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Background

Among the myriad of nanoparticles being used for 
medical applications, metallic gold nanoparticles stand out 
because of their excellent biocompatibility, ease of surface 
modification, size tunability and attractive physicochemical 
properties (1-4). Gold nanoparticles (GNPs) of different 
sizes have shown a tremendous potential in photothermal 
ablation, molecular diagnostics, drug delivery and radiation 
therapy applications (5-12). The tunable optical properties 
and functionalities of gold nanoparticles for biomedical 
application has opened new ways to detect and treat 
cancer (3). Owing to its high atomic number (Z), gold 
nanoparticles are particularly attractive as radiosensitizers 
in radiation therapy (13-15). The interaction of X-rays 

with high Z-materials is well documented and it has been 
established that radiation dose enhancement is one possible 
result. It has been hypothesized that low energy electrons, 
emitted after photoelectric absorption of X-rays, can deliver 
a lethal energy dose within a short range in biological media 
leading to increased cell kill thus enhancing the efficacy of 
radiation therapy (16-18).

A few applications of gold nanoparticles in radiation 
therapy have been reported (9,14,19). The pioneering 
work by Hainfield used 1.9 nm bare gold nanoparticles 
and 15 nm PEGylated gold nanoparticles for radiation 
dose enhancement (10,14). PEGylated gold nanoparticles 
of 30 nm have also been used for radiation therapy (20). 
However, in these studies nanoparticle design has not been 
optimized for clinical translation. The size and charge of the 
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nanoparticles play a critical role in biodistribution, targeted 
binding and clearance of the nanoparticles from the animal 
body (21). Small size gold nanoparticles (<6 nm) will tend 
to be cleared via renal excretion within a few minutes post 
intravenous administration (22-24). Larger nanoparticles are 
known to be accumulated in the RES (Reticuloendothelial 
System) leading to less tumor accumulation and undesirable 
side effects upon irradiation with X-rays (i.e., enhanced 
radiation damage to the non-targeted RES organs) (25-28). 
Importantly, the lack of in vivo monitoring of nanoparticles 
is a major drawback for these reported formulations. 
Micro-CT (computed tomography) provides one modality 
for imaging of gold nanoparticles, however the typical 
concentrations required for adequate contrast in the tumor 
is not currently feasible.

A better understanding of the interaction of nanomaterials 
in biological systems has laid a foundation for designing smart 
nanoparticles for various biomedical applications. Engineered 
nanostructures that are capable of long circulation in the 
body, delivering therapeutics to targeted sites requires an 
understanding of the physico-chemical interactions of a 
synthetic nanoparticle with biological systems. A careful 
nanoparticle design should consider the disease type, 
microenvironment of the diseases site, mode of interaction 
with non-target organs and the fate of these nanoparticles in 
in vivo environment. Three ‘S’ of nanoparticles parameters: 
size, shape and surface charge are the fundamental parameters 
which decide the success of any nanoparticle based platform 
in living systems (21,29). Thus it is imperative to assess these 
three properties before engineering a nanoparticle for a 
particular biological application.

The first generation of nanomaterials included 
investigations on the surface modifications to assess in vitro 
uptake and cytotoxicity without taking biological challenges 
into consideration (30,31). The second generation of 
nanoparticle designs was primarily focused on the stealth 
behavior and active targeting (32-34). Currently, third 
generation nanoparticles are being engineered based on the 
difficult lessons learned from the previous two generation 
taking into account all the limitations associated with them 
for biological applications (35).

The focus of this manuscript is in developing a 
3rd generation gold nanoparticles based platform for 
application in radiation oncology. Our group has already 
established the use of gold nanoparticles in radiation dose 
enhancement in vitro with HeLa cell line (36,37). Using 
these rational design considerations, we have developed 
a 3rd generation gold nanoparticle formulation (called as 

AuRadTM) for application in radiation dose enhancement 
with concomitant possibility of optical imaging in small 
animals for nanoparticles tracking and simultaneous disease 
progression monitoring. The conjugation of optical probe 
is a proof of concept for successful surface conjugation to 
various imaging modalities like Magnetic Resonance (MR), 
Positron Emission Tomography (PET) or CT imaging. 
The salient features of this versatile platform includes (I) 
an ultrasmall size of core GNPs; (II) PEGylation of core 
GNPs with heterobifuntional PEG (pGNPs); (III) a variety 
of functional groups on the PEG tip; (IV) a covalently 
conjugated fluorophore on the PEG tip linked to GNPs 
and (V) high radiation dose enhancement. As synthesized 
ultrasmall 2-3 nm gold nanoparticles were PEGylated 
with a mixture of heterobifunctional PEG for surface 
functionality. The hydrodynamic diameter of the GNPs 
was maintained around 11-12 nm to extend circulation by 
bypassing rapid renal excretion while avoiding excessive 
RES accumulation. The functional groups on the surface 
of the pGNPs were used for conjugating an optical probe 
(Aleaxafluor 647) for fluorescence optical imaging. These 
ultrasmall pGNPs, designed for maximal tumor uptake and 
optical imaging has great potential in radiation therapy and 
a successful translation to clinics in near future

Materials and methods

Materials

Gold (III) Chloride trihydrate (HAuCl4
.3H2O), Tetrakis 

(hydroxymethyl) phosphnium chloride (80% solution in 
water), Sodium hydroxide and HPLC grade water were 
purchased from Sigma Aldrich. Solvents like dimethyl 
sulfoxide (DMSO) were procured from Sigma and used 
without further purifications. Mono-functional mPEG-
thiol (Mw: 2,000 Da) and hetero bi-functional anime-PEG-
thiol (Mw: 3,400 Da) and carboxymethyl-PEG-thiol (Mw: 
2,000 Da) were purchased from Layson Bio Inc. Alexa 
Fluor 647 (AF647) carboxylic acid, succinimidyl ester was 
purchased from Invitrogen (Carlsbad, CA). Microfuge 
membrane-filters (NANOSEP 100K OMEGA) are a 
product of Pall Corporation. Cellulose dialysis membrane 
cellulose membrane with a cutoff size of 12-14 kDa was 
purchased from Sigma Aldrich. Cell culture reagents like 
media DMEM, Penstrep (antibiotic) and fetal bovine serum 
were purchased from Invitrogen. The cancer cell line HeLa 
was obtained from ATCC, VA and cultured according to 
instructions supplied by the vendor. For cell viability assay 
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CellTiter 96® AQueous One Solution Cell Proliferation 
Assay (MTS) reagent was procured from Promega.

Synthesis of gold nanoparticles and PEGylation

The synthesis of PEGylated gold nanoparticles was 
carried out in a two-step process. Gold colloids synthesis 
typically involves the reduction of gold salts in the presence 
of surfactants or stabilizers. In this study, colloidal gold 
nanoparticles were prepared by reduction of chloroauric 
acid, using tetrakis (hydroxymethyl) phosphonium chloride 
(THPC), as the reducing agent. The THPC capped gold 
nanoparticles were prepared by a well-established method 
reported earlier by Pham et al. with slight modifications (38). 
Briefly, to 45 mL of HPLC grade water, 0.5 mL of freshly 
prepared 1 M NaOH and 1 mL of THPC solution (prepared 
by adding 12 µL of 80% THPC in water to 1 mL of HPLC 
water) were added and stirred vigorously for 5 min at room 
temperature. 2 mL of 25 mM HAuCl4 was added rapidly 
to the stirring mixture. While mixing, the color of the 
mixture changed from yellow to dark brown, indicating 
the formation of THPC capped gold nanoparticles. The 
reaction mixture was further stirred for 15 min. The 
reduction of auric chloride in the presence of THPC results 
in the formation of ultrasmall gold nanoparticles with 
diameters ~2 nm each with a net negative surface charge.

The second step is the PEGylation of the as synthesized 
gold nanoparticles by a simple ligand exchange process 
using a mixture of functional derivatives of thiolated PEG. 
Briefly, 45 mL of as prepared THPC capped GNPs were 
incubated with 2 mL of 3.75 mg/mL m-PEG-thiol, 2 mL of 
carboxymethyl-PEG-thiol and 4 mL of amine-PEG-thiol. 
The reaction mixture was gently stirred overnight at room 
temperature. To remove unreacted PEG and reactants, the 
mixture was then dialyzed against distilled water for 24 hrs  
using a cellulose membrane with a cut-off size of 12-
14 kDa. Following dialysis the nanoparticles solution was 
sterile filtered using a 0.45 µm syringe filter and lyophilized 
to obtain dried pGNPs and stored at 4 ℃ for future use.

AF647conjugation to PEGylated gold nanoparticles

The succinimidyl ester of AF647 was covalently conjugated 
to the amine groups of the PEG on the surface of the 
pGNPs. 2 mg of pGNPs were dispersed in 1 mL of 
carbonate buffer (0.1 M, pH 8.8) followed by addition of 
5 µL of 10 mg/mL AF647 succinimidyl ester in DMSO. 
The reaction mixture was gently stirred for 2 hrs at room 

temperature. The solution was centrifuged at 7,000 rpm 
for 45 min at 4 ℃ using 100 kDa centrifugal spin filters 
to remove any unbound AF647 from the solution. The 
precipitated AF647 conjugated pGNPs (AF647-pGNPs) 
were washed three times with HPLC grade water to ensure 
complete removal of free fluorophore. The nanoparticles 
were further lyophilized to powdered form to store for 
future use.

UV-Visible absorbance

The absorption spectra were collected using an Agilent 
model 8453 UV-Vis scanning spectrophotometer over a 
wavelength range from 300 to 800 nm. The samples were 
measured against water as reference. All samples were used 
as prepared and loaded into a quartz cell for measurements.

Photoluminescence (PL) spectroscopy

The emission spectra were collected using a Fluoromax 
4 Spectrofluorometer (Jobin Yvon). All the samples 
were dispersed in water and loaded into a quartz cell for 
measurements.

Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) images were 
obtained using a JEOL model JEM-1000 microscope at an 
acceleration voltage of 80 kV. The specimens were prepared 
by drop casting the sample dispersion onto an amorphous 
carbon coated 300 mesh copper grid, which was placed on a 
filter paper to absorb the excess solvent.

Dynamic light scattering (DLS) measurements were 
performed by using 90 Plus zeta sizer (Brookhaven Inc, NY) 
for measuring the hydrodynamic diameter of the pGNPs 
nanoparticles in a diluted sample placed in a 3 mL cuvette. 
Zeta potential measurements were also done using the same 
instrument.

Cell staining studies

For in vitro imaging with AF647-pGNPs, the human 
cervical cancer cell line HeLa was cultured in Dulbecco 
minimum essential media (DMEM) with 10% fetal bovine 
serum (FBS), 1% penicillin, and 1% amphotericin B. The 
day before nanoparticles treatment, cells were seeded in 
35 mm culture dishes. On the treatment day, the cells, at a 
confluency of 70-80% in serum-supplemented media, were 
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treated with the nanoparticles at a specific concentration 
(100 µL/1 mL media) for two hours at 37 ℃.

Cell viability assay

The HeLa cells were dispensed into a 96-well flat-bottom 
microtiter plate (~10,000 cells/well) and allowed to attach 
overnight using the DMEM medium with 10% FBS. 
The MTS assay was carried out as per manufacturer’s 
instructions (PROMEGA). It is based on the absorbance 
of formazan (produced by the cleavage of MTS by 
dehydrogenases in living cells), the amount of which is 
directly proportional to the number of live cells. In brief, 
after 24 h treatment with the pGNPs, media was changed 
and 150 µL of MTS reagent was added to each well and 
mixed. The absorbance of the mixtures at 490 nm was 
measured. The cell viability was calculated as the ratio of 
the absorbance of the sample well to that of the control 
well and expressed as a percentage. Tests were performed 
in quadruplicate. Each point represents the mean ± SD 
(bars) of replicates from one representative experiment. (See 
supporting information).

Confocal microscopy

Confocal microscopy images were obtained using a Zeiss 
LSM700 confocal microscope (Carl Zeiss, Europe) with 
laser excitation at 488 nm using a 60× oil immersion 
objective. All images were taken under exact same 
conditions of laser power (50.99%), aperture (1.4), pin 
hole (2 airy), offset (–90.70), scanning speed (400 Hz), and 
scanning area (238 µm × 238 µm).

In vitro X-ray irradiation

For irradiation experiments, 6 well cell culture plate 
was seeded with 40,000 cells/well in DMEM media 
supplemented with 10% FBS one day prior to treatment 
with nanoparticles. Two sets of 6 well plates were prepared 
for each sample in which one plate was irradiated whereas 
the other non-irradiated plate served as negative control. 
Cells were treated with two different concentrations 
of pGNPs (0.5 and 2 mg/mL), whereas one set of well 
with no nanoparticles kept as controls. Nanoparticles 
were incubated for 24 hrs following which the cells were 
irradiated. Irradiation experiments were carried out using 
Seifert ISOVOLT 225M2 X-ray source (Seifert X-ray, 
Lewistown, PA) on a SARRP platform operating at 220 kvp 

and 13 mA using a 0.15 mm copper filter (39). The dose rate 
at a source-subject distance (SSD) of 35 cm was 5.45 Gy/min 
(2 Gy in 22 s).

Clonogenic survival assay

Clonogenic cell survival assays were performed for 
evaluating the therapeutic effect of radiation on the cell 
survival with and without pGNPs. After irradiation, cells 
were incubated for another 24 hrs. After this period, the 
cells were trypsinized and seeded in triplicates in 100 mm 
petriplates for 14 days. After 14 days of incubation, the 
cells were washed with PBS and stained with trypan blue 
in methanol. All colonies with over 50 cells were counted. 
The relative cell surviving fraction was calculated by, 
using equation 1 and 2, dividing the number of colonies of 
irradiated cells by the cells plated, with a correction for the 
plating efficiency (PE) (40).

Plating Efficiency (PE) (%) =   No. of colonies formed   ×100    [1]
         No. of cells seeded    

Surviving Fraction (%) =  No. of colonies formed after treatment [2]
         No. of cells eeded ×PE    

PE is the ratio of the number of colonies to the number 
of cells seeded whereas the number of colonies that arise 
after treatment of cells, expressed in terms of PE, is called 
the surviving fraction (SF).

Results

Figure 1 shows the schematic illustration of the nanoparticles 
design and synthesis. The schematic represents the 
PEGylation of the as synthesized gold nanoparticles with 
heterobifunctional PEG and further conjugation with AF647. 
The amine groups present on the tip of the functionalized 
PEG on nanoparticles surface were utilized for covalently 
conjugating the AF647 to the gold nanoparticles.

Figure 2 (left panel) shows a representative TEM image 
of the as synthesized THPC capped gold nanoparticles. As 
can be visualized from the TEM image, the nanoparticles 
have a spherical morphology with a narrow size distribution. 
Figure 2 (right panel) shows a TEM image of THPC gold 
nanoparticles after PEGylation. The PEGylation process 
maintained the integrity of the core gold nanoparticles as 
the size of individual gold nanoparticles remained same. 
The polymeric PEG molecules which forms a dense layer 
around the metallic gold nanoparticles cannot be visualized 
in the TEM without additional negative staining. However, 
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we have confirmed this with the DLS studies. DLS has 
shown the nanoparticles to be of unimodal distribution 
with the maximum percentage intensity to be of 12 nm in 
size. Since DLS represents the hydrodynamic diameter, 
it becomes quite evident that after ligand exchange with 
PEG, the overall diameter of the nanoparticles becomes 
12 nm out of which approx. 6-7 nm is contributed by 
the PEG molecule on the surface of GNPs. PEG with a 
molecular weight of 2,000 Da adds an additional 6-8 nm in 
its stretched linear form (26). This increase in size with the 
addition of PEG is consistent with the DLS data.

The long-term stability of the pGNPs was established 
over six months with DLS and surface plasmon resonance. 
Figure 3A shows the comparative DLS data of the THPC 
capped GNPs and pGNPs measured over 6 months time. 

The DLS data clearly indicates a linear increase in the 
size of the THPC capped GNPs over the incubation time 
period which can be attributed to Ostwald ripening and 
further aggregation of nanoparticles. However, PEGylated 
nanoparticles showed an insignificant change in the size 
of the nanoparticles over the same time period indicating 
a higher degree of stabilization of the gold nanoparticles 
by the conjugated PEG on the nanoparticles surface. The 
observation of long-term stability was further confirmed 
with the characteristic surface plasmon behavior of the gold 
nanoparticles which is very well known to be dependent 
on the size of the gold nanoparticles. Figure 3 (right panel) 
shows the extinction spectra of the gold THPC capped 
GNPs and pGNPs. Freshly prepared THPC capped GNPs 
shows a surface plasmon resonance (SPR) band around 515-

Figure 1 Schematic presentation of the synthetic strategy of the pGNPs followed by conjugation with AF647

Figure 2 TEM of the THPC coated gold nanoparticles (A) and after PEGylation of THPC coated gold NPs (B)
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520 nm which is the characteristic plasmonic property of 
small size colloidal gold nanoparticles. The same sample, 
when stored, as is, for six months without any additional 
stabilization showed a bathochromic shift of the SPR peak along 
with a second prominent peak centered at 680-700 nm. This 
second peak for the 6-month old THPC capped GNPs 
corresponds to aggregated clusters of GNPs (41).

Similarly 4- and 5-month old samples showed a 
bathochromic shift from the freshly prepared sample with 
an increased intensity, indicating the increase in the size 
of the nanoparticles by Ostwald ripening and aggregation. 
However, pGNPs exhibited the same plasmon behavior 
after six months of storage under similar conditions. 

Gold nanoparticles are known to exhibit characteristic 
SPR phenomena which is highly dependent on the size of 
nanoparticles. This SPR behavior of THPC GNPs and 
pGNPs was correlated with the DLS data we obtained for 
these nanoparticles.

Optical imaging imparts an added modality for tracking 
the nanoparticles in vitro and in vivo. For this purpose, 
the conjugation of AF647 to the pGNPs surface via the 
functional groups present on the tip of the PEG molecule 
provides optical signature which can be tracked using 
optical spectroscopy. The photophysical characterization of 
the AF647-pGNPs is shown in Figure 3. Figure 3C shows 
the absorption and fluorescence spectra of the conjugated 

Figure 3 Physico-chemical characterization of pGNPs (A) DLS studies with the THPC coated GNPs and pGNPs; (B) Stability data of the 
pGNPs over a period of 6 months as studied by SPR of the GNPs by UV-Vis spectroscopy; (C) UV-vis absorption of the THPC coated 
GNPs and AF647-pGNPs; (D) Fluorescence studies with the AF647-pGNPs. After conjugation of AF647 to GNPs the nanoparticles were 
washed and spin filtered and the flow through was studied for presence of any free AF647
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fluorophore. Absorption spectra of the pGNPs showed a 
typical SPR peak as explained in previous section whereas 
once the AF 647 was conjugated to these pGNPs, there 
is a prominent absorption peak with λmax650 nm which 
is characteristic optical signature of AF647. With an 
excitation wavelength of 633 nm, AF647-pGNPs showed an 
emission peak at λmax668 nm. To ensure that all these optical 
signatures are only from the AF 647 molecules conjugated 
to pGNPs and not from free AF647, we have used 
centrifugal spin filtration method to separate the unbound 
AF647 from the reaction mixture. The flow-through 
obtained after separating the AF647-pGNPS was measured 
for free AF647 by fluorescence studies. Figure 3D shows 
fluorescence emission peaks for each iterative flow-through 
at λmax663 nm indicating the presence of unbound AF647 
in solution. The repeated washing with water removed 

any unbound AF647 from the nanoparticles and this was 
confirmed by the fluorescence spectra of the flow-through 
after fourth washing. In addition, the high fluorescence 
intensity obtained with the final washed AF647-pGNPs 
demonstrated high degree of AF 647 conjugation.

To demonstrate the imaging capability of the AF647-
pGNPs for optical tracking of the nanoparticles in in vitro 
and in vivo systems, the AF647-pGNPs are used to label 
the cervical cancer HeLa cell line. Figure 4 shows confocal 
fluorescence images of live cells incubated with two 
different concentrations of AF647-GNPs for 2 hrs. Both 
concentrations of the nanoparticles have a robust uptake as 
can be visualized by the strong cellular staining outside the 
nucleus in the ER region. No morphological damage was 
observed for HeLa cells, indicating low cytotoxicity of these 
nanoparticles.

Figure 4 Confocal fluorescence imaging with HeLa cell line treated with AF647-pGNPs
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To estimate if these functional nanoparticles are 
biocompatible and do not cause any physiological 
damage to the cells, the AF647-pGNPs were evaluated 
by MTS assay. The nanoparticles were treated with cells 
at different concentrations for a period of 24 hrs with 
concentrations as high as 2.5 mg/mL of nanoparticles. 
Figure S1 (see supplementary information) shows the results 
of the MTS assay with HeLa cells treated with AF647-
pGNPs nanoparticles. One can observe that cells retained 
more than 90% viability even in the presence of a highest 
nanoparticle loading of 2.5 mg/mL for 24 h. The low in 
vitro cytotoxicity of AF647-pGNPs may be attributed to 
several factors, including the non-reactive nature of the 
metallic gold nanoparticles as well as the presence of the 
highly hydrophilic, non-immunogenic and biocompatible 
PEG layer on the nanoparticles surface.

The radiation dose enhancement studies with pGNPs 
in vitro was carried out in HeLa cell lines by clonogenic 
survival assays (40), which is a more stringent assay for cell 
viability upon irradiation with X-rays. Colony formation 
with the HeLa cells treated with nanoparticles was 
assessed for two weeks post irradiation of the cells with 
X-rays. Figure 5 shows the number colonies formed in 
control cells (no pGNPs) and two sets of cells treated with 
0.5 and 2 mg/mL of pGNPs. As can be visualized from the 
plates that non irradiated cells in control as well as pGNPs 
treated formed approx. ~174 colonies whereas upon 
irradiation with X-rays, the number of colonies for control 
cells decreased to 151, 0.5 mg/mL pGNPs to 121 and a 
mere 42 colonies for the cells treated with 2 mg/mL pGNPs. 
However, a small decrease in the number of colonies formed 

for the non-irradiated cells treated with 2 mg/mL pGNPs 
can be attributed to the high concentration of pGNPs.

When untreated cells are plated as a single-cell 
suspension at low densities, they will grow to colonies. PE 
is the ratio of the number of colonies to the number of cells 
seeded and act as controls for calculating the SF (40). The 
PE was calculated for each of the plates, for the control 
plates without pGNPs and 0.5 mg/mL pGNPs the plating 
efficiency was ~42% however there was a small decrease 
in the plating efficiency with 2 mg/mL pGNPs (~36%) 
which can be attributed to a very high concentration 
of pGNPs with the cells. However, for calculating the 
surviving fractions which shows the actual efficacy of the 
radiation effect on the cells, a correction for the PE was 
considered for each sample. SF as a function of dose can 
also be determined by using the clonogenic assay. The 
radiation dose—survival curve may be modified by the 
additional treatment, yielding results expressed as a dose-
modifying factor, dose enhancement ratio or sensitizer 
enhancement ratio. As can be visualized from the Figure 
6A, for the control samples upon irradiation a SF value 
of 0.82 was observed. However, for the cells treated with 
pGNPs, there is almost a linear decrease in the SF value 
with an increase in the pGNPs concentrations. A SF value 
of 0.63 and 0.26 was observed for the cells treated with 0.5 
and 2 mg/mL respectively. Figure 6B shows the relative 
cell death upon irradiation in presence of pGNPs when 
compared with control cells with no pGNPs. It is evident 
that, with cells treated with 0.5 mg/mL, a relative increase 
in cell death to 1.3 fold was a result of radiation boost with 
pGNPs in the form of potent Auger electrons. With an 

Figure 5 Clonogenic survival assay to study the radiation dose enhancement by the functionalized pGNPs
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increased concentration of pGNPs the increase in relative 
cell kill to 2.8 fold clearly demonstrated the radiation dose 
enhancement with the pGNPs. These results are consistent 
with our previously published results with 50 nm gold 
nanoparticles.

Discussion

Gold nanoparticles are known for the radiation dose 
enhancement because of its high Z number, however for 
successful translation of these nanoparticles to clinics, 
the design of the nanoplatform containing the gold 
nanoparticles becomes very critical. Here we have carefully 
designed the size of the nanoparticles for maximal tumor 
uptake with minimal uptake in the RES system yet these 
long circulating nanoparticles should be cleared via the 
renal excretion upon disintegration of the surface ligands.

Keeping these parameters in mind we have synthesized 
third generation of ultrasmall gold nanoparticles of 2-3 nm 
diameter. The excellent capping properties of the THPC 
were exploited for in situ reduction of chloroauric acid 
simultaneously with THPC. The size of the nanoparticles 
plays a significant role in various physiological parameters 
(hepatic filtration, renal excretion, tissue extravasation 
and diffusion) (22,42,43). Bigger size nanoparticles tend 
to accumulate in RES organs primarily in liver and spleen 
(25,44). The correlation between the decrease in the size 
of the nanoparticle with the increase in the nanoparticle’s 

capacity to navigate between the tumor interstitium after 
extravasation has been well documented. The hydrodynamic 
size of the pGNPs formulation reported here is 12 nm 
which is ideal as this will avoid the faster renal excretion 
with lower hepatic infiltration and long circulation because 
of the amphiphilic PEG on the surface. The presence of 
PEG also imparted excellent long term bench stability 
to the pGNPs as shown in the stability data. The passive 
layer of PEG on nanoparticles surface reduces interparticle 
interactions thereby reducing agglomeration over time.

The small core size of the nanoparticles was stabilized 
with non immunogenic and biocompatible hetero-
bifunctional PEG molecules. The presence of PEG on the 
surface of nanoparticles not only provides a passive layer 
but also modulates the surface charge of the nanoparticles 
which ultimately determines the biodistribution of the 
nanoparticles. For the pGNPs formulation the surface 
charge can be modulated easily by varying the ratios of 
the PEG molecules functionalized with methoxy, amine 
or carboxyl groups. Gbadamosi et al. have shown a 
linear correlation between the surface charge of the 
nanoparticles and the extent of phagocytosis by the 
macrophage cells (45). Also, the presence of PEG on 
the nanoparticles surface substantially reduce nonspecific 
interactions with proteins through its hydrophilicity and 
steric repulsion effects thereby reducing opsonization 
(46,47). Furthermore, depending upon the size of the 
nanoparticles, PEG with a molecular weight of 2-10 kDa 

Figure 6 Effect of different concentrations of pGNPs on the HeLa cells survival as estimated by clonogenic assay by calculating (A) the 
surviving fractions which shows the actual efficacy of the radiation effect on the cells, a correction for the PE was considered for each 
sample, and (B) relative increase in cell kill with increase in pGNPs concentration
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has been optimized for an efficient tumor accumulation and 
minimal phagocytosis (26,48).

The presence of functional groups on the surface of 
nanoparticles imparts the flexibility to conjugate various 
biomolecules, fluorophores, drugs or radiolabels. The 
stabilization of the pGNPs heterobifuntional PEG provided 
free –NH2 and –COOH groups, out of which –NH2 groups 
were used for conjugating the AF647. The free-COOH 
groups can be further conjugated to a peptide or aptamer in 
order to increase the specific targeting of the nanoparticles 
to particular organ. The presence of AF647 with pGNPs 
provides a tool for optically tracking the nanoparticles fate 
in the systemic circulation. In vitro confocal imaging with 
the HeLa cells demonstrated the ease and feasibility of 
the use of these nanoparticles in optical tracking. Also, the 
biocompatibility of the AF647-pGNPs formulation even at 
high doses with the HeLa cells shows that this formulation 
is suitable for in vitro cell labeling, cell tracking, and other 
bioimaging applications.

The clonogenic survival assay clearly demonstrated 
the application of the pGNPs platform in enhancing the 
radiation dose. The results obtained with the pGNPs are 
very similar to the earlier reports with the same dose rate 
with HeLa cell line (9,49,50). A 2.8 fold increase in relative 
cell kill with 2 mg/mL of pGNPs shows the efficiency of 
this platform in boosting radiation dose. This is important 
because while fabricating a platform if some of the 
properties, like generation of Auger electrons in this case, 
can be hindered due to change in size, surface properties 
or conjugation to biomolecules, which may result in non-
functional nanoparticles with no application. However, the 
overall data suggests that the platform of ultrasmall AF647-
pGNPs has the potential in terms of optical tracking in 
vitro and boosting the radiation therapeutic effect. The 
parameters which were used to fabricate this platform 
clearly shows advantages over other existing formulations of 
gold nanoparticles for radiation therapy. Such information 
will be crucial in further application of these nanoparticles 
in in vivo experiments and further clinical trial design 
of radiation therapy using these theranostic pGNPs 
nanoparticles.

Conclusions

We have  demons t r a t ed  the  s yn the s i s  o f  h igh ly 
monodispersed and ultrafine gold nanoparticles with 
biocompatible and non-immunogenic PEG on the 
surface. The size of the nanoparticles has been successfully 

maintained around 12 nm to prevent quick excretion via 
the renal route or accumulation in the RES system and 
hence to enhance tumor accumulation. The pGNPs were 
conjugated with the AF647 so that the nanoparticles can be 
tracked in vitro by optical imaging. These nanoparticles are 
robustly uptaken by cells in culture, and they subsequently 
exert potent therapeutic effect enhancing the radiation dose 
as demonstrated by clonogenic survival assays. The small 
size of the nanoparticles (for long circulation and high half 
life in circulation), presence of free functionalities on the 
surface (for conjugating multiple biomolecules like RGD 
peptide, aptamers), inherent imaging modality (AF647 
fluorophore) with excellent radiosensitizing properties 
makes these AuRadTM platform ideally suitable for further in 
vivo radiation therapeutic investigations and future clinical 
translation.
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