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ABSTRACT OF THESIS 

Studies Towards DNA-Polymer-Silica-Iron Oxide Hybrid Nanoparticles as 

Stimulus-Responsive MR Theranostics 

 

by 

 

Claudia Meneses Shuldberg 

Master of Science in Chemical Engineering 

University of California, San Diego, 2012 

Professor Jennifer Cha, Chair 

 

 Early detection and treatment of a disease is a desired goal for medical 

advancements. The concept of theranostics have been introduced to combine 

diagnosis and therapy. Developing nanoparticles for drug delivery has been 

considered because they increase therapeutic benefit while minimizing side 

effects. Synthesizing particles that can promote imaging of areas before, during, 

and after administration into the organism is beneficial for the treatment of 

diseases. In this work superparamagnetic iron oxide nanoparticles were 

synthesized as enhancers for MR imaging by using magnetic imaging resonance. 



 
 

xv 

 Biocompatible, stimuli-responsive polymers were physisorbed to the 

particles in a layer-by-layer fashion to induce aggregation of iron oxide 

nanoparticles site specifically and deliver increased MR signals. The surfaces of 

the superparamagnetic particles were first modified with silica to increase 

biocompatability, reduce aggregation of the iron oxide particles and allow 

potential encapsulation of drugs. The surface of the iron oxide silica core shell 

particles were next treated with APTES, a coupling agent, to help adhere 

polymers to the particles. In this study poly(methacrylic acid) (PMA) and poly(N-

vinylpyrrolidone) (PVP) were the polymers used for forming crosslinkable 

polymer shells on the particles through a layer-by-layer approach. The PMA 

chains were modified with thiol groups to crosslink the multiple layers deposited 

onto the particle surfaces. The polymer shells could easily be destabilized in the 

presence of reducing agents. Additionally, PMA was modified with DNA strands 

which would allow the silica coated iron oxide nanoparticles to aggregate and 

therefore increase the signal for MR imaging.  

 

 

 



   

1 

CHAPTER 1: THERANOSTICS 

 Theranostics combine diagnosis of disease with the therapeutic capability 

to treat the disease in one platform (Shubayev, et al., 2009), which can 

potentially provide a means to detect and treat disease at early stages or a 

method of evaluation treatment rapidly (Janib, et al., 2010). For example, for 

cancer it is important to detect and treat the tumor before it expands into different 

parts of the organism, as well as image the tumor before, during, and after 

treatment.  

  Since theranostics combine two separate functions, diagnosis and 

therapy, it is necessary to have sufficient accumulation of agents in diseased 

areas. Nanotechnology has been able to provide applications for theranostics 

because of the rapid development of materials with sizes less than 100 nm. 

Theranostic nanoparticles are engineered to combine passive and active 

targeting, drug release, molecular imaging, and other therapeutic functions in one 

platform (Janib, et al., 2010). Diagnostic agents are used to enhance the visibility 

of specific areas inside the body by increasing the signal to noise ratio relative to 

the surrounding tissues (Janib, et al., 2010). Therapeutic nanoparticles can treat 

targeted areas by delivering drugs to specific areas of the body. Thus, it is 

important to obtain a platform with imaging sensitivity, accuracy of targeting, and 

controlled drug release (Janib, et al., 2010). 
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1.1  Diagnostics and Imaging 

 Common techniques and equipment used for imaging purposes are 

magnetic resonance imaging (MRI), computer tomography (CT), ultrasound (US), 

optical imaging, single photon emission computed tomography (SPECT) and 

position emission tomography (PET) (Janib, et al., 2010). Of these MRI is a very 

popular technique used to visualize internal areas of an organism. The 

advantage of MRI is that it offers high-quality contrast in different soft tissues, 

and therefore it can be used with most organs. MRI works by aligning the nuclei 

(primarily water) with a magnetic field, then changing the orientation of the field. 

After the original magnetic field vector is restored, the instrument measures how 

fast the nuclei return to their original magnetization state. The rate of this is called 

relaxation time. Paramagnetic and superparamagnetic contrast agents change 

the relaxation time significantly by transferring their magnetic relaxation to the 

surrounding nuclei, so by selecting a specific monitoring delay the signal 

between contrasted and non-contrasted areas becomes significant. Common 

composed magnetic elements used are iron, nickel, cobalt, and their respective 

oxides. The disadvantage of MRI is that it requires high concentrations of 

contrast agents because it has low sensitivity. High concentrations of 

superparamagnetic particles increase toxicity and cause concern with 

accumulation. Forming aggregates within the particles is an alternative to 

overcome the low sensitivity of MRI. Aggregated particles have stronger 
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magnetic field, therefore increasing the concentration is not necessary (Gupata & 

Mona, 2005). 

1.2 Drug delivery 

 The purpose of drug delivery is to transport a drug to a designated area 

and treat the disease without affecting any healthy areas in the organism.  A 

successful drug delivery carrier protects the drug from degradation or inactivation 

during the transport. It is also important that there is minimal to no release of the 

drug during transportation. After the drug is delivered at a specific site, the carrier 

needs to be expelled from the body and therefore needs to be biodegradable. 

Toxicity must also be into account and minimized to avoid side effects in the 

organism (Poste & Kirsh, 1983). Nanoparticles are being used for targeted drug 

delivery because of their physical properties and biological interactions 

(Comoucka, et al., 2010) 

 In nanoparticle drug delivery, the drug is encapsulated into the particles 

and the particles circulate through the body.  The sizes of the nanoparticles play 

a significant role to allow the particles to attach to the tumor tissue. The size of 

nanoparticles used in a drug delivery system should be large enough to prevent 

filtration by the kidney and small enough to avoid the capture by the liver and 

spleen (Cho, et al., 2008). The use of targeting ligands has been studied to 

increase the accumulation of the nanoparticles in the tumor tissue. Also, well-

coated magnetic nanoparticles have been used for targeted drug delivery 
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because of their physical properties and reduced biological interactions 

(Comoucka, et al., 2010). 

Once the particle reaches the diseased area, the drug must be released 

from the drug delivery vehicle. Cargo can be released by passive diffusion from 

the particle, an induced change in properties of the delivery vehicle, removal of 

covalent attachments to the particle, or triggered degradation of the delivery 

vehicle (Becker, et al., 2009). In this thesis, drugs are designed to be entrapped 

in an iron oxide silica core-shell nanoparticle, then sealed by a polymer coating 

added by layer-by-layer deposition. The degradation of layer-by-layer polymer 

films can be triggered by light, enzymes, change of pH, salt, or redox state to 

release the cargo. Reducing the disulfide bonds present in the layer-by-layer 

deposition, it triggers the release of the drug because of the presence of low 

reducing potential due to an excess of reduced glutathione. Intracellular 

glutathione levels in tumor cells are 100 - 1000 fold higher than the extracellular 

levels (Ganta, et al., 2008).  
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CHAPTER 2: IRON OXIDE AND SILICA COATING 

2.1 Synthesis of iron oxide particles 

2.1.1 Introduction 

 Iron oxide (Fe3O4) can be ferromagnetic or superparamagnetic depending 

on the size. Superparamagnetic occurs when ferromagnetic material is reduced 

below the critical size of 10 nm. While superparamagnetic iron oxide particles are 

less magnetic, ferromagnetic particles are difficult to suspend due to aggregation 

making it difficult to use them for biomedical application  

 The size of superparamagnetic iron oxide particles can range between 2 

to 20 nm and they can be synthesized by using the coprecipitation method. Using 

this method the size of the particles can be controlled by three different factors: 

varying temperature, varying base concentration, or by introducing surfactants 

(Iida, et al., 2007). The method used in this experiment to synthesize 

monodispersed iron oxide particles with a diameter smaller than 20 nm was 

introduced by Sun et al. (2004). The process uses high-temperature reaction of 

acetylacetone with 1,2-hexadecanediol, oleic acid and oleylamine. The sizes of 

the particles are controlled by the change of temperature. 
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2.1.2 Synthesis of iron oxide particles 

 The synthesis of Fe3O4 particles were achieved by using smaller 

nanoparticles as seeds, or by using the seed-mediated growth to achieve 

particles up to 20 nm. 

2.1.2.1 Materials 

 Tris(acetylatonato)iron(III) (Fe(acac)3) was purchased from Acros Organic. 

1,2,-heaxadecanediol was purchased from Sigma Aldrich. Oleic acid and 

oleylamine were purchased from TCI America. Benzyl ether, ethanol, and 

hexane were purchased from Sigma Aldrich.  

2.1.2.2 Synthesis of 6 nm Fe3O4 nanoparticle seeds 

 In a three neck flask 2 mmol Fe(acac)3, 10 mmol 1,2 hexadecanediol, 6 

mmol oleic acid, 6 mmol oleylamine, 20 mL benzyl ether were measured and 

stirred with a flow of argon for 10 minutes. The temperature was raised to 200 °C 

for 2 hrs. Finally the temperature was raised to reflux temperature (300 °C) for 1 

hr under an argon blanket. The mixture was cooled to room temperature by 

removing the heating source and rising the outside of the glassware with ethanol 

to expedite the cooling process.  

2.1.2.2.1 Washing process of particles 

 The solution was centrifuged down to a pellet and the supernatant was 

removed. Then 10 mL of hexane, 0.05 mL of oleic acid and 0.05 mL of 
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oleylamine were added to the pellet and sonicated for 30 sec. Then, the solution 

was centrifuged and the supernatant was saved, ethanol was added to this 

solution and centrifuge down to a pellet removing the supernatant. Finally 5 - 10 

mL of hexane was added to the pellet, this solution was transferred to a glass vial 

and air-dried. The speed for centrifuge during the washing process was 6000 

rpm for 20 min each time. 

2.1.2.3 Synthesis of 8 nm Fe3O4 particles 

 For this synthesis 84 mg of 6 nm Fe3O4 particles were dispersed in 4 mL 

of hexane and mixed in a three neck flask along with 2 mmol Fe(acac)3, 10 mmol 

1,2 hexadecanediol, 2 mmol oleic acid, 2 mmol oleylamine, 20 mL benzyl ether. 

The temperature was then raised to 100 °C for 30 min to evaporate the hexane 

added to help with the dispersion of the iron oxide (boiling point 69 °C). The 

temperature was then increased to 200 °C for 1 hr. Finally the temperature was 

raised to reflux temperature (300 °C) for 1 hr under an argon blanket. The 

mixture was cooled to room temperature by removing the heat source and using 

ethanol on the outside of the glassware to expedite the cooling process. 

Following the washing process explained for 6 nm Fe3O4 particles, 8 nm particles 

were produced. 

2.1.2.4 Synthesis of 10 nm Fe3O4 particles 

 Using 80 mg of 8 nm Fe3O4 seeds dispersed in 4 mL of hexane with 2 

mmol Fe(acac)3, 10 mmol 1,2 hexadecanediol, 2 mmol oleic acid, 2 mmol 
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oleylamine, 20 mL benzyl ether under the same conditions explained for the 

production of 8 nm particles, 10 nm particles were synthesized. 

2.1.3 Results and discussion  

 In order to obtain enough product for each synthesis to continue with the 

seed-mediated growth, the washing process is very important. During this step 

large amounts of particles can be lost that could result in insufficient product to 

continue with the seed growth procedure. To avoid this, the solution was 

separated in multiple centrifuge tubes and the number of centrifugations were 

increased to four washes before decanting the supernatant.  

 After washing, the particles were found to be completely soluble in hexane 

and could be collected magnetically. As the size of the particles increased the 

magnetic properties were stronger and more particles aggregated on the magnet 

side. Transmission electronic microscope (TEM) was used to characterize the 

iron oxide particles. Figure 1 and 2 show TEM images for 8 and 10 nm of Fe3O4 

particles dispersed on hexane and dried at ambient conditions. 
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Figure 1. TEM bright field of 8 nm Fe3O4 nanoparticles deposited on carbon-

coated grid and dried at room temperature. 

 

Figure 2. TEM bright field of 10 nm Fe3O4 nanoparticles deposited on carbon-

coated grid and dried at room temperature. 



10 

 

 To obtain monodisperse particles it was important to increase the 

temperature gradually from room temperature directly to reflux temperature 

because drastic temperature fluctuations were found to yield a wider range of 

sizes (Sun, et al., 2004). The reason for using oleic acid and oleylamine was that 

oleic acid helped to increase the yield of the particles at the moment of washing 

and oleylamine helped with the purifying and characterization of the particles. 

Sun et al. (2004) reported the detailed results in the difference in the particle 

products when using only oleic acid and/or oleylamine.  

2.2 Coating of iron oxide particles with silica 

2.2.1 Introduction 

 A way to be able to control the oxidation of iron oxide particles is to coat 

these particles with a colloidal shell to reduce its direct exposure to oxygen. The 

shell protects the iron oxide particle from oxidation, reduces the dipole 

interaction, reduces the aggregation between the magnetic particles, and 

improves the stability of the particles (Yuan, et al., 2010).   

 For this experiment, silica was chosen as the shell of the magnetic 

particles. Iron oxide surface has a high strong affinity towards silica; therefore no 

primer is required to allow the deposition and adhesion of silica (Lu, et al., 2002). 

An advantage of coating the particles with silica is that particles become 

compatible with biological systems and it helps with the dispersion of the 

particles. It was reported by Stober and Fink (1968) that tetraethyl orthosilicate 
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(TEOS) undergoes hydrolysis and polycondensation reaction under basic 

conditions which results in the formation of monodispersed spherical particles of 

silica (Osseo-Asare & Arrigada, 1990). For the preparation of silica in this 

experiment a surfactant is used so that the iron oxide particles and TEOS can 

mix well. The presence of the surfactant allows the organization of the particles 

during the volatilization of cyclohexane (Osseo-Asare & Arrigada, 1990). The 

surfactant used for the preparation of SiO2 is Igepal CO-520. This surfactant is a 

polydispersed mixture of poly(oxyethylene) alkylphenyl ether (Chang & Fogle, 

1997). A schematic of iron oxide particles coated with silica is shown in Figure 3. 

This schematic shows that after coating the iron oxide particles with silica the 

surface of these particles have Si-OH groups. 

 

Figure 3. Schematic of iron oxide particle coated with silica   
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2.2.2 Synthesis of silica iron oxide particles 

 Different sizes of iron oxide particles were coated with silica to obtain a 

sample of monodispersed particles without affecting the magnetic properties.  

2.2.2.1 Materials 

  Cyclohexane was purchased from Sigma Aldrich. Igepal CO-520 was 

purchased from Spectrum Chemical. Fe3O4 seed dispersed in hexane. 

Ammonium hydroxide was purchased from Fisher Scientific. Tetraethyl 

orthosilicate (TEOS) was purchase from Acros Organics. 

2.2.2.2 Methods 

 Fe3O4 particles were dispersed in hexane and sonicated for a period of 2 

hr to ensure the dispersion of the magnetic particles. The sonication process was 

effected at 25 °C.  

 In a 125 mL round flask, 20 mL of cyclohexane were mixed with 1 mL of 

Igepal CO-520. Then 0.2 mL of Fe3O4 particles dispersed in hexane after 

sonication was added a drop at a time to help avoid aggregation of the particles. 

This mixture was stirred for 15 minutes by using a Teflon coated stirring bar, then 

0.15 mL of ammonium hydroxide was added and the solution was stirred for 15 

min to ensure mixing of the chemicals, then 0.125 mL of TEOS was added and 

the solution was stirred for a period of 20 hr at a speed of 900 rpm. Finally the 

solution was washed three time with ethanol to remove the excess of reagents at 
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a speed of 6000 rpm for 10 min each wash. The particles are re-suspended in 

ethanol for further studies. 

2.2.3 Results and discussion  

 Two different sizes of Fe3O4 particles were used to form core shell 

particles by using TEOS and the hydrolysis methods suggested by Stober and 

Fink ( 1968). Figure 4 and 5 shows core-shell particles, with an average diameter 

of 50 nm, using 8 nm and 10 nm Fe3O4 particles respectively.  

 

Figure 4. TEM bright field of 8 nm Fe3O4 coated with SiO2 to form particles with 

core shells of 50 nm on carbon-coated grid and dried at room temperature. 
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Figure 5. TEM bright field of 10 nm Fe3O4 coated with SiO2 to form particles with 

core shells of 50 nm on carbon-coated grid and dried at room temperature. 

 An important factor that needs to be considered for the reactions is the 

temperature during the process of sonication. This is critical because sonication 

allows Fe3O4 to be dispersed well right before the coating process begins. In 

Figure 4 and 5 there are some particles that contain more than one core of iron 

oxide per silica particle, which means that iron oxide was aggregating as the 

coating process was taking place. As the size of the iron oxide particles 

increases, the chance for aggregation increases because the particles become 

more ferromagnetic. Another important factor for this process was the stirring 

speed at which the particles were synthesized. Figure 6 shows particles that 

were stirred at a lower speed, which allowed the aggregation of iron oxide to 

occur before the shells formed. In this figure there are silica particles present 
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without a core of iron oxide, the excess iron oxide formed large aggregates in the 

solution. 

 

Figure 6. TEM bright field of 8 nm Fe3O4 coated with SiO2 to form particles with 

core shells of 100 nm stirred for 20 hr at a speed of at 600 rpm. 
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Figure 7. TEM bright field of 6 nm Fe3O4 coated with SiO2 to form particles with 

core shells stirred for 16 hr at room temperature. 

 The final size depended on the time of reaction. It is very important to 

allow enough time for the SiO2 shells to form. The best results were obtained 

after 20 hr of reaction, which produced particles with a diameter of approximately 

50 nm. Figure 7 shows particles that were not stirred for enough time to form the 

silica; the time of reaction was 16 hr. Also, during the synthesis of the core shell 

particles, different concentrations of iron oxide particles were introduced to coat 

the silica shells. If excess iron oxide was present during the synthesis, this 

excess iron oxide aggregated in the walls of the flask. Separating the excess 

from the core shell particles became more difficult if the excess precipitated as 

part of the pellet. 
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CHAPTER 3: SILICA MODIFICATION AND LAYER-BY-LAYER POLYMER 

ASSEMBLY 

3.1 Surface modification of silica particles 

 The advantage of combining organic composites with inorganic 

composites is mixing the rigidity and thermal stability of the inorganic compounds 

with the flexibility, ductility, and processability of the organic polymers (Zou, et al., 

2008). Although there are great differences in the properties of polymers and the 

silica materials that can affect the arrangement of these two phases, it is 

important to achieve a homogenous dispersion of the polymer into the 

nanoparticles. To allow the polymer to attach to the silica iron oxide surface, the 

silica surfaces were first modified with amine groups by using 3-

aminopropyltriethoxysilane (APTES) to introduce electrostatic or hydrogen 

bonding interactions between the PMA polymers with the particles.  

3.1.1 Materials 

 Ethanol and ammonium hydroxide were purchased from Fisher Scientific. 

3-aminopropyltriethoxysilane (APTES) was purchased from Acros Organics.
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3.1.2 Methods 

 By using 0.4 mL of Si-Fe3O4 nanoparticles synthesized from the procedure 

above, 2 mL of ethanol, 0.1 mL of ammonium hydroxide and 0.4 mL of APTES 

were mixed in a round bottom flask. This solution was stirred for 2 hr at a 

constant speed of 800 rpm at room temperature. The solution was then washed 

three times with ethanol and two times with 10 mM phosphate buffer to change 

the pH of the particles. The washes were done at a speed of 16,000 rpm for 20 

min for each wash. 

3.1.3 Results and discussion 

 The surfaces of the silica-coated particles were modified using APTES as 

the coupling agent to enable the first layer of PMA polymer to attach. Figure 8 

shows a schematic representation of the silica-iron oxide nanoparticles 

functionalized with amine groups. To test that the particles were coated in fact 

with APTES and that amine groups were functionalized into the surface of the 

particles, ninhydrin (2,2-dihydroxyindane-1,3-dione) was added to the solution. 

Ninhydrin reacts with the amine groups and if they are present the solution turns 

blue. Figure 9 shows two samples of silica iron oxide particles, the sample on the 

right hand side were coated with APTES and ninhydrin was added to test the 

presence of amine groups, and the sample on the left side is the control sample. 

Figure 9 confirms the presence of amine groups in the surface of silica iron oxide 

particles. The modification of the surface of the silica particles would allow 
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polymer to attach to the surface which is explained in more detail in the next 

section. 

 

Figure 8. Schematic representation of SiFe3O4 particles with functionalized amine 

groups. 
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Figure 9. Ninhydrin test to confirm the presence of amine groups on the surface 

of iron oxide particles. 

3.2 Layer-by-layer method 

 Multilayered polymer surfaces can be fabricated using a layer-by-layer 

approach, where the structure and composition is controlled by the number and 

type of layers added. This method is based on the adsorption of polymer with 

complementary functional groups utilizing electrostatic interactions, hydrogen 

bonding, or covalent interactions (Kim, et al., 2008). This technique is often used 

in drug delivery (Wood, et al., 2006) as an encapsulation template and for 

incorporation of drugs into porous multilayers (Ber, et al., 2006). The advantages 

of the layer-by-layer technique are that it is a simple and versatile method and 

that allows precise tuning of properties. The properties can be modified by using 

different polymers to achieve specific composition and structure. The properties 
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can also be tuned by varying the temperature, pH or salt concentration during 

assembly (Tan, et al., 2003; Dubas & Sclenoff, 1999). Modifying the surface of 

the particles prevents the body from recognizing the particles as a foreign 

material. It also allows targeting of a specific location in the body for the delivery 

of the drug through the attachment of targeting ligands (Johnston, et al., 2006). It 

is important that the body does not recognize these particles as harmful materials 

because organisms are designed to destroy foreign materials as soon as they 

are introduced. For the coating process there have been different polymers used 

to limit the interaction with biological environment such as poly(ethylene) glycol 

(PEG). 

 In this study poly(methacrylic) acid (PMA) and poly(N-vinylpyrrolidone) 

(PVP) are the polymers used for the self-assembly of the layers. PMA is modified 

with thiol groups to enable crosslinking of the multiple layers deposited onto the 

particles. Degradation and dissociation of the polymers occurs when the disulfide 

groups are reduced to thiol groups. PMA was also modified by attaching DNA 

strands to allow the particles to aggregate post polymer dissociation and 

therefore increase the signal for MR imaging, which it will be explained in more 

detail in the next chapter. 

3.2.1 Synthesis of PMA-SH and labeling 

 The polymer used in this experiment was polymethacrylic acid (PMA) with 

average molar mass of 15 kDa. The thiol groups were attached to the polymer by 

using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) to attach cystamine 
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dihydrochloride to PMA. Once the cystamine was attached to the polymer, 

dithiothreitol (DTT) was used to break the disulfide bonds and expose the thiol 

groups to be used for crosslinking. FITC-Maleimide was also attached to the 

polymer as fluorescent label for characterization purposes.  

3.2.1.1 Materials 

 Poly(methacrylic acid) was purchased from  Polyscience. Cystamine 

dihydrochloride and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) were 

purchased from Sigma Aldrich. N-hydroxysuccinimide (NHS) was purchased 

from  Acros Organics. Dithiothreitol (DTT) and dimethyl sulfoxide (DMSO) were 

purchased from  Fisher Scientific. Tris(2-carboxyethyl)phosphine (TCEP) was 

purchased from Alfa Aesar. Fluorescein-5-Maleimide was purchased from 

AnaSpec.  

3.2.1.2 Method for synthesis of PMA-SH and FITC Labeling 

 In this synthesis 400 mg of PMA was dissolved into water  and 321 mg of 

NHS was added at to the solution. Full solubility is very important. Consequently, 

the pH of the solution was changed to 8. After that, 401 mg of EDC was added to 

the solution and stirred constantly for 30 minutes. The, 157 mg of cystamine was 

added and stirred overnight. Finally 323 mg of DTT was added and stirred 

constantly for an hour. The solution was then dialyzed against water for 24 hr, 

using 12,000 MWCO tubing. Lastly, the solution was transferred to a tube to be 

lyophilized until it dried completely. 
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 After attaching thiol groups to PMA, the polymer was fluorescent labeled. 

A solution of 10 mg/mL of PMA-SH and 10 mM TCEP at pH 8 was prepared and 

stirred constantly for 1 hr. Meanwhile, a second solution of 5 mg/mL FITC-

Maleimide in DMSO was prepared and stirred constantly for 1 hr. The ratio of the 

solution of PMA with the solution of FITC-Maleimide was one to three moles. 

Both solutions were mixed and stirred overnight. The vial was covered to avoid 

exposure to light. The solution was dialyzed against water for three days. The 

tubing used for dialysis was 3,500 MWCO. The solution was lyophilized 

overnight.  

3.2.2 Synthesis of DNA-polymer conjugation 

 Single stranded DNA was mainly used to conjugate with other molecules 

to form polymer networks. Adenine and thiamine with 15 bases are attach to 

PMA-SH-FITC. PMA-SH-Fitc-A15 is coated into the particles as explained in the 

methods section 3.2.3. When thiamine reacts with adenine the particles 

aggregate. Aggregation is desired because it increases the magnetic properties 

of the particles.  

3.2.2.1 Materials 

 NHS-PEG-Maleimide were purchased from Thermo Scientific. PMA-SH-

FITC which was synthesis in the section above. Tris(2-carboxyethyl)phosphine 

(TCEP) was purchased from Alfa Aesar. A15-NH2 and T15-NH2 were purchased 

from Integrated DNA Technology. Succinimidyl-([N-meimidopropionamido]-
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ethyleneglycol) ester (NHS-PEG-Maleimide) is a heterobifunctional PEG 

derivative that can react with both thiol and amine groups. This compound was 

used because NHS esters react with deprotonated primary amines from the DNA 

strands at neutral to basic pH. The maleimide group reacts with available thiol 

groups on the polymer. 

3.2.2.2 Methods for synthesis of PMA-SH-FITC-DNA 

 In this procedure 0.5 mg of PMA-SH-FITC was mixed with 190 mL of 10 

mM TCEP and dissolved in water at a pH 8. This solution was constantly stirred 

for 1 hr (solution 1). 0.035 mL of NHS-PEG-Maleimide was mixed with 0.906 mL 

of DNA (with a molar concentration of 298 μM) for 1 hr stirring constantly 

(solution 2). Then solution 1 was mixed solution 2 and constantly stirred at 65 °C 

for 20 hr. The solution was then washed using centrifuge filtration through 10K 

microfilters, three times with water. Finally, the solution was lyophilized overnight. 

The particles were resuspended with 10 mM phosphate buffer and DTT was 

added to make sure the thiols did not reform the disulfides. 

3.2.3 Methods for layer-by-layer technique 

  After modifying the surface of the silica nanoparticles by using APTES as 

the coupling agent, the particles were centrifuged down and the supernatant was 

decanted. The solution was resuspended with 1 mg/mL PMA-SH-FITC-A15 in 

acetate buffer at pH 4.3. The solution was sonicated for 1 min to ensure 

dispersion of the particles into the solution. The solution was then constantly 
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stirred for 20 min at room temperature and washed two times with acetate buffer. 

The next layer was 1 mg/mL polyvinylpyrrolidone with acetate buffer and the 

same steps as for the first layer were repeated. 

 Figure 10 shows a schematic of the layer-by-layer method. This schematic 

shows the detailed order at which the layers were applied to the silica particles 

after their surfaces were modified with APTES.  
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Figure 10. Schematic of layer-by-layer method showing the order of the layer 

attached to the silica particles. 

 The first layer attached to the silica is PMA-SH-FITC-A15, the second 

layer is PVP, the third layer is PMA-SH-FITC, the fourth layer is PVP, and the 

final layer is PMA-SH-FITC-T15. Each layer was synthesized at pH 4. Since the 

pH of the cellular environment is around 7.2, it is important that the particles do 
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not disassemble before reaching the targeted site. To avoid this, reversible thiol-

disulfide chemistry was used. The particles were first assembled by hydrogen 

bonding using a thiol-modified PMA and PVP at pH 4 and then the thiol groups 

present in the different layers were cross-linked using chloramine-T (Zelikin & 

Price, 2010) The act of cross-linking the polymers ensured that the polymer 

coated silica-iron oxide particles stayed intact in physiological media at pH 7-8.  

 

Figure 11. Before and after cross-link of thiol groups using 2 mM chloramine-T. 

3.2.4 Results and discussion  

 The polymer layers were assembled at pH 4 where the carboxylic acid 

groups present on PMA are protonated, and thus it could form a hydrogen bond 
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between the layers. At neutral pH the hydrogen bonds would be disrupted as the 

carboxylic acid groups of PMA are deprotonated. 

 This layer-by-layer method is a technique used to 1) prevent the drug from 

diffusing out of the silica before reaching the targeting site and 2) hide the 

aggregation groups until the theranostic is acted upon by disulfides reduction. 

The multilayer particles were prepared using FITC labeling, thiol groups and DNA 

modified PMA polymer. Calibration curves were done to calculate the 

absorbance coefficient of PMA-SH-FITC by using ultraviolet-visible spectroscopy 

(UV-Vis). and to measure the amount of DNA conjugation. Figure 12 shows a 

calibration curve of PMA-SH-FITC with PMA-SH-FITC-A15 and PMA-SH-FITC-

T15. The absorbance coefficient of A15-NH2 and T15-NH2 was reported to be 

183400 M-1 and 122100 M-1 respectively at 260 nm in the specification sheet 

provided by Integrated DNA Technologies. Using these coefficients and Figure 

12, the ratio of A15-NH2 per polymer chain was calculated to be 1.17 and the 

ratio of T15-NH2 per polymer chain was calculated to be 4.53. Figure 12 shows 

that the DNA strands conjugated to the polymer, because DNA has an 

absorbance at 260 nm and both solutions containing DNA resemble a peak at 

about 260 nm. The fluorescence label FITC has an absorbance at about 485 nm, 

which is shown by a smaller peak in Figure 12. 
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Figure 12. Absorption spectrum use for the calculations of DNA conjugation to 

polymer. 

 After modifying the surface of the silica particles by using APTES as a 

coupling agent, the particles were coated with polymer. Figure 13 shows the first 

layer of PMA-SH-FITC-A15 coated into the particles. The next layer is 1 mg/ml 

PVP which is used to allow the subsequent layer of PMA to attach to the particle 

through hydrogen bonding at pH 4. The third layer is 1 mg/ml of PMA-SH-FITC. 

This layer does not have any DNA strands attached to the polymer because it is 

acting as a buffer layer to make sure that DNA strands are separated in the 

layer-by-layer method. Figure 14 shows the coating of the third layer into the 

silica particles. The fourth layer is 1 mg/ml PVP. The last layer of the multilayer 
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process is PMA-SH-FITC-T15, which includes the conjugated base pair for 

adenine, which is used to facilitate the aggregation of the particles. Aggregation 

of the particles is explained in more detail in the next chapter. Figure 15 shows 

the coating process of the last layer onto the particles. 

 

Figure 13. Bright field and fluorescence microscopy of 1 mg/mL PMA-SH-FITC-

A15. 
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Figure 14. Bright field and fluorescence microscopy of 1 mg/mL PMA-SH-FITC. 

  

Figure 15. Bright field and fluorescence microscopy of 1 mg/mL PMA-SH-FITC-

T15. 

 For this experiment five layers were coated into the silica particles, but 

more layers could be added by this method if desired. Figure 13 to Figure 15 
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showed that the coating process of the layers stayed in the silica particle. Figure 

16 shows a comparison of the fluorescence from the multilayer particles. This 

figure illustrates that as more layers are coated, the particles get brighter, which 

confirms that the polymer is being attached to the particles as the layer-by-layer 

process proceeds. The layers were then cross-linked by using 2 mM chloramine-

T. Figure 17 shows the fluorescent images after cross-link, the brightness 

remains the same as expected.  

 

Figure 16. Brightness increases as number of layer increases from left to right.  
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Figure 17. Bright field and fluorescence of particles cross-link with 2 mM 

chloramine-T. 

 For imaging purposes micron-sized silica particles were used. However 

since the actual size of APTES-silica-oxide nanoparticles was 50 nm, to check 

that the layers were coating the silica particles at the nanoscale, dynamic light 

scattering (DLS) was used. DLS showed that the average size of the first layer 

was 183.1 nm, the second layer was 185 nm, and the final layer was 210.6 nm. 

As expected, the more layers that were attached, the more the diameter of 

particles increased. 
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CHAPTER 4:  ACTIVATION OF AGGREGATION PROCESS THROUGH 

REDUCTION OF DISULFIDE BONDS  

4.1 Reduction of disulfide links 

 For targeted drug delivery it is important that the drug carrier is stable in 

circulation before releasing the drug at the targeted site. The concept of freeing 

thiol groups, in the reducing environment of the cytosplam, has been studied to 

model an in vivo situation. However the degradation process of particles cannot 

be triggered with spatial accuracy in vivo (Wohl & Engbersen, 2012). The 

disulfide bonds of the nanocarrier are reduced once the nanoparticles enter the 

cancer cell because of the presence of low reducing potential due to an excess 

of reduced glutathione inside the cell. Intracellular glutathione levels in the tumor 

cells are 100 - 1000 folds higher than the extracellular level (Ganta, et al., 2008).  

 Reducing the disulfide bonds helps with the aggregation of the particles. 

Aggregation of the particles enhances the magnetic properties of iron oxide. 

Figure 18 shows a schematic of the expected particle structure before and after a 

reducing agent was introduced into the solution.  
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Figure 18. Schematic of addition of reducing agent to cross-link particles. 

4.1.1 Results and discussion  

 Reducing agents were added to break the thiol groups after the particles 

were cross-linked with chloramine-T (Becker, et al., 2009). Two different reducing 

agents were investigated, DTT and TCEP. The crosslinked sample was split into 

three solutions. To one solution 30 mM of DTT was added, 30 mM of TCEP was 

added to solution two, and solution three was the control. The solutions were 

reacted for 1 hr while stirring constantly. The particles in the solution were 

expected to show fluorescence because of the presence of the labeled polymer 

attached to each particle. To ensure that the reducing reagent was releasing the 

last layer, the particles were centrifuged down and the supernatants were taken 
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separated from the particles. The supernatants were observed under a ultraviolet 

(UV) lamp. Figure 19 shows the supernatant solution of each layer before and 

after DTT and TCEP were added. From the figure it can be observed that the 

supernatant of the sample that contained DTT was the only one that showed 

fluorescence. This means that DTT released the layers from the particles. Since 

the sample with TCEP showed little to no fluorescence it was concluded that DTT 

is a better reducing agent for this experiment. A photoluminescence (PL) 

spectrometer was used to quantify the results of reducing of disulfide groups 

using DTT. A plot of the supernatants from before and after DTT was added to 

the cross-link solution is shown in Figure 20. This figure shows that the solution 

containing DTT was the only solution that showed an absorbance peak, 

confirming the UV-lamp study. 
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Figure 19. Before and after reducing agent DTT and TCEP are added to cross-

link particles. 

 

Figure 20. Emission spectrum of supernatants before and after DTT was added 

to cross-link solution. 
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 For these experiments, it was established that 30 mM DTT broke the 

disulfide groups from the crosslinked particles. As a consequence of the disulfide 

bond reduction, the last layer on the particle was freed, which in this case was 

PMA-SH-FITC-T15. This exposed T15 and A15, causing aggregation of the 

particles since they are complementary DNA strands. 

4.2 Aggregation 

  The advantage of aggregating the particles is that the magnetization 

transfer becomes stronger. This is an advantage for MRI detection since it has 

low sensitivity, and the aggregated particles can be distinguished from the 

nonaggregated particles. To overcome low sensitivity of MRI, a high 

concentration of contrast agents was required, which increased the toxicity. With 

aggregation of the particles the concentration does not have to increased. This 

method reduces toxicity of the particles exposed to the body.  

4.2.1 Results and discussion 

 Particles were coated with PMA-SH-FITC-A15 and to this solution PMA-

SH-FITC-T15 was added at a ratio of 3 strands of T15 per each strand of A15 

present. Under the microscope some aggregation formed after PMA-SH-FITC-

T15 was added, but it was minimal. Up to this point the average molar mass of 

PMA used was 15k; however, the polymer average molar mass of the last layer 

was increased to 100k to allow more space for attachment with the conjugated 

strand.  
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 PMA100k-SH-FITC-T15 was synthesized in the same manner as PMA15k-

SH-FITC-T15 which was explained in Section 3.2.1. However the loading of T15-

NH2 with respect to polymer was increased to forty moles of T15-NH2 per every 

mole of PMA100k, instead of one to twenty as shown in Section 3.2.1. The 

particles were then observed under the microscope. Figure 21 shows images of 

before and after PMA100k-SH-FITC-T15 was added, taken at  20X magnification. 

This figure shows that aggregation formed when PMA100k-SH-FITC-T15 was 

added to the particles coated with PMA15k-SH-FITC-A15. The particles in the 

image to the right are larger with respect to the image on the left side. A 

quantitative analysis was prepared and is shown in Figure 22. This figure shows 

that 348 particles have a diameter of 0.8 μm when the first layer was coated into 

the silica iron oxide particles and 815 particles have a diameter of 0.8 μm after 

PMA100k-SH-FITC-T15 was added into the solution. This shows that smaller 

particles that were not visible through microscopy aggregated. These aggregates 

became visible through microscopy because their size increased. 
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Figure 21. Before (LHS) and after (RHS) PMA100k-SH-FITC-T15 was added to 

particles coated with PMA15k-SH-FITC-A15. 
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Figure 22. Histogram of area of silica-iron-oxide particles coated with PMA15k-SH-

FITC-A15 before and after PMA100k-SH-FITC-T15 was added. 
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CHAPTER 5:  CONCLUSION AND FUTURE WORK 

 Synthesizing a platform that can diagnose and treat a specific area is an 

advantage for the management of diseases. Superparamagnetic iron oxide 

particles were used  because they can be contrast agents for MRI. These 

particles were then coated with silica to increase their biocompatability and 

decrease aggregation. TEM images showed that the iron oxide was being coated 

but that their aggregation increased as the size of the superparamagnetic 

particles increased. They also showed that nanoparticle dispersion and reaction 

time and temperature were very important for synthesis of the iron oxide particles 

and for the silica coating. 

 The silica coating could be also used to encapsulate the drug for release 

during treatment. To control the release of the drug and the aggregation, 

polymers were coated onto the particles via the layer-by-layer method. The 

polymer used was PMA and thiol groups were attached to be used as 

crosslinkers for the multiple layers present. Once the disulfide bonds of the 

nanocarrier are reduced in the presence of low reducing potential due to an 

excess of reduced glutathione inside the cell, the drug is released. Fluorescent 

microscopy showed that the layers were coated onto the particles because the 

brightness increased as the number of layers increased.  

 The aggregation is needed to increase the magnetic properties on the iron 

oxide particles for MRI. DNA was attached to the polymer to form aggregates. 
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DTT was used to break the thiol groups of the crosslinked particles which 

exposed the first layer containing A15 with the last layer of T15. By exposing 

these layers, aggregation was expected to occur. However, the aggregation was 

minimal, therefore the length of the polymer from the last layer containing T15 

was increased from 15k to 100k to allow more space for the conjugated DNA to 

attach and increase aggregation. The aggregated particles were then quantified 

to confirm that more particles aggregated after the polymer was increased.  

 Future studies for this project are as follows. Aggregation studies need to 

be expanded by coating the particles with multiple layers of polymer and testing. 

Aggregation is desired after the reducing agent is introduced. Studies with drug 

encapsulation need to be implemented. The drug needs to be introduced during 

of synthesis of the silica coating. However, the silica needs to be changed to a 

porous silica to allow the drug to diffuse out of the particles. Measurements on 

drug diffusion need to be studied as well as the magnetic resonance of the 

particles for imaging purposes.  
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