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ABSTRACT 

 
 
 Supervising Professor:  Jie Zheng, PhD 
 
 
 
 

Renal clearable fluorescent gold nanoparticles (AuNPs) have potential to become tumor 

imaging and drug delivery agents because of their minimized accumulation in the body. 

However, they cannot actively target tumor receptors at both in vitro and in vivo levels. Since 

transferrin, a proliferative protein, has been widely used for targeted delivery of nanoparticles, in 

this thesis, we investigated targeting of transferrin after being conjugated with renal clearable 

fluorescent gold nanoparticles at the in vitro cellular level. Our results show that transferrin lost 

its targeting functionality due to the conjugation renal clearable AuNPs while it still can retain 

targeting capabilities after being conjugated onto organic dyes. Our further studies use a well-

known ligand, biotin, also lost its binding affinity to avidin. Renal clearable AuNPs effect on the 

functionality of active targeting ligands are highly complicated, which demands extensive efforts 

in the future studies.
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CHAPTER 1 

INTRODUCTION 

1.1 Literature Review 

Worldwide there are 14.1 million people per year that are diagnosed with varying stages of cancer. 

Due to late diagnosis 8.1 million people die each year due to cancer [1]. This statistic could be 

attributed to a lack of diagnostic tools that could lead to early diagnosis and efficient treatment. 

With evolving cancer research, new cancer treatments and imaging probes have a new set of 

restrictions set by the United States Food and Drug Administration (US FDA) stating that drugs 

that enter the body must exit through the body in a reasonable time. The fastest known route out 

of the body is through the kidney, a key organ that functions mainly in the filtering of blood, 

maintains a filtration threshold of about 6-8 nm [2]. This filtration threshold should allow for a 

variety of different nanoparticles (NPs) to cross the filtration threshold such as biodegradable NPs, 

nanorods with a diameter less than 8nm, and NPs with a hydrodynamic diameter less than 8 nm  

as seen in Figure 1.1 [2].   
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The reticuloendothelial system (RES), also known as the mononuclear phagocytic system, is 

another biological barrier that needs to be considered [4]. The RES contains organs in which the 

immune system can be found and typically works by using serum protein to surround the foreign 

agent then brings it to the liver to be degraded. NPs need to avoid RES uptake in order to efficiently 

target and clear out from the body [2-5]. With these specifications a molecular probe would have 

to be not only renal clearable, but also biocompatible thus avoiding serum protein adsorption. 

The challenge with the clinical translation of inorganic nanoparticles as tumor targeting agents is 

their long retention time in the body due to their lack of renal clearance and absorption into the 

RES system. Glutathione coated gold nanoparticles (GS-AuNPs) hold potential as a contrast agent 

Figure 1.1 The above image shows the flow of tumor targeting agents from the injection site through 
the body into the kidney where it is filtered through the glomerular membrane. Reprinted (adapted) 
with permission from ref.3. Copyright 2013 Elsevier Ltd. 
 



3 

 

for cancer detection because of their renal clearable size and their biocompatibility in vivo [6]. 

GS-AuNPs are typically found to have a hydrodynamic diameter of 3.6 nm, which makes them 

capable of renal clearance [6]. In the past years, GS-AuNPs were intravenously injected into mice 

bearing MCF-7, breast tumor.  GS-AuNPs exhibit efficient renal clearance and a long tumor 

retention time in comparison to the IR dye which also showed to have efficient renal clearance but 

had a lower retention time in the tumor [6]. The GS-AuNPs also showed a larger contrast to the 

autofluoresence background of the mice as shown in Figure 1.2 [6]. The GS-AuNPs have the 

ability to passively target the tumor site due to the enhanced permeability and retention (EPR) 

effect[6,7]. The EPR effect is a result of the tumor tissue growing rapidly which causes a loss in 

he structural integrity and large fenestrations within the blood vessels of the tumor tissue that  

Figure 1.2 Above shows GS-AuNPs and an Infra Red (IR) dyes activity in-vivo. The dye both target 
the tumors but the GS-AuNPs show faster normal tissue clearance with a longer retention time in tumor 
tissues compared to an organic IR dye. Reprinted (adapted) with permission from ref. 6. Copyright 
2013 American Chemiscal Society. 
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Figure 1.3 The reaction mechanism above shows the EDC NHS conjugation method of transferrin 
onto glutathione coated AuNPs. EDC works to activate the thiol group at the end of the glutathione 
bound to the AuNP The NHS stabilizes the activated thiol group until the terminal amine of the 
transferrin protein binds to the thiol at the end of the GS-AuNP. 
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enables nanoparticles to pass through the blood vessel tissue into the tumor cells [7]. While this 

characteristic of tumor cells proves useful, to move into clinical use the nanoparticles will need to 

become more site specific with the use of active targeting proteins. Transferrin is a proliferative 

protein that has been used for its active targeting capabilities of tumor cells [8,9]. Tumor cells due 

to their rapid growth use transferrin and its proliferative function of transporting iron to cells 

because of this the transferrin receptor is over-expressed by tumor cells [8]. Theoretically, if 

transferrin is conjugated onto our GS-AuNPs they should exhibit active targeting capabilities. 

Conjugation of transferrin onto the GS-AuNPs is possible using the EDC NHS coupling reaction 

which activates the terminal carboxylic acid group on the end of the glutathione then attaches the 

terminal amine of the transferrin onto the activated carboxylic acid group.  This makes for a close 

bond between the transferrin and the GS-AuNPs, but the functionality of the transferrin once 

conjugated remains important in order for the nanoparticle to become an active targeting agent. 

Testing of the functionality of conjugated transferrin has been performed before using Silicon 

Dioxide (SiO2) 25 nm nanoparticles [9]. These transferrin conjugated nanoparticles showed to 

retain targeting capabilities in serum free solution, but once placed in solution containing serum 

proteins the serum proteins adsorbed onto the surface of the nanoparticles rendering the conjugated 

transferrin incapable of targeting the transferrin receptor [9]. The conjugated transferrin could no 

longer target the transferrin receptor because the serum proteins blocked the transferrin from 

binding onto the receptor as is illustrated in Figure 1.3 [9]. Thus, the main problem with using 

proteins for active targeting is serum protein adsorption on the surface of the nanoparticles, 

therefore the nanoparticles need to be resistant to serum protein adsorption [10,11]. GS-AuNPs 

have shown to minimize serum protein adsorption [10]. GS-AuNPs have shown to stabilize iron 
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oxide nanoparticles when in solution [10]. Protein functionality has also been tested using the same 

GS-AuNPs with monomeric insulin conjugated onto the surface of the GS-AuNPs [11]. The 

Figure 1.4 The image above shows the conjugated transferrin on the SiO
2
 nanoparticles being 

blocked by serum protein adsorption hindering the transferrin from bonding onto the transferrin 
receptor. Reprinted (adapted) with permission from ref. 9. Copyright 2013, Rights Managed by 
Nature Publishing Group. 
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insulin conjugated GS-AuNPs when injected in-vivo were shown to reduce the blood glucose 

levels comparable to free insulin showing the retention of insulin functionality [11]. 

 Theoretically, conjugating the active targeting protein, transferrin, onto GS-AuNPs with 

minimized serum protein adsorption, enables the GS-AuNPs to become an active targeting 

molecular probe. Active targeting of GS-AuNPs would allow for efficient tumor imaging in-vivo 

as well as possible future applications of drug delivery. Biotin was later conjugated onto the gold 

nanoparticle and was tested for binding onto avidin, because the interaction between biotin and 

avidin is well known for its binding strength [12-14,16]. With successful conjugation of biotin 

onto the NP surface, biotin will become a molecular probe useful in different immunological 

assays [15]. For NPs to become more efficient in targeting and delivery, the functionality of the 

targeting ligand must remain after conjugation to the NP; thus, we tested the binding affinity of 

conjugated biotin onto avidin due to biotin’s binding high binding affinity to avidin [12,13]. 

1.2 Hypothesis 

In this study, we will use GS-AuNPs as a model to fundamentally understand whether tumor-

targeting of a small protein can be retained after conjugated to GS-AuNP surface. If transferrin is 

grafted onto the surface of GS-AuNPs that have high resistance to serum protein adsorption 

[10,11], these transferrin conjugated GS-AuNPs (tf-AuNPs) might become site specific to cancer 

cells. Conjugating transferrin onto AuNPs that are coated with GSH will allow transferrin to 

remain functional even in the presence of serum proteins. In addition, a small targeting ligand, 

biotin was tested for binding to avidin. The binding of biotin to avidin is one of the strongest non-

covalent bonds formed in nature [12-14,16], so if biotin was able to bind onto the avidin then, 
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theoretically, transferrin conjugated onto the gold surface should be able to bind onto the receptor 

on the cell membrane surface.  



 
 
 
 
 
 
 

9 

CHAPTER 2 

EXPERIMENTAL DESIGN 

2.1 Equipment 

Hydrodynamic Diameters (HDs) were measured via Zetasizer Nano ZS Dynamic Light 

Scattering (DLS). Zeta Potentials were obtained using Brookhaven Zeta PALS zeta potential 

analyzer. The JEOL 2100 transmission electron microscope with a 200 kV accelerating voltage 

was used to image the core size of Tf-AuNPs and GS-AuNPS. HPLC measurements were taken 

using the Shimadzu High Performance Liquid Chromatography SPD-20A UV-Vis detector. The 

Microscope used to obtain in-vitro images was an Olympus IX71. 

2.2 Glutathione coated gold nanoparticles synthesis 

GS-AuNPs were synthesized using the thermal reduction method. Glutathione (GSH) solution is 

added to water and raised to 95°C by the GSH. GSH works by attaching to the AuNPs with its 

thiol group in the middle allowing the carboxylic acid groups on the end stick out for conjugation 

via coupling reactions.  

2.3 Transferrin conjugation onto GS-AuNPs 

The 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and N-hydroxysuccinimide (NHS) 

coupling reaction is the next step of the experimental procedure. The EDC-NHS reaction works 

by attaching the terminal amine group of the proteins to the carboxylic acid carbon at both ends of 

the GSH.  This process uses EDC and NHS which are dissolved, respectively, into the GS-AuNP 

solution. Then the GS-AuNPs solution containing EDC and NHS was run through the column to 
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remove the unreacted EDC and NHS. After the solution runs through the column a solution of 10 

mg of transferrin, purchased via Sigma Aldrich, with 1 mL of water is created. Then the purified 

AuNP solution was added to the transferrin solution and reacted for 2 hours. Glycine was added 

after the 2 hour mark to stop the reaction, and the product was then purified.  

2.4 Synthesis of biotin conjugated GS-AuNPs 

(+)-Biotin N-hydroxysuccinimide ester (Biotin-NHS) was purchased via Sigma-Aldrich. This 

biotin has already been NHS activated so the EDC-NHS coupling is not performed for this 

conjugation. Biotin-NHS is solubilized in DMSO and the GS-AuNPs are placed in PBS with the 

pH adjusted to ~8.5, and then the two solutions are mixed together in a 1:1 ratio for 24 hours.  

2.5 Purification of tf-AuNPs 

Purification will take place before characterization to remove free transferrin proteins as well as 

unconjugated GS-AuNPs. The unpurified conjugated sample is dispersed into Amicon Ultra –

filters and purified until the filtrate is clear. The filtrate is disposed of and the concentrate is then 

collected by flipping the filter upside down and centrifuging it at 1000 g for 2 minutes. Then all of 

the concentrates are then diluted to equal ~ 1 mL. 

2.6 Characterization 

Characterization is the next step for this procedure, which includes several methods: gel 

electrophoresis, UV-Vis, HPLC, DLS, TEM, Zeta-Potential, and CD Spectrometry.  

2.7 Biotin binding studies 

Avidin-FITC (60 kDa) is an avidin conjugated to the dye fluorescein (495/520 ex/em) and placed 

in PBS 1 mg/mL. The binding of BioNPs to the avidin-FITC should induce quenching of the FITC 

so fluorescence measurements were taken to observe this quenching phenomena. HPLC was also 
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used to test the size change once binding of the two occurs. Gel electrophoresis was also used to 

characterize the binding that was happening.  

2.8  In-vtiro study using Texas Red labelled transferrin 

This in-vitro study was performed using live HeLa cells, which are cervical cancer cells that are 

known to overexpress the transferrin receptor. For the blank cell dish the old medium was taken 

out, the cells were washed, and the medium was replaced with serum free MEM. The labelled cell 

dish used the same procedure as the blank, but, before the replacement using serum free MEM the 

cells were incubated using Texas Red conjugate transferrin (TRtf) at 5μg/mL for 20 minutes and 

then washed. To block specific binding of transferrin onto the cells, the cells were blocked using 

pure transferrin as the blocking agent. The pure transferrin was incubated in the cell dish for 20 

minutes at 50 μM, the cells were then washed, incubated with TRtf for another 20 minutes, then 

the serum free MEM was placed in the cell dish [17]. 

2.9 Cell fixing 

The cells were fixed by incubating them for 10 minutes in 3.75% formaldehyde. This fixing 

process was done after the first washing of the cells, then the cells followed the same procedure 

aforementioned [17].  

2.10 Blocking nonspecific adsorption in TRtf  in-vitro labelling  

The HeLa cells were later blocked using Bovine Serum Albumin (BSA) to block from non-specific 

binding on the cell membrane. The cells were blocked by incubating them for 1 hour in 5% BSA 

solution, after the above fixing process took place [17].  
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2.11 Labeling HeLa cells with Tf-AuNPs 

Once the HeLa cells were successfully imaged using TRtf, Tf-AuNPs were used to test the 

functionality of the transferrin on the surface of the AuNPs. The same fixing and blocking 

procedure was performed as in the previous in-vitro using TRtf. The blank was fixed and blocked 

using BSA to minimize nonspecific adsorption of the probes, then the medium was replaced with 

serum free MEM and the cells were used for cell imaging. The cells imaged with Tf-AuNPs were 

fixed and blocked using BSA, then the cells were incubated in solution with tf-AuNPs for 20 

minutes. After incubation the cells were washed and serum free MEM was placed in the dish for 

imaging. The GS-AuNPs were performed in the same manner as the Tf-AuNPs, but only used GS-

AuNPs during incubation. The blocked cells were fixed and blocked using BSA, then blocked 

using transferrin at 50 μM for 20 minutes, after that tf-AuNPs were incubated with the cells for 20 

minutes. After incubation with tf-AuNPs the cells were washed, medium was replaced using serum 

free MEM and the cells were imaged.  
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CHAPTER 3 

RESULTS AND FUTURE IMPLICATIONS 

3.1 Results/Discussion 

In order to test protein functionality of a conjugated protein on a nanoparticle, the conjugation of 

the protein onto the nanoparticles needs to be experimentally verified. Conjugation of transferrin 

was the first step in order to test active targeting capabilities of the protein, which was done as 

described in the experimental methods. The conjugation process was held to strict guidelines due 

to the pH sensitivity of the transferrin. Under acidic conditions the transferrin loses its red color 

received from the bound iron, and, when brought back to neutral pH conditions, the released iron 

does not bind again to the transferrin [8]. Thus, the conjugation and characterization tests need to 

be run under neutral conditions.  

The conjugated tf-AuNPs were put through a series of experiments in order to confirm the 

conjugation was successful. We used Dynamic Light Scattering (DLS) to test for hydrodynamic 

diameter, or the diameter the tf-AuNPs maintain in an aqueous solution. Transferrin is 100 kDa 

(~3 nm) which is close in size to the GS-AuNPs (~3.6 nm); thus, when the two are conjugated 

together the size should almost double as shown in Figure 3.1a. High Pressure Liquid 

Chromatography (HPLC) was used because of its ability for size differentiation as well, and was 

used to corroborate the results from the DLS results. HPLC works by separating nanoparticles 
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because the largest particles in solution should come through size-exclusive column first with    

smaller particles coming out at a later time because of different retention times. According to the 

size measurements taken by DLS, the conjugated transferrin should have the shortest retention 

time in comparison to the GS-AuNPs and transferrin, which theoretically should have a longer 

retention time, and that theory was validated and is shown in the Figure 3.1b. The next step in 

the characterization is testing to see if the transferrin conformation changed using Circular 

Figure 3.1 A. In black shows the transferrin HD (~3.9 nm),  Tf-AuNPs in red (~6.5 nm ), GS-AuNPs in 
blue (~3.6nm). B. The red line shows the decreased retention time due to the increase size from the 
conjugation of transferrin to AuNPs in comparison to its individual components, transferrin and GS-
AuNPs C. Circular dichromism spectrometry image above shows pure transferrin and its 
conformational change once conjugated onto the AuNPs . D. UV-Vis shows the comparison of pure Tf 
and GS-AuNPs to the conjugated NPs. This also shows the conjugation of Tf to be successful. 
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dichromism spectroscopy (CD Spec) which uses light to test shifting or changing of the alpha 

helices and beta sheets which would cause a shift in light. As shown in figure 3.1c the 

conformation exhibited a slight change. In Figure 3.1d the UV-Vis Spectra was taken for pure 

transferrin which showed to have a peak at ~290 nm, and once transferrin is conjugated on the 

nanoparticle the same peak can be seen along with the pure GS-AuNPs solution absorption 

which starts at ~360 nm. Gel electrophoresis was performed to show that the mass to charge ratio 

had changed which is seen after the gel ran for 30 minutes in figure 3.2. TEM images were also 

taken to measure the core size of the nanoparticles and to see if the nanoparticles were 

aggregating. The images were analyzed and the core size of the Tf- AuNPs showed to be 2.34 

nm and the GS-AuNPs showed to be 2.69 nm. The Tf-AuNPs were smaller due to the fact they 

went through a longer purification process and centrifugation. The TEM images can be seen in 

figure 3.3.  

 

Figure 3.2 Well 1. Pure GS-AuNPs 2. Impure Tf-AuNPs 3. Pure Tf 4. Tf with CBB. 
Left shows the gel electrophoresis, middle is the bright field image, and left is the fluorescence image 
taken ex/em 470/830. The electrophoretic mobility of the conjugated Tf-AuNPs was lessened due to 
the neutral charge of the transferrin and increased mass of the overall, thus, showing a successful 
conjugation. 
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The first step to testing the binding of transferrin on the surface of the AuNPs is labeling of the 

cell membrane surface using a dye conjugated transferrin, specifically Texas Red conjugatied 

transferrin (TRtf). A live cell study was the first study performed where incubation of TRtf 

occurred for about 20 minutes. Bocked cells were used as a control in which pure transferrin was 

used to block the transferrin receptor to hinder the TRtf from binding to the transferrin receptor. 

Essentially, fluorescence should only be seen from the cells that were incubated with pure TRtf 
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Figure 3.3 A. TEM image and analyzed results shows the core size of tf-AuNPs to be 2.34 nm with no 
aggregation occurring. B. TEM image and the analyzed results of the image showing the core size of GS-
AuNPs to be 2.69 nm which appear to be larger because the tf-AuNPs require more centrifugation. 
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since there is no dye in the blank and there should be no binding exhibited in the blocked cells.  As 

seen in Figure 3.4, fluorescence occurs in the blank cells, the cells with just TRtf, and the cells in 

which the binding site was blocked. This was thought to be attributed to non-specific endocytosis, 

so the next step was to try fixing the cells to inhibit endocytosis from happening. The fixing process 

works by using formaldehyde to kill the cells but maintain the morphology. In figure 3.5 you can 

see the blank’s fluorescence was lessened, where as the blocked cells still exhibited flourescence. 

This fluorescence exhibited by the blocked cell was attributed to the non-specific binding of the 

TRtf, so another procedure was introduced to block the non specific binding using bovine serum 

albumin (BSA). The cells were fixed using foraldehyde then 5% BSA was incubated in the dishes 

for 30 minutes, and as can be seen in Figure 3.6 the only strong fluorescence occurred from the 

unblocked TRtf with the cell membrane is clearly labeled, and the blocked and the blank cell have 

minimal fluorescence.  

The next step was to test the binding functionality of the Tf-AuNPs in-vitro. The cells were fixed 

and blocked using BSA and much of the same procedure occurred as with the TRtf but with the 

replacement of TRtf with Tf-AuNPs. GS-AuNPs were added to the procedure to be used as a 

control to see how they interacted in-vitro. As seen in figure 3.7, the only cells you can see are the 

cells that are visible, once scaled, are the GS-AuNPs. During the fixing process it appears the cells 

became more porous which allowed the NPs to cross the membrane without interference. The GS-

AuNPs were less restricted by their size (3.6 nm), unlike the Tf-AuNPs (6.5nm), and were easily 

able to permeate the cell surface. To get a better understanding of what was happening with the 

Tf-AuNPs alone the same test was performed with out the GS-AuNPs. Seen in figure 3.8 the, the 

same phenomena is seen but with lessened intensity due to the size restriction.  
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A 

A 

B 

B 
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C 

Figure 3.4 Top: Bright field. Bottom: Fluorescent images. A. The blank which contains no 
fluorescent dyes after 10 s exposure. B. In the image the cellular membrane is clearly labeled using 
Texas Red conjugated transferrin (TRtf). C. In the image there is labeling of the cell membrane by 
TRtf even after the transferrin receptor was blocked by pure transferrin. 

A 

A 

B 

B 

C 

C 

Figure 3.5 Top: Bright field. Bottom: Fluorescent images. A. After fixing the cells the 
autofluorescence of the blank previously seen disappeared. B. The TRtf labeled the cell membrane 
efficiently even after fixing after incubation. C. Shows the blocked cells and how TRtf still labeled 
the cell membrane surface even after the transferrin receptor was blocked. 
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Figure 3.6 A. Blank HeLa cells that have gone through the same blocking procedure with an 
exposure time of 10 seconds. B. The cells were blocked using the blocking procedure as described in 
the methods then incubated with TRtf with an exposure time of 10 seconds C. In this figure HeLa 
cells were imaged using Texas Red conjugated to transferrin after 20 minute incubation period and 
10 second exposure period.  

Figure 3.7 All images were scaled to show the same intensity range. A. Above the fixed, blank 
HeLa cells with that exhibits no fluorescent properties. B. Fixed cells after  20 minute 
incubation of Tf-AuNPs C.  GS-AuNPs were incubated with the fixed cells for 20 minutes. D. 

These cells were fixed and blocked using free transferrin, then incubated with Tf-AuNPs for 20 
minutes. 
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Because the Tf-AuNPs fail to target the receptors on the cell membrane, the experiment shifted 

A 

A 

B 

B 

C 

C 

Figure 3.8 A. Above the fixed, blank HeLa cells that exhibits minimal fluorescent properties. B. Fixed 
cells after 20 minute incubation of Tf-AuNPs C. These cells were fixed and blocked using free 
transferrin, then incubated with Tf-AuNPs for 20 minutes. 
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Figure 3.9 A. DLS figure shows that Biotin-NPs appeared to have an HD of 2.0 nm while GS-AuNPs 
show to be around 3.6 nm. B. Gel Electrophoresis was run and Biotin-NPs (1) with GS-AuNPs (2). 
Left is fluorescent image, middle bright field image, and color photo of the gel. 
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from testing conjugated transferrin to testing biotin conjugated NPs because biotin is a very well-

known small molecular targeting ligand. The interaction of biotin and avidin is a well-studied 

molecular interaction known for being one of the strongest molecular interactions [12-14,16]. The 

biotin-NHS was conjugated to the GS-AuNPs according to the description in the experimental 

methods to make biotin-NPs, the size was measured, as seen in figure 3.9a, and the Zeta potential 

was found to be -24 mV and GS-AuNPs were found to be around -25mV. In the figure 3.9b it can 

be seen that the bioNPs and GS-AuNPs appear to have the same mobility through the gel which 

can be interrupted as them having close to the same mass to charge ratio. Quenching tests were 

among the first to be performed to test binding of the bioNPs to avidin-FITC; theoretically, the 

nanoparticles should quench the emission of FITC once the bioNP and avidin are bound together.  
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Figure 3.10 A. Fluorescence diagram of the quenching that takes place with avidin-FITC in GS-
AuNPs under certain conditions. B. Fluorescence diagram of the quenching that occurs of biotin-NPs 
with avidin-FITC under certain conditions. Because no quenching occurs with both GS-AuNPs, where 
binding should not occur, and biotin-AuNPs, where binding should occur, the results imply that there 
is no binding between the conjugated biotin-GS-AuNPs and avidin-FITC. 
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As seen in figure 3.10 the emission of FITC is lessened but not fully quenched most likely due to 

the distance of the dye from the gold nanoparticle. HPLC was also used to see the interaction 

between the two, however, as seen in the figure 3.11 the retention time was too close to be 

differentiable.   

 

3.2 Conclusions 

Transferrin, a protein targeting agent, was conjugated onto the serum protein resistant GS-AuNPs. 

While GS-AuNPs are highly resistant to serum protein adsorption it appears that serum proteins 

were not a factor in loss of protein functionality, conjugation of transferrin or biotin onto GS-

AuNPs resulted in the loss of targeting activities of both transferrin and biotin. Thus, these results 

suggested that serum protein adsorption might not be the only factor that can affect active 

targetingof proteins or small molecules on the nanoparticle surface. These results suggested that 

antifouling nature of GS-AuNPs might prevent transferrin or biotin from binding to receptors on 

the membrane of cancer cells. In order to further develop the targeting capability of GS-AuNPs, 

their antifouling nature needs to be further addressed in the development of renal clearable 
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Figure 3.11 A. Avidin-FITC in PBS B. Biotin-NPs in PBS C. Biotin-NPs after 10 minutes with 
avidin in PBS. The retention time does not change even though the size of bound avidin and 
biotin-AuNPs should theoretically double and the retention time decrease. 
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nanoparticles with active targeting capability. Upon further evaluation of the biotin-avidin binding 

mechanism, it appears that biotin enters a binding cavity formed by avidin as seen in figure 3.12 

[18].  As seen in Figure 3.12, the biotin appears to insert itself almost fully into the avidin binding 

cavity, due to the phenomena the biotin needs space from the nanoparticle for insertion. With the 

biotin conjugated directly onto the glutathione on the nanoparticle surface, because of the little 

spacing between the biotin and the nanoparticle could have inhibited the insertion of the biotin into 

the avidin binding cavity. A similar problem could have occurred in reference to the Tf-AuNPs. 

The transferrin’s binding site may have been too close to the nanoparticle and interfered with the 

transferrin receptor binding to the transferrin binding site. Again, due to the little spacing between 

the protein and the nanoparticle, the protein has little flexibility to move or adjust to allow for the 

binding receptor on the cancer cell membrane. The potential strategy in order to allow for spacing 

between the targeting agents and the nanoparticle is to use a PEG linker to separate interactions 

between GS-AuNPs and targeting proteins. The same characterization experiments would be used 

Figure 3.12 A. The four binding sites of avidin light blue, dark blue, pink, and red, and in green the 
biotin can be seen in the binding cavity. B.  The insertion of biotin into the avidin binding cavity can 
be seen viewing of only two avidin protein domains. Copyright (1993) National Academy of Sciences, 
U.S.A 
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in order to test for size, fluorescence, and electrophoretic mobility. Both in-vitro and in-vivo 

experiments would be performed testing the interference of the NP and protein-receptor 

interactions before they can be translated into the clinical experiments.
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