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ABSTRACT 

 
The aim of this study is to evaluate the influence of 

serum [fetal bovine serum (FBS)] in cell culture medium on 
the nano and micro-sized ZnO toxicity to human lung 
epithelial cells (A549). Particles agglomeration and 
sedimentation state in medium were respectively measured 
by Zetasizer and UV-vis spectrometer. Methyl thiazolyl 
tetrazolium (MTT) and interleukin 8 (IL-8) analysis were 
selected for cytotoxicity assays. We found ZnO particles 
with a smaller primary size increased to a relative smaller 
secondary size in both serum/serum-free Dulbecco’s 
modified Eagle’s medium (DMEM), and caused the size-
dependent cytotoxicity effect on ZnO nanoparticles. 
However, negative charges of serum caused the zeta 
potential of ZnO slightly decreased to -8 ~ -10 mV in 
DMEM, which resulted in smaller hydrodynamic size and 
much slower sedimentation than in serum free medium, 
leading to similarly lower toxicity.    
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1 INTRODUCTION 
 
Nano-ZnO has been regarded as the potential 

nanomaterials in the photochemistry and biological field. 
However, many studies have shown nano-ZnO has higher 
cytotoxicity than other metal oxide nanoparticles [1-2]. 
Nano-ZnO also induced toxicity in various mammalian 
cells (human BEAS-2B, A431, A549 and mouse C17.2), 
leading to potent DNA damage, inflammation, and even 
cell apoptosis [2-5]. Recently, scientists considered the 
main resource of nano-ZnO toxicity come from the release 
of zinc ion (Zn2+) [4,6], and the result of cell death is due to 
elevated oxidative stress (reactive oxygen species 
generation) and influx of extracellular calcium (membrane 
disruption) [5]. The dissolved zinc ion also caused no size-
dependent cytotoxicity under lower concentration [4]. 

For evaluating toxicity of nanoparticles under 
mammalian cells, dispersion medium might modulate the 
final cytotoxicity [7]. However, seldom of these nano-ZnO 
cytotoxicity researches mentioned whether they add any 
proteins or surfactants in cell medium as the dosing solvent. 
Protein adsorption effect on cytotoxicity has been 
mentioned in several reports [8-9]. For example, protein-
contained FBS or bovine serum albumin (BSA) in medium 

usually can stabilize nanoparticles suspensions and affect 
the hydrodynamic size [9-10]. The serum in medium even 
has protective effect in silica and single-walled carbon 
nanotubes toxicity [11-12]. Thus, more and more reports 
concerned about if nanomaterials have any cytotoxicity 
differences in exposure by serum and serum-free medium 
[13]. Unfortunately, less of them mentioned about medium 
effect on the cytotoxicity of nano-ZnO.  

This study investigated the influence of serum in cell 
culture medium on the nano and micro-sized ZnO toxicity 
of human lung epithelial cells. We selected serum-free, 5% 
and 10% serum-contained DMEM medium for the 
cytotoxicity experiments. Size distribution of nano-ZnO 
powder in air, served as a reference in this study, was 
monitored by Electrical Low Pressure Impactor (ELPI). In 
addition, dynamic light scattering (DLS) technique and UV-
vis spectra were adopted to determine the secondary sizes, 
zeta potential and sedimentation rate of ZnO suspensions. 
Cytotoxicity parameters included the mitochondria 
activities and production of pro-inflammatory factor IL-8 of 
the cells were evaluated in this study.  

 
2 MATERIALS AND METHODS 

 
2.1 Chemicals 

Nano-sized and micro-sized ZnO commercial powders 
were both purchased by Sun Beam Tech Ltd. (Taiwan). All 
the aqueous solution for chemicals and biological 
experiments were prepared by 18.2 MΩ．cm ultrapure de-
ionized and sterile water using a Milipore Simplicity system 
(Milipore, S.A.S.). 

 
2.2 TEM Image Analysis 

The particle sizes and morphologies of the commercial 
powder were analyzed using a TECNAI 20 transmission 
electron microscope (Philips, Netherlands). The dispersant 
for loading on carbon-formvar copper grids was absolute 
ethanol. 
 
2.3 Size Distribution Monitoring 

To monitor the size distribution of ZnO particles in air, 
first we put amount of powders into a self-made chamber 
(length: 50, width: 40, height: 50 (cm)).  By pushing fresh 
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air into the chamber using a blower, we blew the particles 
and then monitored size distribution of ZnO by ELPI, 
which measures airborne particle size distribution in the 
size range 0.03-10 μm with 12 channels. The alumina foils 
were used as the filters to sense the charged particles. 

 
2.4 Hydrodynamic Size and Zeta Potential  

The hydrodynamic size and surface charge of the ZnO 
particles in water and cell culture medium were monitored 
using a Zetasizer Nano ZS apparatus (Malvern Instruments, 
UK). Before measurement, the samples were dispersed (at 
100 μg mL–1) in water and Dulbecco’s modified Eagle’s 
medium (DMEM High Glucose, w/L-Glutamine, Gibco, 
USA) supplemented with 0, 5 and 10% fetal bovine serum 
(FBS) for the secondary size measurement. To decrease the 
agglomeration state, the dispersions were sonicated in an 
ice bath using an ultrasonic probe (7 W, 22 kHz) for 7 min 
prior to measurement.  

 
2.5 Sedimentation Study 

The sedimentation rates of particles were analyzed by 
monitoring the optical absorbance (367 and 378 nm for 
nano and micro-sized ZnO, respectively) as a function of 
time, within 24 h, by UV-vis spectrophotometry (Varian 50 
Bio, CA, USA). The dispersion guide for all suspensions 
were based on the hydrodynamic size measurement in 
subsection  2.4. 

 
2.6 Cell Culture  

Human lung carcinoma epithelial cell line (A549) 
(BCRC-60074, Hsin-Chu, Taiwan) was cultured in DMEM 
supplemented with 10% FBS and 1% Antibiotic-
Antimycotic, and cultivated in T25 flasks at 37 °C in a 
humidified atmosphere of 5% CO2/95% air. 

 
2.7 Sample preparation  

To prepare the stock solution, ZnO powders were 
suspended in sterile water at a concentration of 2 mg mL–1. 
Before the next step of dilution, they were dispersed using a 
5-W probe sonicator (Ultrasonic Cell Disruptor, Misonix, 
USA) for 2 min in an ice bath. Stock solutions then were 
diluted to concentrations ranging from 40 to 5 μg mL–1 in 
DMEM supplemented with 0, 5 and 10% FBS. For 
assessments of the cytotoxicity, the cells (4 × 104 cells mL–1) 
were seeded in 96-well plates. Cells were exposed to ZnO 
suspensions for 24 h after 20 h of cell attachment. 

 
2.8 Mitochondria Activity 

3-(4,5- dimethylthiazol-2-yl) - 2,5 - diphenyltetrazolium 
bromide (MTT) (5 mg mL–1) was used to determine 
mitochondria activity fo A549 cells. The absorbance of 

formazan was measured at 570 nm by tunable microplate 
reader (VersaMax, Molecular Devices). 

 
2.9 Production of Pro-inflammatory Factor 

Human IL-8 enzyme-linked immunosorbent assay 
(Human IL-8 ELISA Kit and buffer, PeproTech, USA) was 
used to evaluate the production of the pro-inflammatory 
chemokine, IL-8. Dosing solutions which were exposed for 
MTT assay were aspirated for interleukin-8 analysis.  

 
2.10 Statistics 

The effects of the nano and micro-sized ZnO on the cell 
cultures within different exposure medium were analyzed 
statistically to a p < 0.05 significance level using a two-
tailed Student’s t-test. 

 
3 RESULTS AND DISCUSSION 

 
3.1 Particles Properties 

Figure 1 showed the TEM images of the nano-sized and 
micro-sized ZnO. Both commercial nanopowder had 
slightly uniformed morphology, and the primary size 
corresponded to our expectation (nano-size: < 100 nm; 
micro-size: > 100 nm). The size distributions for nano and 
micro ZnO powders in air and aqueous medium were 
showed in figure 2. From the ELPI real-time monitoring 
data, the size distribution of ZnO nanoparticles (primary 
size < 100 nm) which based on the aerodynamic diameter 
was about ～100 nm. However, due to the humidity, few 
particles might slightly agglomerate and the particle size 
was larger than 200 nm. The size distribution of micro-
sized ZnO was mainly ranging from 100~1000 nm, while a 
smaller part was nanoscale. When ZnO nanoparticles were 
dispersed in water, they slightly aggregated to 234 nm, but 
the aggregation of microZnO was not serious (594 nm) 
(Table 1). When ZnO particles suspended into DMEM 
medium, the secondary size would increase to 750 and 880 
nm for nano and micro-sized ZnO, respectively. The 
reasons for serious aggregation not only because of the high 
concentration of ionic salts in medium, but also a mixture 
of low amounts of amino acids, vitamins, and glucose [9].  

The agglomeration of nano and micro-sized ZnO 
decreased as FBS was added into culture medium. Nano- 
ZnO in DMEM with 5% and 10% FBS medium were 370 
and 429 nm, and micro-sized ZnO decreased to about 680 
nm under both conditions. The increase of PdI (Table 1) 
showed that the size distribution became broader in 
presence of FBS. From the zeta potential analysis, two 
kinds of ZnO particles both had positive surface charge (20 
~ 25 mV), while after suspending to DMEM medium, the 
zeta potential turned to negative charge (-5 and -4.5 mV for 
nano and micro-ZnO) (Table 1) and closed to the zero-point 
of charge. However, the zeta potential of ZnO particles 
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slightly decreased to -8 ~ -10 mV in DMEM containing 5% 
or 10% FBS, and then all suspensions became more stable. 

 

  
Figure 1: TEM images of (a) nano-ZnO and (b) micro-ZnO. 
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Figure 2: Size distribution of nano-ZnO and micro-ZnO in 
the air (aerodynamic size), water, DMEM and DMEM 
supplemented with 5% and 10% FBS medium (dp: 
aerodynamic diameter; dH: hydrodynamic diameter).  
 
3.2 Sedimentation States 

The rate of particles sedimentation is relevant for 
evaluating cytotoxicity potential for nanoparticles. The 
faster the particles deposit, the more interaction 
opportunities the cells incur. Figure 3 showed the 
sedimentation state of nano and micro-sized ZnO in 
different medium. The sedimentation was faster as ZnO 
particles suspended in serum-free DMEM, which means 
they are very unstable. On the other hand, the colloidal 
stability of particles increased as the concentration of FBS 
increased. The main component of serum protein is albumin. 
This stable state might be due to the albumin molecular 
which has a negative charge in medium binding positively 
charged ZnO to its carboxyl group (R–COO−) [9]. 
Furthermore, we found micro-sized ZnO had a faster 
sedimentation than nano-sized ZnO in all solutions, which 
could be attributed to weight of micro-ZnO aggregates were 
larger than the nano-ZnO aggregates. The data of 
agglomeration state and sedimentation curve have good 
references for proceeding cytotoxicity experiments. 
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Figure 3: Sedimentation curves of nano and micro-ZnO 
(100 μg/ml) for 0, 5, and 10% of FBS in DMEM (expressed 
by UV absorbance At, relative to its t = 0 value, A0). 
 
3.3 Cell Viability  

Figure 4 showed the A549 cell viability of nano and 
micro-ZnO in DMEM supplemented with 0, 5 and 10% 
FBS. Both sizes of ZnO in DMEM medium were more 
toxic than in FBS containing medium. In addition, though 
the growth rate of A549 cells was proportional to the 
amount of serum in DMEM (data not showed), similar 
nano-ZnO suspensions in 5% and 10% DMEM/FBS media 
had similar toxicological responses to A549 cells. In spite 
of being smaller in size, particles are avoided from densely 
contacting the cells because of its stable dispersion in 
serum-contained medium, a fact that produces less 
oxidative stress on it. Furthermore, lower cell growth rate 
might present a higher toxicity of nano-ZnO in exposure to 
serum-free medium, in which growth nutrients and factors 
are absent. Interestingly, no matter in what conditions, the 
nano-sized ZnO was more toxic than micro-sized one at 10 
~ 40 μg mL-1. This is different from some others results 
[2,4]. 
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Figure 4: The MTT activity of the A549 cell after 24 h 
exposure to nano-ZnO and micro-ZnO in a different 
medium composition (Groups significantly different from 
the control group are shown by *p < 0.05).                
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Table 1: Hydrodynamic size and zeta potential of nano-sized and micro-sized ZnO in different medium. 
Hydrodynamic size (HDS) (nm) and Zeta potential (Zp) (mV) 

Water DMEM DMEM/5%FBS DMEM/10%FBS Sample Primary 
size (nm) HDS     PdI Zp HDS     PdI Zp HDS     PdI Zp HDS     PdI Zp 

Nano-ZnO < 100   234      0.26 25.6  750      0.39 -5.0  370      0.46 -10.4  429      0.47 -8.0 
Micro-ZnO < 1000   594      0.28 20.6  880      0.21 -4.5  698      0.35 -10.3  671      0.30 -8.7 

 
3.4 Production of IL-8  

Due to the production of IL-8 were different in each 
control groups (27, 37 and 53 pg mL-1 for DMEM, 
DMEM/5% FBS and DMEM/10%FBS exposure), we used 
special parameter (percent release of IL-8 to control) to 
compare the releasing folder between each cases (Figure 5). 
At lower concentration (< 10 μg mL-1), cells seemed all 
produce IL-8 which were no significant differences to 
control. However, more induced IL-8 released from A549 
cells when the concentration increased to 20 and 40 μg 
mL-1. Both nano and micro-sized ZnO induced more IL-8 
as exposure in serum-free DMEM. The nano-ZnO even 
induced about five times amount IL-8 than the control 
group. Corresponding to the cell viability, ZnO particles 
induced similar IL-8 from cells in 5% and 10% FBS 
containing medium. The nano-sized ZnO also induced 
more pro-inflammatory factor than micro-sized one at 20 
μg mL-1 in all DMEM suspensions. The results from cell 
viability and inflammation responses indicated the smaller 
size (nano-ZnO) affect on cytotoxicity might be important 
than the faster sedimentation factor (micro-ZnO). 
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Figure 5: The IL-8 production of the A549 cell after 24 h 
exposure to nano-ZnO and micro-ZnO in a different 
medium composition (Groups significantly different from 
the control group are shown by *p < 0.05). 
 

4 CONCLUSION 
 
In this study, we demonstrated the extent of ZnO 

cytotoxicity different as they exposed in serum and serum-
free medium. In serum-free medium, a higher toxicity not 
only because a lower growth rate of cells, but a serious 
agglomeration state of ZnO particles had rapid 

sedimentation that can interact with cells. In serum 
contained medium, protein adsorption of particles 
stabilized the suspensions and decreased the agglomeration 
state, leading to lower cytotoxicity. Moreover, nano-ZnO 
with a smaller primary sizes increase to a relatively 
smaller secondary sizes in all medium, and result in higher 
cytotoxicity. Though serum-contained medium might be 
appropriate to assess cytotoxicity of nano-ZnO, the 
dispersibility still needed to be optimized. 
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