
J Biomed Phys Eng 2024; 14(6)

Comparison   of   X-Ray   Attenuation   Performance, 
Antimicrobial Properties, and Cytotoxicity of 
Silicone-Based Matrices Containing Bi2O3, 
PbO, or Bi2O3/PbO Nanoparticles

Baharak Divband (PhD)1,2 , Zahraa Haleem Al-qaim (PhD)3, 
Falah H. Hussein (PhD)4, Davood Khezerloo (PhD)5,6, Nahideh 
Gharehaghaji (PhD)5,6*

1Dental and Periodontal 
Research Center, Tabriz 
University of Medical Sci-
ences, Tabriz, Iran
2Inorganic Chemistry 
Department, Chemistry 
Faculty, University of Ta-
briz, Tabriz, Iran
3Anesthesia Techniques 
Department, College of 
Health and Medical Tech-
niques, Al_Mustaqbal 
University, 51001, Baby-
lon, Iraq
4College of Pharmacy, 
University of Babylon, 
Iraq
5Department of Radi-
ology, Faculty of Allied 
Medical Sciences, Tabriz 
University of Medical Sci-
ences, Tabriz, Iran
6Medical Radiation Sci-
ences Research Center, 
Tabriz University of Medi-
cal Sciences, Tabriz, Iran

*Corresponding author: 
Nahideh Gharehaghaji 
Department of Radiol-
ogy, Faculty of Allied 
Medical Sciences, Tabriz 
University of Medical Sci-
ences, Tabriz, Iran
E-mail: gharehaghaji@
gmail.com
Received: 11 March 2024
Accepted: 14 August 2024

Introduction

Ionizing radiations are widely used in a variety of biomedical fields, 
including medical imaging and radiotherapy [1]. However, they 
can cause ionizing radiation-induced cancer, especially during re-

peated exposures to radiation [2, 3]. Among different types of ionizing 
radiation, X-ray has an important role in the radiology and diagnosis 
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ABSTRACT
Background: Application of the nanomaterials to preparing X-ray shields and suc-
cessfully treating multiresistant microorganisms has attracted great attention in modern 
life. 

Objective: This study aimed to prepare flexible silicone-based matrices containing 
Bi2O3, PbO, or Bi2O3/PbO nanoparticles and select a cost-effective, cytocompatible, and 
antibacterial/antifungal X-ray shield in clinical radiography.

Material and Methods: In this experimental study, we prepared the nanoparticles 
by the modified biosynthesis method and fabricated the X-ray shields containing 20 wt% 
of the nanoparticles. The X-ray attenuation percentage and Half Value Layer (HVL) of 
the shields were investigated for the photon energies in the range of 40-100 kVp in clini-
cal radiography. The antibacterial/antifungal activities of the shields were evaluated us-
ing a colony count method for the gram-negative (Escherichia coli), and gram-positive 
(Enterococcus faecalis) bacteria, and Candida albicans fungus. The shield toxicity was 
investigated on A549 cells. 
Results: The highest X-ray attenuation percentage and the lowest HVL were obtained 
using the shield containing Bi2O3 nanoparticles. Although all shields displayed antimi-
crobial activity, the shield containing Bi2O3/PbO nanoparticles showed the most effective 
reduction in the colony counts. Both X-ray shields containing nano Bi2O3 and Bi2O3/PbO 
demonstrated high cytocompatibility on A549 cells at a concentration as high as 500 µg/
ml. The shield with PbO nanoparticles was also cytocompatible at a concentration of 50 
µg/ml.  
Conclusion: The best X-ray attenuation performance is attributed to the silicone-
based matrix with nano Bi2O3; however, the flexible shield with Bi2O3/PbO nanoparticles 
can be cost-effective and cytocompatible with the best antibacterial/antifungal properties.
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of diseases [4]. Patients who undergo X-ray 
examinations receive both primary and scat-
ter radiations, and medical staff are exposed to 
scatter radiations [5]. Therefore, the develop-
ment of efficient X-ray shields to protect sen-
sitive organs is necessary. Commercial shields 
constructed from lead (Pb) and bismuth (Bi) 
compounds in different sizes are routinely  
utilized in radiology centers and clinics, due 
to the best absorption of X-rays using materi-
als with high atomic number and high density 
[6, 7].

Lead is the most common material used as 
a radiation shield due to its high density, easy 
fabrication, availability, and stability level [8]. 
Lead with an atomic number of 82 has a high 
ability to absorb X-rays. However, the heavi-
ness of lead aprons especially in long-term use 
for radiation workers, its low flexibility, which 
causes damage to the shield structure, and its 
toxicity have led to attention being drawn to 
mixing lead with other metals or its replace-
ment with other materials for X-ray shielding 
[5, 9-11]. Bismuth with an atomic number of 
83 is one of these materials that is used as a 
commercial X-ray shield. Compared to lead, 
bismuth has a higher absorption cross-section 
and lower toxicity. In addition, the softness of 
bismuth makes it an X-ray shield with appro-
priate flexibility [12, 13]; however, bismuth 
has a higher raw material cost than lead [14]. 
Therefore, lead shields are still commonly 
used in radiology centers. 

In recent years, nanostructures have been 
suggested for use in X-ray shields due to their 
good mechanical ability, lightweight, and du-
rability [15, 16]. Nanosized materials show 
unique properties that differ from bulk materi-
als [17]. The high surface-to-volume ratio of 
nanomaterials provides more interaction of ra-
diation with matter [1]. So far, the X-ray pro-
tection ability of different shields containing 
nanomaterials has been investigated, which 
can be pointed out to bismuth oxide (Bi2O3) 
[18-23], copper oxide (CuO) [15], tungsten  
oxide (WO3) [9, 18], gadolinium oxide (Gd2O3) 

[24], and lead oxide (PbO) nanoparticles [18]. 
Additionally, the effect of micro and nano-size 
particles of some materials was compared on 
the X-ray absorption [9, 15, 18, 23, 25]. 

Among different nanoparticles used in 
the X-ray shields, Bi2O3 nanoparticles have 
been widely investigated for X-ray shield-
ing [18-23]. Also, comparative studies were 
done between the shields containing Bi2O3 
nanoparticles and other nanomaterials. Asari 
Shik et al. compared the X-ray shielding abil-
ity of the Emulsion of Poly Vinyl Chloride 
(EPVC) composites containing Bi2O3, WO3, 
or PbO micro or nanoparticles. The results 
showed that the X-ray attenuation of the com-
posites containing nanoparticles was better 
than that of those with microparticles of the 
same materials. In addition, the composites 
with Bi2O3 or PbO nanoparticles demonstrated 
the highest X-ray attenuation and their perfor-
mances were almost identical. However, the 
cytotoxicity and antimicrobial activities of the 
composites with Bi2O3 or PbO nanoparticles 
and the shielding ability of a shield containing 
a mixture of these nanoparticles were not in-
vestigated [18]. Mixing two materials with dif-
ferent chemical or physical characteristics can 
make a new composite with different proper-
ties from each one [19]. Moreover, Özdemir et 
al. used an Ethylene Propylene Diene Terpoly-
mer (EPDM) elastomer matrix with surface-
modified PbO nanoparticles as the functional 
material for gamma ray shielding. Besides, the 
effect of the shield containing 20% PbO+40% 
Bi2O3 was investigated on the X-ray attenu-
ation. However, they only performed the  
radiography with 80 kV and 100 mAs [26].

The developed X-ray shields may have tox-
icity, which can affect the consumers’ health. 
Hospital infections can affect the medical staff 
who are exposed to different types of bacte-
ria and fungi. Thus, developing the non-toxic 
antimicrobial X-ray shields is essential [27]. 
Nanomaterials, such as bismuth oxide and lead 
oxide have antimicrobial activities, increasing 
their efficiency in X-ray shields. The surface 
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of the X-ray shields containing nanomaterials 
is rough, providing favorable sites for coloni-
zation of the microbes. Since X-ray protective 
shields are used for different patients undergo-
ing radiographic procedures, transmission of 
bacterial and fungal diseases from one patient 
to another is possible. Shields with antibacte-
rial/antifungal properties can prevent microbi-
al disease transmission. Hashmi et al. investi-
gated the toxicity of the polyaniline reinforced 
with hybrid graphene oxide-iron tungsten  
nitride flakes and their antibacterial/antifun-
gal activities against gram-negative bacteria 
(E. coli and Pseudomonas aeruginosa), gram-
positive bacteria (Staphylococcus aureus and 
Enterococcus faecalis), and yeast (Candida). 
Their results indicated the non-toxic effect 
and the microorganism’s removing property of 
the shields [27]. Verma et al. showed that the 
nanocomposite containing polygonal-shaped 
Bi2O3 nanoparticles in carbon nanotubes has 
antibacterial activity in addition to its X-ray 
shielding effect. They studied the antibacte-
rial activity of this dried gel-like hybrid nano-
composite against Lactobacillus plantarum 
and Enterococcus faecalis as gram-positive 
bacteria using a modified disc diffusion as-
say [20]. The results of Hernandez-Delgadil-
lo et al. study showed inhibition of Candida  
albicans growth using the aqueous colloidal 
Bi2O3 nanoparticles [28]. The antibacterial ef-
fect of the Bi2O3, Bi2O3/GO and Bi2O3/CuO/
GO nanocomposites against Escherichia coli 
and Pseudomonas as gram-negative and Ba-
cillus cereus and Staphylococcus aureus as 
gram-positive bacteria was confirmed in Qa-
yyum et al. study [29]. The Bi2O3 nano-flakes 
were introduced as antibacterial agent with 
the activity against multidrug-resistant Esch-
erichia coli and Methicillin-resistant Staphy-
lococcus aureus bacteria [14]. A gradual de-
crease in the growth of Bacillus cereus and  
Pseudomonas aeruginosa bacteria was shown 
by increasing the Bi2O3 nanoparticles con-
centration [30]. Firouzi Dalvand et al. com-
pared the antimicrobial effect of the Bi2O3 

nanoparticles on methicillin-resistant Staphy-
lococcus aureus with the antibiotics, such as 
Ciprofloxacin. They concluded that it may be 
possible to reduce the antibiotics concentration 
and to use Bi2O3 nanoparticles in the infections 
treatment to decrease antibiotic resistance 
[31]. Further, the antibacterial activity of the 
lead oxide nanoparticles against Escherichia 
coli and Staphylococcus aureus was studied 
using the diffusion method [32]. Since the an-
timicrobial properties of bare nanoparticles 
compared to polymer-based matrices contain-
ing the nanoparticles will be different, inves-
tigation of the antimicrobial activity of the 
shields containing Bi2O3 or PbO nanoparticles 
or their mixture seems necessary. 

Despite the development of lead-free shields 
due to lead toxicity, the results of one study 
that assessed the lead poisoning risk from lead 
shields for radiology workers showed no in-
creased risk of lead poisoning in the workers’ 
blood and hands. The researchers of the study 
concluded that “lead poisoning is unlikely 
to occur with high frequency in lead shield  
users” [33]. However, common low-cost lead 
shields are heavy and low flexible. Expensive 
alternatives with less toxicity based on heavy 
metal oxides (i.e. Bi2O3) are more effective. 
Therefore, preparing shields containing a mix-
ture of nano PbO and Bi2O3 may be a prom-
ising cost-effective, lightweight, and flexible 
X-ray shield. Moreover, nanomaterials with 
a high surface-to-volume ratio in the shields 
instead of the bulk materials improve the  
interaction of X-ray with the matter. 

This study aimed to compare the X-ray at-
tenuation performance, cytotoxicity, and an-
timicrobial properties of the flexible silicone-
based matrices containing Bi2O3, PbO, or 
Bi2O3/PbO nanoparticles (as lead-free, lead-
based, and their mixture shields, respective-
ly) to select a cost-effective, cytocompatible, 
and antibacterial/antifungal X-ray shield for  
application in clinical radiography.

In the current study, we prepared silicone-
based shields containing Bi2O3, PbO, or Bi2O3/
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PbO nanoparticles and investigated their per-
formance as diagnostic X-ray shields for dif-
ferent radiographic tube voltages. We also 
investigated the cytotoxicity of the shields 
and their antimicrobial activities against mul-
tiresistant microorganisms to common anti-
microbials, including Escherichia coli and 
Enterococcus faecalis bacteria, and Candida 
albicans fungus.

Material and Methods
This experimental study was conducted as 

following steps:

Nanoparticles preparation/nano-
composite shield construction

Preparation of nano Bi2O3 
Nano Bi2O3 was prepared by a modified 

biosynthesis method [21, 34]. Typically, Bi 
(NO3)3•5H2O (0.1 mol) was dissolved in 200 
ml citric acid (1 M) and heated up to 60 °C. 
As the next step, 50 ml of warm gelatin aque-
ous solution (as a capping agent) was added 
and stirred in the water bath (75 °C) for 4 h. 
Then, adding NH4OH (2 M) led to adjusting 
the pH of the solution to 10. At last, the re-
sulting yellow participant was separated from 
the solid-liquid mixture using high-speed cen-
trifugation, washed several times, dried, and  
calcined at 500 °C for 4 h. Therefore, the Bi2O3 
nanoparticles were resulted.

Preparation of nano PbO 
Nano PbO was also prepared by a modified 

biosynthesis method [34]. Metallic lead (0.05 
mol) was dissolved in 200 ml nitric acid (2 M), 
heated up to 60 °C for 3 h, and centrifuged to 
separate the unreacted metal particles. Then, 
50 ml of warm gelatin aqueous solution (as 
a capping agent) was added to the clear solu-
tion of lead nitrate and stirred in the water bath 
(75 °C) for 4 h. At last, by adding the proper 
amounts of NH4OH (2 M), the pH of the so-
lution was adjusted to 10. Finally, the result-
ing brown participant was separated from the 

solid-liquid mixture using high-speed cen-
trifugation, washed several times, dried, and 
calcined at 550 °C for 4 h. Hence, the PbO 
nanoparticles were obtained.

Preparation of the shields
For preparing the shields, 20 wt% of the 

nanoparticles (Bi2O3, PbO, or Bi2O3/PbO) and 
silicone (80 wt%) were mixed using a mechan-
ical mixture for 30 min. Shields were made in 
10×10 cm2 with 1 mm thickness. Then, the 
resulting mixture was placed in a vacuum 
oven for 10 minutes at 25 °C to remove the air  
bubbles.

Characterization tests 
Scanning Electron Microscopy (SEM) was 

carried out using a MIRA3 FEG-SEM instru-
ment, equipped with Energy Dispersive X-ray 
(EDX) analysis for obtaining the elemental 
composition mapping of the samples. A small 
piece of each shield was attached to the typi-
cal SEM sample holder using carbon adhesive 
tape, and the holder was then mounted inside 
the chamber. For SEM images, the accelera-
tion voltage was applied around 10 kV. The 
gold coating was used to avoid the charg-
ing effects due to the low conductivity of the 
shields. For EDX analysis, the high voltage of 
10 kV was applied to produce the emission of 
X-rays from the samples.

X-ray attenuation measurement  
setup 

A DRGEM (Gwangmyeong-si, Gyeonggi-
do, Korea) diagnostic radiography unit was 
used as an X-ray source. The tube peak volt-
ages from 40 to 100 kVp with an interval of 
10 kVp, and a fixed tube current of 10 mAs 
were selected. The measurements were per-
formed using a Piranha solid-state detector 
(RTI Group - Sweden). The detector was set 
at a distance of 100 cm from the focal spot. 
The radiation field was 20×20 cm2 and the 
Automatic Exposure Control (AEC) was de-
activated. The measurements were carried out 
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without and with the shields. 
The X-ray attenuation percentage of the 

shields containing Bi2O3, PbO, or Bi2O3/PbO 
nanoparticles at each kVp was calculated 
based on the following Equation:

 D0  D  %   100
D0

Attenuation −
= ×                 (1)

where D0 is the measured radiation dose 
without the shield and D is the measured  
radiation dose using the shield.

The values of linear attenuation coefficient 
(µ) and Half Value Layer (HVL) for each 
shield at the kVps were calculated using  
Equations 2 and 3, respectively, as follows:

1 ln
0

D
X D

µ =−                                              (2)

0.693 HVL
µ

=                                                (3)

where X is the shield thickness.

Antibacterial and antifungal  
activities

In this study, we used the standard strains 
of Enterococcus faecalis (ATCC 29212), 
Escherichia coli (ATCC 25922) and Candida  
albicans (ATCC 10239) to determine the anti-
microbial activity of the shields by the colony 
count method. 

The standard strain of Enterococcus fae-
calis was cultivated on Brain-Heart Infusion 
(BHI) agar for 24 h at 37 °C. After the incuba-
tion period, the standard 0.5 McFarland con-
centration of Enterococcus faecalis (1.5×108 
colonies forming unit per milliliter (CFU/
mL)) was prepared. In the sterile condition, 
for each of the wells containing the shields, 
100 µL of the prepared concentration of bac-
teria was inoculated and incubated for 24 h at  
37 °C. Several dilutions (10-1, 10-2, 10-3, …) 
were prepared for counting the bacterial colo-
nies number in each of the wells. As the next 
step, five µL of dilute microbial suspension 
was inoculated on the surface of the BHI agar 
plate, spread with a sterile bent-glass rod using 
the spread plate technique and incubated for 

24 h at 37 °C. Then, the plate containing 30–
300 cells was selected, the colonies number 
was counted, and reported in CFU/mL [35].

The same steps were also carried out for 
Escherichia coli, and Candida albicans.

Cytotoxicity assay 
3-(4,5-dimethylthiazol- 2-yl)-2,5-diphenyl-

tetrazolium bromide (MTT) assay method was 
carried out to investigate the cell toxicity of the 
shields containing Bi2O3, PbO, or Bi2O3/PbO 
nanoparticles on A549 (human alveolar ad-
enocarcinoma) cells. Briefly, 2×104 cells/well 
were incubated in the 96-well plate with the 
supplemented cell culture medium (200 μL/
well) for 24 h at the condition of 37 °C and 5% 
CO2. Then, the treatment of the cells was done 
with 50, 100, and 500 µg/ml concentrations of 
the nanoparticles in the silicone matrix. The 
media were eliminated after incubation, and 
the wells were washed using PBS (pH=7.4). 
Measurement of the cellular proliferation was 
carried out by adding 50 μL of MTT solution 
(2 mg/mL) and 150 μL culture medium to 
each well. As the next step, 24 h incubation of 
the A549 cells was performed at 37 °C and 5% 
CO2. Then, the media was removed from the 
wells, and 200 μL of dimethyl sulfoxide and 
25 μL Sorenson solubilizer buffer were add-
ed to each well. Finally, the samples’ optical 
absorbance was read at 570 nm wavelength 
by the usage of a BioTek, Bad Friedrichshall  
ELISA plate reader (Germany) [36].

Statistics
To ensure the reliability of the results, the X-

ray attenuation measurements and the antimi-
crobial experiments were repeated three and 
six times, respectively. The statistical signifi-
cance was considered using Student’s t-test. A 
P-value<0.05 was assessed as significant.

Results

Characterization tests
The silicone-based flexible X-ray shields 
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containing Bi2O3, PbO, or Bi2O3/PbO 
nanoparticles are seen in Figure 1. 

Figure 2 demonstrates the SEM images of 
the shields. Based on Figure 2, the shield con-
taining Bi2O3 nanoparticles showed almost 
homogeneous structures with irregular shapes 
on the surface, while the matrix containing 
PbO nanoparticles had homogeneous struc-
tures with regular shapes on its surface. The 
SEM image of the shield containing Bi2O3/
PbO nanoparticles indicated that the deposits 
possess agglomerated structures with irregu-
lar shapes on the surface, showing a combina-
tion of both smooth areas (silicone) and rough  
areas (nanoparticles). 

The EDX elemental analysis results are il-
lustrated in Figure 3, showing Si, Bi (Pb or Bi/
Pb) in the structure of the shields, with an av-
erage of 54 wt% for Si, 19 wt% for O, 16 wt% 
for Bi (Pb or Bi/Pb) and the rest is impurity 
of C.

According to MAP analyses of all prepared 
shields, it is seen that the nanoparticles were 
distributed homogeneously in the silicone  
matrix (Figure 4).

X-ray attenuation and HVL
Figure 5 demonstrates the X-ray attenuation 

percentages of the shields for the tube voltages 
ranging from 40-100 kVp. Decreasing in the 
X-ray attenuation percentage with an increase 
in the tube voltages was seen in all shields. 

As seen in Figure 5, the shield contain-
ing Bi2O3 nanoparticles showed the highest 
amounts of the X-ray attenuation percentage 
at all tube voltages, while the shield with PbO 
nanoparticles had the lowest values. There was 
a significant difference in the mean X-ray at-
tenuation percentages of the shields at all tube 
voltages. The most significant difference was 
seen between the Bi2O3 and PbO nanoparticles 
containing shields (P-value=0.0004), while 

Figure 1: Digital photo of the flexible X-ray shields containing Bi2O3, PbO, or Bi2O3/PbO 
nanoparticles.

Figure 2: Scanning electron microscopy (SEM) images of the flexible X-ray shields containing 
Bi2O3, PbO, or Bi2O3/PbO nanoparticles.
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Figure 4: MAP analyses of the flexible X-ray 
shields containing (a) Bi2O3, (b) PbO, or (c) 
Bi2O3/PbO nanoparticles.

Figure 3: Energy dispersive X-ray (EDX) 
elemental analyses of the flexible X-ray 
shields containing Bi2O3, PbO, or Bi2O3/PbO 
nanoparticles.

Figure 5: X-ray attenuation percentages of the flexible shields containing Bi2O3, PbO, or Bi2O3/
PbO nanoparticles for tube voltages ranging from 40-100 kVp. 
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the difference was lower between the shields 
containing Bi2O3/PbO nanoparticles and nano 
PbO (P-value=0.016), and between nano 
Bi2O3/PbO and Bi2O3 nanoparticles containing 
shields (P-value=0.022). 

The HVL curves of the shields containing 
the nanoparticles for the tube voltages ranging 
from 40-100 kVp are illustrated in Figure 6. 
The HVL values were increased as a function 
of the tube voltages for all shields.

Antibacterial and antifungal  
activities

The antimicrobial activities of the shields 
were investigated against gram-nega-
tive (Escherichia coli), and gram-positive  

(Enterococcus faecalis) bacteria and Can-
dida albicans fungus. The findings confirmed 
the antibacterial/antifungal activities of all 
shields against bacteria and fungus growth  
(Figure 7). The silicon matrix containing 
Bi2O3/PbO nanoparticles provided the most 
effective reduction in the colony counts.  
Figure 7 also shows a greater growth  
inhibition effect of all shields on Escherichia 
coli than Enterococcus faecalis.

MTT results
Figure 8 shows the A549 cells’ viability af-

ter treatment with different concentrations 
(50, 100, and 500 µg/ml) of the nanoparticles 
in the silicone matrices. A concentration- 

Figure 6: Half value layer (HVL) curves of the flexible X-ray shields containing Bi2O3, PbO, or 
Bi2O3/PbO nanoparticles for tube voltages ranging from 40-100 kVp.  

Figure 7: Antibacterial/antifungal activities of the flexible X-ray shields containing Bi2O3, PbO, or 
Bi2O3/PbO nanoparticles against Escherichia coli (E.C) and Enterococcus faecalis (E.F) bacteria, 
and Candida albicans (C.A) fungus. 
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dependent decrease in cell viability was seen 
for all shields. The cell viabilities of the shields 
containing Bi2O3 and Bi2O3/PbO nanoparticles 
were more than 80% at all concentrations. The 
nano Bi2O3 containing shield showed slightly 
higher cytocompatibility than the nano Bi2O3/
PbO containing shield. Therefore, the mean 
cell viability difference for all concentrations 
was not significant between the two shields 
(P-value=0.23). The shield containing PbO 
nanoparticles showed more than 80% cell 
viability at a concentration of 50 µg/ml and 
about 78% and 70% at concentrations of 100 
and 500 µg/ml, respectively.

Discussion

Characterization
In this work, the raw materials of the shield 

samples were silicone, Bi2O3, and PbO. Each 
material was weighed using a sensitive bal-
ance. The matrix was silicone as a major com-
ponent in the manufacture of the shield. 

SEM results showed no texture differ-
ence among different parts of each shield, 
confirming the uniform distribution of the 
nanoparticles in different parts of the matrices 
(as confirmed by MAP results). This is an im-
portant criterion to make sufficient radiation 
protection by the shields. However, accord-
ing to the MAP results (Figure 4), the balk 
particles are related to the silicone containing 

the nanoparticles. It should be noted that the 
nanoparticles were homogenously dispersed 
in the balk particles.

X-ray attenuation performance and 
HVL

As seen in Figure 5, the X-ray attenuation 
percentage was decreased with increasing 
tube voltages for all shields, due to the photo-
electric effect, which is dominant in the lower 
tube voltages. The photoelectric effect causes 
complete absorption of X-ray photons, which 
have energy slightly higher than the binding 
energy of electrons in the particular electron 
layers. The probability of the photoelectric 
effect is approximately proportional to Z3/E3, 
where Z is the atomic number of the mate-
rial, absorbing the X-ray photon, and E is the 
energy of the X-ray photon. Since the photo-
electric effect depends on the inverse of the 
third power of the photon energy, the X-ray 
attenuation percentage is higher in the lower 
tube voltages. Therefore, in the range of the 
tube voltages studied in this study (40-100 
kVp), the maximum attenuation of the X-ray 
photons was seen at 40 kVp for all matrices 
containing the nanoparticles. The finding is in 
agreement with the results of the study related 
to the nano-sized bismuth oxide/epoxy-poly-
vinyl alcohol matrix composites investigated 
for general radiography [19]. 

The highest amount of the X-ray attenuation 

X-Ray Attenuation and Antimicrobial Properties of the Shields

Figure 8: Cell viability of the flexible X-ray shields containing Bi2O3, PbO, or Bi2O3/PbO 
nanoparticles against A549 cells. 
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percentage at all tube voltages was obtained 
using the shield with Bi2O3 nanoparticles 
while the lowest values were related to 
the shield containing PbO nanoparticles  
(Figure 5). The atomic number of Pb is 82 
and Bi has a Z=83. In addition, they also do 
not have many different binding energies at 
the K, L, and M electronic layers. Therefore, 
these findings are mainly due to the presence 
of two Bi atoms in the structure of the Bi2O3 
nanoparticles, while there is only one Pb atom 
in the PbO nanoparticles. 

It should be noted that the different crystal 
structure of the nano Bi2O3 (monoclinic) and 
PbO (tetragonal) and their atomic arrange-
ment can also affect the higher X-ray attenua-
tion percentage of the shield containing Bi2O3 
nanoparticles. The tetragonal system has two 
crystallographic axes, which are equal in 
length (a, and b) and one (c) is different in 
length (shorter or longer). The axes intersect 
at right angles (90 degrees) to each other and 
form a rectangular prism. Whereas, the mono-
clinic system has three unequal axes, two of 
these crystallographic axes (a, and c) are in-
clined toward each other, and the other (b) is 
perpendicular to a, and c (ɑ = ɣ = 90° ≠ β). 
A tetragonal crystal is uniaxial, which means 
when the light passes through the crystal, it 
appears dark in one orientation. In this regard, 
the monoclinic is considered a biaxial crystal. 
Minerals of the tetragonal system all possess a 
single 4-fold symmetry axis while the mono-
clinic crystals demonstrate a single 2-fold ro-
tation axis and/or a single mirror plane [37]. 
As determined by XRD [34], the PbO has a 
tetragonal lattice structure featuring a pyrami-
dal four-coordinate lead center, and the four 
lead–oxygen bonds have the same length [37]. 
Two atoms of Pb are parallel together and 
cover each other in the unit cell, and there 
are some free spaces in the unit cell; as a re-
sult, in contact with the X-ray, the X-ray can 
pass the lattice. In the as-prepared room tem-
perature phase [21], α-Bi2O3 has a monoclinic 
crystal structure with a complex structure with  

layers of oxygen atoms and layers of bismuth 
atoms between them. The bismuth atoms are 
in two different environments, which can be 
described as distorted 6 and 5 coordinates, re-
spectively [38]. In the unit cell, eight Bi atoms 
are distributed in the whole unit cell, which 
can more attenuate X-ray than PbO. Since the 
shield with the Bi2O3/PbO nanoparticles con-
tains similar percentages (50%) of the Bi2O3 
and PbO nanoparticles, it showed an interme-
diate X-ray attenuation percentage. 

Figure 6 shows increasing of the HVL val-
ues as a function of the tube voltages for all 
shields containing the nanoparticles, due to 
the dominance of the photoelectric effect at 
lower kVps. Among the studied shields, the 
shield containing Bi2O3 nanoparticles had the 
lowest HVL at similar kVps. As explained ear-
lier, this finding can be related to the presence 
of two Bi atoms in Bi2O3 and its monoclinic 
crystal structure. On the other hand, the high-
est HVL values were obtained for the shield 
containing PbO nanoparticles. It means that 
in similar tube voltages, the nano PbO shield 
should have the highest thickness among the 
shields to attenuate the X-ray photon intensity 
to 50% of the original values. 

Comparing the results of the current study 
with those of Asari et al. study [18] showed 
some differences in the findings. They report-
ed approximately similar X-ray attenuation 
performance for the EPVC composites con-
taining Bi2O3 or PbO nanoparticles, while in 
the present study, the silicone matrix contain-
ing Bi2O3 nanoparticles showed a better per-
formance compared to the matrix containing 
PbO nanoparticles at the same tube voltages. 
Their results also indicated the lowest HVL for 
the composite containing PbO nanoparticles, 
while in our study, it was related to the sili-
cone matrix containing Bi2O3 nanoparticles 
with the highest X-ray attenuation percentage 
[18]. All of the silicone-based shields con-
taining the nanoparticles in the current study 
showed lower HVL values than the bismuth 
oxide/polyester composites with different 
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Bi2O3 concentrations (0 – 6%) at 40, 50, and 
60 kV. This difference is related to higher con-
tent of the particles in our shield and the nano 
size of the particles [39]. Also, according to 
the linear attenuation coefficients of the sin-
gle-layered Bi2O3/natural rubber (NR) shields 
with different Bi2O3 contents (0 - 30 wt%), all 
of our shields with 20 wt% of the nanoparticles 
showed lower HVLs than the Bi2O3/NR shields 
at 50 and 100 keV. Only the nano PbO shield 
showed slightly higher HVL than the Bi2O3/
NR shield with 30 wt% at 100 keV [40]. This 
is due to the nano size of the particles in our 
shields and their high surface-to-volume ratio, 
which provides more interaction of the radia-
tion with the matter [1]. On the other hand, 
our shields have higher HVL than the shield 
containing nano tungsten trioxide (15%) and 
nano tin dioxide (85%) in an epoxy paint ma-
trix at 100 kVp. However, the X-ray attenuat-
ed nanomaterials in that shield are higher than 
our shields [8]. The HVL of commercial bulk 
lead at 100 kVp (median of radiology energies 
range) is 0.27 mm [41]. A shield combined of 
tungsten (45%) and tin (55%) in a grease ma-
trix provided HVL of 0.26 and 0.24 mm at 100 
kVp for simulation and experimental studies, 
respectively [42]. The HVL of our nano-based 
lightweight and flexible shields for this energy 
is higher than these bulk materials. This is due 
to our X-ray shields containing only 20 wt% 
of the nanoparticles, which is much less than 
the X-ray attenuated materials in the shields 
containing the bulk materials. Besides, ac-
cording to the high cytocompatibility of our 
nano Bi2O3 and Bi2O3/PbO shields even at 
high concentrations, it is possible to increase 
wt% of these nanomaterials in the shields to 
strengthen the X-ray attenuation and, conse-
quently, to achieve lower HVLs.

Antimicrobial activities
Inhibiting the growth of multiresistant mi-

crobes has become one of the most notable 
concerns in modern medicine. Recently, the 
usage of nanomaterials as one of the novel  

alternatives to successfully treat multiresistant 
microbes has attracted great attention. In this 
study, Bi2O3, PbO, or Bi2O3/PbO nanoparticles 
were embedded in the flexible silicone ma-
trices, and the antimicrobial activity of the 
prepared shields was investigated. Since the 
nanoparticles are exposed at the surfaces of the 
prepared shields, the ions on the surface can 
contribute to the antimicrobial properties. The 
high surface area of the nanoparticles and their 
nanoscale size provide more available sites for 
interaction with the microbes, enhancing their 
antimicrobial effect. 

The results presented in Figure 7 highlight 
the different responses between the microbes 
and the prepared shields. The most effec-
tive reduction in the colony counts was pro-
vided using silicon matrix containing Bi2O3/
PbO nanoparticles. This is due to that the 
nanoparticles with irregular shapes on the sur-
face of the matrix can cause better antibacte-
rial and antifungal performance (Figure 2). 
Besides, the antimicrobial synergistic effect 
of PbO and Bi2O3 nanoparticles can provide 
a more effective antimicrobial shield. The ex-
perimental results are in agreement with those 
of other studies that reported PbO [32] and 
Bi2O3 [14] nanoparticles can inhabitation of 
the growth of drug-resistant pathogens.

Comparing the antibacterial activities of the 
shields demonstrated a greater growth inhibi-
tion effect of all shields on Escherichia coli 
than Enterococcus faecalis (Figure 7). This 
finding can be due to differences in the cell 
wall structure between the gram-negative and 
gram-positive bacteria.

Cell toxicity 
According to Figure 8, both X-ray shields 

containing Bi2O3 and Bi2O3/PbO nanoparticles 
showed high cytocompatibility on A549 cells. 
The shield containing PbO nanoparticles was 
also cytocompatible at a concentration of 50 
µg/ml. Even at concentrations of 100 and 500 
µg/ml of the PbO nanoparticles in the shield, 
the cell viability dropped to 78% and 70%, 
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showing the low toxicity of this shield in  
higher concentrations. Since the shields con-
tain only 20 wt% of the nanoparticles, their 
distribution in the silicone matrix causes direct 
contact of the A549 cells with the nanoparticles 
in the surface of the shields, leading to inhib-
it of the toxic effect of the shield containing 
Bi2O3/PbO nanoparticles even at a concentra-
tion as high as 500 µg/ml and reduction the 
cytotoxicity of the nano PbO shield at high  
concentrations.

Conclusion
In this study, we prepared the silicone-based 

X-ray shields containing Bi2O3, PbO, or Bi2O3/
PbO nanoparticles for use in clinical radiog-
raphy, and investigated their physicochemical 
properties, X-ray attenuation performances, 
antibacterial/antifungal activities, and cyto-
toxicity. For the photon energies in the range 
of 40-100 kVp, the silicone-based matrix con-
taining Bi2O3 nanoparticles showed the best 
X-ray attenuation performance with the high-
est X-ray attenuation percentage and the low-
est HVL. However, the high price of bismuth 
can limit the common use of bismuth-based 
shields and their clinical applications. Hence, 
a mixture of bismuth and lead as a common 
cost-effective high atomic number metal ions 
can be favorable. The shield with Bi2O3/PbO 
nanoparticles can benefit from the advantages 
of both Bi2O3 and PbO nanoparticles. Besides, 
this shield demonstrated the best antibacterial/
antifungal activities and high cytocompatibil-
ity. Therefore, the flexible shield containing 
Bi2O3/PbO nanoparticles with effective X-ray 
attenuation performance, the best antimicrobi-
al activity, high cytocompatibility, and lower 
cost than the nano Bi2O3 shield can be consid-
ered an appropriate shield for use in clinical 
radiography.
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