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ABSTRACT OF THE THESIS 

Self-Assembly DNA nanogel with embedded functional proteins for 
Nanomedicine platform 

 

by 

 

Jinhyung Lee 

Master of Science in Bioengineering 

University of California, San Diego, 2017 

Professor Yi Chen, Chair 

Professor Varghese Shyni, Co-Chair 

 

A platform is established to embed functional proteins onto a DNA 

nanogel. These proteins are embedded through self-assembly mechanisms 

between the DNA and the proteins. The DNA nanogel is composed of single 

stranded DNAs, which forms a 3-dimensional nanogel structure by using a G-

Quadruplex secondary structure as the crosslinker. The DNA nanogel has 

multiple overhanging 20 adenosine sequences, which can be used to modify the 
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nanogels by simple Watson-Crick base pairing. In this thesis, we have 

demonstrated that the DNA nanogel has embedded the unmodified proteins 

while still preserving the structure and function of the proteins. As a proof of 

concept, we have confirmed the embedding with mobility shift assay of native 

agarose gel electrophoresis, imaged embedded proteins onto DNA nanogel with 

Atomic Force Microscopy(AFM), characterized the size and zeta potential with 

Dynamic Light Scattering(DLS). In addition, we have proved that embedded 

proteins preserved their function by showing the nanogel-IgG system can be 

conjugated to the surface proteins of E.Coli. To develop our system as a 

Nanomedicine platform, we have modified our nanogel to be used as targeted 

drug delivery vehicle for KB cells. Doxorubicin was loaded onto the DNA nanogel 

with embedded Immunoglobulin G(IgG)s. The nanogel-IgG system showed 

higher cytotoxicity to KB cells than controls due to the ability of the IgG to 

function as a targeting ligand. This result demonstrates the self-assembled 

system can function as a possible next generation drug delivery vehicle. 
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Introduction 

Various nanoparticle systems such as liposomes1, polymeric particles2, 

carbon nanotubes3, quantum dots4, metal nanoparticles5, solid lipid 

nanoparticles6, engineered viruses7, extracellular vesicles8, RNA nanoparticles9, 

and spherical nucleic acids10 has their own advantages. Drug delivery based on 

nanoparticle have been showing enhanced permeability and retention effects 

(EPR effect), which leads to drug accumulation in the tumor region.11 Although 

nano carrier shows benefit using as drug delivery, challenges remain as 

biocompatible and drug deliver efficiency. Nanoparticles have shown low 

success rate for therapeutic nanoparticles due to the biological barriers in the 

body.12 Biological barriers are such as the spleen, liver and kidney where the 

nanoparticles take up or filtering process and phagocytosis of the scavenger cells 

of the innate immune system take places.13 It has been shown that these 

challenges limit the nanoparticles strict limitation on their size, shape and surface 

modification.11 

DNA nanotechnology has been able to form the DNA nanostructures, 

which have well-controlled size, shape and surface chemistry properties. These 

properties can overcome the conventional nanoparticles have. Thus, DNA 

nanotechnology makes DNA nanostructures into powerful vehicles which include 

unique size, control abilities, uniform size, loading delivery, and biocompatibility. 

Also self-assembly nature of the DNA nanostructure make it more promising for 

the next-generation drug delivery vehicle. 14 One example of using DNA 
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nanotechnology is the DNA origami. In 2006, Rothemund introduced the DNA 

origami which enables the DNA nanostructure to fold hollow, curved or twisted. 15 

Currently most DNA origami was made of a long single strand of DNA hybridizing 

with hundreds of short DNA strands.15 What makes the DNA origami unique is 

their addressable sites for functionalization with various biomolecules and 

nanoparticles. We can use these properties as cellular imaging, targeted payload 

delivery, and controlled drug release. 16 

One example of DNA origami is small DNA cage which shows effective 

delivery carrier for anticancer drugs, siRNA, immune stimulating CpG oligo-DNA, 

and antigen molecules. 17 This DNA origami shows stable on the cell lysate for 

12h incubation and slowly degraded in vitro for 72h, which is promising property 

for the controlled drug release.18 Another shape is the Hexagonal barrel-shaped 

DNA origami which has been able to transport molecular cargo to the targeting 

site that will triggered by activation and reshaped its nanostructure. 19  

DNA nanostructure shows desired properties of addressable shape and 

various functionalization of the surface. 15 They can also be programmed to 

respond to external stimuli such as pH or specific molecular level such as DNA 

machine. Therefore, these DNA nanostructure monitors their surroundings, make 

decisions and time when their actions perform. 20 

 To successfully deliver payloads in vivo, DNA nano vehicles must travel 

under the radar of circulating and resident scavenger cells of the mononuclear 

phagocytes (MPS). 12 In addition, nanoparticles often involves binding of various 

plasma proteins such as opsonins. Especially, DNA nano vehicles which are 
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negatively charged naturally attract the positively charged opsonins.21 The 

binding of opsonins increases the risk of opsonization and degradation by the 

MPS. In addition, these opsonins may block the intended targeting surface 

ligands receptor binding due to the resulting protein corona.22  

When the DNA nanostructure survive traveling to target cells, they face 

another crucial biological barrier, which is the cell membrane. The cell membrane 

consists of a phospholipid bilayer containing various lipids, carbohydrates and 

membrane proteins. The important problem is that nucleic acids are seldom 

taken up by cells in the absence of transfection agents. This is due to their size 

and charge.14 Nonetheless, some specific shapes of DNA nanostructures have 

been taken up through the membrane such as tetrahedrons, which are taken up 

through the mechanism of caveolin-dependent receptor mediated endocytosis. 23 

Drug delivery via the DNA nanostructure can be achieved by conjugating the cell 

ligands to target the cell receptors. Mao and his team used folate conjugated 

DNA nanotubes to target the folate receptor on the cells. They found a 

correlation between the amounts of folates on DNA nanotubes with the efficiency 

of uptake into Keratin-forming tumor cell line HeLa (KB cells). 24 In the same 

context, Lee and his colleagues showed at least three folates are necessary on 

DNA tetrahedron to efficiently transfect into KB cells. 25 Another possible 

transfection strategy is that of Mikkilä and colleagues, who were able to control 

the conformation of a 2D origami structure by tuning the loading of the viral 

capsid proteins.26 They found out that loading viral capsid proteins onto the DNA 

origami structure improves uptake in HEK 293 cells. Krishnan and her team have 
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found a positive relationship between the conjugated transferrin to the complex 

and the uptake of the DNA complex by interaction with the transferrin receptor.27 

These examples demonstrate several uptake strategies into cells via DNA nano 

vehicles. 

           When the DNA nano vehicle get inside, it must deliver their therapeutic 

cargo successfully. The deliver requires endosomal escape of the nano vehicles 

to enter the cytoplasm. Several studies show DNA nanostructures, delivered by 

receptor-mediated uptake, generally do not escape the endosomal compartment. 

28 However, chemotherapeutic reagent Doxorubicin (Dox) has been showing 

promising results. Dox are well-established anti-tumor effects. Dox can be easily 

loaded into the DNA nano vehicle by intercalating with the DNA. Also, Dox 

intercalated DNA nano vehicles can easily cross the lipid-bilayer membrane and 

goes into its cytosol and finally deliver to the cell nucleus.14 There has been 

several strategies for the Dox delivery, performed dsDNA appended by an 

aptamer29, an aptamer-modified wireframe icosahedra17, the DNA tetrahedron.30 

Recently, Zhang and coworkers shows that dox can be delivered via DNA 

origami to cells in vivo. They have found that DNA nano vehicle accumulate into 

tumors due to the enhanced permeability and retention (EPR) effect of the 

vasculature. They said that the shape is the most effective property on the 

delivery.31 And found out that the triangular shape exhibited the highest amount 

of accumulation compare to other shapes. They also showed that the DNA 

origami delivery system did not produce immunogenic response. 31  

However, DNA nanostructure based only on Watson-Crick base pairing 
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has intrinsic limitation such as low resistance to heating, denaturing reagents, 

susceptibility to DNase, flexibility and deformability. In addition, functioning by the 

chemical stimuli is insufficient.32 Instead of DNA origami, DNA secondary 

structures such as G-Quadruplexes, triplexes, and DNA junctions could be next 

potential building blocks for nanomaterials. 33  

Therefore, we are using the G-Quadruplexes DNA secondary structure to 

make our DNA nanogel for drug delivery. In 1910, Bang reported high 

concentration of guanylic acid forms a gel.34 Gellert and colleagues demonstrate 

that guanylic acids can assemble to form tetrameric structure. 35 In this tetrameric 

structure, four guanine molecules arranged to make a square planar 

arrangement. Each guanine bonded with the two adjacent guanines with 

hydrogen bonding making it as G-quartet stack. When introduced monovalent 

cation into the structure, this ion occupy the central core between the stacks to 

neutralize the electrostatic repulsion between them. These stacking G-quartets 

form a G4 structure and the single-strand loop has formed by the intervening 

DNA sequence.36 37 Because of the G4 structure stability, it improves its resistant 

to thermal heating and denaturing conditions and have been shown to be stable 

in vitro and near-physiological conditions in vivo. 38 In addition, chemical 

modification of G4 are relatively straightforward. 39 40 However, challenges for the 

G-quartets are assembly mechanism among strands which cannot be controlled. 

For example, one G-rich strand can associate with another unintended single 

strand at any of the guanines strands. And strands can self-associate to form 

different mixtures instead of well-defined objects. 41  



 
 
 

 

6 
 

Literature Review 

“Nanoparticles delivering proteins platforms” 

Proteins and peptides with function have been increased in their use for 

therapeutic purposes.42 From a therapeutic perspective, protein therapy is safer 

than gene therapy due to its transient action of proteins in the necessary site, 

non-random nor does permanent disruption occur.43 However, the main 

challenges for the protein delivery includes the large sizes, fragile tertiary 

structures and varying surface charges.44 Native proteins suffer from serum 

instability when introduced into serum, which results rapid degradation and 

inactivation. In addition, most native proteins are electrostatic unfavorable to 

membrane which makes impermeable.45 Therefore, proper vehicles are 

necessary to deliver functional proteins to the cytosol, which should include the 

endolysosomal escape to function in the cytosol or subcellular compartments.46 

And to improve the proteins stability, activity, immunogenicity, and delivery.43 For 

the deliver part, vehicles can achieve increased circulation half-life, sustained 

release, targeting capabilities. 47 

Ideal vehicle should have the properties of biodegradability, 

biocompatibility in vivo, high encapsulation efficiency and the retention of protein 

structure and bioactivity. During circulation, proteins effectiveness, controlled 

release, long circulation half-life, intracellular delivery, or targeting ability are 

necessary.48 Also, vehicle delivery mechanism should have the ability to 

dissemble the proteins into cytosol under desirable environment situation.49 All of 
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these properties are necessary to deliver the therapeutic protein delivery 

efficiently. Nano-carriers are considered as useful drug cargo for meeting all 

these requirements. 50 

One of the key advantage using nano-carrier is to serve as protecting 

proteins from degradation and various denaturing conditions in biological 

environment. 45 Nano-carriers can increase the stealth of the delivered proteins 

by covering antigenic and immunogenic epitopes and lessen the uptake of 

reticuloendothelial system (RES)51 and protect from protein proteolysis.52 For 

pharmaco-kinetics perspective, high surface area to volume ratio of nanoparticles 

can increase the effectiveness.52 Another important property of nano-carrier 

based delivery system is the flexibility of tailoring the chemical and physical 

properties of the vehicles. 53 Size, surface charge and displayed ligands can be 

controlled to increase cell penetration, endolysosomal escape, targeting 

specificity and cargo release kinetics. 54  

 However, major challenge for using nano-carrier is to deliver the 

unmodified, functional proteins with its active conformation and functions to the 

necessary site.55 Method to deliver proteins via nano-carrier is to use covalent 

bond of the proteins to the vehicle or conjugation via chemical or genetic 

modification, which is necessary to apply irreversible modification on the 

proteins. 44 43 Such modification may have deleterious effect on the structural 

conformation and functions due to its conjugation agents. 56 Additionally, using 

covalent modification of proteins limit to specific proteins, which also has to be 
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customized for optimization.44  

Therefore, different strategies have to apply to deliver functional proteins 

via nano-carriers. The strategies should be the physical adsorption and non-

covalent encapsulation. Noncovalent encapsulation strategies can preserve its 

conformation and function however it will loss the stability in serum. 51 57 One way 

for non-convalent binding is by self-assembling between the proteins and 

nanocarrier, we can preserve the proteins function and structure.43 This kind of 

spontaneous assembly involves physical adsorption by electrostatic forces or van 

der Waals interactions.44 

In literature, there were several attempts to pattern the proteins onto the 

DNA origami. For example, Yan and coworkers use the nanogrids to template 

with the streptavidin making it into periodic protein array. Patterning with biotin-

streptavidin interaction, self-assembled 4x4 DNA nanogrid has the protein 

embedded with DNA origami structure.12 However, this has the limitation that 

specific proteins can be applied. He has also achieved aptamer based capturing 

proteins. 2D multiprotein nanoarray has been developed using DNA self-

assembly encapsulated with multiple protein binding aptamers. These aptamers 

based approach can be applied as programmable strategy to assemble high 

specificity protein nanoarrays.58 Mao groups used antigen-modified DNA arrays 

as templates to bring antibodies to assemble. Antigens are conjugated into self-

assembled 2D DNA array, which further brings antibody to bind. This work 

introduce proteins interaction on the DNA origami. 59 Covalent method of 
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coupling of protein or peptides onto the DNA use the hetero bifunctional cross-

linkers to conjugate. This technique allows positioning of specific amino acid 

sequence at precise locations on the DNA array via hybridization.60 These 

methods are covalent bonding which may damage the proteins structure and 

function. 

Therefore, recent paper in 2014, includes the non-covalent method, which 

the virus capsid proteins self-assembled with the DNA origami nanostructure 

without conjugation agents. This approach use the cowpeachorotic mottle virus 

capsid proteins which have highly positively charged can bind negatively charged 

DNA origami by electrostatic interaction and self-assembled on the DNA origami 

surface. By encapsulating the virus capsid proteins with the DNA origami, it has 

gain a function to facilitate efficient cell transfection.26 Our platform of embedding 

proteins onto the DNA nanogel involves the self-assembly mechanism between 

the G4-Quadruplex crosslinker and the proteins. And this method has proved to 

maintain the proteins function and structure.  
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Result and Discussion 

Schematic description of making the DNA nanogel 

A)                                       B)                                           C) 

 

Figure1. Schematic drawing of the proteins embedded DNA nanogels. A) Mixture of 
proteins, single strand DNAs and ions are sonicated in the solution of surfactant (Span 
80) and cyclohexane. B) After sonication, proteins are embedded in the G4-Quadruplex 
cross linkers under the reverse emulsion system. C) After 1hr in room temperature, 
samples were centrifuged down and washed with tetrahydrofuran (THF). Lastly, pellets 
were re-suspended with 1x TBE buffer. 

 

We introduce how to make the proteins embedded DNA nanogels (DNA 
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Ng-proteins). Figure 1. (A), the single stranded DNA(ssDNA)s was added into 

cyclohexane solution with the surfactant (Span80). After 1 min of ultra-sonication 

under the iced water bucket, it exists in a reverse emulsion state which consist of 

dissolved ssDNAs in nano-sized hydro-droplets with surrounding surfactant. 

Next, we put the “MgK” salt which is composed of Magnesium 

Acetate(MgAcetate) and Potassium Chloride(KCl) or Potassium 

Glutamate(KGlutamate). For the positively charged proteins, we used the KCl. 

On the other hand, for the negatively charged proteins, we used the KGluatmate. 

Another 2 min of sonication was applied. As a result, the mixture of the 

ssDNAs, proteins and MgK salts in nano sized hydro-droplets is emulsified as 

shown in Figure 1. (B). In this stage, approximately 150-200nm sized hydro-

droplets are serving as template the DNA nanogel(DNA Ng). Our designed 

ssDNA has twenty Adenosines sequence (20A) on the 5’ end and multiple 

Guanine sequence on the 3’ end. This ssDNAs forms the G4-Quadruplex 

structure when K+ ions are introduced and functions as a linker to make the DNA 

Ng. After 1 hr in room temperature, the designed G4-Quadruplex structure has 

been formed with embedded proteins. Next, as shown in Figure1. (C), to get rid 

of the surfactant and cyclohexane, we centrifuge down the samples and pull out 

the supernatant. Afterward, the sample is washed with tetrahydrofuran(THF) to 

remove all the cyclohexane. Finally, the sample is centrifuged to get the sample 

pellets and remove all the THF. The pellets are resuspended with 1x TBE buffer.  
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Native agarose gel electrophoresis: Formation of the DNA nanogel. 

 

 
 

Figure 2. Gel mobility shift assay of the DNA nanogel. Figure 2. Ethidium 
Bromide(EB) stained 1% native agarose gel electrophoresis running 100v,50min shows 
the formation of DNA nanogel. Lane1 as single strand DNA marker (20T-Arm3 ssDNA), 
Lane 2 as DNA nanogel, Lane 3 as 100bp extended DNA ladder, respectively.  

 

 The DNA nanogel (DNA Ng) composed of single stranded DNAs. The 

ssDNA contains 5’ end of twenty Adenosines sequence (20A) and 3’end of 

multiple Guanines. We have hypothesized the DNA Ng will make the G-

quadruplet crosslinks to form the DNA Ng. 20A sequence, will make the 

overhangs of 20 Adenosines, which can be later be utilized for surface chemistry. 

This has been prepared in the reverse emulsion and ultra-sonicated the single 

stranded DNAs with Potassium Chloride (KCl) salt or Potassium Glutamate 

(KGlutamate) forming nano-sized hydrogels. 

For proof of concept, 1% native agarose gel electrophoresis has been 

1                  2                 3  
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performed, which depends on two factors, the charge and the size of the sample 

in the buffer. Figure 2 shows the Ethidium Bromide (EB) stained native agarose 

gel to allow us to visualize the DNA by exposing the gel to Ultraviolet light. To 

verify the formation of the nanogel, we should compare the mobility distance 

between a control single stranded DNAs (20T-Arm3 which is nonsense strand) 

(Lane1) and the DNA Ng (Lane 2). Mobility shift between lane 1 and 2 

demonstrates that the DNA Ng has been formed. Lane 3 contains a 100 base-

pair extended ladder indicating that the DNA Ng has a size of approximately 300-

400 base-pairs, which we hypothesize that each nanogel is composed of 9-10 

single strands (45 bps). However, this analysis is not clear because the 100bp 

extended ladder only indicated the linear analysis. Our DNA nanogel is 3-

dimensional structure therefore it will probably have more ssDNAs involving. 

Overall, we have established the DNA Ng platform. 
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Native agarose gel electrophoresis: Proteins embedded onto the DNA 
nanogel. 

 

Figure 3. Gel mobility shift assay of proteins embedded onto the DNA nanogel  (A) 
EB stained 1% native agarose gel electrophoresis running 100V, 50min. Lanes 
correspond to Marker(ssDNAs 20T-ARM3), Avidin, IgG, DNA nanogel, mixture of DNA 
nanogels and Avidins, Avidin embedded DNA nanogel,  mixture of DNA nanogels and 
IgGs, IgG embedded DNA nanogels respectively; (B) Coomassie Blue stained native 
agarose gel electrophoresis; (C) Overlapped image of EB stained agarose gel (A) and 
Coomassie Blue stained agarose gel (B)  

 

To prove our concept, we have performed a 1% native agarose gel 

electrophoresis to assay mobility shift. The native agarose gel electrophoresis 

can preserve the DNA Ng structure and the protein conformation. For the assay, 

two factors must be considered: the charge of the samples, and the size in the 

buffer. Therefore, the isoelectric point (pI) of the protein in the buffer should be 

considered. Avidin has a pI value of 10 in the Tris/Borate/EDTA (TBE buffer), 

which shows that it is positively charged in the buffer, whereas goat-

Immunoglobulin G (IgG)s has pI value as 6.1 – 8.5, which shows that it can be 

variably charged in TBE buffer.  

We have hypothesized that protein embedded DNA nanogel (DNA Ng-

protein) will have a different mobility compared to DNA Ngs without the protein 
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due to its bigger size and transformed surface charge. As shown in Fig 3. (A), the 

DNA Ng has formed by comparing the lane 1 and 4, which represents marker 

(20T ARM ssDNAs nonsense ssDNA) and DNA Ng, respectively. We can also 

see the mobility shift of IgG embedded DNA nanogel (DNA Ng-IgG) in lane 8 

compared to the DNA Ng in lane 4. This means that DNA Ng-IgG have a bigger 

size and lose their negative charge due to the less negative charge of the IgG. 

After the electrophoresis, the agarose gel was stained by Coomassie Blue 

staining, shown in Fig3. (b). Lane 2 shows that avidin,, which has a positive 

charge in TBE buffer, moves upward toward the anode, and IgG, which has a 

negative charge moves toward cathode.  

By comparing lanes 5 and 6, a solution of mixed but not embedded avidin 

and DNA nanogel, showed different mobility compared to the embedded avidin 

(DNA Ng-avidin). Also, by comparison with lane 2 control, we can tell that the 

avidins have been embedded onto the DNA Ngs therefore excluding the 

possibility it is merely the interaction between the DNA Ngs and proteins. In 

addition, we have confirmed that IgG has been embedded onto the DNA Ngs by 

comparing lane 7 and 8, which represents the not embedded and embedded 

IgGs, respectively. By comparison with lane 3 (IgG), it is clear that IgG, which is 

negatively charged in pH 7 solution, can embedded onto the DNA Ngs.  

Through these evidence, we can tell that proteins are embedded onto the 

DNA Ng. To compare the proteins and the DNA mobility at the same time, we 

overlapped the images of the EB stained gel and Coomassie Blue stained gel to 

compare the mobility of DNA band and protein band (Fig 3C). Lane 6 contains 
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DNA Ng-Avidin and does not match the stained DNA Ng band showing different 

mobility distance. This is probably due to the separation of proteins and DNA Ng 

during the high voltage electrophoresis. However, Lane 8 shows that the IgG 

embedded protein band matches the stained DNA band, which indicates a strong 

interaction between them. This is due to the glutamate effect enhancing the 

interaction between DNA and protein. By using KGlu for the “MgK” salt, protein-

nucleic acid interaction gets stabilized. This effect comes from “Glutamate 

exclusion” which stabilizes the interactions between DNA and protein. Glutamate 

exclusion is the rearrangement of local concentration gradients of anions and 

water during the DNA and protein interaction process. This affects both the 

kinetics and stability of the DNA- protein interaction. 61  

Overall, we have concluded that our platform can incorporate proteins 

onto the DNA nanogels.   
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Native agarose gel electrophoresis: Proteins embedded into the DNA 
nanogel conjugated with folates 

A)    B)    C) 

Figure 4. Gel mobility shift assay of proteins embedded into the DNA nanogel 
conjugated with folates (A) Ethidium Bromide (EB) stained native agarose gel 
electrophoresis has been performed 100V,50min. Lanes represent IgG, 20T-Arm 
ssDNAs (Marker), DNA nanogel, IgG embedded into folates conjugated DNA nanogel, 
Lane 4~6 represent increasing concentration of IgGs into the IgG embedded DNA 
nanogel conjugating with folates, 0.38mg/ml, 1mg/ml, 2mg/ml of IgG, respectively. (B) 
Coomassie Blue stained agarose gel. (C) Overlapped image of EB stained agarose gel 
(A) and Coomassie Blue stained agarose gel (B). 

 

Using the 20A overhangs on our design we have conjugated the folates 

onto the surface of the DNA nanogels by simple Watson-Crick base pairing. This 

functionalization of the DNA Ng has been achieved by putting the same molar 

ratio of a 20-Thymine sequence with conjugated folate moieties into our reverse 

emulsion system. We expected to see the protein band mobility shift by 

increasing the concentration of IgGs on the folate conjugated DNA nanogel (DNA 

Ng-FA). This is because we hypothesize that the conjugation of 20T-FA will 

make the surface of the DNA Ng sturdier, therefore more IgGs were embedded 
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inside. The mechanism behind this is probably due to the 20 thymine sequence 

with folates which includes a Poly Ethylene Glycol (PEG) moiety between the 

20T sequence and folates. We believe this increases the hardiness of the 

surface DNA Ng. We used a 1% TBE native agarose gel to detect the surface 

functionalization. In figure 4. (A), the EB stained agarose gel shows that the DNA 

Ng has formed by comparing lane 2 and 3, which represents ssDNA and 

nanogel, respectively. Lanes 4 ~ 6 show DNA Ng-IgG mobility shifts by 

increasing IgG concentrations (0.38mg/ml, 1mg/ml, 2mg/ml, respectively), which 

means more IgGs were embedded onto the DNA Ngs. In figure 4 (B) which 

shows the same agarose gel stained with Coomassie Blue staining, lanes 4~6 

can indicate the protein mobility shift thus indicating that the nanogel has 

embedded more proteins inside. Figure 4 (C) represents the overlay image of the 

EB stained agarose gel and Coomassie Blue stained gel. The DNA band and the 

protein band do not match probably because of the high voltage applied during 

electrophoresis, which prevents proteins escaping from the DNA Ng. However, 

this result certainly shows that the DNA Ng-FA has formed and the folates on the 

surface increases the capturability of proteins inside. 
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Native Agarose Gel electrophoresis: Proteins embedded into the DNA 
nanogel conjugated with ssDNA 

A)    B)    C) 

 

Figure 5. Gel mobility shift assay of proteins embedded into the DNA nanogel 
conjugated with ssDNA (A) Ethidium Bromide(EB) stained native agarose gel 
electrophoresis; Lanes correspond to ssDNA, Avidin, IgG, Avidin embedded DNA 
nanogel, Avidin embedded DNA nanogel conjugated with ssDNA (20T-ARM3), Avidins 
embedded DNA nanogel conjugated with folates, respectively; (B) Coomassie Blue 
stained native agarose gel electrophoresis; (C) Overlay image of EB stained agarose gel 
(A) and Coomassie Blue stained agarose gel (B). 

 

We have proved that our platform can embed proteins onto the DNA 

nanogel with conjugated folates on the surface. (Figure 4). On the same 

principle, we have also tried to do surface chemistry by conjugating single 

stranded DNAs (ssDNA) by conjugating them to the DNA nanogel (DNA Ng-

ssDNA) for possible application such as conjugating siRNA for gene silencing. 

We visualized our hypothesis that positively charged proteins can be also 

embedded onto the DNA Ng-ssDNA through native agarose gel electrophoresis. 
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We have used the avidin protein which is positively charged in 1x TBE solution. 

Figure 5 (A) shows the EB stained agarose gel to visualize the DNA bands. By 

comparing the lane 4 (DNA Ng) and 5 (DNA Ng-ssDNA), we can see that the 

DNA Ng-ssDNA has moved further toward the cathode than the DNA Ng, which 

proves formation of DNA Ng-ssDNA with a more negative charge on the surface 

than that of the DNA Ng.  In addition, figure 5. (B) shows the protein bands in the 

same gel stained by Coomassie Blue. We can see that the protein band has 

shifted by comparing lane 2, which contains avidin, and lane 5, which contains 

the DNA Ng-ssDNA with avidin embedded. Additionally, figure 5. (C) shows the 

overlay image of both stained images (A) and (B) indicating the matched stained 

DNA bands and protein bands. These results confirms that that DNA Ng-ssDNA 

will become negatively charged and can still successfully embed positively 

charged proteins inside. Further research could go into the application for the 

DNA Ng such as gene silencing by giving functionality (siRNA) on the surface. 
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Atomic Force Microscope image:  Proteins embedded onto the DNA 
nanogel 

    A)      B) 

 

 

Figure 6. Atomic Force Microscopy(AFM) image of the proteins embedded onto 
the DNA nanogel (A), (B) the DNA nanogel; (C), (D) Mixture of the IgG and the DNA 
nanogel; (E), (F) IgGs embedded onto the DNA nanogel; (G), (H) avidins embedded 
onto the DNA nanogel in 200nm and 400nm scale bar, respectively. 

 

 

C)                       D) 
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Figure 6. Atomic Force Microscopy(AFM) image of the proteins embedded onto 
the DNA nanogel (A), (B) the DNA nanogel; (C), (D) Mixture of the IgG and the DNA 
nanogel ; (E), (F) IgGs embedded onto the DNA nanogel; (G), (H) avidins embedded 
onto the DNA nanogel in 200nm and 400nm scale bar, respectively., Continued 

  

E)             F) 

G)             H) 
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Graph 1. Height analysis of proteins embedded onto the DNA nanogel. (A) Blue 
distribution as the DNA nanogel; (B) Orange distribution as mixture of the IgGs and the 
DNA nanogel; (C) Grey distribution as the IgG embedded onto DNA nanogel; (D) Yellow 
distribution as avidins embedded onto the DNA nanogel.; scale bar as nm 

Height analysis profile 

 

The Atomic Force Microscopy (AFM) images of samples visualize the 

DNA Ng and the DNA Ng-proteins. In figure 6, DNA Ng shows the round shape 

with a diameter of 150 – 200nm, with scale bars of 200nm (A) and 400nm (B). A 

mixture of the DNA Ngs and IgGs was shown in (C) and (D). Large quantities of  

IgGs mask the visualization of the DNA Ng thus we are unable to see the DNA 

Ng. On the other hand, (E) and (F) images show DNA Ng-IgGs, which have 

globular-like shapes with IgG embedded around the edge. (G) and (H) show the 

DNA Ng-avidins, which has higher height on the center of the nanogel. The AFM 

height profile clearly shows that the DNA Ng-IgG is taller than the DNA Ng. In 

addition, the height between the DNA Ng (Graph 1. Blue distribution) and the 
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DNA Ng-IgG (Graph1. Grey distribution), has a 1-2 nm height difference. This 

evidence support of our hypothesis that proteins are embedded onto the DNA 

Ng. Compared to the mixture of DNA Ng and IgGs (Graph1 Orange distribution), 

the DNA Ng-IgG (Graph1 Grey distribution) has an average 3nm height increase. 

In addition, DNA Ng-avidins (Graph1 Yellow distribution) has 0.5~1nm increases 

in the height compared to the DNA Ng.  Overall, we can conclude that the 

proteins are embedded onto the DNA nanogels by the AFM height analysis. 
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Atomic Force Microscope image: embedded proteins onto DNA nanogel 
conjugated folates 

 

     A)         B) 

 

     C)                   D) 

 

Figure 7. Atomic Force Microscope image of the embedded proteins onto DNA 
nanogel conjugated folates (A) The DNA nanogel in 200nm scale bar; (B) The DNA 
nanogel conjugated with folates in 1.0um scale bar; (C) Mixture of Immunoglobulin G 
(IgG) and the DNA nanogel in 200nm scale bar ; (D) embedded IgG onto the DNA 
nanogels conjugated folates in1.0um scale bar. 
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Graph 2. Height analysis of embedded proteins onto the DNA nanogel conjugated 
folates (A) Blue distribution as DNA nanogel on scale bar; (B) Orange distribution as 
folates conjugated DNA nanogel; (C)Grey distribution as IgGs embedded onto the DNA 
nanogel; scale bar as nm 

Height analysis profile 

 

 

We have imaged the DNA nanogel conjugated with folates (DNA Ng-FA) 

and the IgG embedded DNA nanogel conjugated with folates (DNA Ng-IgG-FA) 

through Atomic Force Microscope (AFM). DNA Ng shows a rounded shape with 

a scale bar of 200nm (A) in comparison to the DNA Ng-FA, which shows a bigger  

shape with a scale bar 1um. Figure 7 (C) shows the mixture of IgGs and the DNA 

Ng. As seen previously, the unembedded IgGs obscure the view of the DNA Ng. 

Figure 7(D) shows the DNA Ng-FA-IgG which is taller than some regions of the 

DNA Ng showing 14nm height. 

Graph 2. shows the height distribution of the DNA Ng, DNA Ng-FA, and 
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DNA Ng-IgG-FAs. The average height of the DNA Ng is 2.5-3.0 nm (A) whereas 

the average height of the DNA Ng-FA is 3.0-3.5 nm (B). Once the IgG is 

embedded, the average height increases to 4.5-5 nm (C). The distribution shows 

an average 1-2 nm height increase of the DNA Ng-FA compared to DNA Ng. And 

the DNA Ng-IgG-FAs show an increased height of 2-3nm. This further supports 

our hypothesis that proteins are embedded onto the DNA Ng. Additionally, the 

AFM image of the DNA Ng-FA has shown more roughness on the surface than 

the DNA Ng. This can explained by the folic acid conjugating onto the surface of 

DNA Ng which increases the unevenness. 
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Dynamic Light Scattering: Zeta potential profile of proteins embedded onto 
the DNA nanogel 

 

A) Zeta potential of embedded IgGs onto the DNA nanogel 

 

Figure 8. Zeta potential distribution of embedded proteins onto the DNA nanogel 
(A) Zeta potential distribution for the IgG embedded DNA nanogel; Red color distribution 
for embedded IgG onto the DNA nanogel, Green color distribution represents 20T-Arm3 
sequence with IgG for control, Blue color distribution for the DNA nanogel. (B) Zeta 
potential distribution for avidin embedded DNA nanogel; Red color distribution for the 
DNA nanogel, Green color distribution for the mixture of avidin and the DNA nanogel, , 
Blue color distribution for the avidin embedded onto DNA nanogel, Black color 
distribution for control avidin. 
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Figure 8. Zeta potential distribution of embedded proteins onto the DNA nanogel 
A) Zeta potential distribution for the IgG embedded DNA nanogel; Red color distribution 
for embedded IgG onto the DNA nanogel, Green color distribution represents 20T-Arm3 
sequence with IgG for control, Blue color distribution for the DNA nanogel. (B) Zeta 
potential distribution for avidin embedded DNA nanogel; Red color distribution for the 
DNA nanogel, Green color distribution for the mixture of avidin and the DNA nanogel, , 
Blue color distribution for the avidin embedded onto DNA nanogel, Black color 
distribution for control avidin.Continued 

 

The zeta potential results support our hypothesis that the proteins are 

embedded onto the DNA Ng. Figure 8. (A) shows the DNA Ng has a mean peak 

value of -51.4 mV. The DNA Ng-IgG are negatively charged on their surface 

showing a first peak with a mean value as -78mV and a second peak with a 

mean value as -57.8mV. We can compare the DNA Ng-IgG first peak with the 

DNA Ng peak. The first peak of DNA Ng-IgG indicates that the proteins have 

been embedded onto the DNA nanogel showing distribution shift to the 

B) Zeta potential of avidins embedded onto the DNA nanogel 
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negatively charged. However, on the DNA Ng-IgG second peak (-57.8mV) 

remains similar with the DNA Ng peak (-51.4mV). This represents some parts of 

the DNA Ng-IgG has remain as the DNA Ng without the embedded proteins. In 

addition, we added a control of the mixture of single stranded DNAs that can’t 

form the nanogel with the IgGs. This also support our hypothesis, which shows 

different zeta potential distribution compare to the nanogel formation one. 

 Figure 8. (B) shows the zeta potential distribution of the avidin embedded 

onto the DNA nanogel (DNA Ng-Avidin). The blue colored distribution represents 

DNA Ng-Avidin which has a mean peak value of -5.98 mV. Compared to the 

DNA Ng (mean value -51.4 mV), it has shifted to be more positively charged. 

Also as a control, we added a mixture of unembedded avidins with the DNA Ngs 

(Green distribution), which has two mean peaks of zeta potential data, 23mV and 

-6.03mV. By comparing the controls, DNA Ng-Avidin shows a different zeta 

potential distribution curve and a slightly positively shift of zeta potential (-

5.98mV), which indicates avidins have embedded onto the DNA nanogels. 

Overall, the zeta potential results support our hypothesis indirectly that proteins 

are embedded onto the DNA Ngs.  
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Dynamic Light Scattering: The size profile of the DNA nanogel and IgG 
embedded onto the DNA nanogel 

A) DNA nanogel 

 

     B) IgGs embedded onto the DNA nanogel 

  
Figure 9. Size profiles through Dynamic Light Scattering(DLS). (A) Hydrodynamic 
size of the DNA nanogel shows mean peak of 291.5 d.nm (PdI value 0.224) ; (B) 
Hydrodynamic size of IgGs embedded onto the DNA nanogel shows mean peak of 
320.1 d.nm (PdI value 0.416) 
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 We have also measured the size of the DNA nanogel through Dynamic 

Light Scattering (DLS). The Z-average size, or the average size of a particle size 

distribution, of a hydrodynamic DNA Ng is 291.5 (d.nm). The Poly-dispersity 

Index (PdI) value is 0.224. This value indicates the degree of non-uniformity of a 

distribution. The DNA Ng distribution shows moderate polydispersity, which is in 

the range of 0.1 to 0.4. In order to get monodispersed particles, we could 

centrifuge down the samples with a filter to purify the right size. (Not shown in the 

result). DNA Ng-IgG has a Z-average size of 320.1 (d.nm) and a PDI value as 

0.416, which shows bigger size and broader distribution than that of the DNA 

nanogels. This is probably due to the fact that embedded proteins can easily 

aggregate together because of their hydrophobicity in water. Overall, we have 

profiled the size of the DNA Ng and the DNA Ng-IgG, which shows that the DNA 

Ng can be categorized as nanoparticles within a 150-300 nm range. 62 
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Proteins functional assay: Colocalization of the fluorescence microscope 
image  

 

Figure 10. Protein functional assay by showing a colocalization under the 
fluorescence microscope. Fig 10. (A) ~ (D) shows image of E. Coli under the 
fluorescence microscope, transmitted, SYBR® Gold, Alexa and overlapped image, 
respectively. (E) ~ (F) shows the image of inputting the DNA Ng on to the E. Coli. (I) ~ 
(L) shows the image of inputting the DNA Ng-IgG on to the E. Coli in the scale bar 
100um. 

 

Under our self-assembly mechanism of proteins and ssDNAs, we have 

hypothesized that our embedded proteins onto the DNA nanogel can still 

maintain their function. To assay the function of the embedded proteins, we have 

perform the protein conjugation experiment. We have used the E. Coli as a 

model which can express the IgG receptors on its surface. 63 Therefore, we 

expect to see our DNA Ng-IgG can conjugate to the IgG receptors onto the E. 

E.Coli 

DNA Ng 

DNA Ng-IgG 

Transmitted SYBR Gold Alexa 647 Overlapped A) B)
  

C) D) 

E) F) G
 

H) 

I) J) K)
 

L) 
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Coli surface. Colocalization on the fluorescence microscope was performed to 

see the conjugation. Two different fluorescent labels were used to see the 

colocalization of the bacteria and the DNA Ng. The DNA Ng was stained by 

conjugating with the multiple fluorescence ssDNAs with Alexa Flour® dye (Alexa 

647). This will emit the red color under the wave length of 594nm or 633nm laser 

line. Next, we labeled the E. Coli with the SYBR® Gold nucleic acid gel stain 

(SYBR Gold) which can stain the DNA or RNA that will emit the green color under 

the fluorescence microscope. SYBR Gold can penetrate the E. Coli cell wall and 

membrane to stain its DNA or RNAs. 64 

The E. Coli without any samples was shown under the 40x microscope 

objective under the fluorescence microscope. Figure 10. (A) through (D) shows 

the image of E. Coli under each different fluorescence objectives, transmitted, 

SYBR® Gold, Alexa 647, and overlapped the images to see the colocalizations. 

Therefore, we can see that E. Colis were stained with the Green color under the 

SYBR® Gold objective. Figure 10. (E) through (H) show the images of DNA Ng 

with the E. Coli. (G) shows the DNA Ng stained with Alexa, which shows the red 

color under the Alexa objective. To assay the embedded protein function, we 

have input the DNA Ng-IgG into E.Coli, which have different color stained. (J) 

shows the stained E. Coli in green color, on the contrary, (K) shows the stained 

DNA Ng in red color. By overlapping the (J) and (K), we can see some parts 

have overlapped in their colors. This tells that the embedded proteins on the 

DNA Ng can still function to conjugate with t IgG receptors on the E. Coli.  
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Graph 3. Cell Viability Assay of the effect of various DNA nanogel vehicles. Effect 
of the doxorubicin-intercalated DNA nanogel with proteins embedded. Comparing the 
effect with the DNA nanogel conjugated folates delivering to KB cells. Increased the 
concentration of doxorubicin on the nanogel to optimize the right dox dosage. Embedded 
IgGs onto the DNA nanogel and the embedded IgGs onto the DNA nanogel with 
conjugated folates were compared to see the effectiveness. 
 

Cell viability assay: Doxorubicin delivery via protein embedded onto the 
DNA nanogel  

 
 

Here, we have applied our nanogel system as a drug delivery platform. To 

target the Keratin-forming tumor cell line HELA cells (KB), we have used the 

immunoglobulin G (IgG)s as targeting ligands of the DNA Ng-IgG. KB cells which 

is tumor cell line can express IgG receptors. Tumor cell (KB cell) expresses both 

the folate receptors and the Fc Gamma receptors which are known as IgG 

proteins receptors. 65  Antibody-based targeting ligands have become popular 

due to their properties of high targeting specifities and in vivo properties. 

(recruitment of immune elements) 66  These properties were exploited by 

conjugating with the nanoparticles to enable selective deliver and to target cells. 

Diseased cells express the specific antigens on their surface, therefore we can 
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target the antigens with antibody-conjugated nanoparticles.67  

           Graph 3 shows the effectiveness of our drug delivery vehicles on the KB 

cells. To compare the vehicle effectiveness, we have prepared doxorubicin-

intercalated DNA nanogel (Dox-DNA Ng) conjugated with folates on the surface 

(Dox-DNA Ng-FA). Therefore, we can compare the DNA Ng’s performance for 

Dox delivery. The Dox delivery performance of DNA Ng-IgG was compared with 

the DNA Ng-FA and the DNA Ng-IgG-FA.  

The result shows that the DNA Ng-IgG is 21.3% more effective to deliver 

0.2uM Dox compared to the pure dox itself and 27.0% more effective in delivery 

0.5uM of Dox. Therefore, in these two Dox concentrations, the DNA Ng-IgG 

vehicle can most effectively deliver the payload. We also add the negative control 

which has the ssDNA sequence that does not form the DNA Ng. This control 

shows similar efficiency as pure input of doxorubicin to the KB cells. We have 

hypothesized that the DNA Ng-IgG has higher specificity to the Fc receptors than 

the DNA Ng-FA to folate receptor binding on KB cells. This is probably due to the 

preserved structural conformation of proteins which can bind more specifically to 

its receptor. However, the exact mechanism behind the IgG-mediated cell uptake 

enhancing effect is not known. Noticeably, the DNA Ng-IgG-FA has similar 

performance to the DNA Ng-FA without IgGs, which is probably because the 

IgGs were blocked by the PEG of the 20T-FA. Thus, the IgGs cannot perform cell 

uptake enhancing effects anymore. Overall, we have proved that the functional 

proteins can be used as targeting ligands for the DNA Ng to effectively perform 

doxorubicin delivery.
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Methods and Materials 

Materials: All DNA strands are purchased from IDT Company. Cyclohexane is 

purchased from Macron Fine Chemicals (Batch No. 0000142384). Span 80 is 

purchased from Tokyo chemical industry Co. (CAS 1338-43-8). Solutions were 

made using Micropure ST (from Thermo Scientific). Tetrahydrofuran (THF) is 

purchased from Fisher Chemical (T397-500). 1% Agarose gel are made by 

Agarose LE from Culgene (cat. #C8740) with respective buffers (TBE buffer). 

Magnesium and potassium were made from Magnesium acetate tetrahydrate 

(from Alfa Aesar, lot: D26Y034) and Potassium Chloride (from fisher scientific, M- 

12445), respectively. Instant Blue is purchased from Expedeon (ISBL 1) and 

Ethidium Bromide is from Invitrogen (Cat. #15585-001). L-Glutamic acid 

potassium salt monohydrate is from Sigma Life Science (G1149-100G). Anti-

Mouse IgG, antibody produced in goat is from SIGMA Company, (Product 

Number M5899-2 ML, 058 K 4774). Avidin is from MP Company (Cat. # 100303). 

Buffers. TBE with Mg2+, there is 12mM Magnesium acetate in the buffer. 1x TBE 

buffer is made from 10 times TBE purchased from Apex (Cat #20-195). 

1x TAE is made from 50 times TAE buffer (2M tris base, 1M acetic acid, and 0.1M 

H2EDTA). PBS buffer is from PBS pH7.4 Gibco Company by Life technologies (Lot. 

1843238).  

Synthesis of protein embedded onto the DNA nanogel. First, reverse emulsion 

was made by 1-min sonication (pulse mode, 70% amplitude, 2s sonication every 

3s; the sonic dismembrator model 150 was from Fisher Scientific) of 15ul DNA 
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(20ug DNA in total) in 2ml cyclohexane (with 120mg, span 80). Second, 5ul Protein 

solution (in 4x 10mM Magnesium acetate and potassium chloride) were added into 

the reverse emulsion and had another 2-minute sonication. For the 

Immunoglobulin G (IgG)s capturing, 4x 10mM potassium glutamate was used 

instead of potassium chloride). However, in cell viability assay, used KCl to perform. 

After 1-hour reaction, the span 80 and cyclohexane was removed by centrifuge 

and THF.  After dispersed in 1x TBE buffer, the nanogel was characterized using 

DLS by Zetasizer Nano-ZS90 from Malvern to get size and zeta potential data. 

AFM image. Nanogels were dispersed in TAE (with Mg2+ and K+) and 5ul sample 

was dropped on the mica, followed by dropping 40ul 2mM magnesium acetate on 

it. The liquid was gently blown away. The samples were scanned under tapping 

mode using Veeco Scanning Probe Microscope (Digital instruments, the controller 

model was NanoScope IV).  

Dynamic light scattering (DLS) test. Nanogel Samples are resuspended in 15ul 

1x TBE buffer after wash, and use water to dilute into DTS1070 disposable folded 

capillary cell. DLS machine model is Zetasizer Nano Range from Malvern 

Instruments. Both size and zeta potential are measured by DLS test. 

Electrophoresis. 1% agarose gel in TBE buffer was running under 100V for 50 

min. Ethidium bromide was used to stain the DNA bands and Instant blue 

(Coomassie Blue) was used to stain the protein bands. 

DOX loading. Free DOX was mixed with nanogel and incubated overnight. The 

unbinding DOX was removed by a 100K filter (from Microcon, LOT: R5BA49624).  
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Standard absorbance curve was acquired by fitting the different concentration and 

absorbance (measured on Nanodrop 2000C from Thermo scientific, UV-Vis mode). 

Dox amount in the nanogel is calculated according to the standard curve. 

Cell culture. KB cells were donated by Dr. Zhang’s lab and cultured in DMEM 

(from CORNING) with 10% (v:v) fetal bovine serum (FBS from HyClone), 1% Pen 

Strep (from Thermo Fisher scientific) in incubator (from Thermo Scientific) at 37C 

under an atmosphere of 5% CO2. The cells were sub-cultivated approximately 

every 2 days at 80% confluence using 0.25% (w:v) trypsin at a split ratio of 1:3. 

Bacteria conjugation experiment. DNA nanogel was modified by 20T-Alexa 647 

on the surface. The ratio of mass ratio of DNA nanogel to 20T-Alexa 647 was 50:1. 

The E. Coli was obtained from Zhang’s group. E.Coli was cultured in agar plate 

overnight to be used. Spin down the E. Coli under 44000 RPM for 5min. After 

pouring out the supernatant, re-disperse the E. Coli into 6ml PBS. 500ul E. Coli in 

1x PBS was added into each well of 12-well plate. 4ug of IgG-embedded DNA 

nanogel were added into each well. The DNA nanogel without proteins was used 

as the control. SYBR® Gold was used to pre-stain E. Coli, and after wash out 

majority of the SYBR® Gold stained E. Coli was dispersed into 1x PBS and followed 

by adding DNA nanogels. The E. Coli without SYBR® Gold stain was chosen as 

control. After adding DNA nanogels, E. Coli were observed by the Fluorescence 

signal of both SYBR® Gold and Alexa 647 under the Fluorescence Microscope 

(MODEL EVOS fl). 

Cell viability assay. KB cells (7000 cells per well) were seeded on a 96-well plate 
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and had a 24 hours culturing. Nanogel/DOX (equal to 0.05-2umol per well) was 

added into the cell and incubated 24 hours, followed by changing the medium with 

5 mg/ml MTT solution. After 4h incubation, the liquid was removed by a small 

needle, and the cells were mixed with 100ul of dimethyl sulphoxide (from Macron, 

Batch No: 0000082524). The absorbance was measured at a wavelength of 540 

nm by the plate reader. 
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Conclusion 

In conclusion, we have established a new platform for the next generation 

of drug delivery systems. The self-assembly DNA nanogel has several 

advantages such as its programmability in response to environmental cues, large 

surface area to volume ratio, biocompatibility and addressability on the surface. 

Due to its simple Watson-Crick base pairing, the DNA nanogel surface can be 

easily modified with the intended moiety conjugated to 20 Thymine. We have 

demonstrated that our DNA nanogels can embed functional proteins without any 

chemical modifications, which conserve the protein structure and function. 

Therefore, our self-assembly method has overcome the covalent modification 

strategies. As proof of concept, we have shown that the protein embedded DNA 

nanogel has a protein mobility shift on the native agarose gel electrophoresis and 

the zeta potential results. Various, useful surface chemistry on the DNA nanogel, 

such as folates and single stranded DNAs, do not inhibit the ability of nanogel to 

embed proteins. In addition, a protein functional assay has proved that proteins 

preserved their function and structure by showing the antigen-antibody 

conjugation on the E.coli surface. One application we have shown is the 

Immunoglobulin G (IgG)s as targeting ligands embedded on the DNA nanogel, 

which can effectively deliver doxorubicin to KB cell lines. Further research should 

be done to quantify the amount of the embedded proteins for precise control of 

delivery in vitro. Also, spatial orientation of the embedded proteins onto the DNA 

nanogel should be controlled. Potentially, we can extend this platform to deliver 

the therapeutic proteins. Overall, our platform can embed functional proteins onto 
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the DNA nanogel, which can extend to various applications. 

 

In this thesis, in part, is currently being prepared for submission for 

publication of the material. Jinhyung Lee; Xiangyi, Dong; Sibai Xie. The thesis 

author was the primary investigator and author of this material. 
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