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Abstract 

 
Targeted drug delivery systems with minimal potential 

adverse/side effects are gaining utility in diverse 

applications. Uses of nanomaterials to design such 

targeted drug delivery are escalating exponentially. 

Nevertheless, the biocompatibility of nanomaterials is 

inadequately addressed. Consequently, among our 

systematic investigation of putative cytotoxic effects of 

nanomaterials in mammalian cell types, this study aims to 

elucidate mechanisms underlying the putative cytotoxic 

effects of ZnO nanoparticles in hepatocellular carcinoma 
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HepG2 cells. Our results demonstrate that these 

nanoparticles exerted dose-related decreases in survival of 

HepG2 cells. Findings from flow cytometry analysis and 

lactate dehydrogenase release assays reveal that the mode 

of cell death underlying the effects of the nanoparticle was 

a combination of apoptotic and necrotic cell death, while 

the percentage of necrotic cells predominated at higher 

treatment concentrations. Thus, our findings may have 

pathophysiological implications in biocompatibility of 

ZnO nanoparticles. 
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1. Introduction 
 

Targeted drug delivery systems with minimal potential 

adverse/side effects are gaining utility in diverse 

applications. Uses of nanomaterials to design such 

targeted drug delivery are escalating exponentially [1-

3]. Cancer cells, unlike their normal counterparts, exhibit 

resistance to chemotherapy-induced apoptosis for a 

variety of reasons and drug delivery to these cells poses a 

challenge due to their altered expression of multi-drug 

resistance proteins, which contribute to drug resistance [4]. 

Besides their evasive anti-apoptotic responses, currently 

available chemotherapeutic agents essentially exhibit non-

specific activities, as a result of which the healthy tissues 

in the body are affected [4]. Development of 

pharmaceutical formulations using nanomaterials to 

enhance the delivery of drugs to cancer cells has been 

under investigation for some time [5]. However, the 

biocompatibility of nanomaterials is inadequately 

addressed. Nevertheless, in addition to exploiting 

nanomaterials to enhance the delivery of drugs to cancer 

cells, one could also explore their potential to kill cancer 

cells. This study is one of a series of studies to 

systematically determine the anti-cancer potential of 

nanoparticles of metallic and non-metallic oxides 

employing a variety of cancer cell models. This study, 

therefore, focuses on elucidating the mechanisms 

underlying the putative anti-cancer effect of zinc oxide 

(ZnO) nanoparticles in  hepatocellular carcinoma cells. 

 

 

2. MATERIALS AND METHODS 
 

2.1 Materials 
 

Hepatocellular carcinoma HepG2 cells were obtained 

from ATCC (Manassas, VA, USA). Zinc Oxide 

Nanoparticles (Cat #544906, nanopowder, <100 nm 

particle size, 99.7%), Thiazolyl blue tetrazolium bromide 

(MTT) and Dulbecco’s Modified Eagle’s Medium 

(DMEM) were purchased from Sigma-Aldrich (St. Louis, 

MO). Fetal bovine serum (FBS) was from Atlanta 

Biologicals (Lawrenceville, GA, USA), protease inhibitor 

cocktail tablets from Roche diagnostics, antibodies to 

mTOR and phospho-mTOR were from Cell Signaling 

Technologies and antibodies to AKT, phospho-AKT and 

β-actin were from Santa-Cruz (Santa Cruz, California). 

Other chemicals were of analytical grade and were usually 

obtained from Sigma-Aldrich (St. Louis, MO). 

 

2.2 Culture of Hepatocellular Carcinoma 

Cells 
 

Hepatocellular carcinoma cells (HepG2) were cultured in 

DMEM, supplemented with 10% (v/v) fetal bovine serum 

(FBS), 1% (w/v) sodium pyruvate, 0.292 g/L L-glutamine, 

1.5 g/L sodium bicarbonate, and 4.535 g/L glucose. The 

cells were incubated at 37°C in a 5% CO2 and humidified 

environment. 

 

2.3 Cell Viability Assay 
 

      ZnO nanoparticles were freshly suspended in 100 mL 

sterile saline in a sealed conical flask and diluted to 

appropriate concentration with DMEM to the specified 

concentration before use [6,7].  

     Cell viability was determined using the MTT assay. 

Equal number of cells were seeded in each well of 96 well 

plates and allowed to adhere to the bottom of the wells for 

approximately 1 hr. Cells in different wells were then 

treated with increasing concentrations (0.1-100 µg/mL) of 

ZnO nanoparticles for 48 hours and incubated at 37ºC. 

Following the treatment period of 48hrs, 20 µL of MTT 

dye (5 mg/mL in 1X phosphate-buffered saline (PBS)) 

was added to each well and the plates (set one) were 

incubated for another 4 hours at 37ºC. Formazan crystals 

formed due to the activity of dehydrogenases in live cells 

were dissolved using dimethyl sulfoxide (DMSO, 100 μL 

per well). To prevent the nanoparticles from interfering 

with this assay (data not shown), the formazan material 

dissolved in DMSO in each well of each plate was 

quantitatively transferred to an empty well in another 

plate (set two) while the material in DMSO from a well 

with nanoparticles only (i.e., without cells) served as the 

corresponding control. Subsequently, the absorbance of 

the content of each well in each plate (set two) was 

measured at 570 nm using a multi-detection microplate 

reader (Bio-Tek Synergy HT, Winooski, VT, USA) [6]. 

 

2.4 LDH assay 
 

Cell damage was determined by monitoring lactate 

dehydrogenase (LDH) release from cells into the culture 

medium: LDH release from cells is a marker of necrotic 

cell damage and cell death [6,7]. HepG2 cells were 
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subcultured in DMEM in 25 cm
2
 flasks until ~70% 

confluent and then treated with different concentrations of 

ZnO nanoparticles for 48 hours at 37º C. Subsequently, 

the culture medium from each flask was collected and 

stored at -80º C until they were used for assaying LDH 

activity therein. LDH activity released by cells into the 

culture medium was assayed by the procedure discussed 

previously [6,7]. 

  

2.5 Flow Cytometry 
 

ZnO nanoparticles were freshly suspended in 100 mL 

sterile saline in a sealed conical flask and diluted to 

appropriate concentration with DMEM to the specified 

concentration before use.  

     Cells were seeded in T-25 flasks at a density of 3×10
5
 

cells per flask. Cells were allowed to attain about 60-70% 

confluence and then exposed to ZnO nanoparticles for 

48hrs. Cells floating in the media were collected by 

centrifugation for 5min at 1000rpm and the adherent cells 

were collected by trypsinization followed by 

centrifugation at 1000 rpm for 5 min in 1XPBS. 

Supernatant was discarded and cells were re-suspended in 

1X binding buffer and left on ice for 15 min. Annexin V 

(4 µL) and Propidium Iodide (4 µL) was added to 100 µL 

of cell suspension and final volume was made up to 500 

µL using 1X binding buffer for analysis using a Becton 

Dickinson FACS Calibur Flow Cytometer. 

 

2.6 Western Blot Analysis: 
 

HepG2 cells were cultured in DMEM supplemented with 

10% (v/v) fetal bovine serum (FBS) until they were 70% 

confluent and then treated with freshly prepared zinc 

oxide nanoparticle suspension in saline. After 48 hours, 

the cells were washed with ice-cold PBS and cell lysates 

were prepared using non-denaturing lysis solution (10 

mM Tris HCl pH 8, 68 mM NaCl, 5% glycerol, 1% Triton 

X-100, 1 mM EDTA) added with protease inhibitors. 

Protein analysis for lysates was performed using 

Bicinchonic assay (BCA) kit employing 96 well plate 

reader at 562 nm.  

     Western blot analysis was performed as described 

previously [6,7] using 10% gel at 100 constant volts after 

electrophoresis; the separated proteins were transferred to 

a PVDF membrane at 100 volts for 90 minutes. Once the 

transfer was complete, the membranes were incubated in 

5% (w/v) fat-free milk for 3-4 hours at room temperature. 

The blocking solution was then washed and incubated in 

solutions containing primary antibodies against respective 

protein overnight, followed by their respective 

peroxidase-conjugated secondary antibodies. The protein-

antibody complexes were visualized using 

Chemiluminescent solution [6,7].  

 

3 RESULTS AND DISCUSSION 
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Figure 1. Effects of ZnO and MgO nanoparticles on 

survival of HepG2 hepatocellular carcinoma cells. Cell 

were treated with specified concentrations of the 

nanoparticles for 48 hours; then, their survival was 

determined the modified MTT assay as described 

previously [6]. Results were expressed as % of control 

(i.e., untreated cells). Values were mean ± SEM of at least 

6 separate determinations; two other experiments 

essentially yielded very similar results; *p < 0.05 

compared to control. 

 

As shown in Figure 1, ZnO nanoparticles induced dose-

related decreases in survival of HepG2 cells when they 

were exposed to ZnO nanoparticles for 48 hours. The IC50 

of ZnO nanoparticles in lowering the survival of HepG2 

cells was ~ 34 µg/ml. (Although not a primary target of 

this study, MgO nanoparticles were significantly less 

effective in lowering survival of HepG2 cells compared 

with ZnO nanoparticles.) This observation prompted us to 

study the mode of cell death induced by ZnO 

nanoparticles in HepG2 cells. 

      We employed lactate dehydrogenase (LDH) release 

from cells as a marker of necrotic cell damage and cell 

death [6,7]. As shown in Figure 2, treatment of HepG2 

cells with ZnO nanoparticles at 1 and 10 µg/mL for 48 

hours did not significantly induced increases in LDH 

release from the cells. However, when the cells were 

treated with ZnO nanoparticles for 48 hours at the higher 

concentration of 50 µg/mL, significant LDH release was 

detected in the medium, suggesting that necrotic cell death 

could account, a least in part, for the effect of these 

nanoparticles in lowering the survival of HepG2 cells (see 

Fig. 1).  

      Because necrosis could only account for part of the 

effect induced by ZnO nanoparticles in lowering the 

survival of HepG2 cells, we also investigated the 

possibility that the nanoparticles could induce apoptosis in 

HepG2 cells. Results from ongoing studies employing 

flow cytometric analyses using Annexin V and Propidium 

iodide demonstrated that ZnO nanoparticles induced 

mainly apoptosis at lower treatment concentrations but 

predominantly necrosis at higher treatment concentrations 

(data not shown). 

NSTI-Nanotech 2013, www.nsti.org, ISBN 978-1-4822-0586-2 Vol. 3, 2013 435



 

 
 

 

Figure 2. Effect of ZnO nanoparticles in inducing lactate 

dehydrogenase (LDH) release from HepG2 cells. Cells 

were treated with specified levels (in µg/mL, X-axis) of 

ZnO nanoparticles for 48 hours. Subsequently, the 

medium from the treated cells was collected and kept at -

70
o
C until employed for assay of LDH activities therein. 

Values were expressed as % of the control (i.e., that 

derived from untreated cells; C). Values are mean ± SEM 

of at least 3 separate determinations; *p < 0.05 compared 

to control.  

 

 

     Additionally, our other ongoing studies employing 

Western blot analysis suggest HepG2 cells treated with 

ZnO nanoparticles for 48 hours exhibited decreased 

expression of phospho-AKT and phospho-mTOR (data 

not shown). These findings suggest that the ZnO 

nanoparticles may induce cell death in HepG2 cells via 

their effects on the PI3K/AKT/mTOR pathway.  

 

 

4. CONCLUSIONS 
 

Treatment of HepG2 hepatocellular carcinoma cells with 

ZnO nanoparticles induced dose-related decreases in their 

survival. Apparently, the nanoparticles induced mainly 

apoptosis at lower treatment levels but predominantly 

necrosis at higher treatment levels. Results from our 

ongoing studies implicated the PI3K/AKT/mTOR 

pathway in mediating these effects of the nanoparticles. 

Thus, our findings may have pathophysiological 

implications in biocompatibility of ZnO nanoparticles.      

Furthermore, they may have some therapeutic 

implications in improving strategies and options for 

treatment of hepatocellular carcinoma employing 

nanomaterials.  
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