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Development and performance 
evaluation of medical 
radiation‑reducing creams using 
eco‑friendly radiation‑shielding 
composites
Seon‑Chil Kim 

To ensure the safety of medical personnel in healthcare organizations, radiation‑shielding materials 
like protective clothing are used to protect against low‑dose radiation, such as scattered rays. The 
extremities, particularly the hands, are the most exposed to radiation. New materials that can be 
directly coated onto the skin would be more cost‑effective, efficient, and convenient than gloves. We 
developed protective creams using eco‑friendly shielding materials, including barium sulfate, bismuth 
oxide, and ytterbium oxide, to avoid harmful effects of heavy metals like lead, and tested their 
skin‑protective effects. Particularly, the radiation‑shielding effect of ytterbium oxide was compared 
with that of the other materials. As shielding material dispersion and layer thickness greatly affect 
the efficacy of radiation‑shielding creams, we assessed dispersion in terms of the weight percentage 
(wt%). The effective radiation energy was reduced by 20% with a 1.0‑mm increase in cream thickness. 
Ytterbium oxide had a higher radiation‑shielding rate than the other two materials. A 28% difference 
in protective effect was observed with varying wt%, and the 45 wt% cream at 63.4 keV radiation 
achieved a 61.3% reduction rate. Higher content led to a more stable incident energy‑reducing effect. 
In conclusion, ytterbium oxide shows potential as a radiation‑shielding material for creams.
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X-rays, the most commonly used ionizing radiation in medical institutions, require rigorous radiation protec-
tion measures during their application. Radiation-shielding skin-protective creams that protect from medical 
radiation have been recently  developed1. Skin-protective creams for use by patients during radiation cancer treat-
ment are primarily focused on protecting and restoring healthy  cells2. External shielding, which is used outside 
the patient’s body, is mostly used to shield and protect patients from medical radiation. Protective agents using 
radiation-shielding materials are directly applied to the skin to reduce the intensity of incident radiation energy 
and reduce the direct-radiation response of the human  body3.

Lead is the most common external shielding material for incident radiation used industrially. However, this 
heavy metal is harmful to humans and therefore cannot be used as a shielding agent directly on the  skin4. Safe 
and eco-friendly shielding materials incorporating non-toxic substances, such as barium sulfate, should be 
 developed5. It is crucial to use environmentally friendly materials that are proven to be safe. For skin protectants 
designed for direct contact with the skin, non-toxic, eco-friendly substances are essential.

Healthcare workers are mainly exposed to low-dose radiation, such as natural radiation, generally correspond-
ing to ≤ 100  mSv6. Most epidemiological studies to date suggest that radiation exposures < 100 mSv, a range in 
which most medical radiation exposures occur, do not cause a direct increase in cancer  incidence7. Low-dose 
radiation can cause radiation-induced DNA damage by breaking the bonds between atoms in  genes8,9, which 
is an adverse effect of radiation  exposure10. If the amount of radiation exposure is low, such DNA damage can 
be repaired (copy number and DNA repair) in a relatively short period. However, in case of considerable gene 
damage, not all damage can be repaired or may be incorrectly repaired, depending on the level of  exposure11.
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In medical institutions, damage to skin cells primarily occurs in areas of the body exposed to high-dose 
radiation used for radiation therapy, leading to radiation  dermatitis12. Radiation dermatitis is the most common 
side effect in patients with cancer undergoing radiation therapy and is localized to the radiation-exposed  area13. 
Therefore, creams are required to protect the skin barrier. These products are not intended to provide barrier 
protection but rather to regenerate and restore the skin after  irradiation14. Therefore, products are required to 
protect healthy skin tissue outside the radiotherapy area. Developing a radiation-shielding cream with appropriate 
thickness and density considering the attenuation effect through physical radiation interactions to reduce the 
incident energy is challenging but required to protect healthy skin tissue.

Eco-friendly materials should be prioritized for radiation-reducing creams; barium sulfate and bismuth oxide 
have been proposed as eco-friendly  materials15. In the present study, we aimed to verify the radiation-reducing 
effect of a material, ytterbium oxide, for use as an ingredient in skin-protective creams, and to demonstrate its 
superiority to existing materials. The radiation-protective effect of an eco-friendly harmless shielding material 
can be complemented with creams with antioxidant, antibacterial, moisturizing, and skin-regenerating  effects16.

Safe substances that can shield from medical radiation and do not affect the human body are currently being 
used as alternatives for lead. Barium sulfate is a naturally occurring inorganic salt. The synthetic form obtained 
after the removal of sulfuric acid impurities is mainly used in cosmetics to retain moisture in the epidermal skin 
layer. It improves the skin tone by soothing the skin, reducing inflammation, and exerting antioxidant  activities17. 
Barium sulfate has a density of 4.5 g/cm3 and is used as a contrast agent in medical radiological imaging of the 
digestive  tract18. As it is insoluble in water, it is not absorbed by the body, is not toxic, and absorbs radiation. 
Bismuth oxide, a yellow pigment with a density of 8.7 g/cm3, is widely used as an ingredient in cosmetics. Bismuth 
carbonate is used to treat enteritis, stomach ulcers, and skin  diseases19. Additionally, it is used as an electromag-
netic wave-shielding element and in radiation-shielding composites. Like barium sulfate, it is an economical and 
eco-friendly radiation-shielding material. As it is non-toxic, it is used as a lead replacement material. Ytterbium 
oxide, a compound discovered in this study to serve as a new shielding material, has a density of 6.90 g/cm3, 
similar to that of tungsten. It can be used as a radiation shield due to its low cost. It is mainly used as an additive 
in dental stainless-steel alloys. As an inexpensive material that has radiation opacity, it can be used as an eco-
friendly radiation-shielding  material20. Therefore, the materials used in this study were chosen based on previous 
research that investigated their toxicity  profiles21–23.

This study developed radiation attenuation creams in cosmetic cream forms using three materials—barium 
sulfate, bismuth oxide, and ytterbium oxide—whose radiation shielding effects have been validated in the litera-
ture. The objective was to compare and assess their shielding performance, aiming to identify the most effective 
material and optimal combinations through experimental investigation. These environmentally friendly shield-
ing materials were selected for their known efficacy and incorporated into cream bases. In the field of medical 
radiation, we can expect an effect that reduces directly absorbed radiation.

Concerning the radiation exposure of medical personnel, attention should be paid to skin disorders due to 
continuous exposure to low-dose radiation, which can lead to cancer development and genetic modification, 
rather than acute disorders caused by high  doses24. However, developing a shielding film with a certain thickness 
and bending flexibility for the hands, which are the most exposed to radiation in medical personnel, is challeng-
ing. In these sites, new radiation protection technologies are needed to reduce exposure to medical radiation 
during medical procedures and mitigate incident energy through regular use of protective creams. Several stud-
ies exist on materials to achieve skin regeneration and skin protection after irradiation; however, a comparative 
evaluation of the incident energy-reducing effect is lacking.

In this study, barium sulfate, bismuth oxide, and ytterbium oxide, three substances with demonstrated radi-
ation-shielding effects, were added in a cream base to create a medical radiation-shielding cream. The shielding 
performance of the creams was compared to identify the most effective materials and combinations.

The study aim was to contribute to the protection of normal tissues of medical personnel and patients, as well 
as to reduce the absorbed radiation dose by normal tissues in medical settings. Specifically, we aimed to introduce 
a new material-based medical radiation attenuation cream that can continually mitigate low-dose exposures.

Results
First, the dispersion of barium sulfate, bismuth oxide, and ytterbium oxide in an aqueous organic carrier medium 
in function of the weight percentage (wt%) was evaluated. The results for barium sulfate are shown in Fig. 1. 
When the shielding material content reaches 45 wt%, as depicted in Fig. 1a, the concentration appears darker 
compared to other concentrations, discernible by the naked eye. Figure 1b illustrates 25 wt%, and Fig. 1c shows 
5 wt%. The amount of shielding material mixed is represented by weight percentage, and the post-mixing con-
centration color is visually inspected. When manufactured in a circular shape with a diameter of 5 mm and 
a thickness of 1.0 mm, as shown in Fig. 2a, and imaged with X-ray, as depicted in Fig. 2b, the results can be 
observed accordingly.

The amount of shielding material and particle composition (distribution) of the radiation-shielding cream 
were confirmed using electron microscopy (Fig. 3). In Fig. 3a, “1” in the circle (A) indicates the location of barium 
sulfate, and “2” indicates the carrier, which is clearly separated. In Fig. 3b (circle B), the barium sulfate is evenly 
distributed throughout the carrier. Direct visualization is hindered due to the low amount of material and its 
liquid state, resulting in less clarity in electron microscope images. However, the aggregation of lipid droplets is 
considerably reduced. Next, we examined the particle distribution of the shielding material as a function of its 
weight percentage (Fig. 4). Evaluation by naked eye from 25 to 45wt% showed a feasible concentration for skin 
coating without burden, with a tendency for more uniform particle distribution at higher wt%.

Next, we evaluated the radiation-protective effects of the manufactured creams containing barium sulfate, 
bismuth oxide, or ytterbium oxide. Tables 1 and 2 show the protective effects in function of the thickness of the 
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cream layer (1.0 or 2.0 mm) on the skin. Overall, a 1.0-mm increase in layer thickness resulted in a 20% more 
effective reduction in incident energy on the skin. The increase in effectiveness was the largest for ytterbium 
oxide (> 32%), but barium sulfate showed a low change in defense effectiveness of around 10% due to the change 
in energy attenuation at the same thickness. Ytterbium oxide cream at 2.0-mm thickness attenuated incident 
radiation energy (63.4 keV effective energy) by 80%, indicating it has a skin-protective effect.

Tables 3, 4 and 5 show the protective effects of the barium sulfate, bismuth oxide, and ytterbium oxide creams 
tested at 0.5-mm thickness. The effect of the barium sulfate cream increased with increasing wt% of the shielding 
material, and the cream was protective when the content was > 35 wt% (Table 3). The variation in the protective 
effect in function of the incident energy was lower than the variation in function of wt%, with 56% at 28.9 keV 
and 44.1% at 63.4 keV. The effect in function of the wt% of bismuth oxide was higher than that of barium sulfate 
(Table 4); however, at a difference of < 5%, the effects were nearly similar. Table 5 shows that the effect in func-
tion of the wt% of ytterbium oxide was higher than that of barium sulfate and bismuth oxide. Additionally, the 
difference in the wt% of the material was associated with a 28% difference in protection, and at 63.4 keV, the 45 
wt% ytterbium oxide of cream reduced radiation by 61.3%. These findings indicated that, the higher the shielding 
material content, the higher and more stable the energy-reducing effect, and that ytterbium oxide demonstrated 
superior efficacy over barium sulfate and bismuth oxide.

Fig. 1.  Dispersion in function of the wt% of the shielding material (barium sulfate): (a) 45 wt%, (b) 25 wt%, 
and (c) 5 wt%.

Fig. 2.  X-ray imaging (80 keV, 20 mA) of dispersed barium sulfate.

Fig. 3.  Validation of the dispersion of barium sulfate in the process of abatement cream production.
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The energy attenuation effects of combinations of barium sulfate, bismuth oxide, and ytterbium oxide were 
evaluated in this study. For comparative analysis, each material was uniformly blended at a concentration of 35 
wt%, with film thicknesses set at 1.0 mm and 2.0 mm. According to the experimental results in Tables 6 and 7, the 
combination of 50% bismuth oxide and 50% ytterbium oxide exhibited the highest incident energy attenuation 
effect. The results revealed that the 1:1 mixture of bismuth oxide and ytterbium oxide had the highest incident 
energy-reducing effect of 80% when applied at 2.0-mm thickness, demonstrating its effectiveness. At 1.0-mm 
thickness and under 63.4 keV effective energy, the mixture of barium sulfate and bismuth oxide achieved a 38.4% 
reduction effect; however, the bismuth oxide and ytterbium oxide combination achieved a 54.2% reduction effect, 
representing a 15.7% increase. Although film thickness has an effect on efficacy, these findings indicated that 
the combination of materials also has an effect. At 2.0-mm thickness, the bismuth oxide and ytterbium oxide 
combination was 16.8% more efficacious than the barium sulfate and bismuth oxide combination. Particularly, 
the trend of change can be compared as shown in Fig. 5. The shielding performance of Ytterbium oxide in Fig. 5c 
exhibited greater differences in relation to weight percentage (wt%) than that of Barium sulfate in Fig. 5a or 
Bismuth oxide in Fig. 5b.

Fig. 4.  Electron micrographs of barium sulfate in function of the wt%. (a) 25 wt%, (b) 30 wt%, (c) 35 wt% (d) 
40 wt%, (e) 45 wt%.

Table 1.  Medical radiation-reducing effect of a 1.0-mm-thick protective cream layer.

Material (35 wt%) Effective energy

28.9 keV 36.5 keV 54.8 keV 63.4 keV

Non Shield Non Shield Non Shield Non Shield

Barium sulfate
Absorbed dose (mR) 19.10 9.58 44.86 24.80 76.66 43.53 112.83 68.43

Shielding rate (%) 49.84 44.72 43.22 39.35

Bismuth oxide
Absorbed dose (mR) 19.10 9.24 44.86 23.37 76.66 42.50 112.83 65.64

Shielding rate (%) 51.62 47.90 44.56 41.82

Ytterbium oxide
Absorbed dose (mR) 19.10 7.86 44.86 19.81 76.66 38.25 112.83 59.51

Shielding rate (%) 58.85 55.84 50.10 47.26

Table 2.  Medical radiation-reducing effect of a 2.0-mm-thick protective cream layer.

Material (35 wt%) Effective energy

28.9 keV 36.5 keV 54.8 keV 63.4 keV

Non Shield Non Shield Non Shield Non Shield

Barium sulfate
Absorbed dose (mR) 19.10 5.63 44.86 15.03 76.66 27.52 112.83 44.46

Shielding rate (%) 70.52 66.5 64.1 60.6

Bismuth oxide
Absorbed dose (mR) 19.10 4.73 44.86 12.51 76.66 23.34 112.83 39.03

Shielding rate (%) 75.24 72.11 69.56 65.41

Ytterbium oxide
Absorbed dose (mR) 19.10 2.27 44.86 6.71 76.66 13.71 112.83 22.67

Shielding rate (%) 88.12 85.04 82.11 79.91
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Therefore, the wt% and shielding material combination influence the effectiveness of radiation-reducing 
creams. A comparison of the skin application experience in function of the wt% (25, 35, and 45 wt%) of the 
shielding material is shown in The wt% content affected the texture of the skin (Fig. 6). Although a difference of 
10wt% was observed, a realistic problem is that the higher the wt%, the more difficult it is to maintain the same 
distribution and thickness when the coating is performed directly with fingers without any tools. Therefore, the 
lower the wt%, the better the accessibility and usability in the case of skin applications, which is not conducive 
for the reduction effect.

Table 3.  Medical radiation-reducing effect in function of the wt% of barium sulfate in the cream (thickness: 
0.5 mm).

wt% Effective energy

28.9 keV 36.5 keV 54.8 keV 63.4 keV

Non Shield Non Shield Non Shield Non Shield

25
Absorbed dose (mR) 18.47 13.30 44.07 32.74 74.73 57.77 109.73 86.58

Shielding rate (%) 28.0 25.71 22.7 21.1

30
Absorbed dose (mR) 19.17 13.5 45.39 33.36 76.99 57.97 113.87 88.25

Shielding rate (%) 29.6 26.5 24.7 22.5

35
Absorbed dose (mR) 19.10 11.82 44.86 30.06 76.66 52.51 112.83 78.87

Shielding rate (%) 38.1 33.0 31.5 30.1

40
Absorbed dose (mR) 19.05 10.5 44.92 27.18 74.54 47.41 111.95 73.10

Shielding rate (%) 44.9 39.49 36.4 34.7

45
Absorbed dose (mR) 18.94 8.33 45.23 21.98 75.24 39.50 112.54 62.91

Shielding rate (%) 56.0 51.4 47.5 44.1

Table 4.  Medical radiation-reducing effect in function of the wt% of bismuth oxide in the cream (thickness: 
0.5 mm).

wt% Effective energy

28.9 keV 36.5 keV 54.8 keV 63.4 keV

Non Shield Non Shield Non Shield Non Shield

25
Absorbed dose (mR) 18.47 12.65 44.07 31.51 74.73 55.52 109.73 83.07

Shielding rate (%) 31.5 28.5 25.7 24.3

30
Absorbed dose (mR) 19.17 12.96 45.39 31.68 76.99 55.89 113.87 85.29

Shielding rate (%) 32.39 30.2 27.41 25.1

35
Absorbed dose (mR) 19.10 10.60 44.86 26.29 76.66 48.68 112.83 75.14

Shielding rate (%) 44.5 41.4 36.5 33.4

40
Absorbed dose (mR) 19.05 9.66 44.92 24.44 74.54 43.61 111.95 70.42

Shielding rate (%) 49.29 45.59 41.49 37.1

45
Absorbed dose (mR) 18.94 7.88 45.23 19.95 75.24 36.19 112.54 58.07

Shielding rate (%) 58.39 55.89 51.9 48.4

Table 5.  Medical radiation-reducing effect in function of the wt% of ytterbium oxide in the cream (thickness: 
0.5 mm).

wt% Effective energy

28.9 keV 36.5 keV 54.8 keV 63.4 keV

Non Shield Non Shield Non Shield Non Shield

25
Absorbed dose (mR) 18.47 10.14 44.07 25.78 74.73 45.96 109.73 69.90

Shielding rate (%) 45.1 41.5 38.5 36.3

30
Absorbed dose (mR) 19.17 9.68 45.39 24.42 76.99 46.12 113.87 70.14

Shielding rate (%) 49.5 46.2 40.1 38.4

35
Absorbed dose (mR) 19.10 8.32 44.86 20.99 76.66 39.48 112.83 63.52

Shielding rate (%) 56.44 53.21 48.5 43.7

40
Absorbed dose (mR) 19.05 6.59 44.92 16.89 74.54 29.96 111.95 51.27

Shielding rate (%) 65.41 62.4 59.81 54.2

45
Absorbed dose (mR) 18.94 5.07 45.23 13.93 75.24 25.51 112.54 43.55

Shielding rate (%) 73.23 69.2 66.1 61.3
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Table 6.  Medical radiation-reducing effect of creams containing different combinations of the shielding 
materials (1.0-mm-thick layer). A: barium sulfate, B: bismuth oxide, C: ytterbium oxide.

Material (35 wt%) Effective energy

28.9 keV 36.5 keV 54.8 keV 63.4 keV

Non Shield Non Shield Non Shield Non Shield

A + B
Absorbed dose (mR) 19.23 9.32 45.32 24.38 76.78 43.61 112.52 69.31

Shielding rate (%) 51.53 46.2 43.2 38.4

A + C
Absorbed dose (mR) 19.23 8.81 45.32 22.12 76.78 39.54 112.52 63.35

Shielding rate (%) 54.19 51.2 48.5 43.7

B + C
Absorbed dose (mR) 19.23 6.65 45.32 17.04 76.78 30.86 112.52 51.53

Shielding rate (%) 65.42 62.4 59.81 54.2

Table 7.  Medical radiation-reducing effect of creams containing different combinations of the shielding 
materials (2.0-mm-thick layer). A: barium sulfate, B: bismuth oxide, C: ytterbium oxide.

Material (35 wt%) Effective energy

28.9 keV 36.5 keV 54.8 keV 63.4 keV

Non Shield Non Shield Non Shield Non Shield

A + B
Absorbed dose (mR) 19.23 5.17 45.32 13.50 76.78 24.26 112.52 40.06

Shielding rate (%) 73.1 70.21 68.4 64.4

A + C
Absorbed dose (mR) 19.23 4.46 45.32 11.69 76.78 21.96 112.52 35.67

Shielding rate (%) 76.81 74.21 71.4 68.3

B + C
Absorbed dose (mR) 19.23 2.03 45.32 5.80 76.78 12.13 112.52 21.15

Shielding rate (%) 89.44 87.2 84.2 81.2

Fig. 5.  Trends in medical radiation reduction according to the weight percentage (wt%) of the shielding 
materials: (a) Barium sulfate, (b) Bismuth oxide, (c) Ytterbium oxide.

Fig. 6.  Comparison of skin application experience based on WT% of shielding material. (a) 25wt%, (b) 35wt%, 
(c) 45wt%. The images were acquired by the author after coating the creams directly on the skin.
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X-ray imaging was used to directly observe the radiation-protective effect of the bismuth oxide plus ytterbium 
oxide cream. The cream was coated on the back of a mannequin hand at a 1.0-mm thickness (Fig. 7a) to obtain 
the image shown in Fig. 7b. We tested 25, 35, and 45 wt% creams (Fig. 7c) to obtain the image shown in Fig. 7d. 
The images confirmed that the cream had a radiation-protective effect and that the protective effect depended 
on the shielding material content.

Discussion
We manufactured various radiation-protective creams and verified their effectiveness in reducing incident medi-
cal radiation on the skin. We assessed the radiation-reducing effect of ytterbium oxide alone and in combination 
with other shielding materials, including bismuth oxide and barium sulfate, which are well-known eco-friendly 
shielding materials. Radiation-reducing skin creams are developed to protect the skin from radiation. Creams 
are expected to provide better continuous adhesion and usability than gels, solutions, and suspensions, to protect 
human skin from damage caused by incident  radiation25.

Applying the radiation-reducing cream to the skin at an even and consistent thickness is vital. The skin coat-
ing appears different depending on degree of coating or lack of consistency in thickness (Fig. 8). Figure 8a–c 
show images of 10 wt% (which is the wt% generally used in cosmetics) cream coatings on a mannequin for the 
three materials. The lower the concentration (wt%) of the shielding material, the more challenging it is to coat, 

Fig. 7.  X-ray imaging (40 kVp, 5 mAs) of the radiation-reducing material at 25, 35, and 45 wt% and 1.0 mm 
thickness.

Fig. 8.  Verification of the dispersion effect in the process of radiation-reducing cream production. (a) 10 wt% 
barium sulfate, (b) 10 wt% bismuth oxide, (c) 10 wt% ytterbium oxide, (d) 25 wt% barium sulfate on a surgical 
glove, (e) X-ray image (40 kVp, 5 mAs) of (d).



8

Vol:.(1234567890)

Scientific Reports |        (2024) 14:20424  | https://doi.org/10.1038/s41598-024-71031-z

www.nature.com/scientificreports/

from the user’s perspective. Figure 8d shows the coating of a 25 wt% barium sulfate cream on a surgical glove, 
and Fig. 8e shows an X-ray image of the coating on the glove shown in Fig. 8d.

Therefore, cream thickness and wt% directly affect the incident radiation-reducing effect, and the effectiveness 
varies depending on the use, making it challenging to achieve reproducibility. Therefore, in future, cream-type 
radiation-reducing creams should be formulated that are free of gel and moisture and closely adhere to the skin. 
Additionally, as shown by the experiments, it is preferable to apply the cream on the skin on the back of the hand 
(rather than the hand palm) before applying gloves rather than applying it on the  gloves26.

The development of radiation-reducing creams that protect the skin from radiation using eco-friendly materi-
als that are non-toxic to the skin and can be applied to the skin at even thickness is  challenging27. We attempted 
to address this issue by using a novel eco-friendly material, ytterbium oxide, and aimed to achieve a reproducible 
shielding effect by determining an optimal wt% for a given film thickness.

The use of a single cream material is associated with limitations, which can be addressed using composite 
materials. Furthermore, various materials and fabrication methods can be used to achieve a constant film thick-
ness on the skin. Thin-film media used in protective creams must be acceptable to the user, and reproducible 
protective performance should be ensured. In the present study, a radiation-reducing cream was developed to 
protect the skin from scattered radiation in medical institutions, while ensuring user-friendliness and avoiding 
interference with the user’s medical  activity28.

The radiation-reducing cream presented in this study was designed for use on the flexible human skin, unlike 
the inflexible films and sheets generally used as shielding materials. The cream can be directly applied by the user, 
ensuring user-friendliness. As achieving good dispersal of radiation-protective materials during manufactur-
ing is challenging, we investigated the protective effect in function of the wt% of the materials, using a mixing 
method so as to fix the particles at a specific position in the base material. In future, we plan to expand the scope 
of medical radiation-shielding materials to include direct and scattered rays.

In conclusion, the shielding material content and film thickness influence the effectiveness of radiation-
shielding creams. An excellent radiation reduction of 5–8% was achieved when ytterbium oxide was used instead 
of barium sulfate and bismuth oxide. A mixture of ytterbium oxide and bismuth oxide achieved 15–17% better 
radiation reduction than the other material combinations. Therefore, ytterbium oxide alone or in combination 
with other materials has application potential as an eco-friendly radiation-reducing material to protect the skin 
from medical radiation.

Methods
The net effect of the interaction of medical radiation with matter is the absorption or scattering of incident 
photons. The thickness of the material where a single event occurs, �χ , and the attenuation factor, µ , which 
corresponds to the intrinsic modulus of the material, determine the number of attenuated photons, �B(Eq. 1)29.

Therefore, the attenuation of incident radiation is directly dependent on the thickness of the material through 
which the radiation passes, χ , and the attenuation factor µ (Eq. 2)30.

Particularly, the attenuation factor depends on the interaction probability per atom; therefore, the larger the 
atomic cross-sectional area σa , the greater the attenuation (Eq. 3; A is the mass number and NA is Avogadro’s 
number). Therefore, the interaction with atoms is probabilistic, and the radiation-attenuating effect increases 
with increasing thickness, atomic number, and mass (Eq. 4)31.

The probability of interaction with matter ( τ, σ, k ) as it passes through a material with a thickness of χ is 
dependent on the incident energy, with absorption and scattering occurring through photoelectric absorption, 
Compton scattering, and pair  production32.

where a is a general constant; m , n are parameters; N is the atomic density, Z is the atomic number, E�andEγ 
signify the incident energy, and σ is the cross-sectional area.

Radiation-reducing creams reduce the absorption of incident radiation by forming an integral protective 
barrier on the skin. Therefore, protons must be attenuated through absorption and scattering in the protective 
cream with a thickness χ before they penetrate the skin to prevent them from reaching the deeper layers (Fig. 9). 
There are limits to unilaterally increasing the thickness; therefore, materials with higher atomic numbers or 
densities have to be used to improve  smearability33. Therefore, the density and material composition influence 
the protective effects of a shielding cream.

The three shielding materials used in this study were bismuth oxide (Bismuth(III) oxide 99% 500 g EP, Junsei 
Chemical CO., Ltd., JAPAN), barium sulfate (Barium Sulfate 97% 500 g CP, Daejung Reagents, KOREA), and 
ytterbium oxide (Ytterbium(III) oxide 99.9% 25 g, Wako, JAPAN). The base was an aqueous organic carrier, which 

(1)�B = µB�χ.

(2)B = B0e
−µχ.

(3)σa =
µA

NA
,

(4)µ = τ+ σ+ k,

τ
(

cm−1
)
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(
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Eγ
m

)

[1− f(Z)], σ
(

cm−1
)

= NZf
(

Eγ
)

, k
(
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)

= NZ2f(E�, Z),
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is the raw material of hand creams, containing lubricants (Zelec® UN lubricant, Sigma-Aldrich, KOREA), wet-
ting agents (Hyaluronic Acid(HD), Naturesouce Co.Ltd., KOREA), and surfactants (Glycerin 99.9%, SamHyun 
Pharm, KOREA), including glycerin, and emulsifiers (410–4405 Glyceryl Monostearate Extra Pure 31566-31-1 
500G, Daejung Chemicals, KOREA), such as glyceryl stearate, to achieve a similar texture as conventional hand 
creams when applied to the  skin34. As texture is a qualitative property perceived by the user, we tested a wt% 
reference concentration of the shielding material.

In the manufacturing of radiation-reducing creams, emulsification, which increases the interaction among 
mixed substances, and dispersion of the shielding substances are crucial. Emulsification involves the artificial 
mixing of water and oil-immiscible substances using a device and an emulsifier to form a  cream35. Dispersion, 
which is the step before mixing the solid shielding material, involves evenly dispersing the shielding materials 
(i.e., barium sulfate, bismuth oxide, and ytterbium oxide) in the carrier medium. The dispersion and emulsifica-
tion processes influence the shielding performance and uniform contact with the skin, respectively.

The dispersion of the emulsion mixture was achieved using high-speed rotation (3000 rpm) under vacuum 
(Fig. 10). The texture of the cream on the skin was evaluated in function of the material input amount. Addi-
tionally, the incident radiation-reducing effectiveness was determined. The weight percentage was increased 
in 5 wt% increments from 25 to 45 wt%. This experimental test range was determined based on how easily the 
product could be washed from the skin; creams with concentrations > 45 wt% were excluded because they were 
challenging to wash off. The shielding materials and carrier were mixed using a homo mixer (T.Kprimix, Japan) 
at 3000 rpm, 70 °C for 5 min. A vacuum defoamer (HYUP SHIM vacuum deaerator, low-noise-type) was used 
to remove air bubbles. The particle size and dispersion of the shielding material were observed using a field 
emission scanning electron microscope (S-4800; Hitachi), using shielding cream sections.

To evaluate the shielding performance of medical radiation, a 5 mm diameter hole was drilled into a 0.5 mm 
thick polycarbonate plate (Fig. 10), and experiments were conducted by filling the holes with samples of iden-
tical size and thickness. The thickness of the cream is crucial for achieving radiation attenuation effects. Two 
criteria were established: the maximum thickness that can be applied to the skin and a thickness that allows 

Fig. 9.  Radiation incidence on the skin before and after application of a radiation-protective cream.

Fig. 10.  Emulsification and dispersion of the shielding materials.
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unrestricted movement after application on the dorsal hand. The selected thicknesses for the shielding cream 
were implemented as minimum of 1 mm and a maximum of 2 mm.

The mixing method used for the creams combining the three selected materials was the same as that used for 
the single-component creams. The materials were used at 35wt%, and the medical radiation-shielding perfor-
mance of the creams was analyzed using X-ray imaging (Fig. 11). The medical radiation used in the experiment 
was converted to the effective energy, the slope was calculated from the attenuation coefficient law ( I = I0e

−µx ) 
to measure the half-value layer, and the value of the linear absorption coefficient μ was obtained from the slope 
and half-value layer (= 0.693/μ)36. The effective energy was determined using Hubbell’s mass absorption coef-
ficient table to calculate the energy having a half-value layer corresponding to single  energy37. The radiation 
generated by the X-ray generator (E7239; 150 kV, 500 mA; Toshiba, Japan) was measured 10 times, and the 
average value was calculated, as shown in Fig. 12. The dose detector was a DosiMax Plus 1 (IBA Dosimetry), 
which was calibrated before use. To evaluate the performance of the fabricated creams, the X-ray-shielding rate 
was calculated using Eq. (5)38.

(5)X-ray-shielding rate (%) = (1−
k

k0
)× 100,

Fig. 11.  Experimental methods based on the shielding material content and abatement cream thickness.

Fig. 12.  Setup of the medical radiation-shielding experiment to assess the shielding creams.
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where k0 = incident dose (radiation dose measured in the presence of the cream between the X-ray beam and 
detector; mR); k = transmitted dose (the radiation dose measured in the absence of the cream between the X-ray 
beam and detector; mR).

Conclusion
The radiation attenuation cream, demonstrating effectiveness in reducing medical radiation is influenced by 
the concentration of shielding materials (wt%) and the coating thickness. When using ytterbium oxide, an eco-
friendly dental material, it showed a superior radiation reduction effect of approximately 5–8% compared to 
barium sulfate and bismuth oxide. Combining these materials in radiation shielding creams, the combination of 
eco-friendly ytterbium oxide and bismuth oxide exhibited a 15–17% higher medical radiation attenuation effect. 
Therefore, ytterbium oxide, both alone and in combination, holds promising potential as a shielding material to 
protect the skin from medical radiation in the future.

Data availability
All data generated during this study are included in this manuscript.

Received: 23 May 2024; Accepted: 23 August 2024

References
 1. Johnson, K., Fenton, G. & White, R. J. Radiation dermatitis: The evaluation of a new topical therapy for the treatment and pre-

vention of radiation-induced skin damage and moist desquamation: A multicentre UK case cohort study. J. Radiother. Pract. 24, 
461–465 (2021).

 2. Winkfield, K. M. et al. Randomized pilot study of a keratin-based topical cream for radiation dermatitis in breast cancer patients. 
Technol. Cancer Res. Treat. 23, 1–5 (2024).

 3. Verma, S., Amritphale, S. S. & Das, S. Preparation and characterization of novel, non-toxic, radiation shielding, self-healing smart 
gel. Cellulose 24, 2953–2965 (2017).

 4. AbuAlRoos, N. J., Amin, N. A. B. & Zainon, R. Conventional and new lead-free radiation shielding materials for radiation protec-
tion in nuclear medicine: A review. Radiat. Phys. Chem. 165, 108439 (2019).

 5. Oglat, A. A. & Shalbi, S. M. An alternative radiation shielding material based on barium-sulphate  (BaSO4)-modified fly ash geo-
polymers. Gels 8, 227 (2022).

 6. Tasi, C. J. et al. Very-low-dose radiation and clinical molecular nuclear medicine. Life 12, 912 (2022).
 7. Tang, F. R. & Loganovsky, K. Low dose or low dose rate ionizing radiation-induced health effect in the human. J. Environ. Radioact. 

192, 32–47 (2018).
 8. Kawamura, K., Qi, F. & Kobayashi, J. Potential relationship between the biological effects of low-dose irradiation and mitochondrial 

ROS production. J. Radiat. Res. 59, 91–97 (2018).
 9. Shin, W. G. et al. A Geant4-DNA evaluation of radiation-induced DNA damage on a human fibroblast. Cancers 13, 4940 (2021).
 10. Sanders, T. et al. Radiation-induced DNA damage and repair effects on 3D genome organization. Nat. Commun. 11, 6178 (2020).
 11. Mladenova, V., Mladenov, E., Stuschke, M. & Iliakis, G. DNA damage clustering after ionizing radiation and consequences in the 

processing of chromatin breaks. Molecules 27, 1540 (2022).
 12. Dakup, P. P., Porter, K. I. & Gaddameedh, S. The circadian clock protects against acute radiation-induced dermatitis. Toxicol. Appl. 

Pharmacol. 399, 115040 (2020).
 13. Behroozian, T. et al. Predictive factors associated with radiation dermatitis in breast cancer. Cancer Treat. Res. Commun. 28, 100403 

(2021).
 14. Wei, J. et al. Radiation-induced skin reactions: Mechanism and treatment. Cancer Manag. Res. 11, 167–177 (2018).
 15. MoonKum, N., Pilapong, C., Daowtak, K. & Tochaikul, G. Evaluation of silicone rubber shielding material composites enriched 

with  BaSO4 and  Bi2O3 particles for radiation shielding properties. Mater. Res. Innov. 27, 296–303 (2022).
 16. Hannachi, E., Sayyed, M. I., Almuqrin, A. H. & Mahmoud, K. G. Study of the structure and radiation-protective properties of 

yttrium barium copper oxide ceramic doped with different oxides. J. Alloys Comp. 885, 161142 (2021).
 17. Johnson, W. Jr. et al. Safety assessment of barium sulfate as used in cosmetics. Int. J. Toxicol. 37, 5–11 (2018).
 18. Zaccarini, D. J., Lubin, D., Sanyal, S. & Abraham, J. L. Barium sulfate deposition in the gastrointestinal tract: Review of the literature. 

Diagn. Pathol. 17, 99 (2022).
 19. Wang, R., Li, H. & Sun, H. Bismuth: Environmental pollution and health effects. Encycl. Environ. Health 1, 415–423 (2019).
 20. Costa, B. C. et al. Ytterbium oxide as radiopacifier of calcium silicate-based cements. Physicochemical and biological properties. 

Braz. Dent. J. 29, 452–458 (2018).
 21. Margolis, R. et al. Comparison of micro-CT image enhancement after use of different vascular casting agents. Quant. Imaging Med. 

Surg. 14(3), 2568 (2024).
 22. Dalvand, L. F., Hosseini, F., Dehaghi, S. M. & Torbati, E. S. Inhibitory effect of bismuth oxide nanoparticles produced by Bacillus 

licheniformis on methicillin-resistant Staphylococcus aureus strains (MRSA). Iran. J. Biotechnol. 16, 4 (2018).
 23. Costa, B. C. et al. Ytterbium oxide as radiopacifier of calcium silicate-based cements. Physicochemical and biological properties. 

Braz. Dent. J. 29(5), 452–458 (2018).
 24. Wang, J. S., Wang, H. J. & Qian, H. L. Biological effects of radiation on cancer cells. Mil. Med. Res. 5, 20 (2018).
 25. Ridd, M. J. et al. Effectiveness and safety of lotion, cream, gel, and ointment emollients for childhood eczema: A pragmatic, ran-

domised, phase 4, superiority trial. Lancet Child Adolesc. Health 6, 522–532 (2022).
 26. Cantlon, M. B. & Ilyas, A. M. Assessment of radiation protection in hand-shielding products with mini C-arm fluoroscopy. Hand 

16, 425–561 (2021).
 27. Zhao, M., Wang, C., Xie, J., Ji, C. & Gu, Z. Eco-friendly and scalable synthesis of fullerenols with high free radical scavenging ability 

for skin radioprotection. Small 17, 2102035 (2021).
 28. Averbeck, D. et al. Progress in low dose health risk research: Novel effects and new concepts in low dose radiobiology. Mutat. Res. 

Rev. Mutat. Res. 776, 46–49 (2018).
 29. Kim, H. Y. et al. Multilayer structuring of nonleaded metal (BiSn)/polymer/tungsten composites for enhanced γ-ray shielding. 

Adv. Eng. Mater. 22, 1–7 (2020).
 30. Aldhuhaibat, M. J. R., Amana, M. S., Jubier, N. J. & Salim, A. A. Improved gamma radiation shielding traits of epoxy composites: 

Evaluation of mass attenuation coefficient, effective atomic and electron number. Radiat. Phys. Chem. 179, 109183 (2021).
 31. Ekinci, N., Kavaz, E., Aygün, B. & Perişanoğlu, U. Gamma ray shielding capabilities of rhenium-based superalloys. Radiat. Effect. 

Defects Solids 174, 435–451 (2019).



12

Vol:.(1234567890)

Scientific Reports |        (2024) 14:20424  | https://doi.org/10.1038/s41598-024-71031-z

www.nature.com/scientificreports/

 32. Al-Buriahi, M. S. et al. Radiation attenuation properties of some commercial polymers for advanced shielding applications at low 
energies. Polym. Adv. Technol. 32, 2386–2396 (2021).

 33. Rani, N., Vermani, Y. K. & Singh, T. Gamma radiation shielding properties of some Bi–Sn–Zn alloys. J. Radiol. Prot. 40, 296 (2020).
 34. Chauhan, L. & Gupta, S. Creams: A review on classification, preparation methods, evaluation and its applications. J. Drug Deliv. 

Therap. 10, 281–289 (2020).
 35. Kale, S. N. & Deore, S. L. Emulsion micro emulsion and nano emulsion: A review. Syst. Rev. Pharm. 8, 39–47 (2017).
 36. Oshina, I. & Spigulis, J. Beer–Lambert law for optical tissue diagnostics: Current state of the art and the main limitations. J. Biomed. 

Opt. 26, 100901 (2021).
 37. Soares, L. D. H., Gobo, M. S. S. & Polett, M. E. Measurement of the linear attenuation coefficient of breast tissues using polienergetic 

X-ray for energies from 12 to 50 keV and a silicon dispersive detector. Radiat. Phys. Chem. 167, 108226 (2020).
 38. Yasmin, S. et al. Studies of ionizing radiation shielding effectiveness of silica-based commercial glasses used in Bangladeshi dwell-

ings. Result Phys. 9, 541–549 (2018).

Acknowledgements
This work was supported by a National Research Foundation of Korea (NRF) Grant funded by the Korea Gov-
ernment (MEST) (NRF 2020R1I1A3070451).

Author contributions
S.C.K. conceived the study, conducted the experiments, and wrote the paper.

Competing interests 
The author declares no competing interests.

Additional information
Correspondence and requests for materials should be addressed to S.-C.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 
4.0 International License, which permits any non-commercial use, sharing, distribution and reproduction in 
any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide 
a link to the Creative Commons licence, and indicate if you modified the licensed material. You do not have 
permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and 
your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain 
permission directly from the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ 
licen ses/ by- nc- nd/4. 0/.

© The Author(s) 2024

www.nature.com/reprints
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

	Development and performance evaluation of medical radiation-reducing creams using eco-friendly radiation-shielding composites
	Results
	Discussion
	Methods
	Conclusion
	References
	Acknowledgements


