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ABSTRACT 
 
 
Polyethylene glycol (PEG) has promoted the prospective cancer treatment 

applications of gold nanoparticles (GNPs). PEG is widely used in providing GNPs 

with stealth properties, hence prolonging blood circulation times. GNPs coated with 

PEG (PEG-GNPs) take advantage of the enhanced permeability and retention effect 

in tumor environments, making them suitable for targeted treatment. The cellular 

uptake of PEG-GNPs is significantly lower than uncoated GNPs in vitro. PEG 

minimizes PEG-GNP interaction with ligands that mediate cancer cell uptake, 

causing reduced GNP uptake in comparison to uncoated GNP. As intracellular 

localization of GNPs maximizes its therapeutic enhancement, there is a need to 

improve the uptake of PEG-GNPs. To improve cell entry, receptor mediated 

endocytosis peptides were conjugated with PEG-GNPs of varying core sizes. 

Spherical GNPs of diameters 14, 50 and 70 nm with a PEG chain length of 2 kDa 

were used to determine a preferred core size for uptake in vitro in HeLa and MDA-

MB-231 cells. A preliminary study using surface-modified GNPs as a radiosensitizer 

to a megavoltage clinical photon beam was done to assess its therapeutic application. 
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CHAPTER 1 
 
 
 
 

INTRODUCTION 
 
 
 
 

1.1 Background and motivation 

 

The biomedical research of inorganic nanoparticles (NPs) has developed NP-

based cancer therapeutics and imaging.
1-5

 Through such applications, disease may be 

managed safely and more efficiently.
2,4,6,7

 Though not yet clinical, NP platforms are 

being developed to target therapeutics to tumors while minimizing interaction with 

normal tissue.
8
 To achieve an efficient NP system, prolonged in vivo residency time, 

preferential localization in tumor environments and cancer cell internalization for 

applications that favor intracellular localization is required (Figure 1.1).
9,10

 The first 

requirement of longer blood circulation time is most important because NPs should 

not be cleared from the body before its interaction with tumor tissue. To achieve 

favorable blood circulation times and cancer cell targeting, various NP sizes, shapes 

and surfaces have been studied.
11,12,13

 For example, gold NPs (GNPs) whose surface 

was modified with folic acid was found to target cancer cells versus healthy cells as it 

was found to deliver doxorubicin more effectively to HeLa cells in comparison to 

MDCK cells.
14

 Similarly, magnetic iron oxide NPs that targeted urokinase 

plasminogen activator receptors were found effective for drug delivery and imaging 

of cells that overexpressed such receptors.
15

 However, prior to cancer cell targeting, 

long blood circulation times must be achieved so that NPs may enter tumor tissue to 
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begin with. This is achieved by surface modification of NPs with polyethylene glycol 

(PEG) or PEGylation, as found in numerous in vivo studies.
7,9,10,12,13,16-20

 

 

 

1.2 PEG-coated NPs 

 

PEG is widely used in providing NPs with stealth properties, hence prolonging 

blood circulation times.
18,19

 For example, Lipka et al. showed that a longer PEG 

chain length of 10 kDa improved NP blood circulation time as over 15% of applied 

volume was found after 24 hours in the bloodstream of mice subjects.
27

 On the other 

hand, its unmodified counterpart was cleared within an hour of intravenous 

application. Likewise, Cho et al. found that PEG-coated NPs accumulate in immune 

system organs responsible for NP body clearance for more than six months.
18

 The 

molecule accomplishes this by surrounding NPs with a hydrophilic layer, protecting 

the NP surface from the environment.
9,12,17,19,21,22

 

 
 
 

High density grafting of polymers allow such molecules to assume what is 

referred to as a brush conformation as opposed to a mushroom configuration at low 

density (Figure 1.2).
23

 In addition to grafting density, conformations are determined 

by polymer chain length (n), monomer length (α), and solvent type (ν) as shown in 

equation (1).
23,24

 

 

 

R = αn
ν
 (1) 

 
 
 
 
 
 

2 



 
Here, R is the Flory radius, which defines the minimum distance required between 

grafted molecules to achieve a mushroom conformation, while 2R is the maximum 

distance for sufficient surface coverage by the polymer.
25

 Molecules spaced less than 

 
R have lower conformational freedom such that a brush conformation is achieved. For 

example, PEG, whose monomer length is 0.35 nm, with a molecular weight of 2 kDa 

(polymer chain length of 45.45) in water (ν=3/5), R is 3.5 nm, while for a molecular 

weight of 5 kDa, it is 6.0 nm. For a 50 nm spherical NP with a surface area of 7854 nm
2
, 

if 2 kDa molecules were to take on a brush configuration grafted a maximum of 3.5 nm 

apart (1 PEG molecule per (3.5 nm)
2
 or 12.25 nm

2
), at least 641 molecules are required 

per NP. Similarly, 5 kDa molecules require 1 PEG molecule per 36 nm
2
 or 218 

molecules per NP. However, it was found that a minimum density of 1 PEG/nm
2
 is 

required to achieve a significant reduction in nonspecific protein adsorption.
22,26

 

One of such proteins that the NP surface is protected from is opsonin.
18,22,26,27

 
 
 
 
 

Opsonin marks NPs for macrophage detection followed by their clearance from 

the body. With PEGylation, NPs may evade the immune system, achieving longer 

blood circulation times. This in turn allows higher chances of NP entry and retention 

in tumor tissue, since such an environment has leaky capillaries and irregular 

lymphatic structures leading to the enhanced permeability and retention (EPR) 

effect.
10,28

 The EPR effect is taken advantage of by PEG-coated liposomes used in 

chemotherapy, since it allows preferential accumulation of NPs in the tumor.
3,29

 

PEG-coated liposomes sized 100-200 nm are currently used as delivery vehicles for 

FDA-approved chemotherapeutic drugs like doxorubicin and oncospar.
3,29

 It was the 
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effectiveness of PEG in this respect that motivated the study of other biocompatible 

NPs, such as GNPs. 

 
 
 

1.3 Improved uptake of PEG-coated NPs 

 

To improve the cellular internalization of PEG-coated NPs, previous studies 

explored its functionalization with endocytosis-enhancing ligands, such as Herceptin 

and peptides.
30,31

 For example, Liu et al. showed that RME-peptide and PEG-coated 

GNPs with a core diameter of 10 nm had enhanced uptake in HeLa cells in vitro in 

comparison to GNPs coated with PEG alone.
31

 Similarly, Herceptin-functionalized 

50 nm GNPs backfilled with PEG were found to have higher SKBR3-targeting 

specificity and lower non-specific protein adsorption.
30

 These promising findings 

imply that an understanding of cell-targeting PEG-coated NPs is necessary in order to 

move forward with NP-based medical treatments like chemotherapy and radiation 

therapy. 

 
1.4 GNPs for cancer therapy 

 

The use of inorganic NPs is of interest as they are easily synthesized and 

designed, especially in the case of GNPs whose physical and chemical properties are 

easily modifiable.
16,32

 For example, the citrate reduction method of synthesis more 

popularly known as the Turkevich method only requires varying concentrations of 

sodium citrate to vary GNP size.
33

 Surface modification may also be done easily via 

electrostatic attraction,  chemisorption, and displacement of surface bound ligands.
16

 

 
However, unlike liposomes  and  as with  other inorganic  NPs,  GNPs  need  surface 
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ligands for cellular internalization, since inorganic NPs enter cells by receptor 

mediated endocytosis (RME).
1,2

 Citrate-coated GNPs synthesized from the 

Turkevich method accomplish this by nonspecific adsorption of proteins in serum, 

which facilitate RME (Figure 1.3). These proteins interact with cell membrane 

receptors, allowing endocytosis. The contents of the endosome is then sorted so that 

receptors are recycled back to the cell membrane and GNPs fuse with the lysosome 

for its transport back to the cell membrane for exocytosis. PEG minimizes GNP 

surface exposure to its environment, reducing the amount of surface protein on GNPs. 

Because of this, PEG-coated GNPs are found to have decreased cellular uptake in 

vitro.
34

 Nativo et al found that PEG-coated GNPs had significantly less uptake by 

HeLa cells. Similarly, Arnida et al found the same trend using PC-3 cells.
34

 These in 

vivo studies suggest that PEG-coated GNPs localize external to cancer cells in 

interstitial tissue. Chemotherapeutic toxicity relies on the entry of drugs into cancer 

cells.
35

 NP cellular uptake was also found to correlate with sensitization of cancer 

cells to radiation therapy.
36

 It may be considered favorable to minimize the volume 

of unused inorganic NPs in the body because such particles accumulate in immune 

system organs, causing side effects that include kidney and liver failure. A balance 

between cancer cell uptake and NP stealth from the immune system by avoiding 

nonspecific protein adsorption is required. 

 
 
 

1.5 Hypothesis and objectives 

 

It is known how the size of the NPs affect uptake of as-made NPs. However, it is 

not fully understood how the core size of NPs affects cell uptake 
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in vitro once coated with PEG and cell-targeting ligands. Understanding this property 

of modified NPs is important for their applications in therapeutic applications. The 

goals of this study are as follows (Figure 1.4). 

 
 To observe the effect of core size on uptake of cell-targeting and PEG-coated 

NPs using GNPs as a model system. 


 To show the cell line dependence of cancer cell entry of such surface-

modified NPs. 
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1.7 Figures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1 Characteristics of an ideal nanoparticle system. Prolonged in vivo 

residency time is the primary requirement for a successful NP system. This allows 

higher chances of tumor environment entry prior to clearance from the body. 

Following this criteria, preferential localization in tumor environments and cancer 

cell internalization are ideal for applications that favor intracellular localization. 

Finally, after performing its function, its clearance from the body is ideal. 
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Figure 1.2 PEG conformation on NP surface depends on grafting density. High 

density PEG is grafted at a distance D less than a Flory radius R from each other as 

calculated by equation 1. These display what is referred to as a brush conformation. 

On the other hand, with lower density PEG, where R < D < 2R, a mushroom 

conformation is achieved. 
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Figure 1.3 The RME process of GNP entry into cells. GNPs nonspecifically adsorb 

serum protein, which facilitate RME. The events are as follows as labelled above. 1 – 

interaction with cell membrane receptor, 2 – endocytosis, 3 – sorting, 4a – fusion with 

lysosome, 4b – recycling of receptors, 5 – transport to cell membrane, 6 – exocytosis. 
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Figure 1.4 Hypothesis on improved therapeutic effect due to GNPs and enhanced 

cancer cell entry of surface-modified GNPs. The therapeutic effect of radiation 

therapy has been found to improve with the cancer cell entry of GNPs, which is the 

motivation of this study. Previous studies used unmodified GNPs, which is quickly 

cleared by the body prior to tumor localization. In addition to unmodified GNPs, 

surface-modified GNPs are also used in this study. 

 
 
 
 
 
 
 
 
 
 

 

17 



 
 
 
 
 
 
 

CHAPTER 2 
 
 
 
 

INTEGRATION OF PEPTIDES FOR ENHANCED 

 

UPTAKE OF PEGYLATED 

 

GOLD NANOPARTICLES 
 
 
 
 

C. Cruje and B. D. Chithrani 
 
 
 
 

2.1 Preface 

 

This chapter is a manuscript that was submitted to the American Scientific 

Publishers for the Journal of Nanoscience and Nanotechnology. 

 
 
 

2.2 Abstract 

 

Polyethylene glycol (PEG) has promoted the prospective applications of 

nanoparticles (NPs) in cancer therapy. PEG is used to evade the immune system 

allowing NP accumulation within the tumour using its leaky vasculature. However, 

the cellular uptake of PEG-coated (PEGylated) NPs is lower in comparison to non-

PEGylated NPs since PEG minimizes surface binding of ligands that mediate NP 

endocytosis. For improved outcome in therapeutic applications, it is necessary to 

enhance the uptake of PEGylated NPs. We added a peptide containing an integrin 
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binding domain known as the RGD sequence to the NP surface in addition to PEG. 

We used gold NPs (GNPs) of sizes 14, 50, and 70 nm in this study. Our in vitro data 

for HeLa cells show enhanced uptake for NPs coated with both PEG and the peptide 

in comparison to PEGylated GNPs. NPs of size 50 nm had the highest uptake among 

the three sizes for all GNP surfaces. A similar size-dependent trend was observed for 

MDA-MB-231 cells for as-made GNPs with lower uptake in comparison to HeLa 

cells, though only 14 nm NPs had enhanced uptake. Hence, NP uptake was found 

dependent on cell type and NP surface properties. A properly designed NP system 

with both PEG and cell membrane targeting peptides can be used to protect it from 

the immune system and promote internalization by cells upon entry into tumour 

environment. 

 

 

2.3 Keywords 

 
Gold Nanoparticles, Peptides, Polyethylene glycol, cancer cells, cellular uptake. 

 
 
 
 

2.4 Introduction 

 

Progress in the biomedical research of NPs has developed NP-based cancer 

therapeutics and imaging.
1-4

 Nanotechnology encourages innovations of safer yet 

more effective options for disease management.
2,4,5

 Targeted delivery of therapeutics 

to tumours while causing minimum damage to normal tissue and side effects is the 

goal of such NP platforms.
6
 Ideal NP systems require prolonged blood circulation 

times, favourably enter tumour environments, and preferably enter cancer cells for 

applications that improve with intracellular localization (Figure 2.1).
7,8

 Prolonged 
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blood circulation may be considered the most vital constraint as without it, NPs may be 

cleared from the body prior to performing its function. To accomplish this, NPs have 

been synthesized into specific sizes and surfaces to promote favourable in vivo blood 

circulation times and biodistribution.
9,10

 Nanoparticles must have long blood circulation 

times for higher chances of entering the tumour environment. In vivo studies have shown 

that such is achieved via NP surface modification with PEG. PEG is the most used 

molecule in promoting the stealth nature of NPs from the immune system, hence 

prolonging blood circulation times.
11,12

 PEG creates a hydrophilic layer around the NP, 

buffering the NP from the environment.
7,10,11,13,14

 High-density PEGylated NPs will 

have decreased NP surface exposure to serum proteins.
12,14,15

 A type of these proteins is 

opsonin, which marks NPs for macrophage clearance from the body. Hence, longer blood 

circulation times are achieved. There is increased chances of NP entry and retention in 

tumour environments due to leaky tumour capillaries and irregular lymphatic 

structures.
8,16

 This is termed as the enhanced permeability and retention (EPR) effect, 

and such allows preferential accumulation of NPs in the tumour.
17

 The EPR effect is 

taken advantage of by PEGylated liposomes used in chemotherapy.
3,18

 Liposomes that 

are PEGylated and sized 100-200 nm are used to deliver FDA-approved 

chemotherapeutic drugs like doxorubicin and oncospar.
3,18

 The efficiency of such 

PEGylated liposomes in chemotherapy treatments promoted the investigation of other 

biocompatible NP systems, such as GNPs. Compared to liposomes, inorganic NP systems 

are easier to synthesize and design, especially in the case of GNPs whose size and surface 

are easily modified. The citrate 
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reduction method of synthesis only requires varying concentrations of sodium citrate, 

which acts as a reducing and coating agent. 

 
 
 

Surface modification can also be easily done with chemisorption, electrostatic 

attraction and displacement of surface bound ligands. However, like other inorganic 

NPs and unlike liposomes, GNPs require surface ligands to mediate cellular 

internalization, as inorganic NPs enter cells via receptor mediated endocytosis 

(RME).
1,2

 As-made GNPs accomplish this through serum protein adsorption, which 

is minimized by PEG. For this reason, PEGylated GNPs have reduced cancer cell 

uptake in vitro.
19

This suggests that in vivo, PEGylated GNPs localize extracellular to 

cancer cells in tumour interstitial tissue. As shown in Figure 2.1 where an ideal NP 

system is described, PEGylation of GNPs accomplishes prolonged blood circulation 

times but decreases internalization by cancer cells. Intracellular localization is 

important for NP chemotherapeutic toxicity.
20

 Sensitization of cancer cells to 

radiation therapy has also been found dependent on NP cellular uptake.
21

 Hence, cell-

targeting PEGylated NPs is ideal for such applications. 

 
 
 
 

 

To improve the cellular internalization of PEGylated NPs, previous studies 

explored its functionalization with endocytosis-enhancing ligands, such as Herceptin 

and peptides.
22,23

 For example, Liu et al. showed that RGD-peptide functionalized 

PEGylated GNPs with a core diameter of 10 nm had enhanced uptake in HeLa cells 

in vitro in comparison to GNPs coated with PEG alone.
23
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Similarly, Herceptin-functionalized 50 nm GNPs backfilled with PEG were found to 

have higher SKBR3-targeting specificity and lower non-specific protein adsorption.
22

 

These promising findings imply that an understanding of cell-targeting PEGylated 

NPs is necessary in order to move forward with NP-based medical treatments like 

chemotherapy and radiation therapy. Though it is known how the size of the NPs 

affect uptake of non-PEGylated NPs, it is not yet known how the core size of NPs 

affects cell uptake in vitro once PEGylated and/or functionalized with cell-targeting 

ligands. Understanding this property of modified NPs is important because such NPs 

are ones that are applicable in vivo. Hence, we studied the uptake of such modified 

NPs as a function of their core diameter and cell type. By functionalizing NPs with 

the same number of peptide and PEG molecules, we were able to enhance uptake of 

PEGylated GNPs by 75%. We have shown that PEG combined with a specific 

peptide not only enhance uptake, but is also cell specific. 

 
 
 
 

 

In summary, GNPs of diameters 14, 50 and 70 nm were used as a model system to 

observe the effect of size on uptake of GNPs that are as-made, PEGylated (PEG-

GNPs), and cell-targeting and PEGylated (RGD-PEG-GNPs). For cell-targeting, a 

synthetic peptide, CKKKKKKGGRGDMFG, containing the integrin binding domain 

known as RGD was used. Integrins are transmembrane glycoproteins used by a 

number of viruses for cell internalization.
24

 The molecular weight of the peptide is 

1669 Da. PEG with a molecular weight of 2 kDa was used, which is clinically applied 

in liposome systems in chemotherapy.
25

 To assess cell specificity, we used a cervical 
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cancer cell line (HeLa cells) and a breast cancer cell line (MDA-MB-231 cells). We 

were able to qualitatively verify the variation of NP uptake of PEGylated GNPs using 

the novel CytoViva imaging technique for the first time. This imaging technique not 

only allows imaging of GNP clusters within the cells, but also provides spectral 

information. GNPs produce unique high intensity reflectance spectra in comparison to 

the nucleus, cytoplasm, and other organelles within cells. Such a property allowed 

CytoViva imaging of GNPs in cells. Results from this study may be used as a 

guideline in designing clinically efficient inorganic NPs that will enter tumour 

environments and be internalized by cancer cells effectively. 

 
 
 

2.5 Materials and methods 

2.5.1 GNP synthesis 

 
The citrate reduction method was used to synthesize GNPs of diameters 14, 

 

50 and 70 nm. 300 mL of 1% HAuCl4•3H2O was added to 30 mL of distilled water 

and was brought to a boil while continuously stirring. At boiling point, 700, 113 and 

105 µL of 1% anhydrous citric acid was added to synthesize small, medium and large 

GNPs respectively. For small GNPs, the colour of the solution changed from dark 

blue to red while for the medium sized and large GNPs, the colour of the solution 

changed from black to maroon and violet, respectively. All solutions were left to boil 

for another five minutes while stirring. GNP solutions were brought to room 

temperature while stirring and then refrigerated. 
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2.5.2 Characterization and PEGylation of GNPs 

 

GNPs were characterized with UV-visible spectrophotometry, dynamic light 

scattering (DLS), transmission electron microscopy and zeta potential measurement 

before PEGylation (Table 2.1). A 1% PEG solution was prepared with thiol-

terminated PEG methyl ether with a molecular weight of 2 kDa. The solution was 

added to GNP solutions to achieve a grafting density of 1 PEG molecule per nm
2
. For 

14, 50 and 70 nm GNPs, 616, 7854 and 15394 PEG molecules were added. To 

confirm PEGylation of GNPs, DLS measurements were done followed by UV-visible 

spectrophotometry to confirm stability since an increase in diameter is characteristic 

of GNP PEGylation (Table 2.1). 

 

 

2.5.3 Peptide-functionalization of PEG-GNP 

 

A solution of the peptide molecules with the sequence CKKKKKKGGRGDMFG 

was mixed with a solution of the PEG molecules at a 1:1 ratio. This was then added to 

a solution of GNPs. For all conjugates, UV-visible spectrophotometry and DLS was 

done to confirm minimal shift in size and that no aggregation occurs (Table 2.1). 
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2.5.4 Cellular uptake study 

 

HeLa cells and MDA-MB-231 were cultured in Dulbecco’s Modified Eagle’s 

Medium with 10% Fetal Bovine Serum grown to confluency so that two 10 cm 

culture dishes were incubated with the same NP type per cell line. For optical 

imaging purposes, MDA-MB-231 cells were placed on glass coverslips and grown to 

60% confluency. All GNP conjugates were incubated with cancer cells for eight 

hours where an equal amount of NPs were added per cell culture (1 nM). Following 

incubation, all cell cultures were washed with Phosphate-Buffered Saline (PBS) three 

times. Those without coverslips were trypsinized and processed for quantification 

described in the next section. This experiment was repeated three times. Those with 

coverslips were rinsed twice with PBS, followed by fixation with 4% 

paraformaldehyde in PBS for 10 minutes at room temperature, then rehydration in 

PBS. Coverslips were mounted onto glass slides and were dried overnight for 

microscopy. 

 

 

2.5.5 GNP uptake quantification 

 

Harvested cells were counted prior to processing for inductively coupled plasma 

atomic emission spectroscopy (ICP-AES). To prepare samples for ICP-AES, HNO3 

was added to samples that were boiled at 200°C in an oil bath for cell digestion and 

GNP atomization. ICP-AES of samples was then performed and resulting gold atom 

counts were converted to GNPs per cell (Figures 2.2, 2.3 and 2.4). 
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2.5.6 Visual evaluation by CytoViva microscopy 

 

To qualitatively confirm quantification results from ICP-AES, CytoViva 

microscopy of cells was done. This imaging system was designed so that despite NP 

interaction with cells or tissue, their spectra may still be confirmed because they are 

still optically observable. The microscope is a darkfield imaging system that uses 

oblique angle lighting. The result is high signal-to-noise optimized darkfield based 

images. Figure 2.4 and 2.5 shows darkfield images of cells incubated with NPs, 

which appear bright due to high scattering cross-sections of GNPs. To confirm the 

spectra of GNPs, Spectral Angle Mapping (SAM) was done with the CytoViva 

hyperspectral imaging system. SAM determines the presence of GNPs in the input 

image by comparing unknown spectra in the acquired hyperspectral image to a user-

defined spectrum, which is that of a GNP in these experiments. 

 
 
 

 

2.6 Results and discussion 

 
2.6.1 Characterization of citrate-capped (as-made) GNPs 

 

GNPs of diameters 14, 50 and 70 nm were synthesized via the citrate reduction 

method as characterized by UV-visible spectrophotometry and DLS as shown in 

Table 2.1. Red shifts in the peak absorption wavelengths were observed with larger 

GNPs. The GNP solution with 14 nm GNPs was red in colour, while the 50 and 70 

nm GNP solutions were maroon and violet coloured respectively. This was because 

as the size of GNPs increase, surface plasmons of GNPs absorb light of decreasing 
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energy or increasing wavelengths. Hence, larger GNPs absorb red shifted light so that 

some blue light is reflected, resulting in a violet solution. Conversely, smaller GNPs 

absorb light in the blue to green region of the visible spectrum, causing a red solution. 

 

 

2.6.2 PEGylation and RGD peptide functionalization of GNPs 

 

The PEGylation of GNPs resulted in a slight red shift of peak absorption 

wavelengths, as observed in Table 2.1. This corresponds to a disturbance in the local 

refractive index around GNPs due to bound PEG molecules, causing a red shift in the 

resulting spectra.
26

 DLS measurements confirmed that adding PEG 

 
molecules onto GNPs introduced an average increase of 4.60.6 nm in hydrodynamic 

diameter. Hence, GNPs were successfully PEGylated. Preliminary work has shown 

that functionalization with the peptide alone introduces 1 nm of hydrodynamic 

diameter increase. Hence, with the peptide functionalization of PEG-GNPs, red-shifts 

in spectra remain unchanged. As observed with PEG-GNPs, all RGD-PEG-GNPs 

peak wavelengths and DLS measurements confirm that stable conjugates were 

synthesized. Zeta potential measurement showed a clear change in the surface charge 

of the NPs after functionalization with PEG and RGD. For example it was -13.7, -1.1, 

and +1.5 for GNPs, PEG-GNPs, and RGD-PEG-GNPs for a core size of 14 nm. 
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2.6.3 Quantification of uptake 

 

For HeLa cells, 50 nm NPs had the highest uptake among the three sizes for 

unmodified GNPs. A similar size-dependent trend was observed for MDA-MB-231 

cells for as-made GNPs with lower uptake in comparison to HeLa cells. For HeLa 

cells, PEG was observed to lower the uptake of 14, 50 and 70 nm GNPs to 26%, 29% 

and 1% of same-sized as-made GNPs (Figure 2.2). This was increased by 78%, 26% 

and 45% by RGD-functionalization, where the highest enhancement was observed for 

14 nm GNPs (Figure 2.3). For MDA-MB-231 cells, PEG lowered the uptake to 20%, 

3% and 3% of as-made GNPs respectively. Uptake was enhanced by 46% for 14 nm 

NPs, while no significant change in uptake was observed for other sizes. The 

synthetic peptide used in our study consists of the integrin binding domain. Integrin 

binding domains are known to induce cellular uptake by both RGD and phagocytosis, 

and has been found cell dependent in previous studies.
27

 We believe that the HeLa 

cell line has an overexpression of integrins in contrast to the MDA-MB-231 cell line 

for this particular synthetic peptide, hence enhancing the uptake of the NPs. The 

lower enhancement in uptake observed in MDA-MB-231 cells is due to the peptide 

acting as a single type of nonspecific protein that may bind with as-made GNPs, 

facilitating RME. To achieve comparable enhancement in uptake in MDA-MB-231 

cells as in HeLa cells, a different type of peptide sequence would have to be used. 

Using a variety of targeting peptides as opposed to a single type may also be 

explored. The highest improvement in uptake was observed for 14 nm NPs for both 

cell lines. This suggests that despite adding 
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the same amount of PEG molecules to achieve the same density for all sizes of NPs, 

the protective force of the PEG molecules against surface bound peptides interacting 

with cell membrane receptors was greater for 50 and 70 nm GNPs than 14 nm ones. 

This may be because larger NPs have lower surface curvatures than smaller NPs. 

Lower surface curvatures lead to less free space between grafted molecules despite 

constancy in grafting distances. Less free space between PEG molecules minimizes 

GNP surface interaction with its environment, causing reduced cell membrane 

receptor access to surface bound peptides. This explains the core size dependence of 

peptide enhanced cancer cell uptake. 

 
 
 
 
 

2.6.4 CytoViva imaging of extracellular and intracellular NPs 

 

The CytoViva technology was specifically designed for optical observation and 

spectral confirmation of NPs as they interact with cells and tissues. With the 

integrated CytoViva hyperspectral imaging capability, reflectance spectra from 

specific materials can be captured and measured. A sample slide with non-aggregated 

14 nm GNPs and another with aggregated ones were prepared. Spectra from mono-

dispersed (top) and aggregated (bottom) GNPs are shown in the left of Figure 2.4. 

Reflectance spectra of aggregates showed a distinct red shift. The image panel on the 

left shows darkfield images of monodisperse and aggregated GNPs (Figure 2.4A-B). 

Figure 2.4C shows that the reflectance spectrum from the cytoplasm itself was very 

low in comparison to GNP clusters localized within the cytoplasm. It can be clearly 

seen that GNP clusters have very high reflection intensities versus the background. 
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Some reflected spectra from GNP clusters localized within cells were collected as 

shown in Figure 2.4D. The darkfield image of a group of cells with internalized 

RGD-PEG-GNPs is shown in Figure 2.4E. The GNPs appear bright owing to their 

high scattering cross-section. Confirmation that such bright-appearing particles were 

indeed GNPs was done with SAM of the CytoViva system. SAM is an automated 

procedure used to determine whether GNPs are present in the input image, and 

locates which pixels contain the material of interest. Figure 2.4F shows the 

hyperspectral image with an overlaid spectral angle map (red dots represent GNPs). 

 
 
 

The uptake of NPs with a 14 nm core size was verified with CytoViva imaging as 

illustrated in Figure 2.5. Darkfield images of 14 nm NPs incubated with HeLa and 

MDA-MB-231 cells were taken with the CytoViva microscope. ICP-AES quantified 

cellular uptakes generally agree with observed fluorescence. In both cancer cell lines, 

less fluorescent particles were observed when comparing darkfield images of PEG-

GNPs to GNPs. On the other hand, more fluorescent particles were observed when 

comparing darkfield images of RGD-PEG-GNPs to PEG-GNPs. SAM verified that 

fluorescence observed in darkfield images are indeed GNPs and confirms the general 

agreement of visual observations with quantified cellular uptake. The peak 

wavelength of the reflected spectra from GNP clusters within the cell (Figure 2.4D) is 

very similar to the spectra from aggregated NPs (Figure 2.4B). Gold nanoparticles 

enter the cell mostly via endocytosis and localize in small vesicles like endosomes 

and lysosomes. During optical imaging, spectra from a number of 
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NPs were collected resulting in a red-shifted broader spectrum. The bright dots we 

see in the cellular images may not represent single NPs. 

 
 
 

2.7 Conclusions 

 

For all NP sizes in HeLa cells, RGD-PEG-GNP uptake was significantly higher in 

comparison to PEG-GNPs. This shows that the cell-specificity of SKBR3-targeted 

PEG-GNPs (via Herceptin) also applies for HeLa-targeted PEG-GNPs (via RGD). 

Previously found for 50 nm GNPs, our study shows that cell-specificity also applies 

to smaller or larger NPs as observed for 14 and 70 nm NPs. It was previously 

observed that peptide-modified and PEGylated GNPs sized at 10 nm had improved 

uptake in comparison to PEG-GNPs.
23,38

 

 
Our study confirmed this finding for comparatively-sized 14 nm NPs suitable for 

nuclear targeting. In our study, this was also found applicable to larger nanoparticles 

sized at 50 and 70 nm that may be preferred for other clinical applications. Results 

from our study may serve as a guideline to designing nanoparticles for 

chemotherapeutic delivery that maximize payload as such an application favours 

intracellular localization of its delivery system. NP-based radiation therapy 

sensitizers, which also favour intracellular localization, may also use such results 

among other clinical NP applications. 
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2.10 Tables and figures 
 

Table 2.1. GNP mean diameter via UV-visible spectra and DLS 
 

 

 Peak Wavelength (nm) DLS Mean Diameter (nm) 
       

Surface ligand 14 50 70 14 50 70 
       

Citrate 518 532 550 14.71.7 53.51.3 79.31.1 
       

PEG 519 533 551 18.61.3 58.41.4 84.31.6 
       

RGD-PEG 519 533 551 18.81.5 59.11.6 84.81.4 
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Figure 2.1 Ideal NP design. Prolonged lifetime of NPs in the bloodstream is foremost 

to its design as such will take advantage of the EPR effect in tumour environments. 

PEG may be used to accomplish this by repelling opsonin proteins that mark foreign 

molecules for macrophage binding. For applications that favour intracellular 

localization, cellular uptake of bloodstream stable nanoparticles must be 

accomplished. However, in vitro studies show decreased cellular uptake of NPs due 

to PEG. 
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Figure 2.2 Size, surface and cell line dependence of NP cellular uptake in A) HeLa 

 
cells and B) MDA-MB-231 cells. 
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Figure 2.3 Uptake of RGD-PEG functionalized NPs and its dependence on core size. 

Greatest improvement in cancer cell entry was observed for 14 nm GNPs. 
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Figure 2.4 Hyperspectral imaging of monodisperse and aggregated GNPs. On the left 

are reflectance spectra (top) and mapped images based on collected spectra (bottom) 

of A) monodisperse and B) aggregated GNPs, respectively. SAM reference spectra 

shown in C) and spectra of D) some matches. E) Darkfield image of 14 nm RGD-

PEG-GNPs incubated with MDA-MB231 cells and its D) hyperspectral image. The 

red dots mark matches to reference NP spectra. 
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Figure 2.5 CytoViva darkfield images of 14 nm NPs in cancer cells and 

corresponding uptake. A) As-made GNP, B) PEG-GNP and C) RGD-PEG-GNP in 

HeLa cells and in MDA-MB-231 cells (D, E and F, respectively). 
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CHAPTER 3 
 
 
 
 

SUMMARY AND FUTURE WORK 
 
 
 
 

This study found that the increase in cancer cell entry of surface-modified NPs is 

affected by core size since PEG grafting density changes with this property. 

Integrating targeting ligands of a single type on NP surface improved cancer cell 

entry of PEG-coated NPs. The targeting ligand used in this study showed dependence 

on cell line, which requires further study. A preliminary study on NP application in 

radiation therapy was done, which may be studied further. Other cancer therapy 

options like chemotherapy may also be studied. Finally, targeting may be taken a step 

further so that not only the cytoplasm is targeted, but also other organelles. This 

section suggests potential future studies that result from this study. 

 

 

3.1 Uptake dependence on varying peptide to PEG ratios 

 

A preliminary study was done on varying the amount of peptides added to 14 

nm GNPs. Increasing peptide to PEG ratios from 20:80 to 50:50 significantly 

increases uptake of 14 nm PEG-GNPs in HeLa and MDA-MB-231 cells from 25% 

and 7% to 78% and 46% of respective as-made GNPs (Figure 3.1). The integrin 

receptor affinity of RGD explains the more significant increase in HeLa cell uptake. 
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Therefore, the same peptide to PEG ratio compensates for the minimized serum 

protein binding of GNPs due to PEG. These preliminary results show the need for 

investigating the effect of varying peptide to PEG ratios on cancer cell entry of 

PEGylated GNPs. 

 
 
 

3.2 GNPs as radiosensitizers 

3.2.1 Radiation and GNP treatment 

 
A preliminary study was done using HeLa cells incubated with medium-sized (50 

nm) GNPs followed by a single fraction treatment with a megavoltage photon beam 

(6 MeV). In addition, confluent dishes that were not incubated with NPs were 

prepared for use as control and for irradiation immediately after the addition of GNPs. 

An Elekta Synergy linear accelerator (Elekta Oncology Systems, Stockholm, 

Sweden) was used as a 6 MeV photon source (Figure 3.2). Plastic bolus that was 20 

mm thick, like the culture dish used, was cut out so that dishes were surrounded by 

water equivalent material in lieu of air. 100 mm of solid water was placed under the 

dish for backscatter while 80 mm was placed above it so that the monolayer was set 

up to a source-to-axis distance of 1000 mm. A field size of 400 mm x 400 mm was 

used so that four dishes were irradiated with 2 Gy at a dose rate of 400 MU/min 

simultaneously. The survival fraction of irradiated samples were compared to non-

irradiated and no GNP samples. 
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3.2.2 Survival fractions of irradiated cells 

 

A clonogenic assay was performed for all treatment conditions. 60-mm dishes 

were seeded with 100 cells from the control dish or 500 cells from the irradiated 

cultures. Three dishes were prepared per sample type. After two weeks of seeding, the 

number of colonies per dish were counted and compared to that of the control (Table 

3.1 and Figure 3.3). For all samples irradiated with 6 MeV, all NP incubations were 

found to radiosensitize when compared to samples irradiated with no NPs. However, 

those incubated with GNPs and RGD-PEG-GNPs had lower survival rates compared 

to the use of PEG-GNPs. Hence, we were able to demonstrate that PEG-RGD 

combination facilitated higher radiosensitization. These preliminary results show the 

promise of using such surface modified GNPs for irradiation studies in vivo. 

 
 
 
 
 

3.3 Application in chemotherapy 

 

Like the dependence of radiation dose-enhancing GNPs on cancer entry, its ability 

to deliver chemotherapeutic drugs also depends on intracellular localization.
1,2

 It has 

been found that 6-mercaptopurine-9-beta-d-ribofuranoside delivered by gold 

nanoparticles was more effective in treating K-562 leukemia cells compared to its 

free form due to the intracellular transport GNPs offer.
1
 Methotrexate was also found 

more successful in treating HeLa and MCF-7 cells when delivered by iron oxide 

NPs.
2
 In this regard, a similar experiment as performed in this manuscript may be 

done since therapeutic effect was found to improve when drugs are delivered by NPs 
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(Figure 3.4). Chemotherapeutic drugs may be loaded onto PEG-GNP or RGD-PEG-

GNPs so that cancer cell treatment by NP-delivered drugs may be evaluated. 

 
 
 

3.4 Enhanced uptake using other membrane receptors 

 

The HeLa cell line used in this study displayed enhanced cancer cell uptake of 

NPs modified with both the targeting ligand and PEG for all NP sizes. On the other 

hand, the MDA-MB-231 cell line used only showed enhancement for small NPs and 

to a less extent compared to HeLa. Hence, another peptide sequence must be used in 

targeting PEG-GNPs in other cell lines (Table 3.2). For example, a study that used 

magnetic iron oxide NPs targeted urokinase plasminogen activator receptors.
3
 In this 

study, orthotopic human pancreatic cancer xenografts grown in nude mice were 

targeted using iron NPs. It was found effective in delivering the chemotherapeutic 

drug gemcitabine. It was also found effective in enhancing magnetic resonance 

imaging signals. To target GNPs into MDA-MB-231 cells, membrane receptor 

overexpression must be considered. For example, this cell line overexpresses the 

membrane glycoprotein PC-1.
4
 On a similar note, another breast cancer line, the 

MCF-7 cell line, was found to overexpress a type of the estrogen receptor on its cell 

membrane.
5
 This may be taken advantage of in enhancing the uptake of PEG-GNPs. 

Upon confirming enhanced uptake, an experiment observing its therapeutic 

application may then be performed. 
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3.5 Organelle-targeting NPs 

 

Previous work has shown that radiation damage primarily caused in specific 

cellular compartments aside from the cytoplasm lead to improved therapeutic 

outcomes. It has been found that nuclear targeting of GNPs enhanced radiation 

damage in HeLa cells.
6
 Mitochondrial damage has also been found to lead to cell 

death after radiation treatment.
7
 Here, surface modified GNPs were introduced to 

HeLa cells, and the authors attributed greater cell death of cancer cells due to 

mitochondrial damage. Surface modification done in this manuscript may be taken a 

step further by an additional modification with a molecule that will target or prefer 

localization in cellular compartments other than the cytoplasm (Figure 3.5). 

Therapeutic outcomes may improve when targeting PEG-GNPs to organelles such as 

the mitochondria or nucleus. Such future studies will accelerate clinical trials of 

GNPs, bringing it closer to medical use. 
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3.7 Tables and figures 

 
Table 3.1 Survival fraction of irradiated and GNP treated HeLa cells 

 
 

Versus not irradiated,          

   Trial 1 Trial 2 Trial 3 Overall Survival Fraction  

 no GNP sample          

            

 Treatment condition Average Error Average Error Average Error Average Error  

            

Irradiated 

No GNP 0.808 0.074 0.795 0.028 0.847 0.118 0.816 0.027  

          

GNP 0.459 0.044 0.465 0.019 0.484 0.069 0.469 0.013  

          

PEG-GNP 0.744 0.068 0.715 0.032 0.679 0.097 0.713 0.033  

          

          

RGD-PEG-GNP 0.436 0.044 0.495 0.023 0.460 0.067 0.464 0.030  

          

GNP, not          

 0.734 0.067 0.739 0.031 0.749 0.104 0.741 0.008  

incubated          

          

Not 

irradiated 

No GNP 1.000 0.129 1.000 0.046 1.000 0.196 1.000 0.000  

          

          

GNP 1.114 0.106 0.968 0.118 1.113 0.183 1.065 0.084  
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Table 3.2 Cell lines and proposed cell membrane receptor to be targeted. 
 
 

Cell Line Cancer Type Receptor Type 

   
   

HeLa Cervical integrin 

MDA-MB-231 Breast plasma cell membrane glycoprotein 

MCF-7 Breast estrogen 

MIA PaCa-2 Pancreatic urokinase plasminogen activator 
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Figure 3.1 Peptide to PEG ratio dependence of uptake in A) HeLa cells and B) MDA- 

 
MB-231 cells. 
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Figure 3.2 Irradiation experiment setup using 6 MeV photons. To simulate a single 

dose radiation treatment, 100 mm dishes were placed between solid water and 

surrounded with plastic bolus. The monolayer was placed at a distance of 1000 mm 

from the source. A dose of 2 Gy was delivered as per standard single dose treatment. 
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Figure 3.3 Survival fraction of HeLa cells treated with 2 Gy of 6 MeV photons. 
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Figure 3.4 Proposed drug experiment using surface-modified GNPs as drug delivery 

vehicles. Further experiments may be done in vitro or in vivo to evaluate the 

efficiency of using tumor and cancer cell targeting GNPs by observing its ability to 

control tumor proliferation. 
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Figure 3.5 Proposed experiment with organelle-targeting RGD-PEG-GNPs. Previous 

studies have attributed higher cancer cell death due to organelle damage. Hence, GNP 

surface may be modified so that organelle damage is promoted. 
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