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Abstract: Lycopene (LP), an important functional compound in tomatoes, and gold nanoparticles 

(AN), have received considerable attention as potential candidates for cancer therapy. However, 

the extreme instability and poor bioavailability of LP limits its in vivo application. This study 

intends to develop a nanoemulsion system incorporating both LP and AN, and to study the 

possible synergistic effects on the inhibition of the HT-29 colon cancer cell line. LP–nanogold 

nanoemulsion containing Tween 80 as an emulsifier was prepared, followed by characteriza-

tion using transmission electron microscopy (TEM), dynamic light scattering (DLS) analysis, 

ultraviolet spectroscopy, and zeta potential analysis. The particle size as determined by TEM 

and DLS was 21.3±3.7 nm and 25.0±4.2 nm for nanoemulsion and 4.7±1.1 nm and 3.3±0.6 nm  

for AN, while the zeta potential of nanoemulsion and AN was -32.2±1.8 mV and -48.5±2.7 mV, 

respectively. Compared with the control treatment, both the combo (AN 10 ppm plus LP 12 µM) 

and nanoemulsion (AN 0.16 ppm plus LP 0.4 µM) treatments resulted in a five- and 15-fold rise 

in early apoptotic cells of HT-29, respectively. Also, the nanoemulsion significantly reduced the 

expressions of procaspases 8, 3, and 9, as well as PARP-1 and Bcl-2, while Bax expression was 

enhanced. A fivefold decline in the migration capability of HT-29 cells was observed for this 

nanoemulsion when compared to control, with the invasion-associated markers being signifi-

cantly reversed through the upregulation of the epithelial marker E-cadherin and downregulation 

of Akt, nuclear factor kappa B, pro-matrix metalloproteinase (MMP)-2, and active MMP-9 

expressions. The TEM images revealed that numerous nanoemulsion-filled vacuoles invaded 

cytosol and converged into the mitochondria, resulting in an abnormally elongated morphology 

with reduced cristae and matrix contents, demonstrating a possible passive targeting effect. The 

nanoemulsion containing vacuoles were engulfed and internalized by the nuclear membrane 

envelop for subsequent invasion into the nucleoli. Taken together, LP–nanogold nanoemulsion 

could provide synergistic effects at AN and LP doses 250 and 120 times lower than that in the 

combo treatment, respectively, demonstrating the potential of nanoemulsion developed in this 

study for a possible application in colon cancer therapy. 

Keywords: gold–lycopene nanoemulsion, apoptosis, migration, invasion, colon cancer cell 

HT-29, passive targeting

Introduction
According to the worldwide statistics released on cancer by the World Health Organi-

zation in November 2014, colon cancer was the third leading cause of cancer deaths 

among men and the second leading cause among women in 2012, contributing to 

694,000 deaths out of an overall 8.2 million deaths from all cancer types. More spe-

cifically, according to a published report by the Ministry of Health in Taiwan, colon 

cancer was the third leading cause of cancer death in Taiwan in 2012. Colon cancers can 
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be divided into familial adenomatous polyposis, hereditary 

nonpolyposis colorectal cancer, sporadic colon cancer, and 

colitis-associated colorectal cancer.1 Research has shown that 

patients with inflammatory bowel diseases such as Crohn’s 

disease and ulcerative colitis represent a high-risk group for 

colon cancer.1 This kind of colon cancer is one of the most 

frequently seen malignant tumors due to the high degree of 

invasion and migration to the other organs like the liver, 

lung, bone, and brain.2 Clinically, the most effective colon 

cancer therapy is an operation in combination with chemo-

therapy, radiotherapy, immunotherapy, Chinese herbs, and 

so on. Nevertheless, the survival rate is only about 20%–40% 

5 years after the operation, which can be attributed to reoc-

currence and the migration of colon tumors.3 The risk factors 

associated with colon cancer occurrence have been shown to 

include dietary habits, family disease history, inflammatory 

bowel disease, Streptococcus virus, and smoking.3 

The major cause of cancer death has been demonstrated to 

be due to cancer cell migration, not the tumor itself. Migra-

tion includes the following steps: 1) detachment from the 

original tumor and migration (intravasation) into the blood 

or lymphatic system; 2) orientation and recognition of the 

migration target and position and extravasation from the 

blood or lymphatic system; and 3) establishment of a new 

base for new tumor growth. The major route to initiate the 

invasion and migration of cancer cells is through epithelial–

mesenchymal transition (EMT), which involves conversion 

of the epithelial cells to mesenchymal cells, a change in cell 

morphology and structure, as well as an increase in adhesion 

and migration substance.4,5 

In the past two decades nanotechnology has emerged as a 

new and promising technique for the prevention, diagnosis, 

and treatment of cancer. Though the targeted delivery of 

drugs could be achieved by conventional carriers, the use of 

nanoparticles with an optimum size, surface characteristics, 

and dosage could enhance the solubility of lipophilic drugs 

and lead to the enhanced permeability and retention (EPR) 

effect for passive targeting, enable multiple payloads, and 

minimize side effects.6 Initially, the nanomaterials were 

believed to be biologically inert, but growing literature 

reports have highlighted the toxicity and potential risks 

of their use, especially for nanoparticles 10 nm.7 Of the 

various nanomaterials, gold possess unique physical and 

chemical properties through its conjugation with a variety 

of drugs to serve as carrier for drug delivery, contrast agents 

for imaging enhancement, and for topical thermal therapy.8 

More importantly, the incorporation of gold nanoparticles 

(AN) with specific cancer cell receptor ligands, such as folate, 

and the chemotherapeutic drug, irinotecan, can enhance the 

specificity and efficiency of cancer chemotherapy through 

active targeting.9 For instance, Paciotti et al10 reported that 

AN carrying tumor necrosis factor (TNF)-α induced cancer-

specific cytotoxicity and reduced the host toxicity of colonic 

xanthograph mice. Nevertheless, high doses of AN may also 

exert toxic effects such as the promotion of human fibroblast 

cell migration.11 For improvements in cancer therapy effi-

ciency, and reductions of host toxicity in vivo, nanoparticles 

have been modified by the incorporation of liposomes, 

polymeric materials, and dendrimers, with lipid-based 

nanoassemblies being the least toxic.12,13 In view of this, it is 

possible to enhance cancer therapy through the conjugation 

of AN with lipid-based nanoemulsion containing lycopene 

(LP). Additionally, one of the major advantages of AN is that 

they can be manufactured into sizes that range from 1–150 

nm,8 but the effect of various sized AN on colon cancer cell 

growth remains uncertain. 

Similarly, LP, a pivotal biological compound present in 

tomatoes, has received considerable attention in the past two 

decades due to its protective effect against chronic diseases 

such as coronary heart disease, skin cancer, and prostate 

cancer.14 Increased intake of the functional component, LP, 

has been reported to reduce risks of several cancers due to 

its efficiency in triggering the cell cycle arrest of hepatoma 

cells, breast cancer cells, and lung cancer cells, as well as 

the antiproliferation of colon cancer cells and leukemia cells, 

and the antimetastasis of hepatoma cells.14–16 Accumulating 

evidence suggests the potentiality of LP for targeting cancer 

therapy as an anticancer agent. However, the extreme insta-

bility and poor bioavailability of LP may limit its application 

in cancer therapy.17 Thus, developing a carrier system to 

deliver a nontoxic dose of LP for bioavailability enhance-

ment and specific targeting of certain organs should be a vital 

strategy for cancer therapy. In a recent study, Chen et al17 

reported that through the preparation of LP micelles and LP 

chylomicron, the absolute bioavailability of LP in rats could 

be greatly enhanced. More importantly, LP chylomicrons 

are available in the market and have been successfully used 

for the treatment of patients with prostauxe symptoms in a 

Phase III clinical trial conducted in both the United States 

and Taiwan.18 Nanoemulsions are simple ternary systems 

composed of an oil phase, water phase, and surfactant, 

with cosurfactant being used in some preparations.19 Such 

nanoemulsions are spontaneously formed systems possess-

ing physicochemical properties such as transparency, opti-

cal isotropy, low viscosity, and thermodynamic stability.19 

In the present study, for the preparation of LP–nanogold 
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nanoemulsion, oil-containing LP paste from tomato extract 

was used as the oil phase, Tween 80 was used as a surfactant, 

and an aqueous AN solution was used as the water phase. 

As the therapeutic options for colon cancer patients in 

developing invasive and metastatic capacities via multistage 

EMT are limited, colon-specific nanoparticles may allow for 

the local delivery of an effective dose of bioactive compound 

to the colon to improve pharmacotherapy.13 This study aims 

to explore the inhibition mechanism of the colon cancer cell 

line, HT-29, as affected by various treatments including AN 

or LP alone, a combination of AN plus LP, as well as the 

nanoemulsion of AN plus LP. Also, the possible cell uptake 

mechanism and passive targeting effect of the nanoemulsion 

developed in this experiment will be elucidated. 

Materials and methods 
Materials 
Human colon cancer cell line HT-29 (American Type Culture 

Collection [ATCC]: HTB-38™) and human lung fibroblast 

cell line MRC-5 (ATCC: CCL-171) were purchased from the 

Taiwan Food Industry Development and Research Institute 

(Hsinchu City, Taiwan). Cell culture medium McCoy’s 5A is 

composed of 10% fetal bovine serum (FBS), 0.22% sodium 

bicarbonate, and 100 units/mL penicillin–streptomycin, with 

a pH adjusted to 7.4. Matrigel™ was purchased from BD 

(Franklin Lakes, NJ, USA). Minimum essential medium 

(MEM) is composed of 10% FBS, 0.15% sodium bicarbon-

ate, 100 units/mL penicillin–streptomycin, 0.1 mM nones-

sential amino acids, and 1.0 mM sodium pyruvate, with a 

pH adjusted to 7.4. Both McCoy’s 5A medium and MEM 

were procured from Sigma-Aldrich Co. (St Louis, MO, 

USA). Sodium chloride and potassium chloride were from 

J.T. Baker (Phillipsburg, NJ, USA). 

Dimethyl sulfoxide (DMSO) and MTT formazan powder 

were from Sigma-Aldrich Co. The Annexin V (AV)-FITC 

apoptosis detection kit was from Strong Biotech (Taipei, 

Taiwan). Ammonium persulfate, glycine, 2-mercapto-

ethanol, phenylmethylsulfonyl fluoride (PMSF), tetram-

ethylene diamine, bromophenol blue, and MTT were from 

Sigma-Aldrich Co. Methanol, trisbase, isopropanol, and 

ethanol were from J.T. Baker. Sodium dodecyl sulfate (SDS) 

was from SERVA Electrophoresis GmbH (Heidelberg, 

Germany). The polyvinylidene fluoride (PVDF) membrane 

was from Whatman plc (GE Healthcare UK Ltd, Little 

Chalfont, UK). Bovine serum albumin (BSA) standard 

was from Thermo Fisher Scientific (Waltham, MA, USA). 

Protein assay dye reagent and acrylamide were from Bio-

Rad Laboratories, Inc. (Hercules, CA, USA). Restained 

protein ladder was from Bioman Scientific Co., Ltd. (Taipei, 

Taiwan). Tween® 20 was from AMRESCO LLC (Solon, 

OH, USA). β-actin and procaspase-8 were from EMD Mil-

lipore (Billerica, MA, USA), Procaspase-3 and Bcl-2 were 

from BD. Procaspase-9 was from Bioscience (Irvine, CA, 

USA). Bax, Vimentin, β-catenin, Akt 1+2+3 antibody, and 

PARP were from GeneTex (Taipei, Taiwan). The AV-FITC 

apoptosis detection kit was from Strong Biotech. Nuclear 

factor kappa B (NFkB), antirabbit immunoglobulin G (IgG) 

antibody, matrix metalloproteinase (MMP-2, MMP-9), 

and E-cadherin were from Cell Signaling Technology, Inc. 

(Danvers, MA, USA). 

The instruments used included a hemocytometer, CO
2
 

incubator, laminar flow, inverted microscope, Western blot 

and electrophoresis equipments, pH meter, temperature-

controlled water bath, microcentrifuge, enzyme-linked 

immunosorbent assay (ELISA) reader, UVP photographic 

gel system, flow cytometry, liquid nitrogen reservoir, and 

a -80°C refrigerator. 

Preparation of AN
AN with sizes of 1–3 nm, 3–5 nm, and 10–15 nm were 

provided by Gold NanoTech, Inc. (Taipei, Taiwan), with 

the concentrations being controlled at 15 ppm, 80 ppm, and 

90 ppm, respectively. These nanoparticles were prepared by 

a molecular beam epitaxy process, as previously reported.20 

Briefly, bulk gold material was cut and ground, followed 

by vaporization with an ultrahigh vacuum (10-8 Pa) to its 

atomic state and condensation in the presence of inert gas 

to form AN. The concentration of AN was determined 

using an inductively coupled plasma mass spectrometer 

(PerkinElmer-SCIEX ELAN 6100 DRC; PerkinElmer, Inc., 

Waltham, MA, USA).20 

Preparation of LP–nanogold 
nanoemulsion 
AN with a size of 3–5 nm were used for the preparation of 

LP nanogold nanoemulsion based on a method described by 

Chen et al.17 From the stock LP paste containing 42.9 mg of 

LP per g, the LP–nanogold nanoemulsion was prepared by 

mixing 40 mg of paste containing 1.7 mg of LP with 1.2 g 

of Tween 80, after which the mixture was stirred manu-

ally for homogeneity. Next, 7.6 mL of AN (80 ppm) were 

added, followed by 3.2 mL of deionized water; this was 

subsequently sonicated for 1 hour to obtain LP–nanogold 

nanoemulsion (12 mL) with a final LP and gold concentration 

of 141.6 µg/mL and 51.0 µg/mL, respectively. The loading 

of AN was determined based on the direct comparison of the 
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absorption intensity corresponding to the typical surface plas-

mon resonance (SPR) at 520 nm with that of the calibration 

curve prepared using four standard AN solutions (20 µg/mL, 

40 µg/mL, 60 µg/mL, and 80 µg/mL) obtained from the stock 

AN solution (80 µg/mL), as supplied by the manufacturer. 

To study the effect of LP and the AN+LP combo on HT-29 

cells, LP paste was dissolved in DMSO to prepare a stock 

solution containing LP at 1.10 mM. Although LP dissolved 

in physiological fluid could better mimic the in vivo physi-

ological condition, several organic solvents such as DMSO 

and tetrahydrofuran have been successfully and widely used 

in cell-related studies.21,22

Characterization of AN and LP–nanogold 
nanoemulsion
The particle size of both AN and LP–nanogold nanoemulsion 

were determined by taking a portion of the sample in a preci-

sion quartz cell (Hellma Analytics, Müllheim, Germany) and 

analyzing it in a dynamic light scattering (DLS) instrument 

(90 plus model) from Brookhaven Instruments Corpora-

tion (Holtsville, NY, USA). For optical measurements by 

ultraviolet (UV)-visible spectroscopy, a Beckman DU-640 

spectrophotometer (Beckman Coulter, Inc., Brea, CA, USA) 

was used to measure absorbance in the wavelength range of 

300–800 nm with a resolution of 1 nm. The images of AN 

and LP–nanogold nanoemulsion were visualized in a JEM 

2100 F model JEOL transmission field emission electron 

microscope (JEOL, Tokyo, Japan). About 20 µL of a AN 

sample was dropped onto a carbon-coated 200 mesh copper 

grid from Electron Microscopy Sciences (Hatfield, PA, USA) 

and allowed to stand for 1 minute. Then, the excess sample 

was removed carefully using filter paper and dried overnight 

for transmission electron microscopy (TEM) imaging at 

120 kV. For the TEM imaging of LP–nanogold nanoemul-

sion, a negative staining method was adopted for the sample 

preparation, owing to the absence of any metal-related com-

pounds to provide the required contrast. After dropping 20 µL 

of LP–nanogold nanoemulsion sample on a copper grid and 

removing the excess sample, 20 µL of 2% phosphotungstic 

acid (Sigma-Aldrich Co.) prepared in pH 6.5-adjusted deion-

ized water was added in order to negatively stain, so that the 

nanoemulsion particles could appear in white against a dark 

background. After 1 minute, the excess stain was removed 

with filter paper and dried overnight for imaging. In addition, 

a SZ100 model HORIBA nanoparticle analyzer (HORIBA 

Ltd., Kyoto, Japan) was used for measuring the zeta potential 

of AN and LP–nanogold nanoemulsion by diluting it 25 times 

with deionized water. A method based on Chen et al17 was 

modified and used for the determination of the encapsulation 

efficiency of LP in the LP–nanogold nanoemulsion. Briefly, 

1 mL of sample diluted in dihydrogen phosphate buffer solu-

tion (25 mM; pH 5.5) was poured into a stirred ultrafiltration 

cell containing a filter membrane with a molecular weight 

cutoff of 30,000 Da. Next, N
2
 gas was flushed into the cell 

(35–40 psi) to accelerate the penetration of free LP through 

the membrane and prevent oxidation. After filtration, the 

membrane filter containing the encapsulated LP was treated 

with 10 mL of dichloromethane for the complete breakdown 

of nanoemulsion, followed by centrifuging (855 g) at 4°C for 

10 minutes, collecting the bottom layer and repeatedly mixing 

with 10 mL of dichloromethane until the bottom layer became 

colorless. The LP extracts were then pooled, evaporated to 

dryness under N
2
, dissolved in dichloromethane, filtered 

through a 0.22 µm membrane filter, and 20 µL was injected 

into a high-performance liquid chromatography (HPLC)–

diode array detector for the determination of LP.17 

Stability determination of LP nanoemulsion 
Based on a method reported for the determination of nano-

emulsion stability by Chen et al,17 the basic LP nanoemulsion 

formulation without adding AN was heated at 100°C for 

4 hours or stored at 4°C and 25°C separately over a period 

of 3 months. During this storage period, 0.1 g of the sample 

was collected every week for the determination of particle 

size distribution and polydispersity by DLS. Likewise, 

0.8 g of nanoemulsion was adjusted to a pH of 2.0, 3.5, 

6.0, 6.8, and 7.4 with a Na
2
HPO

4
/citric acid buffer solution, 

separately, followed by storing for 1 hour, 2 hours, 4 hours, 

6 hours, 12 hours, or 24 hours at 25°C, and then eventually 

measuring the concentrations of LP in all samples using 

an HPLC method reported by Hsu et al.23 In addition, the 

particle size distribution of all nanoemulsion samples was 

measured by DLS.

Effect of AN, AN+LP (combo), and  
LP–AN nanoemulsion on colon 
cancer cells
Cell culture 
The human colon cancer cell line HT-29 was incubated in 

McCoy’s 5A medium and the pH was adjusted to 7.4, after 

which the cells were transferred to a steam-saturated incu-

bator at 37°C under 5% CO
2
 for subculture every 2–3 days. 

Similarly, the human lung fibroblast cell line MRC-5 was 

incubated in MEM medium and the pH was adjusted to 7.4, 

after which cells were transferred to a steam-saturated incuba-

tor at 37°C under 5% CO
2
 for subculture every 3–4 days. 
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Cell morphology
Both HT-29 and MRC-5 cells were seeded in six-well plates 

(3×105 cells/well), separately. After 24 hours of incubation, 

the cells were adhered to the plates and then different doses 

of AN, LP, or their combination were added: 1) 10 ppm AN 

(3–5 nm); 2) 12 µM LP; 3) 10 ppm AN (3–5 nm) plus 12 µM 

LP; 4) AN (0.02 ppm)–LP (0.04 µM) nanoemulsion; 5) AN 

(0.04 ppm)–LP (0.1 µM) nanoemulsion; 6) AN (0.1 ppm)–LP 

(0.2 µM) nanoemulsion; 7) AN (0.12 ppm)–LP (0.3 µM) 

nanoemulsion; and 8) AN (0.16 ppm)–LP (0.4 µM) nano-

emulsion. In addition to the aforementioned treatments, the 

blank emulsion without LP and AN was prepared following 

the procedure described earlier, and added at a concentration 

of 1.4 µL/mL of medium. After incubation for 24 hours, the 

supernatant was removed and the residue was washed twice 

with phosphate buffered saline (PBS). Cell morphology was 

then observed and photographed by a microscope. 

Experimental treatments 
HT-29 cells were seeded in 96-well plates, with each well con-

taining 2×104 cells and triplicate experiments were performed. 

Cell culture medium, McCoy’s 5A (100 µL), was added to 

each well and the cells were cultured in an incubator under 

5% CO
2
 at 37°C. After 24 hours of incubation, the cells were 

adhered to the plates and then different doses of AN and/or LP 

were added: 1) 1–15 ppm of AN (1–3 nm); 2) 5–50 ppm of AN 

(3–5 nm); 3) 550 ppm of AN (10–15 nm); 4) 2–20 µM of LP; 

5) 0.002 ppm AN–0.004 µM LP nanoemulsion; 6) 0.02 ppm 

AN–0.04 µM LP nanoemulsion; 7) 0.04 ppm AN–0.1 µM 

LP nanoemulsion; 8) 0.1 ppm AN–0.2 µM LP nanoemulsion; 

9) 0.12 ppm AN–0.3 µM LP nanoemulsion; 10) 0.16 ppm 

AN–0.4 µM LP nanoemulsion; 11) 0.2 ppm AN–0.6 µM LP 

nanoemulsion; 12) 0.24 ppm AN–0.7 µM LP nanoemulsion; 

13) 0.3 ppm AN–0.8 µM LP nanoemulsion; and 14) 0.32 ppm 

AN–0.9 µM LP nanoemulsion. In addition, five concentra-

tions (1.4 µL/mL, 3.4 µL/mL, 6.9 µL/mL, 10.3 µL/mL, and  

14 µL/mL) of blank emulsion without AN and LP was pre-

pared and added to the medium. After incubation for 24 hours, 

the culture medium was removed and the cells were harvested 

for the following analysis. 

MTT assay
The harvested cells were washed with PBS twice, followed 

by adding 200 µL of MTT solution (0.5 mg MTT/mL) for 

the reaction for 30–60 minutes in the dark at 37°C. Then, the 

MTT solutions were sucked into glass bottles and 150 µL 

of DMSO was added to each well and stood at 37°C for 

10 minutes to dissolve the purple crystal. The absorbance was 

measured at 570 nm with an ELISA reader. The cell viability 

was determined using the following formula: 

	 Cell viability (%) = Treatment/control ×100.� (1)

Apoptosis analysis
The AV-FLUOS kit was used to measure the apoptotic 

cells with membrane phosphatidylserine translocation 

(Hoffmann-La Roche Ltd., Basel, Switzerland). Cells were 

suspended in incubation buffer that contained 1 mg/L pro-

pidium iodide (PI) and a 1:50 dilution of AV-FLUOS labeling 

solution. The mixed solution was incubated for 15 minutes 

on ice, and green AV and red PI fluorescence intensities were 

analyzed on an EPICS XLMCL flow cytometer (Beckman 

Coulter, Inc., Fullerton, CA, USA). Cells with AV-positive 

and PI-negative fluorescence were defined as apoptotic. Cells 

with AV-negative and PI-positive fluorescence (PI perme-

able) were defined as necrotic. 

Wound healing analysis 
HT-29 cells were seeded in 24-well plates with each well 

containing 3×105 cells, and then Mycos’s medium was added 

for incubation. After cell adhesion, a wound was formed by 

scratching with a 10 µL tip and the residual cells were washed 

twice with PBS. Then, a photograph was taken by an optical 

microscope at 0 hours and after successive incubation for 

24 hours, which was subjected to ImageJ software analysis. 

The cell migration area of both sides could be calculated 

based on the difference between the whole area and the 

middle wound area. The migration rate over the 24-hour 

period was calculated by dividing the cell migration area 

after 24 hours of treatment by that at 0 hours. 

Western blot 
For protein extraction, the medium was removed and washed 

with PBS once, followed by adding lysis buffer (10 M pro-

tease inhibitor cocktail and 1 M PMSF), scratching cells with 

a scraper, transferring them into a microcentrifuged tube, 

reacting on ice for 15 minutes, centrifuging at 13,200 rpm 

for 30 minutes at 4°C, collecting the supernatant, and stor-

ing it at -20°C. The protein concentration was measured by 

Bio-Rad assay (Bio-Rad Laboratories, Inc.) with BSA as the 

standard. For protein quantitation, a solution of protein assay 

dye reagent and deionized water (1:4, v/v) was prepared. 

Then, various concentrations of BSA standards of 12.5 ppm, 

62.5 ppm, 125 ppm, 250 ppm, 375 ppm, and 500 ppm were 

prepared, after which the BSA standards and diluted protein 

samples were added to 96-well plates and reacted with 200 µL 
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of protein assay dye solution for 5 minutes. Then, the plate 

was placed on an ELISA reader for absorbance measurement 

at 595 nm. The protein concentrations in the samples were 

calculated based on the linear regression equation of the 

BSA standard curve obtained by plotting the concentration 

against absorbance. 

For protein electrophoresis, 60 µg of protein extract was 

mixed with gel-loading buffer containing Tris-HCl (pH 6.8), 

10% SDS, 5% β-mercaptoethanol, 30% glycerol and 1.2 mg 

bromophenol blue. Then, the mixture was heated in a dry 

bath at 105°C for 10 minutes, followed by cooling on ice, 

and adding buffer solution and 8% SDS–polyacrylamide 

for protein separation with the upper gel volt set at 80 V 

and the lower gel volt set at 100 V for 90 minutes. After 

electrophoresis, gels were collected and placed on a clip with 

a wet sponge, filter paper, gel slice, and PVDF membrane, 

which was presoaked with methanol and moved to transfer 

buffer for activation. After clipping tightly, gels were placed 

into an electrophoresis tank and added with the transfer 

buffer solution containing 25 mM Tris base, 192 mM gly-

cine, 4% SDS, and 20% methanol, with the pH controlled 

at 8.3. Following the current of 200 mA that flowed for  

2 hours, the proteins were separated on gels and successfully 

transferred to the PVDF membrane, which was soaked in 

blocking buffer containing 5% skim milk powder for reac-

tion for 30 minutes twice to remove the background noise. 

The PVDF membrane was then washed with TBS-T (Tris-

buffered saline and Tween 20) buffer containing 20 mM of 

Tris-HCl, 150 mM of NaCl, and 0.1% Tween 20 (pH 7.6) 

for 5 minutes three times to remove the unattached protein, 

followed by adding the primary antibody actin diluted 2,000 

times (1:2,000) with TBS-T buffer containing 5% BSA 

for protein conjugation. Proteins were probed with human 

monoclonal antibody directed against procaspase-3 (1:4,000), 

procaspase-8 (1:2,000), procaspase-9 (1:1,000), Bcl-2 

(1:1,000), PARP (1:1,000), Bax (1:100–1:1,000), MMP-2 

(1:1,000), MMP-9 (1:1,000), E-cadherin (1:10,000), Vimen-

tin (1:10,000), β-catenin (1:1,000), NFkB (1:1,000), and Akt 

1+2+3 antibody (1:5,000). After shaking at 4°C for 18 hours, 

the PVDF membrane was washed with TBS-T buffer three 

times for 5 minutes each. Again, the PVDF membrane 

was collected and soaked in secondary antibody contain-

ing antirabbit IgG antibody and antimouse antibody with 

a dilution ratio of 1:2,000 and 1:3,000 in blocking buffer, 

respectively. Following the reaction that proceeded at room 

temperature for 1 hour for protein conjugation, the PVDF 

membrane was washed with TBS-T buffer for a total of 

three times for 5 minutes each and detected by an enhanced 

chemiluminescence method for automatic image expression 

by a film developer and by a UVP BioSpectrum® system for 

protein intensity.

Cellular uptake examination by TEM
The ultrastructural characteristics of untreated and treated 

HT-29 cells were visualized by TEM. Cell cultures were 

prefixed with 2.5% glutaraldehyde and 2% paraformaldehyde 

at 4°C for 1–2 hours. The cells were then postfixed with 1% 

osmium tetroxide, dehydrated sequentially with 30%, 50%, 

70%, 90%, and 100% ethanol, as well as 100% acetone, and 

finally embedded in Spurr’s resin for polymerization in an 

oven. Then, ultrathin sections were cut, followed by staining 

with 4% uranyl acetate and 0.2% lead citrate and mounting on 

a carbon-coated copper grid for TEM imaging at 120 kV. 

Statistical analysis
Triplicate experiments were carried out and the data were 

subjected to statistical analysis by the SAS 9.3 software 

system.24 The data were expressed as the mean ± standard 

deviation, and the statistical difference (P0.05) of the mean 

comparison among various treatments was performed using 

Student’s t-test. 

Results
Characterization of AN and LP–nanogold 
nanoemulsion 
The TEM images revealed the shape of the AN to be roughly 

spherical in shape with the mean particle size based on the 

particle distribution histogram obtained directly from the 

image, which was 4.7±1.1 nm (Figure 1Aa). The particle size, 

as measured by DLS, also showed a similar particle size of 

3.3±0.6 nm (Figure 1Ab), which conformed to the average 

particle size range of 3–5 nm, as specified by the manufac-

turer. In addition, a narrow particle size distribution with a 

low polydispersity value of 0.068 was observed, indicating 

that good homogeneity in nanoparticle dispersion does occur 

in deionized water. The UV-visible measurement showed 

a well-defined absorption peak at 520 nm, which can be 

attributed to the typical SPR in AN (Figure 1Ac). The high 

negative zeta potential value of -48.5±2.7 mV implied that 

the surface charge of AN was negative and a stable suspen-

sion was formed in aqueous medium. 

Figure 1Ba–c depict the TEM images of LP–nanogold 

nanoemulsion captured after negatively staining with phos-

photungstic acid, as described previously. Apparently, the 
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Figure 1 Characterization data of gold nanoparticles and lycopene–nanogold nanoemulsion, as determined by TEM, DLS, and UV–visible spectrophotometer. 
Notes: (A) Gold nanoparticles; (B) lycopene–nanogold nanoemulsion. (Aa) TEM image of gold nanoparticles along with the particle size distribution histogram showing the 
mean particle size ± standard deviation in the range of 3.6–5.7 nm. (Ab) Particle size distribution as measured by DLS showing the mean particle size ± standard deviation 
(n=3). (Ac) UV–visible spectrum depicting the SPR peak of the gold nanoparticle. (Ba) TEM image of the lycopene–nanogold nanoemulsion in a negatively-stained background 
along with the particle size distribution histogram showing the mean particle size ± standard deviation in the range of 17.5–25.0 nm. (Bb) TEM image with reduced contrast 
of the (Ba) image to reveal the gold nanoparticles, which are seen as black dots around each nanoemulsion particle, as well as numerous scattered gold nanoparticles (some 
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spectrum showing the SPR peak of gold nanoparticles, as well as the unique three-peak fine spectrum of lycopene. 
Abbreviations: TEM, transmission electron microscopy; DLS, dynamic light scattering; UV, ultraviolet; n, number of replicates; SPR, surface plasmon resonance.
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LP–nanoemulsion appeared as approximately round-shaped 

particles against a dark background with an average particle 

size (based on the particle size distribution histogram) 

estimated to be 21.3±3.7 nm (Figure 1Ba). To visualize the 

distribution of AN in LP–nanogold nanoemulsion, the image 

contrast in Figure 1Ba was substantially reduced, and it is 

evident that AN were distributed in the nanoemulsion (some 

indicated by arrows) (Figure 1Bb). Interestingly, the AN were 

also arranged around each nanoemulsion particle, forming a 

pattern of a necklace, as clearly seen from the enlarged view 

of four representative single nanoemulsion particles (shown 

in Figure 1Bc). It is probable that the van der Waals’ force 

of attraction may be responsible for this observed arrange-

ment of AN around each nanoemulsion particle, as LP is a 

nonpolar lipophilic compound. The mean particle size of 

LP–nanogold nanoemulsion, as determined by DLS, was 

25.0±4.2 nm with a narrow particle size distribution and low 

polydispersity (0.048), suggesting that a highly homogeneous 

nanoemulsion was successfully prepared (Figure 1Bd). The 

UV-visible spectrum showed an SPR peak (515 nm) cor-

responding to AN, and a triple-absorption peak (440 nm, 

469 nm, and 498 nm) characteristic of LP (Figure 1Be). 

The zeta potential analysis revealed a high negative value 

of -32.2±1.8 mV, suggesting that LP–nanogold nanoemul-

sion with high stability was prepared based on a previous 

report that the zeta potential should be higher than +25 mV 

or lower than -25 mV to attain a high degree of stability.17 

Theoretically, the surface charge of LP nanoemulsion should 

be nearly neutral or slightly negative, as the nanoemulsion 

preparation involved nonpolar LP and nonionic surfactant 

Tween 80. Obviously, Tween 80 contributes a low negative 

surface charge because of its tendency to shift the share plane 

position in the electrical double layer.17 However, an obtained 

high negative value should be due to the presence of AN. 

Moreover, the presence of ionic contaminants and free fatty 

acids added as substrates during Tween 80 manufacture may 

also contribute to this high negative value.17 The encapsula-

tion efficiency of LP in nanoemulsion was determined to be 

about 80%. 

Stability of LP nanoemulsion 
Based on DLS analysis, no significant difference in particle 

size (19.5–20.5 nm) was observed for the LP nanoemulsion 

samples stored at 4°C and 25°C for 3 months or heated at 

100°C for 4 hours, demonstrating the high stability of this 

LP nanoemulsion. It could be noted that there is a particle 

size difference of about 5 nm between LP nanoemulsion 

(20.5 nm) and LP–nanogold nanoemulsion (25.0 nm), 

which may be due to the incorporation of AN with particle 

sizes of 3.3–4.7 nm, as mentioned earlier. Also, the mean 

values of LP as determined by HPLC analysis ranged from 

126.2–148.6 µg/mL during storage or heating. Similarly, 

only a minor change in the level of LP was found when the 

nanoemulsion samples were stored at a pH of 2.0, 3.5, 6.0, 

6.8, and 7.4 for 1 hour, 2 hours, 4 hours, 6 hours, 12 hours, 

or 24 hours. 

Dose effects of AN, LP, AN+LP and 
LP–nanogold nanoemulsion on the 
cytotoxicity of HT-29 cells 
The dose effects of AN with different sizes on the cyto-

toxicity of human colonic adenocarcinoma HT-29 cells 

are shown in Figure 2A, revealing that the half maximal 

inhibitory concentration (IC
50

) for AN sizes of 1–3 nm, 

3–5 nm, and 10–15 nm was 13 ppm, 24 ppm, and 34 ppm, 

respectively. Consistent with the previous evidence on high 

host toxicity for 1–3 nm AN and low efficiency for 10–15 nm  

AN, the particle size of AN at 3–5 nm was selected for sub-

sequent experiments.20 The IC
50

 for LP alone was 16.8 µM 

(Figure 2B), and thus a low dose below IC
50

 of AN or LP 

alone or in combination was then tested for its efficiency 

in inducing the cytotoxicity of HT-29 cells. As shown in 

Figure 2C, AN at 10 ppm in combination with LP at 8 µM 

or 12 µM (AN+LP combo treatment) exerted a synergistic 

effect, as shown by a reduction of 50–60% viability of the 

HT-29 cells. However, with LP–nanogold nanoemulsion 

treatment at a lower dose of AN (0.16 ppm) plus LP (0.4 µM), 

a significantly higher cytotoxicity toward HT-29 cells was 

observed, as evidenced by an 80% reduction in cellular 

viability. Therefore, the effective doses of AN or LP alone, 

in combination, or in nanoemulsion treatments were selected 

for the subsequent mechanistic studies. 

Effects of AN, LP, AN+LP, 
and nanoemulsion treatments 
on the apoptosis of HT-29 cells 
Figure 3A shows the morphological changes of HT-29 cells 

as affected by the various treatments including AN or LP 

alone, in combination, and nanoemulsion. Exposure to all 

the treatments induced apoptotic morphological alterations in 

cell shrinkage and rounded cellular appearance as compared 

to the untreated controls. Comparatively, the nanoemulsion 

treatment resulted in a more severe shrinking in cell size and 

more apoptotic cellular aggregations. Such altered apoptotic 

morphology in response to nanoemulsion exposure should 

not be caused by the emulsion containing only the emulsifier 
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and medium, as the emulsion alone did not show any cell 

morphological changes. 

To verify if such cytotoxic effects of the combo or 

nanoemulsion treatments are specific to cancer cells, normal 

human epithelial fibroblast MRC-5 cells were exposed to the 

same treatments with the same doses. All of the treatments 

and the emulsion treatment did not show any significant 

morphologic change in MRC-5 cells as compared to the 

untreated controls (Figure S1), revealing that the cytotoxic 

effects of AN+LP in combo and the nanoemulsion treatments 

were specific to HT-29 cells. 

Using AV and PI to stain the apoptotic cells (AV-

positive) and necrotic cells (PI-positive), the plots of the 

early apoptotic (AV+, PI-), late apoptotic (AV+, PI+), as well 

as the necrotic cells (AV-, PI+) during various treatments, are 

presented in Figure 3B, with the quantitative data presented 

in Figure 3C–D. The treatment of AN+LP (10 ppm +12 µM) 

was shown to induce a 15-fold rise of early apoptotic cells 

as compared with the untreated control (P0.05). Upon 

the combo treatment with the AN dose fixed at 10 ppm, the 

early apoptotic cells increased following a rise in LP from 

2–12 µM. However, with the nanoemulsion treatment at a 

much lower dose (by 100-fold) than the combo treatment, 

a 19-fold increase in early apoptotic cells as compared with 

the untreated control (P0.05) was shown. Apparently, the 

apoptotic effect of nanoemulsion (AN 0.16 ppm + LP 0.4 µM) 
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Figure 2 Dose effects of AN and LP, alone or in combination (AN+LP), and LP–nanogold nanoemulsion on the cytotoxicity of human colon adenocarcinoma HT-29 cells. 
Notes: HT-29 cells were treated with (A) various doses of AN at various particle sizes (1–3 nm, 3–5 nm, and 10–15 nm) for 24 hours, (B) LP alone or in combination with 
AN (AN+LP), or (C) with the nanoemulsion for 24 hours. Cell viability was assessed by MTT assay. Values are presented as the mean ± SD (n=3–9). *P0.05, the AN group 
compared to the control group. *P0.05, the AN and LP alone compared with the untreated control. ⌾P0.05, the AN+LP group compared to the LP group. #P0.05, the 
AN+LP group compared to the AN group. §P0.05, the NE (AN+LP) group compared to the AN+LP group.
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Figure 3 Effects of AN, LP, AN+LP, and nanoemulsion treatments on the apoptotic death of HT-29 cells. 
Notes: HT-29 cells were cultured with the medium in the absence (control) and presence of AN, LP, AN+LP, nanoemulsion, and E at the various doses for 24 hours. 
(A) Representative microphotographs of apoptotic morphology (magnification: 200×; scale bar: 50 µm). (B) Representative quarterly plots of early apoptotic (AV-positive/
PI-negative), late apoptotic (AV-positive/PI-positive), and necrotic cells (AV-negative/PI-positive) upon various treatments. Quantitative analysis of (C) early apoptotic 
(AV-positive/PI-negative) and (D) total apoptotic cells (AV-positive/PI-negative and -positive) upon various treatments. Values are presented as the mean ± SD (n=3–6). 
*P0.05, the AN+LP or NE (AN+LP) group compared to the control group. §P0.05, the NE (AN+LP) group compared to the AN+LP group. 
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toward HT-29 cells was significantly higher than that of the 

combo treatment at various doses (Figure 3C). By taking into 

account the late apoptotic cells, the nanoemulsion treatment 

(AN 0.16 ppm + LP 0.4 µM) generated an 85% rise in the total 

apoptotic population of HT-29 cells, which was significantly 

higher than the combo treatment (AN 10 ppm + LP 12 µM), 

showing a 60% apoptosis of HT-29 cells (P0.05). 

It is worth pointing out that the high inhibition efficiency 

of the nanoemulsion treatment (AN 0.16 ppm + LP 0.4 µM) 

toward HT-29 cells should not be due to the emulsion containing 

only the emulsifier and medium, as the emulsion alone (1.4 µL) 

did not cause early apoptotic cell death, but only induced a por-

tion (12%) of late apoptotic cell death (Figure S2). 

Effects of AN, LP, AN+LP, and 
nanoemulsion treatments on apoptotic 
death signaling of HT-29 cells 
We next investigated the apoptotic signaling mechanisms 

involved in apoptosis, as affected by various AN and LP 

treatments. Figure 4 shows the Western blot outcomes of the 

apoptotic mediator caspase 8 and the executioner caspase 3. 

Accordingly, the reduced procaspase levels also indicate activa-

tion of death signals through proteolytic cleavage on procas

pase enzymes. Compared to control treatment, the exposure of 

HT-29 cells to nanoemulsion at most doses significantly reduced 

procaspase 3 and 8 levels (Figure 4A and B). Approximately a 

90% reduction of procaspase 3 and 8 levels was observed after 

treatment of HT-29 cells with the nanoemulsion containing AN 

(0.16 ppm) plus LP (0.4 µM). However, with the combo treat-

ment of AN (10 ppm) plus LP (12 µM), only a slight decline in 

the levels of procaspases 3 and 8 was shown when compared 

to control, implying that the nanoemulsion treatment could 

activate the death signal to a greater extent than the combo 

treatment. A similar outcome was shown for the PARP-1 level 

(Figure 4C). It is possible that the nanoemulsion (AN 0.16 ppm +  

LP 0.4 µM) could penetrate into the nucleus of HT-29 cells for 

PARP-1 activation by engulfing into nuclear envelope folds, 

whereas the combo treatment failed to activate PARP-1. 
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Figure 4 Effects of AN, LP, AN+LP, and nanoemulsion on procaspase 3, procaspase 8, and PARP-1 activation of HT-29 cells. 
Notes: The representative Western blot image and quantitative analysis of the proenzyme levels of (A) procaspase 3, (B) procaspase 8, and (C) the target nuclear protein 
PARP-1 of HT-29 cells as affected by various treatments. HT-29 cells were cultured with the medium in the absence (control) and presence of AN, LP, AN+LP, nanoemulsion. 
Values are expressed as the mean ± SD (n=3). *P0.05 compared to the control. §P0.05 compared to the AN+LP group.
Abbreviations: AN, gold nanoparticles; LP, lycopene; SD, standard deviation; n, number of replicates.
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Effects of AN, LP, AN+LP, and 
nanoemulsion treatments on the 
mitochondria-associated apoptotic 
death signaling of HT-29 cells 
As the mitochondria-associated death signals are alternative 

mediators of caspase 3 for the transduction of apoptotic death 

signaling, the antiapoptotic protein Bcl-2 and proapoptotic 

protein Bax were also assayed. The data in Figure 5A 

revealed that a 95% reduction of Bcl-2 was caused by the 

nanoemulsion treatment (AN 0.16 ppm + LP 0.4 µM), but 

only a 40% reduction was caused by the combo treatment 

(AN 10 ppm + LP 12 µM) when compared to control. 

Apparently, the nanoemulsion treatment possessed much 

higher antiapoptotic activity toward HT-29 cells than did the 

combo treatment. Similarly, compared to control, both the 

nanoemulsion (AN 0.16 ppm + LP 0.4 µM) and combo (AN 

10 ppm + LP 12 µM) treatments showed a higher Bax level 

by 2.8- and 2.5-fold, respectively (Figure 5B). Surprisingly, 

a nanoemulsion treatment containing AN (0.08 ppm) plus 

LP (0.2 µM) was found to have a higher Bax level than that 

containing AN (0.16 ppm) plus LP (0.4 µM). Obviously, 

both Bcl-2 and Bax are the major contributors for the release 

of mitrochondria-associated signaling into the cytosolic 

compartment. For the procaspase 9 level, both the nanoemul-

sion (AN 0.16 ppm + LP 0.4 µM) and combo (AN 10 ppm + 

LP 12 µM) treatments were lower than control by 98% and 

20%, respectively (Figure 5C). 

Effects of AN, LP,  AN+LP, and 
nanoemulsion treatments on the 
migration of HT-29 cells 
Figure 6A–F show the representative image photographs and 

quantitative migration data of the HT-29 cells as affected 

by the AN, LP, AN+LP, blank emulsion, and nanoemulsion 
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Figure 5 Effects of AN, LP, AN+LP, and nanoemulsion on the mitochondria-associated death signaling of HT-29 cells. 
Notes: The representative Western blot image and quantitative analysis of (A) Bcl-2, (B) Bax, and (C) procaspase 9 protein levels were analyzed in HT-29 cells in the various 
treated groups. HT-29 cells were cultured with the medium in the absence (control) and presence of AN, LP, AN+LP, nanoemulsion. Values are expressed as the mean ± 
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compared to the AN group.
Abbreviations: AN, gold nanoparticles; LP, lycopene; SD, standard deviation; n, number of replicates.
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Figure 6 Effect of the AN, LP, AN+LP, and nanoemulsion on the wound healing migration of HT-29 cells. 
Notes: HT-29 cells were wounded and incubated with untreated (controls) and treated groups (AN, LP, AN+LP, NE) at various doses. The (A) representative image 
photographs and (B–F) quantitative data are presented. The closed area in photographs represents the portion selected for quantification and the calculated percentage of 
migrated cells compared to control is shown in (B–F). Values are expressed as the mean ± SD (n=3). *P0.05 as compared to the control. #P0.05, the AN group compared 
to LP group and the LP group compared to AN+LP group.
Abbreviations: AN, gold nanoparticles; h, hours; LP, lycopene; AN 10, gold nanoparticles 10 ppm; LP 12, lycopene 12 µM; E, emulsion; NE, nanoemulsion; SD, standard deviation; 
n, number of replicates.
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treatments. Treatment of HT-29 cells with low doses of AN 

(0.02–0.16 ppm) or LP (0.1–0.8 µM) showed only a slight 

change in the migration rate of HT-29 cells (Figure 6B 

and C). However, with a higher dose of AN at 10 ppm, LP 

at 12 µM, and combo (AN 10 ppm + LP 12 µM), the migra-

tion rate was reduced by 89%, 49%, and 82%, respectively 

(Figure 6D). Comparatively, the nanoemulsion treatment 

containing AN 0.04 ppm plus LP 0.1 µM also showed a large 

drop in the migration rate of HT-29 cells by 85%, but with 

the blank emulsion volume at 1.4–14 µL, the migration rate 

only decreased by 5%–39% (Figure 6E). Most importantly, 

following a rise in the dose of AN and LP in the nanoemul-

sion, a further drop of the migration rate to zero was observed, 

demonstrating the high efficiency of the nanoemulsion in 

retarding the migration of HT-29 cells (Figure 6F). This phe-

nomenon was supported by photographic images of HT-29 

cells, as affected by various treatments in Figure 6A. 

Effects of AN, LP, AN+LP, and 
nanoemulsion treatments on invasion-
associated signaling of HT-29 cells 
Figure 7 A–E shows the expressions of migration and inva-

sion-associated signaling of HT-29 cells as affected by the 

AN, LP, AN+LP, and nanoemulsion treatments. It has been 

well established that the loss of the epithelial marker E-cad-

herin could induce mesenchymal cell transition (Vimentin 

marker), upregulate the proteolytic enzymes MMPs (MMP-2 

and MMP-9), and initiate EMT progression so that cancer 

cells were detached from the tissues for migration and inva-

sion. Compared to control, the nanoemulsion treatment 

(AN 0.04 ppm + LP 0.1 µM) significantly enhanced the 

expression of the epithelial marker E-cadherin (Figure 7A), 

downregulated its upstream master molecule Akt expression 

(Figure 7D) as well as NFκB expression, without altering 

EMT transition markers vimentin and β-catenin. Similarly, 

compared to control, the combo treatment (AN 10 ppm + 

LP 12 µM) could significantly elevate the expressions of 

the epithelial marker E-cadherin (Figure 7A), vimentin 

(Figure 7B), β-catenin (Figure 7C), and NFkB (Figure 7E), 

but reduced Akt expression (Figure 7D). In addition, the 

AN (10 ppm) alone could promote mesenchymal transition 

and inflammation through the upregulation of E-cadherin, 

vimentin, β-catenin, and NFkB (Figure 7A–C and E), 

whereas the LP alone elevated β-catenin and reduced Akt 

expressions (Figure 7C and D). Compared to the LP alone, 

the AN (10 ppm) alone could enhance the expressions of 

E-cadherin, vimentin, β-catenin, and NFkB to a larger extent 

(Figure 7A–C and E). 

During the EMT process, the connection between cells can 

be destroyed, resulting in a decline in cell adhesion and an 

increase in migration, while more MMPs can be secreted 

to act on the extracellular matrix, leading to the prolifera-

tion and angiogenesis of tumor cells.25 The expressions of 

MMP-2 and MMP-9 as affected by various treatments are 

shown in Figure 8A–E. Compared to control, the levels of 

pro-MMP-2 for the treatments of AN, combo (AN 10 ppm 

+ LP 12 µM), and nanoemulsion (AN 0.04 ppm + LP 0.1 

µM) were reduced by 0.4-, 0.5-, and 0.4-fold, respectively 

(Figure 8A and B). However, the pro-MMP-2 levels for the 

LP treatment alone, as well as the active MMP-2 levels for 

all the four treatments except control did not show any sig-

nificant change (Figure 8A–C). On the contrary, for active 

MMP-9 expression, a larger decrease of 0.8-, 0.5-, 0.9-, and 

0.7-fold was observed for the treatments of AN, LP, combo 

(AN 10 ppm + LP 12 µM), and nanoemulsion (AN 0.04 

ppm + LP 0.1 µM), respectively (Figure 8D and E). This 

outcome suggested that all the four treatments could inhibit 

adhesion and migration of the HT-29 cells. 

Possible molecular and compartment 
targets of the nanoemulsion treatment 
on the migration and apoptosis  
of HT-29 cells 
To further elucidate why the nanoemulsion was more effec-

tive in inducing apoptosis and reducing migration of the 

HT-29 cells than the AN or LP alone, TEM analysis was 

conducted to observe how the various treatments influenced 

the cellular microcompartments and molecular targets. As 

shown in Figure 9A, the untreated control HT-29 cells 

exhibited a normal nuclear organism with an intact nuclear 

double layer of the membrane envelope, nucleoli, and homo-

geneous euchromatin fibers (Figure 9Aa and b). In addition, 

the round and normal shape of the mitochondria with clear 

layers of cristae and few vacuoles resided in the cytosol for 

the control treatment, with the plasma membrane protruding 

as filaments, as shown in Figure 9Aa, possibly for cell-to-cell 

communication (Figure 9Aa and b). The HT-29 cells treated 

with AN alone at 10 ppm also possessed a similar morphol-

ogy and shape (Figure 9B). 

For cells treated with the combo group (AN 10 ppm +  

LP 12 µM) for 24 hours, several vacuoles surrounding 

the AN appeared in the cytosol (Figure 9Ca). Then, the 

AN-containing vacuoles were engulfed inside the nuclear 

envelop folds formed in the HT-29 cells for subsequent 

invasion into nucleoli, as evident in Figure 9Cb and c. As 
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Figure 7 Expressions of the migration and invasion-associated signaling of HT-29 cells treated with AN, LP, AN+LP, and nanoemulsion at various doses. 
Notes: The representative Western blot data and quantitative analysis of the expressions of (A) E-cadherin, (B) Vimentin, (C) β-catenin, (D) Akt, and (E) NFkB signal 
molecules are presented. HT-29 cells were cultured with the medium in the absence (control) and presence of AN, LP, AN+LP, nanoemulsion. Values are expressed as the 
mean ± SD (n=3). *P0.05 compared to the control. #P0.05 compared to the AN or LP or AN+LP group. 
Abbreviations: AN, gold nanoparticles; LP, lycopene; NFkB, nuclear factor kappa B; SD, standard deviation; n, number of replicates.
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shown in Figure 9Cd, the AN-containing vacuoles were 

attached and emerged into the mitochondria, which dis-

played abnormally elongated morphology with reduced 

cristae and matrix contents. Compared to the combo treat-

ment (Figure 9Ca), the nanoemulsion treatment at a lower 

dose could generate more vacuoles accumulated in the 

cytosolic compartment (Figure 9Da and b). The nuclear 

internalization of AN-containing vacuoles was also observed 

in Figure 9Db. Furthermore, the nanoemulsion treatment 

resulted in the mitochondria becoming more aberrantly 

elonged (Figure 9Dc), accompanied by a loss of cristae and 

matrix contents, as well as the formation of fused mitochon-

dria (Figure 9Dd). As cristae are folds of the inner membrane 

of a mitochondrion that can provide an increase in surface 

area, the loss of cristae can retard both the electron transport 

chain and the chemiosmosis processes, leading to impairment 

of adenosine triphosphate production. 

Discussion 
Effect of size and dose of AN on HT-29 
cell growth 
It has been well documented that the size of AN has a great 

impact on cell toxicity. For instance, a size of 1.2 nm and 

1.4 nm of AN was shown to induce cell apoptosis and necro-

sis, respectively, whereas a size of 15 nm did not show cell 

toxicity.26 However, in a similar study, Wen and Majetich27 

reported a high toxicity for 8 nm AN and a medium toxicity 

for 37 nm AN. Likewise, a size of 4.8 nm AN was reported 

to possess high cell toxicity, while 46.6 nm AN exhibited 

low cell toxicity.28 More recently Huang et al29 studied the 

Figure 8 Expressions of MMP-2 and MMP-9 proteins in HT-29 cells as affected by various treatments. 
Notes: The representative Western blot data of (A) MMP-2 and (D) MMP-9 of the control and various treatment groups along with the quantitative analysis of (B) pro-
MMP-2, (C) active MMP-2, and (E) active MMP-9 are shown. Values are expressed as the mean ± SD (n=3). *P0.05 compared to the control. 
Abbreviations: MMP, matrix metalloproteinase; C, control; AN, gold nanoparticles; LP 12, lycopene 12 µM; LP, lycopene; SD, standard deviation; n, number of replicates.
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Figure 9 TEM images of the cellular uptake of HT-29 cells as affected by various treatments. 
Notes: (A) (a and b) Control representing the untreated HT-29 cell. (B) Treatment with 10 ppm of AN. (C) (a–d) Combo treatment containing 10 ppm of AN plus 12 µM of 
LP. (D) (a–d) Nanoemulsion treatment containing different levels of AN and LP including AN 0.04 ppm + LP 0.1 µM (Da and Dc) and AN 0.16 ppm + LP 0.4 µM (Db and Dd). 
(Cb, Cc, and Db) The white arrows indicate nuclear envelope folds engulfing the vacuoles containing the AN+LP combo or nanoemulsion containing AN+LP.
Abbreviations: CY, cytoplasm; NU, nucleus; NS, nucleolus; VA, vacuoles; PMF, plasma membrane filaments; EU, euchromatin; NDME, nuclear double layer membrane; 
MC, mitochondria; AN, gold nanoparticle; LCR, loss of cristae seen as white portions inside the mitochondria; EM, abnormally elongated mitochondria; FM, formation of 
fused mitochondria; TEM, transmission electron microscopy; LP, lycopene.

size-dependent localization and penetration of AN in breast 

cancer cells and found that after 3 hours and 24 hours of 

incubation, the accumulation of AN (2 nm and 6 nm) in 

the cytoplasm and cell nucleus followed a time-dependent 

increase, with the accumulation percentage in the nucleus 

being 15.5% for 2 nm AN and 16.6% for 6 nm AN, but a 

size of 15 nm AN did not show any accumulation. This out-

come implied that the smaller the size of the AN, the more 

susceptible the penetration into the nucleus. In addition, the 

authors also studied the distribution of AN in various organs 

of breast tumor-bearing BALB/c mice with intravenous injec-

tion of tiopronin-coated AN, and reported that the clearance 

times of 2 nm, 6 nm, and 15 nm AN from the blood were 

24 hours, 8 hours, and 10 minutes, respectively.29 Also, both 

2 nm and 6 nm AN were mainly accumulated in the kidney, 

while 15 nm AN deposited in the liver and spleen, with the 

penetration efficiency into the tumor cells being higher for 

2 nm and 6 nm AN than for 15 nm AN. In a similar study 
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dealing with the effect of various sized AN on the cytotoxicity 

of leukemia cell, k562, the following order was observed: 

1–3 nm 5–6 nm 15–20 nm.20 Thus, the size of 3–5 nm 

AN used in our experiment should be able to penetrate into 

HT-29 cells to induce apoptosis or necrosis. 

Effect of LP on HT-29 cell growth 
As shown in the previous section, the IC

50
 was 16.79 µM for 

LP treatment with various doses. After LP treatment with  

2 µM, 4 µM, 8 µM, and 12 µM for 24 hours, the early apop-

tosis of HT-29 cells rose by 1%, 4%, 11%, and 16%, whereas 

the late apoptosis increased by 5%, 4%, 20%, and 23%, and 

necrosis raised by 8%, 5%, 21%, and 24%, respectively. Taken 

together, the number of total apoptotic cells (early apoptosis 

plus late apoptosis) rose by 6%, 8%, 31%, and 39%, respec-

tively, after LP treatment with 2 µM, 4 µM, 8 µM, and 12 µM 

for 24 hours. Obviously, with the high-dose (12 µM) treatment 

of LP, the proportion of HT-29 cells undergoing late apopto-

sis or necrosis was higher than early apoptosis. However, a 

slightly higher inhibition effect was reported by Tang et al30 

as a 47% suppression of the HT-29 cells was observed after 

24 hours of incubation with the 10 µM LP standard. The dif-

ference in antiproliferation effect may be accounted for by the 

source of LP used in cell culture (ie, in our experiment, LP 

paste from tomato was used as the raw material, while in Tang 

et al’s study,30 LP standard was employed). Also, in a similar 

study, LP was shown to suppress leptin-mediated cell invasion 

and MMP-7 expression in HT-29 cells, even at physiological 

concentrations ranging from 0.5 µM to 2 µM.31 

Effect of combo treatment (AN plus LP) 
and nanoemulsion on HT-29 cell growth 
With the combination of 10 ppm AN and 12 µM LP, a syner-

gistic effect was shown when compared to AN or LP alone, as 

evidenced by a rise in the proportion of early apoptotic, late 

apoptotic, and necrotic cells. The same synergistic effect was 

found for LP–nanogold nanoemulsion. Comparatively, LP 

nanoemulsion could induce the early apoptosis of HT-29 cells 

to a greater extent than AN (10 ppm) alone and the combo 

treatment. However, there was no significant difference 

in late apoptotic and necrotic cells between LP–nanogold 

nanoemulsion and the combo treatment. In addition to size, 

the incubation time also plays a vital role for cell apoptosis 

and necrosis. For instance, Tsai et al20 studied the effect of 

5–6 nm AN (5 ppm) on leukemia cell, k562, and reported 

that the proportion of cell apoptosis or necrosis rose follow-

ing an increase in incubation time. A similar outcome was 

observed in our experiment, as shown by an increase of 20% 

in cell necrosis and 24% in cell apoptosis after treatment of 

HT-29 cells with 3–5 nm AN for 24 hours. 

Effect of emulsifier on HT-29 cells
Due to the presence of the emulsifier in LP–nanogold 

nanoemulsion, it is imperative to elucidate if it can induce 

cell toxicity. The IC
50

 was shown to be 6.1 µL/mL medium 

after treatment with blank emulsion (without LP and AN) 

at 1.4 µL/mL, 3.4 µL/mL, 6.9 µL/mL, 10.3 µL/mL, and  

14 µL/mL medium, separately, for 24 hours, accompanied by 

only a slight rise of 23% in early cell apoptosis/necrosis and 

3%–5% in late cell apoptosis/necrosis (Figure S2). Appar-

ently, the emulsifier (Tween 80) used for the preparation of 

nanoemulsion should not cause any significant cell death. 

For instance, with the same emulsifier dose at 1.4 µL/mL  

medium, LP–nanogold nanoemulsion induced a higher 

toxicity toward HT-29 cells than blank emulsion, implying 

that the cytotoxicity of nanoemulsion was mainly due to the 

presence of AN and LP. 

Protein expression associated with 
apoptosis of HT-29 cells 
As shown in Figures 4 and 5, with AN treatment alone, the 

expressions of procaspases 3 and 9, as well as Bcl-2 declined 

significantly, while the expressions of Bax and PARP-1 

climbed when compared to control. A similar tendency was 

shown for the combo treatment (AN+LP) with the exception 

of PARP-1 expression. Comparatively, the expressions of 

procaspases 8 and 9 and Bcl-2 were significantly lower, and 

Bax significantly higher, for the combo treatment than for LP 

alone. But for the AN–LP nanoemulsion treatment, a low dose 

of AN (0.002 ppm) plus LP (0.004 µM) could result in lower 

expressions of procaspases 3 and 8 and Bcl-2, as well as higher 

expression of Bax than control. However, when compared to 

the combo treatment (AN+LP), the expressions of procaspase 

3 and Bcl-2 were lower for this AN–LP nanoemulsion. A simi-

lar trend was observed for the nanoemulsion containing 0.02 

ppm AN plus 0.04 µM LP. Nonetheless, with the exception 

of 0.08 ppm AN plus 0.2 µM LP, following a rise in dose of 

AN and LP in the nanoemulsion, the expressions of procas-

pases 3, 8, and 9, as well as Bcl-2 were significantly lower 

than control, but that of Bax was significantly higher. The 

most pronounced effect was observed for the nanoemulsion 

containing 0.16 ppm AN plus 0.4 µM LP, as shown by a large 

decline in the expressions of procaspases 3, 8, and 9, as well 

as Bcl-2 and PARP-1 when compared to control and the other 

treatments, while Bax expression was significantly higher than 

the control, AN or LP alone, and the combo treatment. 
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Accordingly, cell apoptosis can be divided into receptor-

linked apoptosis and DNA damage-induced apoptosis, with 

the former including many death receptors (DR) such as 

Fas/CD95, TNF, DR3, DR4, DR5, and so on. Among the 

various apoptosis-associated proteins, caspase represents 

the most important one as it can be responsible for signal 

transduction, finally leading to apoptosis. The study associ-

ated with regulation in retarding early apoptosis often refers 

to various protein kinases prior to the initiation of caspase 3, 

which is regarded as an irreversible step toward apoptosis.32 

Generally, caspase is synthesized in the cell in procaspase 

form, containing procaspases 2, 8, 9, and 10 as the initiator, 

and procaspases 3, 7, and 6 as the executioner, which can 

cleave death substrates such as PARP, lamin, CAD, and 

actin for apoptosis execution. Structurally, procaspases can 

be further divided into caspase recruitment domain includ-

ing procaspases 1, 2, 4, 5, and 9, and death effector domain 

(DED) including procaspases 8 and 10. Proteins containing 

DED such as Fas-associated death domain are able to recruit 

procaspase 8 for the initiation of caspase 8 which, in turn, 

activates caspase 3 for the cleavage of protein substrate to 

induce apoptosis. However, the initiation of procaspase 9 is 

mainly due to the interaction between apoptotic protease acti-

vation factor 1 (Apaf-1) and cytochrome C.33 For apoptosis-

regulated proteins, mitochondria can be regarded as a target 

cell for both the Bcl-2 family (inhibit apoptosis) and Bax 

family (promote apoptosis), as the hydrophobic peptide at 

the C-end of the former (Bcl-2) can be inserted into the outer 

membrane of the mitochondria to prevent a decline in mito-

chondria potential, and the latter (Bax) to lower membrane 

potential. Thus, the mitochondria are important regulators 

of the cell death signal route.34 In a similar study, Tsai et 

al20 also reported that AN could activate caspase 3 to induce 

apoptosis after the treatment of leukemia cell, k562, with 

AN (5–6 nm) for 24 hours. More recently, Choudhury et al35 

further pointed out that AN could penetrate into lung cancer 

cell, A549, for conjugation with micro-organelle to induce 

apoptosis with arrest at G0/G1. Also, with AN treatment, 

both Bax and P53 expressions were upregulated, while both 

Bcl-2 and PARP-1 expressions were downregulated.35 In our 

experiment with the treatment of the nanoemulsion contain-

ing AN (0.16 ppm) plus LP (0.4 µM), the expressions of pro-

caspases 8, 3, and 9, as well as PARP-1 and Bcl-2 declined, 

while the Bax expression rose. Thus, it was postulated that 

the AN–LP nanoemulsion could accelerate apoptosis through 

the activation of caspases 8, 9, and 3, and through regulation 

by the mitochondria. Nevertheless, the indicator associated 

with late apoptosis needs to be further explored. 

Migration of HT-29 cells 
As indicated before, with the treatments of AN alone 

(10 ppm) and the nanoemulsion of AN (0.04 ppm) plus LP 

(0.1 µM) for 24 hours, the cell migration was reduced by 

74% and 72%, respectively. It is worth pointing out that the 

dose of 0.04 ppm AN in the nanoemulsion was 250-fold 

lower than that of the AN (10 ppm) alone, while the dose of 

0.1 µM LP in the nanoemulsion was 120-fold lower than that 

of LP (12 µM) alone. This finding further demonstrated that 

a synergistic effect did occur for the AN–LP nanoemulsion. 

Most importantly, the doses of AN and LP in the nanoemul-

sion could be reduced greatly to inhibit cell migration. In a 

study dealing with the effect of various doses of AN (80 nm) 

combined with the antioxidant ginkgolide A (GA-GNP) on 

vascular smooth muscle cell proliferation and migration 

in vitro, and neointimal hyperplasia in a mouse model, 

Weakley et al36 reported that GA-GNP could reduce the 

expression of superoxide anions and inhibit the proliferation 

and migration of vascular smooth muscle cells through the 

downregulation of ERK1/2 which, in turn, remedied topical 

arterial damage and reduced inner membrane proliferation 

and subsequent narrowing. 

Malignant colon cancer develops as a multistep pro-

cess involving a series of aberrant genetic, metabolic, and 

signaling changes in cancerous cells that evolve toward 

more aggressive, poorly differentiated phenotypes and 

acquired metastatic capacity via EMT.37 Alteration of EMT 

by downregulation of E-cadherin, an epithelial cell marker, 

can cause cancer cells to lose their epithelial junction and 

begin migration. Mesenchymal cancer cells, as marked by 

the expression of Vimentin and E-cadherin, express MMP 

to enable the digestion of matrix proteins for invasion and 

metastatic spread.38 It is notable that the expression of the 

epithelial cell adhesion factor, E-cadherin, was significantly 

higher for the nanoemulsion containing 0.04 ppm AN plus 

0.1 µM LP than the AN alone and the combo treatment, 

demonstrating a synergistically protective effect against 

the migration development of colon cancer cells through 

reinforcement of the epithelial marker for membrane attach-

ment. Unlike the AN alone and combo treatments, which 

generated higher expressions of mesenchymal protein 

Vimentin than control by 3.7- and 3.4-fold, respectively, 

the nanoemulsion treatment did not significantly enhance 

Vimentin and β-catenin expressions, but they did suppress 

pro-MMP-2 and active MMP-9 expressions of the untreated 

control cells. This finding collectively supports the suppres-

sive effect of the nanoemulsion on the EMT development of 

colon cancer cells. In a previous study only dealing with the 
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effect of LP on tumor growth and progression in a mouse 

xenograft model of colon cancer, Tang et al39 reported that LP 

could enhance the expressions of E-cadherin and P21/CIP1/

WAF1 through the inhibition of proliferating cell nuclear 

antigen and β-catenin in the nucleus, as well as expressions 

of COX-2, prostaglandin E2, and phosphorylated ERK1/2. 

In addition, LP was shown to be effective in inhibiting tumor 

growth and progression in a mouse xenograft model of colon 

cancer, with the inhibition being inversely proportional to 

the MMP-9 concentration in mouse blood.39 The response 

of mesenchymal stem cells toward fibronectin–gold nano-

composites was studied by Hung et al,40 illustrating that this 

treatment could enhance cell proliferation, decrease reac-

tive oxygen species production, and increase expressions 

of MMP-9 and endothelial nitric oxide synthase which, in 

turn, affected the migration of human umbilical mesenchy-

mal stem cells. Additionally, AN (15 nm) was found to be 

efficient in inhibiting HePG2-CM-induced proliferation and 

migration of epithelial cells through the downregulation of 

vascular endothelial growth factor (VEGF) after incubation 

of human umbilical vein endothelial cells in HePG2-CM 

medium.40 In the present study, we demonstrated that the 

AN–LP nanoemulsion relative to the LP only treatment 

exhibited a higher suppressive effect in the migration of the 

EMT markers of HT-29 cells, as evident by the enhanced 

expression of E-cadherin and the decreased expressions of 

Akt and NFkB. Nonetheless, the detailed mechanism of the 

AN–LP nanoemulsion in inhibiting the migration of cancer 

cells needs to be further explored. 

Mechanism of signal transduction 
initiation 
For NFkB expression, only the treatments of AN alone and 

in combination were significantly higher than the control. 

NFkB is a vital protein that can promote tumor progres-

sion, with the most common dimer forms being P50/P65 

and P52/P65. Thus, the specific antibody, P65, was selected 

as an indicator. It has been well documented that IkB,  

a downregulated protein conjugated with NFkB, and which 

is responsible for the inhibition of NFkB function in the 

cytoplasm, can undergo phosphorylation to lose its func-

tion due to ubiquitination after receiving external trans-

duction, resulting in NFkB release for migration into the 

nucleus, and conjugation with a gene-regulated promoter 

for activation.41 A previous study illustrated that in addition  

to inflammation, NFkB can also be associated with cancer 

progression, including cell apoptosis, cell cycle regulation, 

differentiation, and migration.42 Nevertheless, the role of 

NFkB in cell apoptosis and cancer progression is contro-

versial. For instance, Fas as a tumor-inhibiting protein can 

conjugate with NFkB on many FAS promoter sites for regu-

lation of FAS transcription. In other words, a typical NFkB 

can activate FAS for transcription, while a spare NFkB can 

inhibit FAS function. Thus, the inhibition of NFkB in cancer 

progression is probably achieved through the retardation of 

damage of the host immune cells caused by Fas-induced cell 

apoptosis.43 Additionally, it has been well established that 

NFkB can affect colon cancer progression through the regu-

lation of many associated genes such as cyclin D1, Bcl-XL, 

VEGF, IL-8, COX-2, and MMP-9.44 Most importantly, the 

current drugs used for colon cancer therapy have been dem-

onstrated to be able to regulate NFkB expression which, in 

turn, inhibit cancer cell proliferation and migration.44 In a 

previous study, Hsu and Huang45 reported that during folic 

acid deficiency or supplementation, the NFkB activation 

could be regulated through the PI3K/Akt and Hh transduc-

tion route which, in turn, affected inflammation of the colon 

cancer cell line, HCT116, through the further regulation of 

cytokine TNF-α expression. In some other related studies, 

K-Ras mutation was shown to account for 40% and B-Raf 

mutation for 10% in colorectal cancer.46 Furthermore, both 

K-Ras and B-Raf could activate signal transduction route of 

MAPKs/ERK47 which, in turn, affected tumor progression 

through the regulation of cell survival, proliferation, and 

apoptosis.48 Also, K-Ras was shown to activate the P13k/

Akt transduction route,49 with the mutation of K-Ras and 

P13K accounting for 22% in colorectal cancer.50 A similar 

outcome was observed by Tang et al30 who demonstrated that 

LP was not only effective at suppressing Akt activation and 

nonphosphorylated β-catenin levels in colon cancer cell line, 

HT-29, but that it also enhanced the phosphorylation level 

of β-catenin leading to proteosomal degradation through the 

downregulation of the Wntl/β-catenin pathway. Similarly, 

Lin et al51 illustrated that LP could not only enhance the 

expression and stability of E-cadherin, but it also inhibited 

the phosphorylation of Akt and the expression of MMP-7, 

a MMP modulated by extracellular growth factors and 

proinflammatory cytokines in cancer cells for degradation 

of the extracellular matrix and creation of a microenviron-

ment to promote tumor angiogenensis and metastasis. As 

the Akt transduction route can activate partial antiapoptosis 

molecules,52 it was postulated that the antiproliferation effect 

of colon cancer cell line, HT-29, by the nanoemulsion (AN 

0.04 ppm + LP 0.1 µM) observed in our study should be due 

to the regulation of NFkB expression through the PI3K/Akt 

transduction route. 
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Targeting effect of nanoemulsion 
Nanoparticle size has been shown to play a vital role in cell 

uptake efficiency. In a study dealing with cell type-dependent 

uptake, as well as the localization and cytotoxicity of 1.9 nm 

AN, Coulter et al8 reported that AN uptake preferentially 

occurred in tumor cells, resulting in an increased expres-

sion of cleaved caspases, but that AN cytotoxicity remained 

low. Furthermore, the authors observed small electron-dense 

AN in an unaggregated state inside the nuclear membrane, 

which should enhance DNA damage and the formation of 

lethal double-strand breaks.8 It was also suggested that the 

clathrin-mediated endocytosis is the main uptake route for 

particles up to 200 nm, after which caveolae-mediated inter-

nalization dominates.8,53 More specifically, the optimal size 

for clathrin-mediated endocytosis was shown to be in the 

range of 25–30 nm, as reduced uptake was found for small 

(10 nm) or large (100 nm) particles.8,54 

The penetration of nanoemulsion into the cytoplasm and 

its subsequent engulfing inside the nuclear envelope folds, as 

shown in Figure 9D, indicated that this nanoemulsion may be 

used as a delivery system for passive targeting through the 

EPR effect. Among the various organelles, the nucleus is the 

most important one for the proliferation and apoptosis of cells. 

Most importantly, controlling the processes governed by the 

nucleus has been a primary goal for nuclear-targeted cancer 

therapy.55 According to literature reports, the endothelial cells 

found in the blood vessels of normal tissues may have gaps 

between them that are about 7–10 nm in size, but these gaps 

may increase to a few hundred nanometers in the tumor micro-

vasculature to allow for nanoparticle accumulation through 

the EPR effect.56,57 Thus, the nanoemulsion should be able to 

diffuse from the extracellular matrix into the cytoplasm and 

nucleus for antitumor efficiency. In a review paper dealing with 

the impact of nanotechnology on drug delivery, Farokhzad and 

Langer56 pointed out that tumor tissue accumulation is a pas-

sive process requiring long circulation to facilitate the time-

dependent extravasations of drug delivery systems through the 

leaky tumor microvasculature for accumulation. Nevertheless, 

more in vivo studies are needed to be carried out to elucidate 

the underlying mechanism in anti-colon tumor growth by the 

nanoemulsion developed in our study. 
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Supplementary materials

Figure S1 Representative microphotographs of MRC-5 cells exposed to AN (10 ppm), LP (12 µM), AN+LP (10 ppm, 12 µM), nanoemulsion (AN 0.16 ppm + LP 0.4 µM), 
and blank E (1.4 µL). 
Notes: Magnification: 200×; scale bar: 50 µm.
Abbreviations: AN, gold nanoparticles; LP, lycopene; E, emulsion.

Figure S2 (Continued)
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Figure S2 Effects of the blank emulsion particles on the apoptotic death of HT-29 cells. 
Notes: Cells were treated with various doses of emulsions (1.4 µL/mL, 3.4 µL/mL, 6.9 µL/mL, 10.3 µL/mL, and 14 µL/mL medium) without AN and LP for 24 hours. A dose 
of 1.4 µL of emulsion was the same volume as the nanoemulsion containing AN at 0.16 ppm and LP at 0.4 µM. (A) Representative quarterly plots of apoptotic and necrotic 
cell death and (B) quantitative analysis of early apoptotic (AV-positive/PI-negative) and (C) late apoptotic cells (AV-positive/PI-positive). Apoptotic death was measured by 
AV and PI staining following the flow cytometric analysis. Values are presented as the mean ± SD (3 -9 independent experiments). *P0.05, the blank nanoemulsion group 
compared to the control group.
Abbreviations: PI, propidium iodide; E, emulsion; C, control; AN, gold nanoparticles; LP, lycopene; AV, Annexin V; SD, standard deviation.
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