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Abstract: Cancer ranks among the leading causes of human mortality. Cancer becomes 

intractable when it spreads from the primary tumor site to various organs (such as bone, 

lung, liver, and then brain). Unlike solid tumor cells, cancer stem cells and metastatic 

cancer cells grow in a non-attached (suspension) form when moving from their source 

to other locations in the body. Due to the non-attached growth nature, metastasis is often 

first detected in the circulatory systems, for instance in a lymph node near the primary 

tumor. Cancer research over the past several decades has primarily focused on treating 

solid tumors, but targeted therapy to treat cancer stem cells and cancer metastasis has yet 

to be developed. Because cancers undergo faster metabolism and consume more glucose 

than normal cells, glucose was chosen in this study as a reagent to target cancer cells. 

In particular, by covalently binding gold nanoparticles (GNPs) with thio-PEG (polyethylene 

glycol) and thio-glucose, the resulting functionalized GNPs (Glu-GNPs) were created for 

targeted treatment of cancer metastasis and cancer stem cells. Suspension cancer cell THP-1 

(human monocytic cell line derived from acute monocytic leukemia patients) was selected 

because it has properties similar to cancer stem cells and has been used as a metastatic 

cancer cell model for in vitro studies. To take advantage of cancer cells’ elevated glucose 

consumption over normal cells, different starvation periods were screened in order to achieve 

optimal treatment effects. Cancer cells were then fed using Glu-GNPs followed by X-ray 

irradiation treatment. For comparison, solid tumor MCF-7 cells (breast cancer cell line) 

were studied as well. Our irradiation experimental results show that Glu-GNPs are better 

irradiation sensitizers to treat THP-1 cells than MCF-7 cells, or Glu-GNPs enhance the 

cancer killing of THP-1 cells 20% more than X-ray irradiation alone and GNP treatment 

alone. This finding can help oncologists to design therapeutic strategies to target cancer 

stem cells and cancer metastasis.

Keywords: glucose capped gold nanoparticles, cancer metastasis, cancer stem cells, irradiation 

therapy, targeted treatment, suspension cancer cells

Introduction
Cancer can originate in various organs as its primary location in the body. Cancer 

metastasis occurs when cancer cells spread from their original location to a new 

location or different organs. For instance, lung cancer can migrate from its primary 

site (eg, the lungs) to a new location (eg, the bones). One of the possible mechanisms 

of cancer metastasis is that cancer cells break off from its original tumor and enter 

the blood and the lymphatic systems. These metastatic cancer cells can sometimes 

insidiously evade detection by the immune system and are carried by the blood 

stream or lymphatic fluid to a new location in the body.1 Stephen Paget in 1889 

proposed that metastasis happens because interactions between “seed” (or cancer 

cells) and “soil” (or the specific organ microenvironments or metastatic niche).2,3 
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Cells that can migrate may not metastasize because they 

might lack the ability to invade through the extracellular 

matrix.4 Therefore, migration and metastasis are completely 

different. Circulation is not the only reason behind metas-

tasis. Cancer cells survive and grow by angiogenesis, the 

process of building a new blood supply. Cancer can spread 

almost anywhere in the body, but the most common sites of 

metastasis are the bones, the brain, the liver, and the lungs 

because these tissues are well vascularized with blood veins 

that metastatic cells can be carried through. Patients may 

experience no or few symptoms even when cancer starts to 

migrate, but it becomes very difficult to treat once cancer 

spreads.5 In some cases, the metastatic tumor is found dur-

ing routine examinations or tests before the primary tumor 

is detected. Therefore, treating cancer metastasis becomes 

extremely important. 

Cancer stem cells, like normal stem cells, have the ability 

to renew themselves and give rise to all cancer cell types. 

They share key behavioral characteristics of suspension 

growth cells6 as they proliferate through the bloodstream 

during cancer recidivism and metastasis, ultimately giving 

rise to new tumors. Designing a specific targeted therapy to 

treat cancer stem cells becomes critical to improve the sur-

vival and quality of life of cancer patients, especially those 

already experiencing cancer metastasis. 

Current clinical cancer treatments (either radiation 

therapy or chemotherapy) are “blind” in that harmful 

chemicals or ionizing radiation affects the whole treated 

area regardless of whether the tissue in the area is benign 

or malignant. Nanotechnology, which has been advanced 

significantly over the past several decades,7,8 offers a new 

targeted-cancer-treatment which attacks cancerous cells 

with reduced harmful side effects suffered by surrounding 

normal cells. Nanoparticles are usually made of inorganic 

nanomaterials such as gold nanoparticles (GNPs). These 

nanoparticles themselves often lack pathology targeting 

mechanisms, and thus various functional biomolecules 

(eg, cancer targeted ligands) are required to bind with 

nanoparticles to make them functional nanoparticles. Many 

studies have shown that functional nanoparticles are more 

effective in treating cancers and improving cellular target-

ing and X-ray irradiation sensitization than nanoparticles 

alone.7,9–11 Among these nanoparticles, biocompatible GNPs 

are the only US Food and Drug Administration (FDA) 

approved nanomaterials for clinical trials.12 Many research-

ers have also shown that GNPs are promising candidates for 

various biomedical applications in cancer diagnostics and 

therapeutics.13–15 For instance, GNPs in combination with 

surface plasmon resonance and surface enhanced Raman 

scattering increase the sensitivity of imaging systems.16–19 

GNPs were also used for other therapeutic applications, 

such as targeted drug delivery.20–25 One cancer killing 

mechanism study indicates that GNPs effectively increase 

the absorption of radiation leading to thermal denaturation 

and coagulation of cancerous cells as a result of surface 

plasmon resonance.26 The other more commonly accepted 

cancer-killing mechanism is that GNPs enhance sensitization 

of irradiation at megavoltage energies due to increased free 

radicals of gold, the photoelectric effect, and the Compton 

effect.27–31 Consequently, the more GNPs taken up by cancer 

cells, the better the therapeutic outcome during irradiation. 

Although GNPs have shown improvement over irradiation 

treatment alone, their targeting ability relies on differential 

amounts of GNPs taken up by cancerous cells compared 

to surrounding normal cells. Therefore, we need to choose 

biomolecules that modify the surface of GNPs so that they 

are more attractive to cancer cells. 

Cancer cells reproduce more rapidly and live longer than 

normal cells because they utilize specific proteins and glu-

cose to support their continuous growth.32 One of the most 

attractive properties of GNPs is their ability to covalently 

conjugate with various biomolecules via thiol groups.14 

GNPs capped with suitable functional biomolecules can 

enhance their uptake by cancer cells but not surrounding 

normal cells eg, macrophages, endothelial cells,33,34 thereby 

becoming attractive for tumor detection and therapy.9,35–38 

Glucose is a primary source of metabolic energy for cells, 

thus cancer cells take significantly more glucose compared 

to normal cells. Specifically, larger numbers of glucose mol-

ecules are internalized via GLUT receptors present on cancer 

cell surfaces.39,40 Glucose tagging is, therefore, an effective 

way to facilitate the entry of GNPs into cells. In vitro and 

in vivo studies show that pegylated glucose coated GNPs 

(or Glu-GNPs) of 20 nm in diameter are more effective in 

targeting solid cancer (ie, breast, liver, prostate, and ovarian 

cancers).9,10,30 In addition, images showed that Glu-GNPs 

enter cancer cells more than surrounding normal cells in 

our animal studies.41,42 Although the therapeutic effective-

ness of Glu-GNPs versus (vs) naked GNPs has attracted 

wide research interest, the majority of research has focused 

on the uptake of nanoparticles in solid tumors or attached-

growing cells, such as MCF-7 and HeLa cells. To the best of 

our knowledge, no report has been published on evaluating 

cellular uptake of Glu-GNPs vs naked GNPs for suspension 

cells (lymphoma cells, leukemia cells, metastatic cancer cells 

or even cancer stem cells). 
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Materials and methods
chemicals and materials
Gold (III) chloride trihydrate (HAuCl

4
⋅3H

2
O), trisodium 

citrate sodium (Na
3
C

6
H

5
O

7
⋅2H

2
O), 1-thio-D-glucose (Glu) 

and thio-polyethylene glycol (thio-PEG with the molecular 

weight of 5,000 g/mol) were purchased from Sigma-Aldrich 

Co., St Louis, MO, USA. All the materials were dissolved 

in deionized water purified by the Milli-Q Biocel system 

(ZMQS50F01; Millipore, USA).

synthesis of glu-gNPs and gNPs
There were two main steps involved in GNP and Glu-GNP 

synthesis: 

•฀ Making stock solutions: 3 mL of 25 mM Gold (III) 

chloride trihydrate (HAuCl
4
⋅3H

2
O) was added to 47 mL 

of deionized water in a clean Erlenmeyer flask. Using 

a magnetic stir bar, the solution was stirred at 350 rpm 

on a magnetic hot plate at 300°C. A reflux column was 

used as a condenser to prevent the evaporated water from 

escaping. Eight milliliters of 34 mM trisodium citrate was 

rapidly added to the solution as a reducing agent once 

condensation was seen in the reflux column. The solu-

tion was heated for another 2 minutes until the color of 

the solution turned dark red. After heating, the solution 

was stirred for another 20 minutes to allow the reaction 

to complete. 

•฀ Making the final solutions: i) because GNPs in the pre-

viously made stock solutions can aggregate, they were 

stabilized by coating with thio-PEG. To make stabilized 

GNPs for in vitro experiments, thio-PEG was added 

to the previously prepared stock solution and mixed.  

ii) To make Glu-GNPs, both thio-PEG and thio-glucose 

were added to previously prepared stock solutions of 

GNPs and mixed well. Note that both glucose and PEG 

are covalently bound onto GNPs, and the molar ratio is 

PEG:Au:glucose =0.06:1:0.687.

The samples were finally purified by centrifugation for 

30 minutes and the supernatant was discarded. 

characterization of nanoparticles 
and cellular uptake
The following tools were used to characterize nanoparticles 

and image cellular uptake: 

•฀ Transmission electron microscopy (TEM; JEM-100CX) is a 

technique to image nanoparticles at much higher resolution 

than that obtained by conventional microscopes. The image 

is formed due to the interaction of electrons when they pass 

through the nanoparticles. Ten microliters of GNPs was 

deposited onto a treated grid. The grid was covered with a 

petri dish lid and left to stand at room temperature for the 

chosen capture time, around 15 minutes. Subsequently, the 

grid was carefully dip-rinsed with deionized water. TEM 

was used to measure the projected images of GNPs, and 

thus surface morphology of GNPs could be obtained. 

•฀ When light impinges on nanoparticles (GNPs or Glu-

GNPs), its photons are scattered in a mathematically 

predictable manner. Dynamic light scattering (DLS; 

Zetasizer Nano S, Malvern Instruments, Malvern, UK) 

is a technique used to determine the size distribution of 

GNPs or Glu-GNPs in solution. Starting with a GNP 

solution of 1 mg/mL Au, the concentration was adjusted 

to accommodate the scattering properties of GNPs and 

the optical requirement of the instrument. The GNP 

solution was added into a clean quartz cuvette to ensure 

liquid level at least 2 mm above the height of the laser 

beam. The DLS analysis software was used to measure 

the size distribution of GNPs.

•฀ Atomic force microscopy (AFM; Veeco Multimode V 

SPM) consists of a cantilever with a sharp tip (probe) made 

of silicon or silicon nitride. It is often used to scan the 

specimen surface. GNPs of 25 μL were evenly dispersed 

on a flat high-quality mica surface. Height calibration was 

performed before AFM measurements. Because GNPs are 

bound to the substrate via weak physical forces, intermittent 

contact mode was chosen for imaging and measurement. 

•฀ Scanning electron microscopy (SEM; Carl Zeiss Meditec 

AG, Jena, Germany) is commonly used to image the 

morphology of samples using a focused beam of elec-

trons. To capture the morphology of THP-1 cells after 

treatment with Glu-GNPs and X-ray, the cells were col-

lected and attached to the plates by using poly-L-lysine. 

The cells were then fixed in 2% glutaraldehyde in a 4% 

PEA/cacodylate buffer for 2 hours at room temperature. 

A graded ethanol series (50, 70, 90, and 100%) and a 

graded mixture series of ethanol and hexamethyldisila-

zane (75:25, 50:50, and 25:75) were used to dehydrate 

all the samples. After the dehydration process, the cells 

were kept overnight in 100% hexamethyldisilazane at 

room temperature. Thereafter, a Hummer 6.2 sputtering 

system was used to coat them with gold-palladium. The 

SEM images were taken by an XL 30 scanning electron 

microscope (Philips) operated at 20 kV. 

cell culture
Leukemic stem cell, THP-1, was selected in our study 

because it shares many properties of cancer stem cells.43  
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The clonogenicity of THP-1 cells has been reported,44 and cell 

surface markers like CD44 expressed in THP-1 have also been 

studied.45 THP-1 is one of the common cell types used for 

modeling cancer stem cells. In our previous study, we have 

validated that PEG-Glu-GNPs can enhance the irradiation 

treatment of solid tumor cells, such as breast cancers,9 prostate 

cancers,30 and ovarian cancer.11 To compare the therapeutic 

efficacy of Glu-GNPs with different types of cells, THP-1 

and MCF-7 cells were chosen. Note that the breast cancer 

cell line MCF-7 was selected because it is a commonly used 

cancer cell line in cancer studies. Both the THP-1 (suspension 

growth) and MCF-7 (attached growth) cell lines purchased 

from the American Type Culture Collection (Manassas, VA, 

USA) were used for the in vitro experiments. Both were 

cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) 

supplemented with 10% fetal bovine serum (Thermo Fisher 

Scientific, Waltham, MA, USA), 20 mmol/L 
D-glucose,  

100 UI/mL penicillin G, and 100 μg/mL streptomycin (Sigma-

Aldrich Co.) in a humidified incubator with 5% CO
2
, at 37°C. 

These cells were then used for the starvation and irradiation 

tests (refer to Section “Radiation effect on killing cancer cells 

after nanoparticles uptake”). 

gNP treatments
effect of same starvation times on  

pharmacokinetics of nanoparticle uptake

MCF-7 and THP-1 cells were seeded at approximately 

(2.0*105) per well in 35 mm dishes for 18 hours. The medium 

was then switched to DMEM without glucose (Thermo Fisher 

Scientific) for 2 hours. Glu-GNPs and naked GNPs (10 μL per 

1 mL medium) were added into the medium afterward. The 

same amount of DI water was added as the control. The cells 

were collected at different time points, 1 hour, 2 hours, 3 hours, 

and 4 hours afterward (Figure 1). The reason tests did not go 

beyond 4 hours is that cells reached the peak concentration 

of Glu-GNP uptake and started to expel Glu-GNPs thereafter 

(refer to the Results and Discussion sections and Figure 2). 

Medium was then removed and the cells were washed 

with phosphate-buffered saline twice. After washing, the 

cells were digested with 0.3 mL of trypsin and suspended 

in 1 mL of DMEM without glucose. The cells were counted 

using a hemocytometer. After counting, the cells were cen-

trifuged and supernatant was removed. A half milliliter of 

HCl:HNO
3
 (3:1) (concentrated 34% HCl mixed with 68% 

HNO
3
) was added to each sample to lyse the cells. The final 

gold mass in each solution was measured using inductively 

coupled plasma mass spectrometry (ICP-MS or ICP-AES). 

Knowing the concentration of gold and the number of cells 

in the solution, cellular uptake of GNPs could be calculated 

by dividing the concentration of GNPs by the number of 

cells in the solution based on the hemocytometer counting 

results.

effect of different starvation times on 

pharmacokinetics of nanoparticle uptake

In previous tests, the starvation time was set constant at 

2 hours to check whether deprivation of glucose can help 

Glu-GNP or even GNP uptake. The following tests were 

designed to screen the optimal starvation time (or what is the 

best starvation time so that cells take up the maximum amount 

of Glu-GNPs. The design is quite similar to the previous 

one. MCF-7 and THP-1 cells were seeded at approximately 

(2.0*105) per well in 35 mm dishes each for 18 hours. The 

medium was switched to DMEM without glucose. After 

different starvation times (1 hour, 2 hours, and 3 hours), 

Glu-GNPs and naked GNPs (10 μL per 1 mL medium) were 

added to the medium. The hypothesis is that cancer cells 

consume more glucose capped GNPs and starvation can help 

nanoparticle uptake. However, the starvation could not go 

beyond 3 hours otherwise cells became unhealthy. Based on 

the previous studies,9,11,30 1 hour or 2 hours after incubation 

was the optimal cellular uptake time of GNPs and Glu-GNPs. 

Cells started to expel GNPs if the incubation time was longer. 

The cells were collected at 1 hour and 2 hours after incuba-

tion with Glu-GNPs and naked GNPs (refer to Figure 3).  

The process of cell uptake assay for the MCF-7 and THP-1 

cells was the same as mentioned previously.

Irradiation
MCF-7 and THP-1 cells were seeded at approximately 2*105 

per well in 35 mm culture dishes for 18 hours. The medium 

was then switched to DMEM without glucose for 2 hours. 

Depending on the study group, either Glu-GNPs or naked 

GNPs (10 μL per 1 mL medium) were subsequently added 

into the medium. The same volume of DI water was added 

Monitoring GNP uptake at different time points

Adding GNPs

or Glu-GNPs

Time

(hr)64 53210

Starving for 2 hrs

Figure 1 experimental design to check cells’ uptake of nanoparticles with 2-hour 

starvation.

Abbreviations: gNPs, gold nanoparticles; glu-gNPs, pegylated glucose coated 

gNPs.
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Figure 2 Uptake of nanoparticles. 

Notes: (A) Nanoparticles taken up by McF-7 cells: average and standard deviations; (B) Nanoparticles taken up by ThP-1 cells: average and standard deviations. Note that 

1 h on the horizontal axis designates 1 hour after cells were treated by nanoparticles. *Indicates a signiicant difference (P0.05) when comparing gold concentration of cells 

treated with glu-gNPs or gNPs.

Abbreviations: gNPs, gold nanoparticles; glu-gNPs, pegylated glucose coated gNPs.

Monitoring GNP uptake at different time points

Adding GNPs

or Glu-GNPs

Time (hr)4 53210

Starving for

1 hr

Monitoring GNP uptake at different time points

Adding GNPs

or Glu-GNPs

Time (hr)4 53210

Starving for 2 hrs

Monitoring GNP uptake at different time points

Adding GNPs

or Glu-GNPs

Time (hr)4 53210

Starving for 3 hrs

Figure 3 experimental design to check cells’ uptake of nanoparticles with different starvation times.

Abbreviations: gNPs, gold nanoparticles; glu-gNPs, pegylated glucose coated gNPs; hr, hour(s).

to the control group. One hour later, the medium contain-

ing GNPs was removed. The cells were washed twice with 

phosphate-buffered saline and then replenished with fresh 

medium with glucose. Both GNP treated and untreated cells 

were then irradiated with 200 kVp X-rays of 0, 6, and 9 Gy. 

Note that Gy is the SI unit for absorbed dose with the units 

of joules/kilogram (1 joule =6.24*1018 eV). After irradiation, 

the cells were collected for a cell proliferation assay (MTS). 

MCF-7 and THP-1 cells were separately seeded with 2.0*103 

cells per well in a 96-well culture plate. The experiments 

were repeated in triplicate. The cells without nanoparticles 

and the cells without irradiation served as the controls. When 

the cells were incubated at 36, 60, and 84 hours after X-ray 

treatment, cell viability was measured using the MTS assay 

and the results were also confirmed using the traditional cell 

count method. The results for cellular survival in response 

to Glu-GNPs and GNPs with and without irradiation were 

determined using the ELx800 Absorbance Microplate Reader 

(BioTek, USA) and the absorbance values at 490 nm were 

recorded at the indicated time points.

statistical analysis 
Experimental values were determined in triplicate. All val-

ues regarding measurement and percentage of gold content 

were expressed as mean and standard deviation. The one-

way analysis of variance (ANOVA) and Tukey’s multiple 

comparison post-tests were used. Differences less than 0.05 

(P0.05) were considered statistically significant.
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Results and discussion
characterization of gNPs
The morphology of Glu-GNPs was imaged using TEM (refer 

to Figure 4A). The diameters of the Glu-GNPs and their size 

distribution were measured using DLS and AFM (refer to 

Figure 4B). The average diameter of these nanoparticles 

was around 20 nm (Glu-GNPs and GNPs are of a similar 

size around 20 nm because glucose is a small molecule 

and thus does not make a noticeable size difference). Most 

studies show that GNPs of small size (50 nm) can easily 

enter cells without causing much damage.12 We chose a 

nanoparticle size of 20 nm because our previous in vivo and 

in vitro studies showed that Glu-GNPs of 20 nm are more 

effective in treating cancer and being discharged from the 

body afterward.42,46 

cellular uptake of glu-gNPs and gNPs 
in targeted cells
In vivo experiments have shown that Glu-GNPs can be taken 

up by solid tumors under normal glucose conditions (without 

starvation).42,46 In this in vitro study, we seek to examine 

how starvation impacts the cellular uptake of Glu-GNPs by 

cancer stem cells. Our premise is that patients being starved 

prior to Glu-GNP plus X-ray treatment can achieve a better 

targeted tumor-killing effect than those without starvation. 

The experiments were carried out in two groups: i) cellular 

uptake tests with the same starvation time (2 hours); and  

ii) cellular uptake tests with different starvation times. 

cellular uptake of nanoparticles after 

2-hour starvation 

Taking cells prepared according to the procedure outlined in 

“Characterization of nanoparticles and cellular uptake”, both 

MCF-7 cells and THP-1 cells were cultured in DMEM without 

glucose (Thermo Fisher Scientific), and were deprived from 

glucose or were starved for 2 hours. They were then treated 

with Glu-GNPs and GNPs. Nanoparticle metabolism was 

monitored at different time points (1 hour, 2 hours, 3 hours, 

and 4 hours) after treatments (refer to Figure 1). GNPs were 

able to enter the cytoplasm of both types of cells (Figure 4C) 

and a few even entered the nuclei of cells. Gold concentration 

per cell was calculated based on the total gold concentration 

measured by ICP-AES divided by the total living cell number 

counted by the hemocytometer, shown in Figure 2A and B. 

For MCF-7 cells, we notice from Figure 2A: i) the uptake 

of GNPs gradually increased as time elapsed from 1 hour to 

4 hours. The hypothesis is that, a gold concentration gradi-

ent causes GNPs to gradually diffuse into the cells. ii) The 

uptake of Glu-GNPs, on the other hand, increased quickly 

and peaked at 2 hours. The hypothesis is that glucose is 

the main energy source for cell growth. After 2 hours of 

starvation, cells urgently needed glucose to maintain their 

metabolism. They took up Glu-GNPs during the first 2 hours 

resembling the uptake of pure glucose. However, Glu-GNPs 

exhibited different pharmacokinetics compared to glucose. 

Cells started to expel Glu-GNPs, evident in their decreased 

concentration after 2 hours. Three hours after nanoparticle 

Cell membrane

Glu-GNPs

200 nm

100 nm

40 50 nm302010

1.5

0.5

%

1

0

A C

B

Figure 4 characteristics of glu-gNPs. 

Notes: (A) TeM picture of glu-gNPs and (B) the size distribution of glu-gNPs measured by atomic force microscopy. The y-axis shows the percentage of nanoparticles 

falling into a particular size range and the x-axis shows the measured size of nanoparticles. For example, as indicated by the irst red dashed line, nanoparticles with diameters 
around 22 nm account for 1% of all the particles measured. (C) TeM picture show glu-gNPs entering cancer cells and in cytoplasm. 

Abbreviations: gNPs, gold nanoparticles; glu-gNPs, pegylated glucose coated gNPs; TeM, transmission electron microscopy.
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treatment, gold concentration in cells matched that of 

GNPs alone. Note that long chain PEGs (molecular weight, 

MW =5,000) could mask small molecules (like glucose) 

conjugated to the GNPs’ surface rendering them less effec-

tive. In other words, once glucose molecules were covered 

by PEGs, the targeting efficiency gained by using glucose as 

a cancer targeting agent got lost. To alleviate the problem, 

the molar ratio PEG:Au:glucose =0.06:1:0.687 was adjusted 

accordingly – ten times more glucose than PEG.

Cellular uptake behavior varies depending on cell types 

and their growth conditions (attached vs suspension growth). 

For THP-1 cells, the effect of glucose functionalization on 

cellular uptake is more dramatic than that of MCF-7 cells, 

reflected in Figure 2B. The uptake of GNPs on THP-1 

decreased 2 hours after the nanoparticle treatment (from 

1.8*10-6 PPM at 2 hours to 1.6*10-6 PPM at 3 hours then to 

1.1*10-6 PPM at 4 hours shown in Figure 2B). THP-1 cells 

endocytosed GNPs during the first 2 hours, but cells real-

ized GNPs were unwanted substances and expelled GNPs 

after 2 hours. The amount of Glu-GNPs in THP-1 cells was 

comparable to that of Glu-GNPs in MCF-7 cells, 1.6*10-6 PPM 

at 3 hours. Although the amount of Glu-GNPs was lower at 

1 and 2 hours after nanoparticle treatment (0.95*10-6 PPM 

at 1 hour and 1.48*10-6 PPM at 2 hours), but it caught up 

3 and 4 hours after nanoparticle treatment (1.6*10-6 PPM  

at 3 hours and 2.9*10-6 PPM at 4 hours refer to Figure 2B). 

The uptake of Glu-GNPs vs that of GNPs in THP-1 cells at 

4 hours was drastically different (2.90*10-6 PPM vs 1.15*10-6 

PPM) mainly due to the glucose coating. THP-1 cells cannot 

distinguish Glu-GNPs from glucose and continue to take 

up Glu-GNPs. This is exactly what we wanted to achieve: 

Glu-GNPs exhibit superior differential uptake by cancer cells 

compared to surrounding normal cells (computed tomogra-

phy and positron emission tomography images in our previ-

ous in vivo studies42,46 confirmed this finding). Considering 

that THP-1 cells are smaller to MCF-7 cells, the density of 

Glu-GNPs in THP-1 cells was actually higher than that in 

MCF-7 cells. Here density is defined as the mass of GNPs 

in each cell divided by cell volume (the average diameter of 

MCF-7 cells is about 18±2 μm,47 while the average diameter 

of THP-1 cells is about 7±2 μm based on our measurement 

[refer to Figure 5D]). This phenomenon can be explained  
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Figure 5 ThP-1 cell viability.

Notes: ThP-1 cell viability measured by MTs assay at 36 hours (A), 60 hours (B), and 84 hours (C) after irradiation. *Indicates that a signiicant difference (P0.05) was 

shown when comparing gold concentration in cells treated with glu-gNPs versus gNPs. Note that 0.9 on the y-axis stands for a cell viability of 90%. (D) scanning electron 

microscopy (seM) images of ThP-1 cells: with and without treatment. The average diameter of ThP-1 cells is about 7±2 μm.

Abbreviations: gNPs, gold nanoparticles; glu-gNPs, pegylated glucose coated gNPs.
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as follows: THP-1 cells, unlike MCF-7 cells, are suspension 

growth cells. The proportional surface area of these cells, 

which is in contact with the Glu-GNP medium, is much 

larger than that of attached growth MCF-7 cells (the attached 

side, in theory, is only in contact with the adjacent cells or 

tissues). Therefore, results show higher Glu-GNP density in 

THP-1 cells. After starving for 2 hours, cellular uptake of 

Glu-GNPs by THP-1 cells continued to increase and reached 

a peak level of 2.9*10-6 PPM at 4 hours. This behavior is 

totally different from that of MCF-7 cells for which uptake 

peaked at 2 hours after Glu-GNP treatment at about 2.1*10-6 

PPM. From this study, THP-1 cells more favorably take up 

Glu-GNPs than MCF-7 cells. 

cellular uptake of nanoparticles with different 

starvation durations

Starvation helps with GNP uptake, especially for suspen-

sion cells. This can be clearly observed from the previous 

studies. However, the optimal starvation duration has yet to 

be determined. The following experiments were designed 

to investigate uptake dynamics over time. MCF-7 cells and 

THP-1 cells were cultured separately in the DMEM without 

glucose for 1 hour, 2 hours, and 3 hours. Cells were separately 

treated with Glu-GNPs and naked GNPs afterward. The cells 

were then collected 1 hour and 2 hours after incubation so 

that the concentration of GNPs in the cells could be measured 

(refer to the drawing in Figure 3). 

For the MCF-7 cells, the nanoparticle uptake results with 

different starvation durations are shown in Figure 6. The fol-

lowing observations were made: i) MCF-7 cells starved for 

1 hour kept taking up Glu-GNPs and GNPs (refer to Figure 6A).  

The observation indicates that cancer cells experienced fast 

metabolism and were inclined to consume more glucose. This 

observation is also in line with the other reported findings.48 

ii) Although MCF-7 cells starved for 2 hours kept taking up 

Glu-GNPs (refer to Figure 6B), the uptake rate (in units of 

gold concentration increase per hour) was not as great as that 

of the cells starved for 1 hour. For naked GNPs, cells did not 

take up any more GNPs as the amount of GNPs reached an 

equilibrium state (refer to Figure 6B). iii) For MCF-7 cells 

starved for 3 hours, Glu-GNPs in cells decreased instead 

of increased (from 2.0*10-6 PPM to 1.0*10-6 PPM, refer 

to Figure 6C). The concentrations of GNPs also declined 

slightly (around 1.5*10-6 PPM). From the previous studies 

(refer to the results in Figure 6), the optimal starvation dura-

tion for MCF-7 cells is between 1 and 2 hours. 
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Figure 6 gNPs taken up by McF-7 cells after different starvation durations. 

Notes: (A) The average gNP uptake amount by McF-7 cells after 1 hour of starvation. (B) after 2 hours of starvation, and (C) after 3 hours of starvation. Note that on the 

horizontal axes of these igures, the notation “S” stands for “starvation” and “I” stands for “incubation after nanoparticle treatment”. For instance, notation “1 h (S) + 1 h (I)”  
denotes  that  cells were  starved  for 1 hour,  treated by nanoparticles  and  then  incubated  for 1 hour.  *Indicates  that  a  signiicant difference  (P0.05) was shown when 

comparing gold concentration of cells treated with glu-gNPs or gNPs. 

Abbreviations: gNPs, gold nanoparticles; glu-gNPs, pegylated glucose coated gNPs.
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For THP-1 cells, the nanoparticle uptake results with 

different starvation durations are shown in Figure 7. The 

following observations were made: i) for THP-1 cells starved 

for 1 hour, cells kept taking up Glu-GNPs and GNPs (refer 

to Figure 7A). More Glu-GNPs than naked GNPs were 

taken up by the THP-1 cells with longer incubation time. 

This observation indicates that cancer cells are hungry for 

glucose, and THP-1 cells behave the same as MCF-7 cells. 

ii) For THP-1 cells starved for 2 hours, cells kept taking up 

Glu-GNPs and GNPs. However, the uptake trend differs 

from that of MCF-7 cells after 2 hours of starvation (in 

which, uptake of either Glu-GNPs or GNPs more or less 

reached an equilibrium state). THP-1 cells, on the other 

hand, have much more potential to take up nanoparticles 

due to their larger contact area with glucose medium. Cel-

lular uptake of Glu-GNPs by THP-1 cells kept increasing 

and reached a peak value of 3*10-6 PPM at 4 hours (2 hour 

starvation plus 2 hours incubation with glucose medium  

afterward) according to Figures 2B or 7B. iii) For THP-1 

cells starved for 3 hours, cellular uptake of both Glu-GNPs 

and naked GNPs decreased (refer to Figure 7C), which was 

the same observation as for MCF-7 cells. The result sug-

gests that cells should not be starved for more than 3 hours. 

Otherwise, neither Glu-GNPs nor GNPs have any targeted 

effect on cancer treatment. 

clinical relevance

Suspension THP-1 cancer cells have been used to model can-

cer stem cells and cancer metastasis.49 In this study, cellular 

uptake of Glu-GNPs vs naked GNPs was evaluated using 

THP-1 as a cancer model. The goal is to investigate whether 

there is any significant difference in targeted treatment due 

to the glucose conjugation. In positron emission tomography 

scans, glucose-capped imaging contrast (Fludeoxyglucose 

[18F]) is used for imaging. To achieve better imaging results, 

patients are required to fast for at least 8 hours before a 

test. Along the same line of thinking, starvation was used 

in this study as well for achieving better treatment effects. 

Different durations of starvation were compared to find the 

optimal dosage response (or maximum Glu-GNP taken up 

by cancer cells). 

From previous experiments, starvation was shown to 

impact nanoparticle uptake: i) 1- to 2-hour starvation enables 

both MCF-7 and THP-1 cells to take up more Glu-GNPs, but 

longer starvation time diminishes the effect. ii) Glu-GNPs, 

in general, have a stronger effect on THP-1 cells than on  

Figure 7 Nanoparticle uptake by ThP-1 cells with different starvation durations. 

Notes: (A) averaged uptake by ThP-1 cells with 1 hour of starvation; (B) 2 hours of starvation; and (C) 3 hours of starvation. Note that on the horizontal axes of these 

igures, the notation “S” stands for “starvation” and “I” stands for “incubation after nanoparticle treatment”. For instance, notation “1 h (S) + 1 h (I)” denotes that cells were 
starved for 1 hour, treated by nanoparticles and then incubated for 1 hour. *Indicates that a signiicant difference (P0.05) was shown when comparing gold concentration 

of cells treated with glu-gNPs or gNPs.

Abbreviations: gNPs, gold nanoparticles; glu-gNPs, pegylated glucose coated gNPs.
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MCF-7 cells. This finding is supported by the prevailing theory 

that cancer cells need more glucose to grow than normal cells 

documented in textbooks50,51 and a research article.47 The layer 

of glucose on GNPs has successfully achieved the goal of 

targeted cancer treatment. To our best knowledge, no research 

group has studied the impact of starvation on Glu-GNPs taken 

up by suspension cancer cells. 

radiation effect on killing cancer cells 
after nanoparticles uptake
As mentioned in the introduction, studies have shown 

GNPs enhance sensitization of irradiation at megavoltage 

energies.27 Although the exact mechanisms are unclear, radio-

sensitization is generally attributed to the fact that GNPs 

(high Z elements) absorbed radiation and generated free 

radicals. The resulting transfer of free radicals can selectively 

enhance radiation therapy efficacy leading to differentially 

increased tumor cell killing. In what follows, we compare 

the therapeutic effects of Glu-GNPs on MCF-7 and THP-1 

cells, respectively. 

glu-gNPs’ enhancement of McF-7 cell killing

Based on the previous starvation tests (refer to Figures 6 

and 7), 1-hour starvation achieved the best Glu-GNP uptake 

for both MCF-7 and THP-1 cells. As a result, starvation for 

1 hour was chosen before the X-ray irradiation tests. Spe-

cifically, cells were treated with either Glu-GNPs or naked 

GNPs after starvation for 1 hour. According to our previous 

studies,9,11 cells need at least 24 hours to recover after irradia-

tion. MTS assay at 36, 60, and 84 hours after the irradiation 

was chosen to check cell viability. The detailed irradiation 

procedure is listed in “Irradiation” section. For MCF-7 cells, 

Figure 8A–8C show the cell viability with X-ray irradiation 

of different intensities at 36, 60, and 84 hours, respectively. 

The observations are:

•฀ 84 hours after MCF-7 cells were irradiated, the cell 

viability for the control is 59%, for GNP only is 56%, 

and for Glu-GNPs is 50% (refer to Figure 8C).

•฀ 84 hours after THP-1 cells were irradiated, the cell viabil-

ity for the control is 71%, for GNP only is 65%, and for 

Glu-GNPs is 52% (refer to Figure 5C).

We stopped the experiments at 84 hours because we 

have clearly observed a tumor suppression trend (cells with 

Glu-GNPs plus irradiation achieved the best tumor suppres-

sion effect). 

The following conclusions can be reached. i) Stronger X-ray 

irradiation leads to more cell death. Nine gray is better than 6 Gy 

in killing cancer cells. ii) Cell death increases as time elapses. 

Figure 8 McF-7 cell viability measured by cell proliferation colorimetric assay at 36 hours (A), 60 hours (B), and 84 hours (C) after irradiation. 

Notes: *Indicates that a signiicant difference (P0.05) was shown when comparing gold concentration of cells treated with glu-gNPs or gNPs. Note that, on the y-axis, 

“1” stands for cell viability is 100%.
Abbreviations: gNPs, gold nanoparticles; glu-gNPs, pegylated glucose coated gNPs.
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iii) GNPs enhance the cancer killing. One of the most important 

hypotheses of this study is that GNPs can achieve better cancer 

killing than X-rays alone. The experimental results shown in 

Figure 8 validate this hypothesis. iv) Glu-GNPs can achieve 

better cancer killing than GNPs alone and irradiation treatment 

alone. The experimental results also show that cancer cells need 

more glucose, which leads to more Glu-GNPs entering cancer 

cells, resulting in more cancer cell death. Based on this study,  

9 Gy irradiation should be used because 15% more cancer cells 

can be killed by using Glu-GNPs compared to irradiation alone 

(refer to the results in Figure 8B and 8C).

glu-gNPs’ enhancement of ThP-1 cell killing 

Figure 5A–5C shows the cell viability for THP-1 cells 

36 hours, 60 hours, and 84 hours after irradiation, respec-

tively. By comparing Figures 5 and 8, we can observe that 

Glu-GNPs are more effective in killing THP-1 cells than 

MCF-7 cells. More specifically, i) by comparing Figures 8C 

and 5C, the treatment effectiveness of Glu-GNP over GNP 

seams less evident after 84 hours for MCF-7 cells, but the 

treatment effectiveness of Glu-GNP over GNP appears more 

evident. ii) Irradiation has more immediate effectiveness on 

MCF-7 than THP-1 cells due to different cell characteristics. 

MCF-7 is an attached-growth cell, which is more sensitive 

to irradiation. THP-1 cell is a suspension-growth stem-like 

cell, which is not as sensitive to irradiation as MCF-7 cells by 

comparing the control in Figure 8C and the control in Figure 

5C (59% vs 71%). Therefore, it is important to use nanopar-

ticles to enhance the cell killing in order to achieve the same 

cancer cell killing effects (50% vs 52%). iii) Glu-GNPs can 

target cancer cells to get the best therapeutic effects, with at 

least 20% more cancer killing than treatments using GNPs 

alone or irradiation alone. This result can be attributed to high 

Glu-GNP concentration in THP-1 cells due to its suspension 

nature, resulting in high Glu-GNP toxicity after irradiation. 

SEM images of THP-1 cells with and without treatment is 

shown in Figure 5D. The cancer cells were damaged after 

treatment, which eventually led to cell death.

clinical relevance

GNPs have high atomic number (Z=79), thus can enhance 

irradiation treatment because it has very high mass energy 

absorption compared to soft tissue. Diagnostic X-ray is 

often conducted at an energy level of 200 keV. However, 

for therapy, X-ray will have to be at much higher energies 

typically ranging from 1 to 15 MeV, where photon absorption 

in both GNPs and soft tissue is dominated by the Compton 

effect. In this study, both 6 Gy and 9 Gy show better cancer 

cell killing than the control. 

According to our previous studies,10 Glu-GNPs can 

enhance the irradiation effect because the accumulation of 

cells in G2/M phase increases from 18.4% to 29.8% 24 hours 

after Glu-GNP plus X-ray treatment. The possible cellular 

and molecular mechanisms are:

•฀ G2/M arrest was caused by the decreased expression of 

p53 and cyclin A, and the increased expression of cyclin 

B1 and cyclin E.

•฀ The activation of the CDK kinases induces both G0/G1 

cell cycle acceleration and cell accumulation in G2/M 

phase.

This finding can have significant clinical implications. 

Conclusion
The usefulness of GNPs and other metallic nanoparticles for 

cancer diagnosis and therapy has been widely reported. To 

the best of our knowledge, no study has been performed to 

test how GNPs or functional GNPs affect cancer stem cells or 

cancer metastasis. In this study, suspension cells (THP-1 cells 

in particular) were used to model cancer stem cells and meta-

static cells. The cellular uptake of Glu-GNPs was evaluated and 

compared to that of attached cells (MCF-7 cells in particular). 

The results show that Glu-GNPs have a larger impact on THP-1 

cells than MCF-7 cells. The average gold concentration in each 

THP-1 cell can be as high as about 35% more than MCF-7 cells 

(or 2.85*10-6 PPM vs 2.10*10-6 PPM in Figure 2). In addition, 

the results show that 1- to 2-hour starvation is optimal and that 

differential targeting effects are lost if cells are starved more 

than 3 hours. The X-ray results show that 9 Gy is the optimal 

irradiation dosage. Glu-GNPs plus X-rays can achieve better 

cancer killing effects (at least 20% more) compared to GNPs 

plus X-rays or X-rays alone. This finding can lead to better 

cancer treatments of cancer stem cells and cancer metastasis. 

In the future, these findings will be validated by animal studies 

and the cell cycle change of THP-1 cells. 
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