBS buffer. An appropriate 

amount (0.1-1.0mg/ml) of lysozyme was then added for cell lysis. The lysis solution was then 

cultured at 37℃ for another 30 minutes.  

The supernatant prepared above was then ultra-sonicated (Intensity: 36%; Frequency: 1s/2s) 

with ice bath for 30 minutes. After ultra-sonication, the supernatant was centrifuged 11000rpm at 

a temperature range of 4-10 ℃ for 1 hour. Then protamine solution (2%) was slowly and uniformly 

added into the separated supernatant after centrifugation, with ice bath and magnetic stirring (Final 

protamine concentration: around 0.4%). Keep stirring for 30 minutes to make sure the nucleic acid 

was completely condensed and deposited. Another centrifugation (11000rpm; 1hour) was 

proceeded and the clear supernatant was reserved at 4℃ in refrigerator for further operations.  

 

2.3.2 Chromatography Purification with Ni-NTA Resin Column 

Added an appropriate amount of Ni-NTA resin to the column, and carefully placed for 

precipitation. Change the original buffer in the column with Purification Buffer (PBS). The 

prepared protein extract was added to the column, repeatedly added to make sure the protein 

molecules could be fully bound to the resin. Another method to add sample is to incubate the 

protein extract within the column in a shaking platform at 4 ℃ for 30-60 minutes. After the protein 

molecules were bound to the resin bed, Purification Buffer was used to wash the resin for at least 

8-10 times, until the effluent was tested protein free (Bradford reagent: turning blue if protein 



13 

 

existed), making sure the unbound proteins (unwanted) are washed off. Then the Wash Buffer I 

(PBS with 20 mM imidazole) was applied to wash off the weakly bound protein, and afterwards, 

the Wash Buffer II (PBS with 40 mM imidazole) was applied to clean more undesired proteins. 

By then, theoretically only the desired proteins that bound strongly to the resin were left in the 

column. Finally, the Elution Buffer (PBS with 250mM imidazole) was added to collect the 

Luciferase solution.  

 

2.4 Preparation of Firefly Luciferase Nanocapsules (nFluc) 

After conjugating acryl groups onto the surface of protein luciferase, dialyze to remove the 

unreacted reagents. Respectively add 300 µl protein solution (4 mg/ml) into 3 different centrifuge 

tubes to create 3 samples. Then add ATP solution (50mM) slowly by step into each protein sample 

and MgSO4 solution (120 mg/ml) was also added to protect the active site of the protein. 

Afterwards, different ratio of monomers were added into different samples. One molecular ratio 

of acrylamide (AAM) and N-(3-aminopropyl) methacrylamide (APM) of was 3:8, while the other 

sample was only added AAM monomer inside. (Same amount of AAM in all the samples and the 

mole ratio between the protein and AAM was 1:150). Then N,N'-Methylene-bis-acrylamide (BIS) 

was added as a non-degradable crosslinker.  Subsequently, initiator ammonium persulfate (APS) 

and catalyst tetramethylethylenediamine (TEMED) were added into each column to start the 

encapsulation reaction. After 10 minutes reaction, the reacted products were dialyzed overnight to 

clear the unreacted reagents. The whole preparation process should be proceeded in ice bath. All 

the samples should be reserved at 4 ℃ in refrigerator for further operations.  
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2.5 Desalting Assay (Size Exclusion Chromatography, SEC) 

Prepare 400-500 µl porous resin (Thermo Scientific™ Zeba™ Resin) in a desalting 

column; Place the column onto a centrifugal tube; Add PBS buffer to wash the resin several 

times; Centrifuge the column 7000rpm for 2 minutes to dry the resin; Place the column onto a 

new centrifugal tube and add the encapsulated protein sample onto the resin; Centrifuge the 

column 7000rpm for 3 minutes to obtain the nanocapsule solution in the centrifuge.  

 

2.6 Enzyme Activity Measurement 

Add 40 µl activity buffer (CoA; Mg2+, ATP) into one clean well of a 94-well cluster and 

place the cluster onto the shelf of the plate reader; Add 4 µl sample (encapsulated luciferase) into 

the well and gently mix it; immediately close the lid and start measurement.  

 

2.7 Characterizations of nFluc 

2.7.1 Preliminary Charge Determination (Agarose Gel Electrophoresis) 

The firefly proteins were labelled with FITC (Fluorescein isothiocyanate) and then 5 µl 

of the samples were added into the wells of agarose gel separately, along with 5 µl of native 

proteins solution as a control group. Run the test at 120V.  
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2.7.2 Measurement of Zeta Potential and Particle Size (Dynamic Light Scattering) 

Dilute the samples 10-20 times with PBS buffer; Clean and dry two folded capillary cells 

(from Malvern Co, Zetasizer Nano ZS); Add 500 µl diluted samples separately into two cells and 

set up the proper settings on computer; Run the test.  

2.7.3 Transmission Electron Microscope Imaging of Nanocapsules 

Each sample was prepared as 2 µl solution to drop-coat onto carbon-coated copper grids 

for TEM imaging. Droplets of samples were contacted with the grids for 45s, then excess amount 

of samples was removed. After rinsing the grids with deionized water, 1% sodium 

phosphotungstate was used for staining at pH 7.0 for 2 minutes.  

 

2.8 In vitro Cellular Internalization of Nanocapsules (Fluorescence 

Microscopic Imaging)  

The ability of intracellular delivery of nanocapsules was assessed via fluorescence 

microscopic technique. HeLa cells were cultured in Dulbecco’s modified Eagle’s medium 

(DMEM) supplemented with 10% bovine growth serum and 1% penicillin/streptomycin, being 

seeded the day before adding the nanocapsule solutions. Nanocapsules with different recipes and 

native proteins were added into the cell medium. After incubation at 37 ℃ for 2 to 4 hours, the 

hours were rinsed with PBS for several times and visualized with a fluorescent microscope. The 

cell nucleuses were stained by DAPI while the internalized nanoparticles were labeled by FITC. 
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2.9 Cell Proliferation Assay 

The toxicity of nanoparticles nFluc was assessed by the MTT assay. Native luciferase was 

used as control. HeLa cells (7000 cells/well) were seeded on a 96-well cluster the day before 

exposure to nFluc nanoparticles. Nanoparticles with different concentrations were incubated with 

the cells for 2-4hours, and then removed from the mixture and incubated with fresh medium. The 

MTT solution (20 µl) was added to each well and incubated for 3 hours. The medium was then 

removed and 100 µl of DMSO was added onto the cells in each well. Then the plate was placed 

on a shaking table to thoroughly mix the solution. Afterwards, the aborbance of mixtures were 

read in plate reader at 560 nm. Untreated cells were used as the 100% cell proliferation control.  
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3 Results 

3.1 Preliminary Charge Results 

After nFluc nanocapsules were synthesized, the change of charge of nanocapsules was first 

determined by agarose gel electrophoresis to confirm the formation of nFluc nanocapsules. Except 

for normal application in separating DNA or RNA segments, electrophoresis could also be used to 

separate proteins or nanoparticles by charge and size. The separations of native luciferase (1), 

nFluc-AAM (2) and nFluc-AAMAPM (3) were shown in Figure 4.  

In the first sample, native protein migrates far away from sampling well towards anode, 

which indicates that native protein has large negative charge and relatively lower molecular weight 

than the other two. On the contrary, the third sample was slightly migrating towards cathode, while 

the movement of the second sample could hardly be evidenced. This could likely suggests that 

these two latter samples are successfully encapsulated and have larger molecular weight, leading 

to much slower migration rate than the native protein. In addition, these observations suggest that 

the second sample (nFluc-AAM) could be nearly neutrally charged while the third sample (nFluc-

AAMAPM) be positively charged, as predicted. Although we could preliminarily verify the 

formation of both nFluc-AAMAPM and nFluc-AAM, further determinations are still required to 

confirm their existence.  
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Figure 4| Preliminary Charge Results by Agarose Gel Electrophoresis. Sample1: native Firefly 

Luciferase, migrate towards anode; Sample2: nFluc-AAM, barely moved and stay near sampling well; 

Sample 3: nFluc-AAMAPM, migrate towards cathode.  

 

3.2 Zeta Potential and Particle Size  

For further verification of surface charge and particle size of nanoparticles, dynamic light 

scattering (or DLS) technique was applied with measuring analyzer The Zetasizer Nano ZS. By 

using this technique, the analyzer can measure the diffusion of particles moving under Brownian 

motion, converting to size and charge distribution by Stokes-Einstein equation. As is shown in the 

preliminary results above, when the proteins were encapsulated, the particle size could be enlarged 
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and the surface charge could be changed differently. In this experiment, the difference of nFluc-

AAM and nFluc-AAMAPM on zeta potential and of native protein and nFluc on particle size are 

compared separately by DLS technique. The Figure 5 and 6 respectively show the results of the 

compares of zeta potential and particle size.  

 

Figure 5| Zeta Potential Distribution of nFluc-AAM and nFluc-AAMAPM nanocapsules. Curve1: 

nFluc-AAM, curve peak places around 2.3mV, indicating a neutral charged surface; Curve2: nFluc-

AAMAPM, curve peak at around 13.4mV, indicating a positive charged surface. These distribution show 

apparent difference of zeta potential when applying different formulation of monomers.  

 

In Figure 5, curve1 indicates the distribution of zeta potential of nFluc-AAM, while the 

curve2 represents the nFluc-AAMAPM. The result illustrates that, compared to nFluc-AAM, 

which possesses a near neutral surface charge, nFluc-AAMAPM shows evidently strong positive 

zeta potential. This result could explain the engineering of surface charge while polymerizing. By 

varying the ratio and components of monomers incorporated onto the polymer shells, the surface 
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charge of polymerized nanocapsules could be tuned, making it a strong potential to adjust and 

engineer the particle surface.  

 

Figure 6| Size Distribution of native proteins and nFluc nanocapsules. Curve1: native Fire Fly 

Luciferase, indicating a smaller particle size less than 10nm at peak; Curve2: nFluc nanocapsules, curve 

peak at around 13nm, indicating enlarged particle size. These distribution show apparent difference of 

particle size when encapsulating nanocapsules as polymerized shells on native proteins, proving the 

formation of nFluc.   

 

In Figure 6, the size distributions of native luciferase and nFluc are respectively shown in 

curve1 and curve2. Apparently, in this results, after encapsulation, nFluc nanocapsules had a much 

larger particle size than native luciferase. It could also be preliminarily concluded that the particle 

size of nanocapsules could be adjusted by different ratio and components of monomers 

incorporated.  
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By DLS technique, the engineering of nanocapsules on both surface charge and particle 

size could be confirmed. Moreover, solid evidence is provided for further examination and 

experiments.  

 

3.3 TEM Imaging of Nanocapsules  

 

Figure 7| TEM Imaging of nFluc Nanocapsules. TEM imaging confirms size of particles the formation 

of nFluc nanocapsules.   

 

Transmission electron microscopy (TEM) is a widely used technique to capture high 

resolution images of nanoparticles. Fine detail of particles could be examined owing to the small 

de Broglie wavelength of electrons that is applied in TEM technique. In this experiments, the 

formation of nFluc could be confirmed with TEM. In Figure 7, compared to the 50nm scale range, 
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an average diameter of nanoparticles could be concluded as approximately 50nm. As the 

formulation of nanocapsules is single-protein structure, this scale of diameter could evidently 

prove the formation of nFluc nanocapsules. Moreover, as is seen in the picture, the shapes of 

particles are identically round, which also proves the consistency of nFluc nanocapsules. By 

verifying the identity of nFluc, further research of properties of nanocapsules could be proceeded. 

 

3.4 In vitro Cellular Internalization of Nanocapsules  

The capability of intracellular delivery of nanocapsules was then studied using HeLa cell 

line. DAPI (4',6-diamidino-2-phenylindole), which has the ability to travel through cell membrane 

and bind strongly to DNA, can fluorescently stain nucleuses of the HeLa cells to mark their 

positions. Instead, FITC could label the proteins in the cells and verify their existence. When 

combining two layers of fluorescent microscopic images, it could be easily seen whether the 

intracellular transportation of proteins is successfully proceeded by observation the fluorescence 

signal in microscopic images. In Figure 8, the cells with nFluc-AAMAPM nanocapsules incubated 

show significantly higher fluorescence intensity than those with nFluc-AAM. It means that with 

encapsulation of AAMAPM polymerized shells, luciferase has improved its cell transduction 

efficiency compared to the other formulation. Otherwise stated, the positive charged nanocapsules 

show notably better performance than the one with neutralized surface charge.  
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Figure 8| In vitro Intracellular Delivery Results of nFluc-AAMAPM and nFluc-AAM. Picture1-1, 1-2 

and 1-3: nFluc-AAMAPM internalized HeLa cells images, respectively DAPI stained, FITC labeled and 

merged. Picture2-1, 2-2, 2-3: nFluc-AAM internalized HeLa cells images, respectively DAPI stained, FITC 

labeled and merged.  

1-1 2-1 

1-2 2-2 

1-3 2-3 
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3.5 Stability and Cytotoxicity  

In addition to the functionality of nFluc-AAMAPM nanocapsules, the stability and the 

cellular toxicity of nFluc were also be examined and verified. MTT assay was applied to assess 

the cellular toxicity of nFluc. As a colorimetric assay related to cell metabolic activity, MTT assay 

has been widely used to reflect the viability of cells. By comparing the difference of viability of 

cells when being incubated with native proteins and nFluc nanocapsules, the toxicity of 

nanocapsules could be assessed. The results of experiments show that no significant viability 

decrease while incubating HeLa cells with nFluc nanocapsules.  
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4 Discussion 

There are two major reasons to introduce luciferase as central protein. First, in light 

signaling quantification, luciferase and luciferin glowing system has several times higher 

sensitivity than that of GFP fluorescence. The second reason is its potential application in detection 

of cancerous cells because of the requirement of ATP during signal emission. Promising results 

and conclusions have been drawn in previous work by Yan et al. with similar formulation of 

nanocapsules46. In order to apply luciferase in this delivery systems, fabrication of formulation 

would be required by research. Compared to GFP delivery system, luciferase requires extreme 

cautiousness and discreet care, especially on temperature control, on account of its easy 

degradation in inappropriate conditions. The formulation and content of monomers are the other 

important elements to succeed because the different sizes between GFP protein and luciferase 

protein. Another consideration should be concentrated on the reaction time of the encapsulation 

process.  

Extracting luciferase protein should be extremely prudent. To further make sure the purity 

and activity of the enzymes, desalting assay and enzyme activity measurement should both be 

applied.  After a long period of fabrication experiments, a relatively appropriate formulation was 

tried out and the agarose electrophoresis results then showed the preliminary charge result of both 

two nFluc (Figure 4). It is shown that the sample nFluc-AAM barely moved after a period of 

electrophoresis, staying right near the sampling well, which means that nFluc-AAM probably has 

a surface charge of neutral. As for the sample nFluc-AAMAPM, although the glowing bar is tailing 

from the sampling well, the trend of movement could still be considered towards cathode, 

indicating nFluc-AAMAPM is possibly positively charged. However, the tailing phenomenon 
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might exhibit the lack of consistency among nanocapsules, suggesting further adjustment might 

require.  

With only preliminary results could it not be certain that the nanocapsules were synthesized 

as predicted. Consequently, dynamic light scattering strategy was applied to examine the zeta 

potential and particle size distribution of the synthesized nanoparticles. By analyzing the results of 

zeta potential (Figure 5), two distributions of surface charge could be concluded. As is shown, 

nFluc-AAM curved perfectly around 2.3mV at peak while nFluc-AAMAPM around 13.4mV. This 

result matches the preliminary electrophoresis result. In the size distributions, the size difference 

between native proteins and encapsulated proteins could easily be observed. The increased size of 

nFluc could further prove the formation of nanocapsules, as well provides an approximate number 

of the size of nanoparticles.  

Transmission electron microscope (TEM) is also applied in observing the shape and size 

of the nanoparticles. With TEM imaging, the size and shape of nanoparticles could display clearly. 

From Figure 7, it could be concluded that nFluc nanocapsules show relatively identical round 

shape, suggesting an acceptable consistency of nanoparticles. Furthermore, the approximate size 

of nFluc was measured to be around 50nm, which could be considered as a potential candidate for 

intracellular delivery carrier59. As a result, in vitro experiments were next being proceeded to verify 

this prediction.  

In the cellular internalization experiments, HeLa cells were used as a conductive hosts 

because of their representability of mammalian cells. DAPI and FITC respectively labeled the 

nucleus of HeLa cells and the nFluc. Being incubated with HeLa cells for a certain period of time, 

two different nFlucs have the same chance to contact and interact with cell membrane, and might 
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further perform an intracellular transportation. In Figure 8, blue spots indicate the stained cell 

nucleus, which mark the position of HeLa cells under the vision of fluorescent microscope. Green 

cloudy staining indicates the existence of FITC, hence the existence of nFluc. As is shown in the 

images, only in the pics 1-2, 1-3 does green staining exists. It is evident that nFluc-AAMAPM 

make their path entering the cells while nFluc-AAM fail it and get rinsed out from the mixture of 

cells and nanoparticle solution. In conclusion, the positive charge of nFluc-AAMAPM could 

probably the reason while they show better performance in intracellular delivery.  

Cellular internalization is importantly determined by surface charge of the nanoparticles60. 

Specifically speaking, cationic surface charge is desirable for prompting intracellular uptake 

because it would significantly strengthen the interaction between cells and nanoparticles61. In the 

results of in vitro cellular internalization experiments, nFluc-AAMAPM exhibit excellent potential 

delivering into the cells stably and efficiently. As a result, it can be concluded that nFluc-

AAMAPM, which is positive charged, could be the ideal candidate for further investigation.  

In addition to the verification of functionality, the stability and cytotoxicity should also be 

examined. Without a great stability, nFluc-AAMAPM could not perform well in vivo, hindering 

them from being a potential method in real cancer detection. As for cytotoxicity, it is obvious that 

in in vivo experiments, normal cells and cancerous cells have the same chance to contact and 

interact with this type of nanocapsules, without a low cytotoxicity, the harm to normal cells could 

lead to significant side effects. Cell proliferation assay (MTT assay) was applied to assess the 

toxicity of nanoparticles. Fortunately, in the results of MTT assay, it is shown that there is no 

significant viability drop while increasing the concentration of nFluc solution, indicating that this 

type of nanocapsules possess the similar low-cytotoxicity as other hydrogels.  
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In further research, in vivo research would be required to further confirm the real feasibility 

of nFluc-AAMAPM as an intracellular delivery system. Quantified experiments with luciferin 

incubated with cells in prior could also be done to predict the kinetics of cell uptake process, 

offering an opportunity to high-flux selection of CPP. 
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5 Conclusion 

This research aimed to fabricate the formulation of cationic single-protein nanocapsules 

for luciferase delivery system. Characteristics including electrophoresis test, DLS measurement, 

TEM imaging have been done to examine the properties of the synthesized nFluc nanocapsules. 

Furthermore, promising functionality of cellular internalization was verified. Although the 

consistency and synthesis process requires further modification and in vivo experiments are also 

needed to be done, preliminarily, nFluc-AAMAPM nanocapsules have shown promising potential 

in intracellular delivery and hold great future for delivery system design engineering.  
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