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ABSTRACT
Pristine and Se doped ZnO nanoparticles (NPs) were successfully synthesized by the thermo-
mechanical method and their structural, morphological and optical properties are characterized. Here 
in, a series of experiments were carried out where cholesterol is treated with the same concentration 
of Pristine as well as Se doped ZnO NPs. Several Cholesterol oxidation products (COP’s) such as 
25-hydroxycholesterol and 26-hydroxycholesterol, 7α-hydroxycholesterol, 7β-hydroxycholesterol, 
7-ketocholesterol are formed as observed by HPLC analysis. The batch of 5 wt % Se doped ZnO 
NPs exhibited highest cholesterol degradation efficiency followed by pristine ZnO NPs and 2 wt % 
Se doped ZnO NPs. The peak area corresponding to 7-ketocholesterol and 25-hydroxycholesterol 
is found to be 200980 AU and 200986 AU respectively. The mechanism of cholesterol degradation 
was correlated with the incorporation of oxygen vacancies due to Se doping, which was likely 
intermediate levels for transiting photoexcited charge carriers for generation of hydroxyl radicals. 
Further, hydroxyl radicals generated during the interaction of ZnO nanoparticles with aqueous media 
have been determined using terephthallic acid assay and 2′, 7′-di-chlorofluorescein (DCF) assay.
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INTRODUCTION
Nanotechnology introduced in the food 

packaging industry can potentially provide 
solutions to food packaging challenges such as 
short shelf life [1, 2]. A variety of nanomaterials like 
silver nanoparticle (Ag NP), nanoclay, nano-zinc 
oxide (nano-ZnO), nano-titanium dioxide (TiO2, 
carbon nanotubes (CNTs), possess antimicrobial 
property and can withstand the thermal and 
mechanical stress during food processing, stability, 
transportation, and storage which rendered 
them to use in food packaging [3-9] and their 
higher photocatalytic activity could be used in 
degradation of toxic dye [10-13]. The nanoparticles 

(NPs) improved the quality of food and packaging 
mainly by three mechanisms, via the release of 
antimicrobial ions, the formation of Reactive 
Oxygen Species (ROS) by the effect of light radiation 
and damaging the integrity of bacterial cell [14-17]. 
However, the final consumers of food, packaged 
with nanocomposite materials, may come across 
the toxic degraded products and the degraded 
products may be absorbed and accumulated within 
the body. Thus, the initial concern would be to 
verify the consequences of the interaction of NPs 
from the packaging material with several food 
products [18,19]. In this regard, ZnO NPs are more 
attractive compared to Ag NPs, owing to its less 
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toxicity, easy to fabricate, more affordable quality. 
Several ZnO NPs based food products already 
exist in the market. SongSing Nano Technology 
Co., Ltd. designed a plastic wrap containing 
nano-ZnO for food and beverage packaging [20]. 
The antibacterial activity of ZnO on Salmonella 
typhimurium and Staphylococcus aureusin in 
ready-to-eat poultry meat was investigated [21]. 
Also, the biocidal action of polyethylene coated 
nano-ZnO composite film against model bacteria 
Escherichia coli was tested [22].  It is reported that 
cholesterol in food products can undergo auto-
oxidation as well as oxidation in the presence 
of reactive oxygen species (ROS), resulting in 
to formation of oxidized cholesterol derivatives 
and several oxysterol species that are toxic and 
cause carcinogenicity, atherosclerosis, rheumatoid 
arthritis, cytotoxicity, carcinogenesis, alterations in 
cell membrane properties, suppression of immune 
function, diabetes and degenerative diseases such 
as Parkinson’s and Alzheimer’s [23,24]. The levels 
of oxidized cholesterol derivatives using HPLC 
combined with ultraviolet (UV) and refractive 
index (RI) were measured [25-26]. However, the 
toxicological impact of ZnO NPs must be evaluated 
to determine the positive or negative effects on 
their usages against food safety.

In this section, we fabricated and characterized 
pristine, Se doped ZnO NPs and studied its 
ROS induced catalytic effect towards oxidation 
of cholesterol and determined the cholesterol 
oxidized products using HPLC.  Selenium was 
chosen due to its suitable chemical property, ease 
of synthesis of Se doped ZnO NPs. Moreover, the 
high reduction potential of Se is thought to be a 
favorable condition for extracting photoexcited 
electrons from conduction band and hence can 
facilitate the generation of reactive oxygen species 
(ROS). Further, the amounts of hydroxyl radicals 
and ROS generated during the interaction of ZnO 
NPs with aqueous media have been determined 
using terephthallic acid assay and 2′, 7′-di-
chlorofluorescein (DCF) Assay.

MATERIALS AND METHODS
Triton X-100 and Cholesterol were obtained 

from HIMEDIA Chemicals, India. Zinc acetate 
dihydrate (Zn (O2CCH3)2 .2(H2O) was procured 
from SRL Pvt. Ltd., India and selenium metal 
powder was obtained from SD Fine-Chemicals 
limited, India. Oxalic acid dihydrate (H2C2O4.2H2O) 
was purchased from Ranbaxy Laboratories 

Ltd. India. Sodium sulfate is obtained from 
RFCL Limited, India. 2′, 7′-di-chlorofluorescein 
(DCF), 7-Ketocholesterol, 25-hydroxtycholesterol, 
commercial grade (bare) ZnO NPs (<100 nm in 
size, 99.99%), were procured from Sigma Aldrich, 
Germany. Terephthallic acid was obtained from 
HIMEDIA Chemicals, India. All the chemicals and 
solvents were used without further purification. 

Synthesis of Se doped and Pristine ZnO NPs  
In a typical synthesis of Se doped ZnO NPs, 5.48 

g of zinc acetate dihydrate, 3.78 g of oxalic acid and 
required amount of selenium metal powder (2 wt% 
and 5 wt% of Zinc acetate dehydrate) were mixed 
and grinded in an agate mortar at room temperature 
for 20 min. For 2 wt% and 5 wt %, Se doped ZnO 
NPs synthesis 0.1 gm and 0.27 gm of Selenium metal 
powder are taken respectively. Initially, the smell of 
the acetic acid could be detected for about 10 min 
indicating near completion of the reaction to form 
ZnC2O4·2H2O. The product was transferred to a 
quartz crucible and heated at 450 oC for 30 min in a 
muffle furnace fitted with a Proportional-Integral-
Derivative (PID) controller to ensure stability in 
the temperature. The heating temperature was kept 
at 450 oC as the thermogravimetric analysis of the 
as obtained grinded ZnC2O4·2H2O showed a mass 
loss at about 400 oC, which suggested the formation 
of ZnO NPs and agreed well with our previously 
reported literature [27]. Similarly, a batch of ZnO 
NPs not doped with Se was prepared in the same 
manner as described above, except the addition of 
selenium metal. The NPs were washed with ethanol 
and kept for overnight drying at 60 oC.  

Characterization of Pristine and Se doped ZnO NPs 
The X-ray diffraction measurements of the 

pristine and Se doped ZnO NPs were performed with 
powder diffractometer (Bruker ARS D8 Advance) 
operated at 40 kV using graphite monochromatized 
Cu Kα radiation source with a wavelength of 1.54 Å in 
a wide-angle region from 20° to 80° on a 2θ scale. The 
particle size distribution and morphology of pristine 
ZnO NPs and Se doped ZnO NPs were characterized 
using FESEM EDAX (Field emission scanning 
electron microscope coupled to energy dispersive 
X-ray analyzer), FEI-Quanta 200F operated at 20 kV. 
The sample for SEM measurements was prepared by 
spraying the dispersion of ZnO NPs on a clean glass 
plate, dried at room temperature and coated with 
a thin layer of Au. The TEM images were recorded 
using an FEI Technai-G2 microscope operated at 200 
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kV and the corresponding elemental composition of 
the nanostructures was determined by the EDAX. 
The samples for TEM analysis were prepared by 
placing a drop of diluted Se (5 wt %) doped ZnO 
NPs dispersed on a carbon coated 150 mesh copper 
grid and dried at room temperature. The absorption 
spectrum of as-synthesized nanoparticles dispersion 
was measured by UV–visible spectrophotometer 
(Shimadzu, UV-1800) in the wavelength range of 
200–800 nm. The emission spectra are recorded 
using fluorescence spectrophotometer (Shimadzu, 
RF-5301 PC) at the excitation wavelength (λex) of 
380 nm.

Measurement of •OH radicals using terephthallic 
acid assay

The batches of 0.6 mg/mL of pristine ZnO 
NPs and Se doped (2 wt % and 5 wt %) ZnO NPs 
were first sonicated for 10 min in 3 mM solution 
of terephthallic acid prepared in 0.01 M NaOH 
solution. The reaction mixture was then stirred 
continuously for 30 min to form adducts between 
•OH radicals and terephthallic acid. After stirring 
the reaction mixture was centrifuged at 7000 rpm 
for 5 min and emission spectrum of the supernatant 
was recorded using Shimadzu (RF-5301 PC) 
fluorescence spectrophotometer at the excitation 
wavelength (λexc) of 315 nm. A control experiment 
was carried out by measuring the intensity of the 
emission spectrum of the reaction mixture before 
UV illumination. The total number of •OH radicals 
generated during the course of the reaction was a 
measure of the fluorescence intensity of adducts 
formed between the •OH radical and terephthallic 
acid [28]. All analyses were performed in triplicate 
and the results are presented as mean and standard 
deviation of three analyses. 

Measurement of ROS using Dichloro fluorescein di 
acetate assay (DCFDA assay)

The batches of 0.3 mg/mL of pristine ZnO 
NPs and Se doped (5 wt %) ZnO NPs were first 
sonicated for 10 min in 20 µM working solution 
of dichloro fluorescein di acetate prepared in 
water. The above reaction mixture was incubated 
by stirring in dark for one day. Then the reaction 
mixture was centrifuged at 7000 rpm for 5 min 
and the absorption spectrum was measured by 
UV–visible spectrophotometer (Shimadzu, UV-
1800) in the range of 200–800 nm and similarly 
emission spectrum of the supernatant was recorded 
using Shimadzu (RF-5301 PC) fluorescence 

spectrophotometer at excitation wavelength (λexc) 
of 296 nm. A control experiment was carried out 
where dye is untreated with NPs. The concentration 
of ROS generated during the course of the reaction 
was measured by observing the absorbance 
intensity and fluorescence intensity for the batches 
of 0.3 mg/mL of Pristine ZnO NPs and Se doped 
(5 wt %) ZnO NPs. All analyses were performed in 
triplicate and the results are presented as mean and 
standard deviation of three analysis. 

Synthesis of 20 ppm of Cholesterol stock solution
Add 1 ml of Triton X-100 to a 500 mL wide-

mouth Erlenmeyer flask and stirred continuously 
on a hot plate at temperature 50 oC. Add 20 mg 
of cholesterol to the 1 mL of Triton X-100 in 
Erlenmeyer flask and stir continuously at 50 oC till 
the whole cholesterol is dissolved. Do not allow the 
Triton X-100 to yellow or boil. Once the cholesterol 
is dissolved, add 250 mL of sterile double distilled 
water through the walls of flask slowly with 
continuous stirring. Do not allow the solution to 
become cloudy. Store the solution at 4 oC. 

Degradation, extraction, and purification of 
Cholesterol Oxidation Products (COPs)

Pristine, Se doped ZnO NPs and commercial 
ZnO NPs were added to the test solution of 20 ppm 
concentration of cholesterol and stirred continuously 
for a period of 5 h. The reaction mixtures were 
ultrasonicated for 20 min in dark prior to the 
experiment to ensure uniform dispersion of the 
catalyst during the course of the reaction and for 
attaining proper adsorption-desorption equilibrium. 
The ZnO NPs, which act as a catalyst was removed 
from the reaction mixture by centrifuging at 5000 
rpm for 5 min. The aliquot was then extracted 
with 10 mL chloroform. The organic layer was 
collected, dried with sodium sulfate, and evaporated 
using rotary evaporator (Yamato cold trap CA 
300) to 0.5 mL volume. The concentrated organic 
extract was then diluted with 1 mL of ethanol. The 
decomposition of the cholesterol was compared with 
a control comprising of 20 ppm cholesterol solution, 
untreated with ZnO NPs (autoxidation). In addition, 
the cholesterol degradation efficiency of pristine and 
Se doped ZnO NPs was compared.

HPLC equipment and conditions 
A Shimadzu (Tokyo, Japan) liquid chromatograph 

equipped with UV detector was used. The 
chromatographic conditions used in the present 
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study were as follows the analytical column used 
was a LiChrospher RP 18-e (HP) (5 µm, 250-4), 
injection volume 20 µL and oven temperature is 30 
°C. The mobile phase for separation was acetonitrile 
and methanol (40:60, v/v) with a low-pressure 
gradient at a flow rate of 1 mL/min and an analysis 
time of 30 min. UV detection was performed with 
absorbance measured at two different wavelengths 
205 nm and 234 nm. Cholesterol and Cholesterol 
oxidation products were identified by comparing 
retention times as well as peak area of samples 
with those of reference internal standards namely 
7-ketocholesterol and 25-OH cholesterol.

RESULTS AND DISCUSSION
Characterization of as-synthesized Se doped ZnO 
NPs

The X-ray diffractogram of the as-synthesized 
Se doped (2 wt % and 5 wt %) ZnO NPs and 
Pristine ZnO NPs revealed characteristic peaks at 
(100), (101), (102), (110), (103) and (112) planes, 
corresponding to the hexagonal wurtzite phase of 
ZnO (JCPDS card No: 5–0664) [27]. As compared 
to pristine ZnO NPs, the XRD pattern of Se doped 
ZnO NPs revealed peak broadening and lowering 
in the intensity of the peaks. The peak broadening 
could be due to various reasons, namely, small 
particle sizes and strain due to defects in the 
nanomaterials [29]. The lowering in the intensity 
of the peaks could be attributed to decrease in the 
crystallinity of the ZnO phase due to Se doping. 
Notably, the intensity of the peaks decreased 
with increase in the atomic concentration of Se 
doping (Fig. 1). The crystallite sizes of the Se 

doped ZnO NPs measured from Debye Scherrer 
formula [30] were less than the pristine ZnO NPs. 
The morphology of the Se doped ZnO NPs was 
revealed from SEM studies (Fig. 2a) and TEM 
studies (Fig. 2b). The average particle size of 5 
wt % Se doped ZnO NPs was measured as 10.8 
nm and corroborated well with the crystallite 
size derived from XRD measurement. The SAED 
pattern (shown in the inset Fig. 2b) indicates that 
all the ZnO nanoparticles are crystalline. The 
EDAX spectrum of the nanoparticles revealed 
characteristic X-ray peaks of Se and Zn, confirming 
the formation of Se doped ZnO nanoparticles 
(Fig. 2c). The peaks corresponding to Cu are due 
to the carbon-coated 150 mesh copper grids are 
used in sample preparation of TEM.  Since ZnO 
is an n-type semiconductor, the increase in its 
band gap due to Se doping could be attributed to 
Burstein –Moss shift, which explains the shift in the 
absorption edge to higher energies due to merging 
of Fermi levels with the conduction band [31]. The 
increase in band gap of the Se doped ZnO NPs 
dispersed in aqueous medium was evident from the 
UV-visible absorption spectroscopy, where the λmax 
corresponding to excitonic transition was measured 
at 359 nm and 360 nm for the batches of 2 wt % Se 
doped and 5 wt % Se doped ZnO NPs respectively, 
whereas λmax for Pristine ZnO NPs it was 372 nm 
(Fig. 3a). Notably, the excitonic peak measured at 
360 nm for the batch of 5 wt % Se doped ZnO NPs 
corresponded to 10.9 nm particle size, measured by 
using effective mass approximation method and this 
data agreed well with the corresponding crystallite 
size of 10.8 nm measured by XRD. The band gap of 
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Fig. 1. XRD patterns of (a) Pristine ZnO NPs; (b) 2 wt % Se doped ZnO NPs; (c) 5 wt % Se doped ZnO NPs
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Se doped ZnO NPs increased with the concentration 
of Se doping and was inversely correlated with the 
corresponding crystallite size as shown in Table 1. 
The low crystallite size of the catalyst possesses high 
surfaced area and induces high catalytic efficiency 
towards degradation of Cholesterol.    

The emission spectroscopy of the dispersions 
of pristine and Se doped ZnO NPs was studied 
at the excitation wavelength (λex) of 380 nm. In 
the case of pristine ZnO NPs, the emission peaks 
were recorded at 407 nm, 434 nm and at 460 nm 
(Fig. 3b). These near band edge (NBE) emission  
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Fig. 2. Scanning electron microscopy of a representative nanostructure (a) 5 wt % Se doped ZnO NPs; (b) Transmission electron 
microscopy and inset showing the SAED pattern of 5 wt % Se doped ZnO NPs (c) energy dispersive X-ray analysis of a representative 

nanostructure of 5 wt % Se doped ZnO NPs.
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% Se doped ZnO NPs using λ ex= 380 nm.  Inset (Marked b) showing pink coloured 5 wt % Se doped ZnO NPs
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Fig 4. (a), (b), (c), (d) corresponds to the Chromatograms of cholesterol and cholesterol oxidation products obtained upon treatment 
of cholesterol with 2 wt %, 5 wt % and Pristine ZnO NPs determined using HPLC-UV. The numbered peaks correspond to (peak 1) 
25-hydroxycholesterol, (peak 2) 26-hydroxycholesterol, (peak 3) 7α-hydroxycholesterol, (peak 4) 7β- hydroxyl cholesterol, (peak 
5) 7-ketocholesterol. Fig.4. (e) shows the peak areas of 7-ketocholesterol and 25-hydroxycholesterol formed upon treatment of 

cholesterol with 5 wt % Se doped ZnO NPs, 2 wt % Se doped ZnO NPs, Pristine ZnO NPs

Table 
 

Photocatalyst λmax (nm) Crystallite size (nm) Band gap (eV) 
Pristine ZnO NPs 372 20.16 3.30 
2 wt% Se doped ZnO NPs  359 14.0 3.50 
5 wt% Se doped ZnO NPs  360 10.9 3.63 

 
Table 1. Crystallite size (by XRD measurement) and band gap determined in pristine and Se doped ZnO NPs 
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peaks at 407 nm and 434 nm corresponded to Zn 
vacancies and band to band transition, respectively 
[32].  On the other hand, the emission spectrum 
of the Se doped ZnO NPs revealed a reduction in 
the intensities of these NBE peaks and appearance 
of a new green emission peak at 565 nm. The 
intensity of the peak at 565 nm was appreciably 
high for the batch of 5 wt % Se doped ZnO NPs 
and notably, the NBE peaks for this batch were not 
recorded. Our results on the increase in the relative 
intensity of the green emission band with respect 
to the near band edge emission (NBE) band due to 
increase in the atomic concentration of Se dopant 
corroborated well with the reports of S doped ZnO 
nanostructures [33].  It may be remarked here that 
the broad green emission peak at 565 nm was due 
to surface oxygen vacancies [34]. A similar type 
of green emission peak due to oxygen vacancy 
was also reported for transition metal-doped TiO2 
NPs [35]. It is interesting to remark here that the 
aqueous dispersion of Se doped (5 wt %) ZnO NPs 
when viewed in a UV chamber excited by long 
wavelength (360 nm) appeared pink colored while 
the pristine ZnO NPs did not exhibit any color 
and is likely to corroborate oxygen vacancies in 
the doped NPs and the Se-doped ZnO NPs have 
very high concentrations of oxygen vacancies. The 
corresponding data is depicted in the inset Fig. 3b.  

Mechanism of formation of Pristine and Se doped 
ZnO NPs

During the grinding process, solid particles of 
Zn (CH3COO) 2 and H2C2O4·2H2O are in contact 
only at border points, so that surface atoms or 
molecules of Zn(CH3COO)2 and H2C2O4·2H2O 
react first. Because of this reaction enthalpy 
decreases, further reactions are initiated and 
sustained. Soon a barrier composed of the mixture 
of clusters of ZnC2O4·2H2O and CH3COOH in 
sizes ranging from tens of atoms to hundreds 
of atoms and in the form of particles, rods, thin 
flake and so on, is generated at points of contact 
of particles of Zn(CH3COO)2 and H2C2O4·2H2O. 
This barrier prevents the unreacted Zn(CH3COO)2 
and H2C2O4·2H2O from contacting directly so 
that the reaction is stopped. As the grinding 
process continues, the barrier is broken, and 
unreacted Zn(CH3COO)2 and H2C2O4·2H2O come 
into contact and react again. After the thermal 
decomposition of the ground powder mixture, 
ZnC2O4·2H2O gives the formation of ZnO NPs. 
Since Selenium has a larger ionic radius than 

oxygen, the incorporation of Selenium into the 
ZnO lattice will introduce lattice distortion. This 
effect influences the energy band structure of the 
ZnO NPs doped with Selenium, and as a result, new 
defects such as oxygen vacancies can be introduced 
by the new band structure deformation. Based on 
this reason, the green emission peaks are dominant 
peaks in the PL result of the as-grown Se-doped 
ZnO NPs.

Effect of Se doping concentration in degradation of 
cholesterol 

A series of experiments were carried out where 
cholesterol is treated with the same concentration 
of pristine as well as Se doped ZnO NPs. The 
efficiencies of degradation of cholesterol for the 
batches of pristine ZnO NPs and the Se doped (2 
wt % and 5 wt %) ZnO NPs was higher than the 
control batch (i.e., untreated cholesterol), as shown 
in Fig. 4. The peak areas of 7-ketocholesterol and 
25-hydroxycholesterol formed upon treatment of 
cholesterol with 5 wt % Se doped ZnO NPs, 2 wt % 
Se doped ZnO NPs, Pristine ZnO NPs are shown in 
Fig. 4. (e). The intensity of the oxidation products 
of cholesterol was more for the batches treated with 
Se doped ZnO NPs than those treated with pristine 
ZnO NPs. Both the UV and RI detectors can be used 
to determine cholesterol and its oxidation products, 
herein UV was used because it is more sensitive 
and selective. The effect of catalyst concentration 
on the degradation of cholesterol was studied for 
a period of 5h. A control experiment is kept where 
cholesterol stock solution is analyzed immediately 
before auto-oxidation by HPLC. It was observed 
that the retention time of cholesterol is 25 min as 
shown in Fig. 5.  After 5 h, the peak corresponding to 
cholesterol diminished and new peaks corresponding 
to cholesterol oxidation products are found. Fig. 4 
shows the HPLC for cholesterol and its oxidative 
products using a reversed-phase column with UV 
detection at 210 nm. Cholesterol oxidation products 
(COP’s) such as 25-hydroxycholesterol (Peak 1) and 
26-hydroxycholesterol (Peak 2), 7α-hydroxycholesterol 
(peak 3), 7β-hydroxycholesterol (peak 4), 
7-ketocholesterol (peak 5) showed absorbance at 
210 nm whereas 7-ketocholesterol (Peak 5) showed 
absorbance both at 210 and 234 nm.

Table 2 shows the list of cholesterol oxidation 
products and their respective retention times. 
The peak areas of 7-ketocholesterol formed upon 
treatment of cholesterol with 5 wt % Se doped ZnO 
NPs, 2 wt % Se doped ZnO NPs, pristine ZnO 
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Fig. 5.   Chromatograms of cholesterol and cholesterol oxidation products obtained upon treatment of cholesterol with commercial 
ZnO NPs of concentration varying (3,15,25,35,45 mg/40 mL) determined using HPLC-UV detected at 210 nm. The numbered 
peaks correspond to (peak 1) 25-hydroxycholesterol, (peak 2) 26-hydroxycholesterol, (peak 3) 7α-hydroxycholesterol, (peak 4) 7β- 

hydroxycholesterol, (peak 5) 7-ketocholesterol
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NPs, and control are found to be 200980, 52226, 
25606, 17940 AU respectively. The peak areas of 
25-hydroxycholesterol formed upon treatment of 
cholesterol with 5 wt % Se doped ZnO NPs, 2 wt % 
Se doped ZnO NPs, Pristine ZnO NPs, and control 
are found to be 200986, 52226, 10751, 8658 AU 
respectively.  From the peak areas, it is evident that 
the degradation efficiency of Se doped ZnO NPs is 
more than that of pristine ZnO NPs in degrading 
cholesterol. From Fig. 4 it is also clear that the auto-
oxidation of cholesterol is completed in 5 h where 
no signs of cholesterol peak are being noticed. 

Determination of cholesterol oxidation products 
(COPs)

Results obtained from quantification of oxysterols 
in different matrices have demonstrated that 
7-ketocholesterol (7-KC) and 25-hydroxycholesterol 
(25-OH) are the most abundant COPs. Therefore, 
we decided to use 7-KC and 25-OH cholesterol 
as a tracer of cholesterol oxidation. Ultraviolet 
detection (UV) is the most commonly used 
method when cholesterol oxides are analyzed with 
HPLC. This detector is particularly useful for the 
analysis of COPs because these compounds show 
their maximum absorption at three wavelengths 
(≤210, 234, and 280 nm). In the case of cholesterol, 
a large diversity of oxides is formed, with their 
maximum UV absorption at different wavelengths. 
Hydroxycholesterols have their absorption 
maximum around 210 nm, 7-ketocholesterol at 
233-245 nm and conjugated non-polar triens at 
280 nm. There are also some cholesterol oxidation 
products such as 5α-epoxy cholesterol, 5β-epoxy 
cholesterol, and cholestanetriol that do not have 
double bonds and therefore have inadequate UV 
absorption. 

Effect of commercial ZnO NPs (<100 nm in size) in 
degradation of cholesterol  

Further, a series of experiments were carried 
out where cholesterol is treated with increasing 
concentrations of commercial ZnO NPs ranging 
3, 8, 15, 25, 35, 45 mg /40 mL of solution and 

the corresponding oxidation products formed 
were detected at 210 nm. The corresponding 
retention time of COPs is found to be 5.06, 6.5, 
8.7, 9.9, 13.28, 16.51 min respectively. From the 
Fig. 5 it was observed that with an increase in the 
concentration of ZnO NPs the intensity of the peaks 
corresponding to the COPs has been increased. 
It has been observed that among these the most 
intense peak corresponded to 7-ketocholesterol at 
a retention time of 8.6 min. is noticed. 

ROS induced catalytic effect by Pristine and Se doped 
ZnO NPs.

The electron-hole pairs (e– h+ pair) are produced 
due to absorption of light by ZnO NPs, which could 
either recombine or lead to production of highly 
active superoxide radical (O2

• −) due to electron 
mediated reduction of surface oxygen followed 
by formation of highly reactive oxygen species 
like hydroxyl radical (•OH) which act as primary 
oxidants for catalyzing degradation of cholesterol 
and organic compounds [36]. Similarly, the holes 
(h+) can react with water to produce •OH radicals 
and cause degradation of cholesterol. Therefore, 
catalytic degradation requires suppression of e– h+ 
recombination. In our present study, this is achieved 
by Se doping in ZnO NPs that led to the formation 
of large concentrations of oxygen vacancies, as 
evident from the intense emission band at 565 nm 
which corresponded to 2.4 eV. This energy state 
appears in the forbidden gap of ZnO NPs (3.37 eV) 
and could facilitate interfacial electron (e–) transfer 
to promote ROS generation.

Mechanism of degradation of Cholesterol 
In general, •OH radicals are considered as 

principal ROS for enhanced degradation of the 
cholesterol [37]. Therefore, the degradation of 
cholesterol was likely to be due to the generation of 
hydroxyl radical during the interaction of pristine 
as well as Se doped ZnO NPs in the aqueous 
solution of the cholesterol. One may expect that 
both the C-4 and C-7 position of cholesterol should 
have an equal opportunity for an oxidative attack to 

 
 
 
 

Peak no. Compound name Retention time 
1 25-hydroxycholesterol 5.9 
2 26-hydroxycholesterol … 
3 7α-hydroxycholesterol … 
4 7β- hydroxycholesterol … 
5 7-ketocholesterol 8.6 

 
 
Table 2. Cholesterol and cholesterol oxidation products detected by using HPLC-UV detector and their corresponding retention times is also 
given 
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occur. However, C-7 is indeed a common position 
for oxidants to react. In contrast, the attack rarely 
occurs at C-4 because of the possible shielding 
effect provided by the neighboring hydroxyl group 
at C-3 and the trialkyl substituted C-5 [38]. In 
addition, both the 20- C and 25-C of the aliphatic 
side chain are at a tertiary position, and are, more 
susceptible to oxidative attack than the other 
carbons [39].  Cholesterol oxidation by free radicals 
includes two types of reactions: the initiation and 
propagation reactions. Initiation is the first event in 
the lipid peroxidation process and is focused on a 
carbon with labile hydrogen: the carbon undergoes 
hydrogen abstraction followed by oxygen capture. 
These two initial reactions form a reactive species 
that further recruits non-oxidized lipids and start a 
chain reaction termed the propagation phase [40]. 

Initiation: In• + RH ⇒ InH + R•
Propagation: R• +O2 ⇒ ROO•
ROO• +RH ⇒ R• + ROOH

Termination: 2ROO• ⇒ non-radical products
Free radical autoxidation.  In = initiator, R = lipid 
moiety • = radical.

Determination of ROS generation by Se doped ZnO 
NPs in aqueous media

In general, •OH radicals are considered as 
principal ROS for oxidation of the cholesterol 
[37].  Therefore, the degradation of cholesterol 
was likely to be due to the generation of hydroxyl 
radicals by the ZnO NPs in the aqueous solution. 
The generation of •OH radical was confirmed by 
the terephthallic acid assay [28].  The intensity 
of the fluorescent emission peak measured at 
λmax= 425 nm corresponded to the formation of 
an adduct between the terephthallic acid and the 
•OH radicals formed due to the interaction of Se 
doped or pristine ZnO NPs in aqueous solution. 
The order of the intensities of the peak was 5 wt % 
Se doped > Pristine ZnO NPs, that correspond to 
the order of •OH radicals formed. Notably, the order 
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Fig. 6. (a) Absorbance and (b) fluorescence spectrophotometry of reduced and oxidized DCFDA dye  (b) Inset showing green emission 
corresponded to oxidation of dye by Pristine and Se doped ZnO NPs (c)  Fluorescence spectroscopy of terephthallic acid-OH radical 

adduct measured at excitation wavelength λex = 315 nm for the batches of Se doped and Pristine ZnO NPs



B.P. Nenavathu et al. / Efficiency of Se ZnO nanoparticles in cholesterol degradation

J. Water Environ. Nanotechnol., 3(4): 289-300 Autumn 2018 299

of intensities in Fig. 6c were the same as that of the 
oxidation efficiency. This indicated that the higher 
oxidation efficiency was due to higher •OH radical 
generation by the Se doped ZnO NPs, which acted as 
a catalyst. Similarly, 2’, 7’-dichlorodihydrofluorescein 
diacetate (H2DCFDA) is commonly used to detect 
the generation of reactive oxygen species. Non-
fluorescent H2DCFDA is converted to the highly 
fluorescent 2ˊ,7ˊdichlorofluorescein (DCF) due to 
oxidation by ZnO NPs. 

The oxidation of dye is being observed by 
noticing increase in absorbance at 286 nm and 
502 nm and when this product is being excited at 
296 nm the corresponding green emission is being 
recorded at 525 nm and the oxidation follows the 
sequence of Se doped ZnO NPs > pristine ZnO 
(Fig. 6a and 6b), which corresponds to the colour 
emission of reduced as wells as oxidised dye under 
short UV light. 

CONCLUSIONS
Cholesterol is oxidized in the presence of 

reactive oxygen species generating aldehydes, 
hydroperoxides, and epoxides. It was possible 
to separate 6 species of oxidized cholesterol 
derivatives and cholesterol within 30 min 
using a reversed-phase column and methanol/
acetonitrile (60:40, vol/vol) as the mobile phase at 
1.0 mL/min with UV detection. The degradation 
efficiency of cholesterol was more for Se doped 
ZnO nanoparticles as compared to pristine ZnO 
nanoparticles. The mechanism of the degradation 
of cholesterol was discussed in the light of ROS 
generation during the interaction of catalyst in 
aqueous media.  The role of ROS generation towards 
catalytic activity was proved by terephthallic acid 
assay and DCFDA assay. By comparing the ROS 
generation in pristine ZnO nanoparticles and Se 
doped ZnO nanoparticles, we could interpret the 
catalytic efficiency of the respective nanoparticles 
in the degradation of cholesterol. The doping by Se 
created large concentrations of oxygen vacancies, 
which were essential for restricting electron-hole 
pair recombination, and facilitated ROS generation 
for degradation of the cholesterol. Hence, the 
migration and exposure of nanomaterials from 
the food packaging to food consumer is to be 
monitored.   
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