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Abstract

Paper sheets represent one of the infection risk sources inside educational and administrative institutions under
biological pandemics. So, the present study aimed to validate the efficiency of gamma radiation or dry heat tech-
niques to sterilize contaminated paper sheets with different indicator pathogens while retaining their structure. The
results showed that gamma radiation at 6, 12, or 24 kGy can successfully kill Gram-positive bacteria such as Bacillus
cereus and Staphylococcus aureus, Gram-negative bacteria such as Escherichia coli and Salmonella typhi, and fungi such
as Candida albicans. Moreover, dry heating at 100 °C for 60 min, 150 °C for 30 min, or 200 °C for 15 min can be suc-
cessful in paper decontamination of all tested species. Surprisingly, scanning electron microscopy (SEM) micrographs
proved that gamma radiation at 6 kGy, dry heat at 100 °C for 60 min or 150 °C for 30 min or 200 °C for 15 min, is suit-
able for paper sheet sterilization while maintaining their structure. Ultimately, dry heat is a simple, effective, fast, safe,

pandemics such as COVID-19.

and inexpensive technique for paper sterilization. It may be used as a precautionary step inside educational institu-
tions, especially during written examination periods, to ensure a safe life for academic members during biological
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Key points
SEM was used to investigate the structure of the steri-
lized paper.

Using dry heating is easy and safer than gamma radia-
tion in paper sterilization.

Ovens can be available in all institutions.

Introduction

SARS-CoV-2 is the virus that causes COVID-19 dis-
ease and its variants Alpha, Beta, Gamma, Delta, and
Omicron, affect the educational process around the
world. Many schools and universities became increas-
ingly closed because the coronaviruses caused severe
risks of death in some cases. Coronaviruses can remain
infectious on surfaces for up to nine days at room tem-
perature (Henwood 2020). When schools and universities
reopen, paper sheets represent one of the infection risk
sources in the academic community.
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Sterilization is a process that effectively eliminates all
pathogens, such as viruses, bacteria, fungi, and spore
forms. Microorganisms vary widely in their resistance
to disinfection. Bacterial spores have innate immunity.
According to the relative scale of resistance (Fig. 1), coro-
naviruses are the most sensitive to disinfection (William
and Weber 2008). Enveloped viruses, under the influence
of dry heating or gamma radiation, are more susceptible
to inactivation than viruses without envelopes. The lipids
building the envelope undergo peroxidation (Bldzquez
et al. 2019). Therefore, the dose of radiation eliminat-
ing bacterial spores will also be destructive to enveloped
viruses.

The utilization of biological indicators is represented as
the most reliable, easy, and fast technique of sterilization
control. These indicators are mentioned in the EN ISO
11138-1: 2017 standard concerning the sterilization of
products (BSI 2017). The bio-indicator systems contain
the spores of a nonpathogenic microorganism. They are
suitable for a tested type with the highest resistance to a
distinct sterilizing agent (Kierat et al. 2020).

On the other hand, the different sterilization tech-
niques depend on the material type (Singh et al. 2016).
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Fig. 1 Resistance of microorganisms to sterilization (William and
Weber 2008)

Paper sterilization is an essential step for the preservation
of books in libraries and plant specimens in herbaria. The
antiseptic solution and spray, autoclave, or microwave
sterilization are not suitable for paper disinfection (Li
et al. 2020). Sterilization methods using Ultraviolet (UV)
radiation are harmful to human eyesight and can also
generate ozone. Moreover, UV sterilization of paper must
be achieved one at a time because UV rays cannot pene-
trate more than one sheet. This technique is not effective
in sterilizing a large number of paper sheets. In addi-
tion, gas methods leave an unpleasant odor, and it is also
possible for gas to penetrate the material and release it
slowly thereafter. Now, under the COVID-19 pandemic,
it is necessary to find a proper technique for paper sterili-
zation to protect the academic community from probable
infections.

Gamma sterilization is a cold sterilization technique
for microbial inactivation of different materials (Ali et al.
2016). International standards for radiation sterilization
ask for evidence that a minimum dose of 25 kGy induces
irreversible structural changes in many materials (Karina
et al. 2018). Radiation sources such as Co60 and Cs137
can release high-energy electromagnetic gamma rays
and effectively eliminate contaminating microorgan-
isms (Silindir and Ozer 2009). There are different opin-
ions about the radiation dose to achieve the sterilization
of paper sheets without damage. Gonzales et al. (2002)
used 14.4 kGy to commercial papers and reported that
their resistance remained with no change (Gonzalez et al.
2002). Gamma radiation from 3 to 15 kGy showed no
significant effects on the properties of irradiated paper
(D’Almeida et al. 2009). However, gamma rays are very
effective in penetrating and sterilizing paper, and the
lack of gamma cells in educational institutes makes this
method unsuitable for paper sterilization.
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In general, methods of paper sterilization have some
challenges. The first challenge is maintaining the physi-
cal properties of paper samples. The second challenge is
effectively decontaminating methods for different types
of resistant pathogens. Dry heat sterilization represents
the oldest technique used in sterilization. Interestingly,
it is a safe and effective technique that can sterilize 2000
paper samples at a time while maintaining their struc-
tural properties. Additionally, oven equipment is suitable
for the educational institutes that making this method
the best choice for paper sterilization.

The actual sterilization time reaches an hour at a
temperature of 160 °C to 170 °C (Rashed et al. 2020).
Moreover, incubation at 50 °C or 60 °C for 30 min could
inactivate viruses (Bertrand et al. 2012). A higher temper-
ature is a safer option for the inactivation of SARS-CoV-2
(Xiang et al. 2020). Heat at 70 °C could kill a wide range
of pathogens (Vieira and Pecchia 2018; Xiang et al. 2020).
Many coronaviruses are inactive after exposure to tem-
peratures: 90 min at 56 °C, 60 min at 67 °C, and 30 min at
75 °C (Duan et al. 2003). Concerning the physical prop-
erties of heat sterilized paper, using 175 °C improves the
mechanical properties of the printing paper (Koubaa and
Koran 2018).

The current study aimed to determine the minimum
exposure time, heat, or radiation dose to sterilize paper
sheets while maintaining its structural properties and
the maximum exposure time, heat, or radiation dose that
may cause paper damage.

Materials and methods

Contamination of paper

For contamination of paper samples, the reference
strains used were as follows: Gram-positive bacteria
such as Bacillus cereus ATCC-12,228 and Staphylo-
coccus aureus ATCC-47077. Gram-negative bacteria
such as Escherichia coli ATCC-25,922 and Salmonella
typhi ATCC-15566. Fungi like Candida albicans ATCC-
10,231. Cultures of the tested pathogens were prepared
in nutrient broth medium overnight. The solutions of
10* CFU/ml of the tested strains were done in sterilized
tap water using a hemocytometer slide (Abdelhameed
et al. 2019; Abdel-Monem et al. 2020).

After preparation of the microbial culture solution,
printing paper (3*3 cm) samples were treated with the
prepared solutions using sterilized swaps. The treated
paper sections were exposed to radiation or temperature
treatments.
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Sterilization methods

Paper sheets were sterilized by two different meth-
ods: gamma irradiation and dry heat. Furthermore, the
change in the structural properties was evaluated. In the
first method, paper sheets (3* 3 mm) were packed in Petri
dishes and exposed to a gamma dose of 6, 12, or 24 kGy.
The applied radiation was at a dose rate of 125 Gy/min
using Canadian Gamma Cell 40- Cesium 137 biological
sources at the National Center for Radiation Research
and Technology (NCRRT), Cairo, Egypt. The dose rate
level for paper samples (6, 12, and 24 kGy) at a dose of
0.6 Gy/sec. In the second method, contaminated paper
sheets were exposed to high temperatures ranging from
100 °C, 150 °C, or 200 °C for different periods (15, 30, or
60 min) at the University College of Nairiyah, University
of Hafr Al Batin, Saudi Arabia. Temperature treatments
were applied using the Binder FED 53-UL Forced Con-
vection Drying Oven electronically controlled APT.line "
preheating chamber (Fig. 2). The temperature ranges
from 5 °C (32°F) above ambient temperature up to 300 °C
(572 °F). There is a DS controller with an integrated timer
of 0 to 99 h and a digital temperature setting with an
accuracy of one degree. Independently adjustable tem-
perature safety device class 2 (DIN 12,880), with visual
temperature alarm. There is also an adjustable front ven-
tilation flap slide and rear exhaust @ 50 mm (1.97 inches).

Microbial counts determination

The treated paper samples were divided into two groups:
the first group was put into 10 ml sterilized water and
vortexed. From serial dilutions, 1 ml was inoculated on
the surface of nutrient agar plates. After incubation, the
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number of grown colonies was counted and recorded.
The other group was placed onto nutrient agar plate sur-
faces and incubated for 48 h at 37 °C, and the growth of
microbes was noted (Mourad et al. 2019; Abdel-Monem
et al. 2020).

Scanning electron microscope (SEM)

Scanning electron microscopy- energy dispersive X-ray
spectrometry (SEM-EDX). Backscattered electron
images in the SEM display compositional contrast that
results from different atomic number elements and
their distribution. Energy Dispersive X-ray Spectroscopy
(EDX) allows one to identify the structure of materials.
The paper samples were analyzed on double-sided tape
on aluminum stubs. The morphology of the sterilized
paper was detected through scanning electron micros-
copy (SEM) using a field-emission scanning electron
microscope (Model, Quanta 250 FEG; field-emission
Gun, JEM2100, Jeol, Japan) (Mourad et al. 2019).

Results

Gamma radiation sterilization

The data in Table 1 and Fig. 3 show that y-radiation at 6,
12, or 24 kGy is an effective technique in the sterilization
of paper sheets contaminated with Gram-positive bac-
teria such as Bacillus cereus and Staphylococcus aureus,
Gram-negative bacteria such as Escherichia coli and Sal-
monella typhi, and fungi such as Candida albicans.

Dry heating sterilization
The effectiveness of dry heating in the steriliza-
tion of paper samples depends on the type of tested

Fig. 2 The Binder FED 53-UL Forced Convection Drying Oven electronically controlled APT.line™ preheating chamber

b
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Table 1 The efficiency of gamma radiation in the sterilization of pathogenic contaminated paper

Treatments Average no. of organisms Inactivation of
test organism
Tested organism y-radiation Control 6 kGy 12 kGy 24 kGy %
Gram-positive bacteria Bacillus cereus 10x 10° 0.0 0.0 0.0 100
Staphylococcus aureus 8x 10’ 00 00 0.0 100
Gram-negative bacteria Escherichia coli 9x10° 0.0 00 0.0 100
Salmonella typhi 12100 0.0 0.0 00 100
Fungi Candida albicans 8x10° 0.0 0.0 0.0 100
Gram +ve Bacteria Gram -ve Bacteria Fungi
Gamma
ot . Staphylococcus . i Candida
Radiation g, i1y cereus Ry Escherichia Coli  Salmonella typhi .
aureus albicans
Control
6 KGy
12 KGy
24 KGy
Fig. 3 The efficiency of gamma radiation in the sterilization of pathogenic contaminated paper

pathogenic species, temperature degree, and exposure
period. Dry heating sterilization at 100 °C, 150 °C,
and 200 °C for 15 min markedly reduced the number
of Bacillus cereus by 99.0%, 99.9%, and 100%, Staphy-
lococcus aureus by 99.0%, 99.6%, and 100%, E. coli by
97.2%, 97.7%, 100%, Salmonella typhi 98.3%, 98.6% and
100% and Candida albicans by 97.1%, 97.6%, and 100%,
respectively, compared to the corresponding control
(Table 2 and Fig. 4).

The data presented in Table 2 and Fig. 5 show that
temperature at 100 °C for 30 min inhibited the growth

of Bacillus cereus by 100% and the number of Staphy-
lococcus aureus, E. coli, Salmonella typhi, and Candida
albicans by 99.9% for each mentioned pathogen com-
pared to the corresponding controls. Moreover, 150 °C
or 200 °C for 30 min can destroy all tested pathogenic
microorganism-contaminated paper sheets. In addi-
tion, dry sterilization at 100 °C, 150 °C, or 200 °C for
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Table 2 The efficiency of dry heat at different periods in the sterilization of pathogenic contaminated paper

Treatments Average no. of organisms Inactivation of tested
organism %
Time (min) Tested organism Temperature °C Control 100 °C 150 °C 200 °C 100 °C 150 °C 200 °C
15 min Gram-positive bacteria Bacillus cereus 10x10°  6x10° 5x 10° 00 99.0 99.9 100
Staphylococcus aureus 8 x 107 30x 10" 27x10* 00 99.0 996 100
Gram-negative bacteria  Escherichia coli 9x 10° 25%10"  21x10° 00 972 97.7 100
Salmonella typhi 12x10°  20x10* 17x10* 00 983 986 100
Fungi Candida albicans 8x 10° 23x 10 19%x10" 00 97.1 976 100
30 min Gram-positive bacteria Bacillus cereus 10x10° 00 0.0 0.0 100 100 100
Staphylococcus aureus 8 x 107 7% 10° 0.0 00 999 100 100
Gram-negative bacteria  Escherichia coli 9x10° 5% 107 0.0 00 99.9 100 100
Salmonella typhi 12x10°  35x10° 00 0.0 99.9 100 100
Fungi Candida albicans 8x10° 4x10° 00 00 99.9 100 100
60 min Gram-positive bacteria Bacillus cereus 10 x 10° 0.0 0.0 0.0 100 100 100
Staphylococcus aureus 8 x 107 0.0 0.0 0.0 100 100 100
Gram-negative bacteria  Escherichia coli 9x 10° 0.0 0.0 0.0 100 100 100
Salmonella typhi 12%10% 00 0.0 0.0 100 100 100
Fungi Candida albicans 8 x 10° 0.0 0.0 0.0 100 100 100
Temperature Gram +ve Bacteria Gram -ve Bacteria Fungi
(°C) Bacillus cereus Staphviococcus ~ Escherichia Coli Salmonella typhi Candida
awreus albicans

Fig. 4 The efficiency of dry heating for 15 min in the sterilization of pathogenic contaminated paper
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Gram +ve Bacteria

Staphviococcus Escherichia Coli
awreus

Temperature Bacillus cereus
°0)

Control

100 °C

30 min

150 °C

30 min

200 °C
30 min

Fig. 5 The efficiency of dry heating for 30 min in the sterilization of pathogenic contaminated paper

Gram -ve Bacteria
Salmonella tvphi

Fungi
Candida

albicans

one hour is an effective method for killing all tested
pathogens.

Effect of gamma radiation on paper structure

Scanning electron microscopy (SEM) was used to study
the structure and morphology of the sterilized paper
sheets. Each SEM micrograph in Fig. 6 shows the changes
in the paper structure after gamma sterilization. Control
samples of paper sheets have a high density of inter-
twined cellulose fibers, different shapes, and sizes, and
calcium carbonate agglomerates (Fig. 6a). On the other
hand, gamma radiation at 6 kGy caused the flatness of
the cellulose microfibrils, providing a larger surface area
(Fig. 6b). In addition, a high-density structure of inter-
twined cellulose fibers and calcium carbonate agglomer-
ates was observed. However, the irradiated paper sheets
with 12 kGy showed a decline in binding joints, result-
ing in a lack of interfiber forces (Fig. 6¢). Furthermore,
the high dose of y-radiation (24 kGy) resulted in a severe
degree of hornification (Fig. 6d).

Effect of dry heat sterilization on paper structure

In Fig. 7, SEM images of the dry heating paper sheets
for one hour were examined and compared to unheated
sheets (Fig. 7a). The results showed that the sheet treated
at 100 °C attained a slight reduction in bonding between
cellulose microfibers (Fig. 7b). However, the deformation
of cellulose microfibers was detected in the microstruc-
ture images of the dry heating paper sheets at 150 °C or
200 °C (Fig. 7c, d). Dry heated sheets at 200 °C gained a
severe heterogeneous microstructure and a yellow color.

Discussion

There are different sterilization techniques for the elimi-
nation of viruses depending on the material type, the
tested pathogenic species, type of treatment, and expo-
sure period. The present study investigates only gamma
radiation techniques as cold sterilization and dry heat
technique as heating sterilization. In the current work,
y-radiation represents an effective technique to sterilize
pathogenic contaminated paper sheets. These results may
be due to gamma radiation generating free radicals that
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Fig. 6 SEM micrograph of the paper structure after exposure to the gamma radiation doses. Control (a), 6 kGy (b), 12 kGy (c), and 24 kGy (d)

react with biological molecules. DNA is highly suscepti-
ble to the effects of radiation (Kuefner et al. 2015). Dam-
age to DNA molecules eventually leads to cell death (Sage
and Shikazono 2017; Harrell et al. 2018).

In addition, the results indicate that dry heat can kill a
wide range of pathogens. Dry heating sterilization is the
best method for paper sterilization. The main reason is
its low penetration, which retained the physical proper-
ties of paper. Moreover, oven equipment is convenient
and economical (Xiang et al. 2020). On the other hand,
wet sterilization could not be used for paper disinfec-
tion because of its high penetration. The high tempera-
ture and steam together may affect the paper structure
more than dry heat only (Li et al. 2020). So, the poten-
tial of different methods should be investigated in future
experiments.

Scanning electron microscopy (SEM) was used to
investigate the structure and morphology of the dry heat
and gamma-radiation sterilized paper sheets. Gamma
radiation resulted in the flatness of the cellulose micro-
fibrils. Additionally, it caused a high-density structure

of intertwined cellulose fibers and calcium carbonate
agglomerates. Moreover, it decreased the binding joints,
resulting in the reduction of interfiber forces or a severe
degree of hornification. These results may be due to a
lack of the water-holding potential of cellulose micro-
fibrils or dry conditions leading to lower swelling of the
microfibres, density, and strength properties of paper
sheets (Salmén and Stevanic 2018). Furthermore, the
strength properties of cellulose fibers were due to the
increased density of molecular cross-linking, depend-
ing on the gamma-ray dose. After 10 kGy, the strength
properties of cellulose fibers decreased gradually with the
y-ray dose (Hoque et al. 2017).

The paper sheet treated at 100 °C for one hour attained
a slight reduction in bonding between cellulose microfi-
brils. However, the deformation of cellulose microfibers
was detected in the microstructure images of the dry
heating paper sheets at 200 °C. The dry heated sheets at
high temperatures gained a severe heterogeneous micro-
structure as well as a yellow color. These changes may be
due to the paper components are susceptible to dryness
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Fig. 7 SEM micrograph of the paper structure after exposure to the dry heat treatments. Control (a), 100 °C (b), 150 °C (c), and 200 °C (d)

conditions and losses of the swelling ability of microfi-
brils. When cellulose microfibers were dried in contact,
they essentially healed together and became one (Hubbe
2014).

In conclusion, during a biological crisis like COVID-
19 pandemic, the risk of probably contaminated paper
inside many institutions must be considered, especially
with the reopening of schools, libraries, and universities.
The present study proved that exposure to gamma radia-
tion at 6 kGy or dry heat at 100°C for 60 min can ensure
the sterilization of paper while maintaining its physical
and structural properties. Moreover, dry heat is a simple,
effective, fast, safe, and inexpensive technique for paper
sheet disinfections. Interestingly, it is the oldest and the
best for paper sterilization. Ultimately, paper sterilization
is an argent strategy to protect individuals from probable
infection under a biological pandemic like COVID-19.
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