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INTRODUCTION

ABSTRACT

The present study aims to assess two nanocomposites
(S-SiO2 and Ag-SiO2) suspended in two copolymers
(Beva 371 and Paraloid B72) for their efficiency in
consolidation, UV-blocking, and antimicrobial
activities against six fungi and six bacteria, applied to
dyed silk fabric samples. TEM, SEM-EDX, XRD,
UTM, colorimeter, stiffness tester, air permeability,
and inhibition zone techniques were used. The obtained
results demonstrated the successful preparation of both
nanocomposites. All treatments had varying positive
and negative effects on the properties of silk fabrics.
The more nanomaterials, the greater the effects on the
samples’ properties.  Paraloid-based treatments
exhibited more improvement in all fabrics' properties
but increased the stiffness differently. On the contrary,
Beva-based treatments showed better results in terms of
elongation percentage and flexibility of the samples.
The Ag-based treatments exhibited better results than
the S-based treatments in anti-UV and antimicrobial
activities against the tested fungi and bacteria. The
concentration of 600 pg/mL of Ag-SiO2 nanocomposite
in 2% Paraloid B72 in toluene is recommended as a
multifunctional formula for consolidating, UV-
blocking, and antimicrobial activity of stiff and/or thick
heritage textiles and carpets, whilst the 600 pg/mL of
Ag-SiO2 nanocomposite in 2% Beva 371 in toluene is
recommended as a multifunctional formula for the fine
and delicate heritage textiles.

Cultural heritage is a non-renewable resource of human history. It is a complex set of
materials that belongs to all humanity, not just individual cultures. It has survived thousands of
years due to its materials' durability and the fewer deterioration factors in its environment

(Elkadi et al., 2021; Samadelli et al.,
to heritage objects (Samadelli et al.,

2019). Natural deterioration is the main cause of damage
2019), which is an unavoidable result of the life-cycle of

heritage objects, despite working to interrupt this process, or at least to slow it down (Kavkler
et al., 2014). These heritage objects were used by ancient people and weren't fabricated to last
a long time. Therefore, preservation can be achieved by using many preventive procedures to
create a suitable and safe environment for the heritage objects (Kavkler et al., 2014; Lucchi,

2018).
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Chemical deterioration can occur due to photochemical reactions, resulting in damage, such
as fading and yellowing, when exposed to light (Michalski, 2018). High temperatures cause
textiles to become dry and brittle due to dehydration (Brimblecombe & Lankester, 2013;
Tétreault, 2003). The rise of relative humidity results in the expansion of the heritage textiles,
after which the textiles start to shrink due to a decrease in humidity (Bratasz et al., 2015).
Because high relative humidity induces physical, chemical, and biological deterioration, its
damage is more destructive to heritage objects than high temperatures. The higher the relative
humidity, the higher the potential for microbial growth (Guo et al., 2023; Maekawa et al.,
2015).

Heritage objects of organic materials are more susceptible to microorganisms. In the bio-
deterioration process of heritage textiles, microorganisms can excrete destructive enzymes
(e.g., extracellular cellulolytic and proteolytic enzymes), pigments, and acids (Gutarowska et
al., 2017; Johansson et al., 2010). Fungi found on textiles include many species, e.g.,
Acremonium, Alternaria, Aspergillus, Aureobasidium, Cephalothecium, Chaetomium,
Chrysosporium, Cladosporium, Dematium, Fusarium, Memnoniella, Microsporum, Mucor,
Mpyrothecium, Oospora, Paecilomyces, Penicillium, Rhizopus, Scopulariopsis, Stachybotrys,
Trichoderma, Trichophyton, Trichothecium, Ulocladium, and Verticillium. Bacteria found on
textiles include Aeromonas, Alcaligenes, Arthrobacter, Bacillus, Cellulomonas, Cellvibrio,
Chryseomonas, Clostridium, Cytophaga, Microbispora, Nocardia, Proteus, Pseudomonas,
Serratia, Sporocytophaga, Streptomyces, and Variovorax (Omar Abdel-Kareem, 2010; O.
Abdel-Kareem, 2010; Btyskal, 2015; Forlani et al., 2000; Montegut et al., 1991; Ramasamy,
2019; Szostak-Kotowa, 2004; Siilar & Devrim, 2019).

Early practices in heritage science involved strengthening degraded textiles with natural
resins, followed by synthetic and semi-synthetic ones. These resins had initially stabilized the
objects, but almost induced degradation (De Witte, 1982). Acrylic resins proved good adhesive
properties and moderate water repellence (Princi et al., 2005). For example, Beva 371, Paraloid
B72, and Plexisol P550 were used in heritage textiles and canvas consolidation (Ezz Eldeen et
al., 2020; Oriola-Folch et al., 2020). Studies have addressed the microbial infections of heritage
textiles, and different physical, mechanical, and biochemical methods of disinfection, such as
scalpels, spatulas, and vacuum cleaners (Municchia et al., 2018), low frequency systems, heat,
and UV radiation (Scheerer et al., 2009), gamma irradiation (del Carmen Calvo et al., 2017),
as well as chemicals, such as phenol, aldehydes, acids, amides, and alcohol (Singer et al., 2010),
fumigation with ethylene oxide (Nugari & Salvadori, 2017), and vaporized hydrogen peroxide
(Anna et al., 2020).

Some nanoparticles (NPs), as a novel branch of heritage science, can change the
characteristics of the cell membrane in microorganisms, cause damage to DNA, and release
toxic ions; thus, they have been widely used in the conservation of historical and cultural
heritage. Other NPs can block UV radiation. To enhance antimicrobial efficiency and UV-
blocking properties, different NPs, such as silver (Ag), titanium oxide (TiOz), copper (Cu), and
zinc oxide (ZnO), are commonly used (Jia et al., 2019; Morones et al., 2005; Ruparelia et al.,
2008). Polymer nanocomposites (PNCs) are a novel method used to describe polymers or
copolymers reinforced with nanomaterials dispersed in their matrix. PNCs play a
multifunctional role in textiles conservation as consolidants and protect materials against
harmful environmental and microbial factors (Abdel-Kareem et al., 2015). Recent studies have
focused on using polyvinyl acetate (PVA)/nanocellulose reinforced with silicon dioxide (SiO2)
NPs to increase the paper's tensile strength (Ching et al., 2015).

SiO2-NPs are readily available, non-toxic, and inexpensive material. It has been used in
paper, painting, and pigment consolidation due to the addition of polymers, such as PVA and
nanocellulose (Ching et al., 2015; Palladino et al., 2020). Sulfur nanoparticles (S-NPs) are
commonly used in various applications, particularly in antibacterial and antifungal applications
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(Rai et al., 2016; Sadek et al., 2022). S-NPs (concentration range: 10 to 500 mM) exhibit more
potent activity against Gram-negative, Gram-positive, yeast, and fungal pathogens (Kim et al.,
2020). Ag-NPs are also common nanomaterials that have been widely used against the
biodeterioration affecting textile objects, especially E. coli, B. subtilis, P. aeruginosa, and K.
pneumoniae (Perkas et al., 2007; Ruparelia et al., 2008).

This study introduces a novel approach to the application of multifunctional acrylic-based
nanocomposites in the preventive conservation of heritage textiles. For the first time, S-NPs
and Ag-NPs are separately loaded onto SiO2-NPs and then mixed in acrylic copolymer (Beva
371 or Paraloid B72). These formulas are designed to achieve three objectives: strengthening,
antimicrobial, and anti-UV activities, due to their unique properties, including radical and
heavy metal scavenging, antimicrobial, and antioxidant activities.

1. MATERIALS AND METHODS
1.1. Materials

Scoured and unbleached creamy silk fabric from the local market was used in the preparation
of fabric mock-ups. The number of threads was 46 warp and 50 wefts in cm. Weight was 75
g/m?. The weave structure was plain 1/1. Madder roots and alum, purchased from Harraz
(Agricultural, Seeds Medicinal plant Company), were used to mordant the fabric with a red
dye. Additionally, Beva 371 and Paraloid B72 (CTS, Italy) were used as consolidating
copolymers, dissolved in pure toluene (Sigma-Aldrich, USA), reinforced with the prepared
nanomaterials as explained below. Sodium metasilicate (SMS), cetyltrimethylammonium
bromide (CTAB), tetraethyl orthosilicate TEOS, sodium hydroxide NaOH, sodium chloride,
silver nitrate AgNOs3, oxalic acid, HCI (37%), and analytical-grade ethyl alcohol EtOH (Sigma-
Aldrich) were used to prepare nanocomposite materials. Nutrient agar (NA) and potato
dextrose agar (PDA) (Sigma-Aldrich, USA) were used as media for bacterial growth and fungal
growth, respectively, to identify the antifungal and antibacterial activities of each treatment in
different concentrations.

1.2. Preparation of silk fabric mock-ups (SFMs)

The silk fabric was immersed and stirred in hot water mixed with soap for 30 min. at 60°C.
It was then repeatedly rinsed in distilled water and dried in an oven at 50°C (ASTM-D629,
1999). The madder roots were soaked in water (ratio of 1:10) at room temperature for 12 hrs.,
then heated at 90°C for 60 min. After that, they were filtered and cooled (Goodarzian & Ekrami,
2010). A mordant bath (2.5 g of alum in 1,000 mL of water) was prepared at 80°C for 30 min.
The fabric was immersed and stirred for 30 min. Next, the mordanted fabric was rinsed and
dried, then immersed and stirred in the dye bath at 80°C for 30 min., and after that rinsed in
water and dried (Bechtold et al., 2003; Grifoni et al., 2011; Schweppe, 1988). The silk fabric
was cut into mock-ups (SFMs) according to the required size in each test, then thermally aged
(Binder ED115, Germany) at 125 °C for 21 days, to create fiber properties similar to the
naturally aged silk heritage textiles (Vilaplana et al., 2015).

1.3. Preparation of nanocomposites
1.3.1. Synthesis of S-SiO, nanocomposite

Microporous SiO2-NPs were fabricated following the wet-gel method (Abou Abou Rida &
Harb, 2014) by stirring 8 g CTAB in 400 mL SMS at a concentration of 1.5% at 55°C. After
that, the mixture was mixed with HCI (2.5%) by adding HCI dropwise until semigelation at pH
9-9.5, and then stirred for 10 min. Next, HCI was readded until the pH reached 3 to 3.5. Next,
10 mL sodium chloride (10%) was added with stirring for 20 min. The wet gel was incubated
at 50°C for 24 hrs., then washed using distilled water and centrifuged at 4000 rpm. The wet gel
was then dried in a microwave oven, followed by calcination for 3 hrs. at 650°C in a muffle,
and then milled into a fine powder. After that, 0.5 g of SiO2-NPs and 1 g of Na2S203.5H20
were milled in an agate mortar. The mixture was then kept for 24 hrs. for the adsorption of the
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S precursor on the surface of SiO2. Finally, 0.508 g of oxalic acid was added and ground for
30 min. The obtained S-SiO2 powder was stored at 4°C until use.

1.3.2. Synthesis of Ag-SiO2 nanocomposite

Solution (1): 0.25 g AgNOs was dissolved in 50 mL deionized water under stirring. Solution
(2): 0.35g NaBHz4, 0.14 g PVP, 10 mL 0.4% NaOH, and 120 mL ethanol. Solution (2) was slowly
added dropwise via a micropipette into solution (1) within 10 min. to form an Ag-NPs colloid.
After that, 0.25 g APTES, 1.15 g CTAB, 50 mL ethanol, 2.5 mL TEOS, and 5 mL ammonia were
slowly added dropwise via a micropipette to the colloid of Ag-NPs. The mixture was then stirred
at 25°C for 2 hrs. Centrifugation for 10 min. at 8000 rpm was conducted to collect the Ag-SiO2
nanocomposite after washing with ethanol and deionized water, and then dried in a freeze dryer
under vacuum, resulting in a yellowish Ag-SiO2 core-shell powder (Ye et al., 2024).

1.4. Preparation of acrylic-based nanocomposites (ABNCs):
1.4.1. Beva 371-based nanocomposites

The first ABNC was based on using the S-SiO2-NPs in 2% Beva 371 (B-S-SiOz2). The S-
SiO2-NPs were suspended in Beva 371 solutions in different concentrations (200, 400, 600,
and 800 pg/mL). The second ABNC was based on using the Ag-SiOz core-shell nanocomposite
in 2% Beva 371 (B-Ag-SiO2). The Ag-SiOz2 core-shell nanocomposite was suspended in Beva
371 solutions in different concentrations (200, 400, 600, and 800 pug/mL). After the suspension
of each nanocomposite (S-SiO2 and Ag-SiO2) in each 1mL of 2% Beva 371 solution to form
each required ABNC (B-S-SiO2, B-Ag-SiO2), each mixture was sonicated using ultrasonic
magnetic stirring (Elmasonic S S30H, Germany) at 22°C for 30 min. to ensure the complete
uniform distribution of the nanoparticles in the copolymer (Elsayed, 2025; Ye et al., 2024).
The SFMs were then immersed in the ABNCs at 22°C for 1 min. under sonication, then dried
and kept for 72 hrs. (Yong-hua et al., 2012).

1.4.2. Paraloid B72-based nanocomposites

The third ABNC was based on using the S-SiO2 nanocomposite in 2% Paraloid B72 (P-S-
Si02). The S-SiO2 nanocomposite was suspended in Paraloid B72 solutions in different
concentrations (200, 400, 600, and 800 pug/mL). The fourth ABNC was based on an Ag-SiO2
core-shell nanocomposite in Paraloid B72 (P-Ag-SiO2). The Ag-SiO2 core-shell
nanocomposite was suspended in Paraloid B72 solutions in different concentrations (200, 400,
600, and 800 pg/mL). After the suspension of each nanocomposite (S-SiO2 and Ag-SiOz) in
each 1mL of 2% Paraloid solution to form each required ABNC (P-S-SiOz2, P-Ag-SiOz2), each
mixture was sonicated using ultrasonic magnetic stirring (Elmasonic S S30H, Germany) at
22°C for 30 min. to ensure the complete uniform distribution of the nanocomposite in the
copolymer (Elsayed, 2025; Ye et al., 2024). The SFMs were then immersed in the ABNCs at
22°C for 1 min. under sonication, then dried at room temperature (22°C) for 24 hrs., and then
kept for 72 hrs. (Yong-hua et al., 2012).

1.5. Accelerated aging of the SFMs-ABNCs

SFMs-ABNCs were exposed to accelerated aging to assess the sustainability and efficiency
of the four treatments in terms of fiber consolidation, antimicrobial, and anti-UV activities for
the long term. The SFMs-ABNCs were kept in the UV-weathering chamber (QUV-se, USA)
for one month. The 24-hour weathering cycle consists of two steps: Step 1: UV radiation at
60 °C using eight UVA 340 nm lamps with an intensity of 1.5 W/m?/nm, Step 2: the moisture
condensation at 60°C. The SFMs-ABNCSs were kept at 22°C for 72 hrs. before measurements
(Vilaplana et al., 2015; Yasuda et al., 2017). All details of the samples, before and after
treatment and after UV-aging, are shown in Table 1 and Fig. 1.
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Table.1 Silk samples before and after treatment and after UV-aging.
Treated samples

Untreated samples

Beva-S-SiO; Beva-Ag-SiO; Paraloid-S-SiO,  |Paraloid-Ag-SiO,
No. [ID No. [Conc. No. [Conc. No. |Conc. No. |Conc.
1  |Blank (pre-dying) Dyed, thermal-aged and treated samples
2 |Dyed 5 200 ug/mL |9 |200 pg/mL |13 |200 pg/mL |17 |200 pg/mL
3 |Thermal aged (pre-treat) |6  |400 pg/mL. |10 |400 pg/mL |14 |400 pg/mL |18 |400 pg/mL
4 |UV aged (post-treat) 7 1600 pg/mL |11 |600 pg/mL |15 |600 pg/mL |19 |600 pg/mL
8 |800 pg/mL |12 |800 ug/mL |16 [800 pg/mL |20 |800 pg/mL

Dyed, thermal-aged, treated, and UV-aged samples
21 |200 pg/mL |25 |200 pg/mL |29 |200 pg/mL (33 |200 pg/mL
22 |400 pg/mL |26 |400 pg/mL |30 |400 pg/mL (34 |400 pg/mL
23 |600 ug/mL |27 {600 ug/mL |31 |600 ug/mL |35 |600 ug/mL
24 |800 ug/mL |28 |800 ug/mL |32 |800 ug/mL |36 |800 ug/mL

Fig. 1 Silk samples before and after treatment and after UV-aging.

1.6. Microbial strains and cultivation:

According to the literature (O. Abdel-Kareem, 2010; Brzozowska et al., 2018; De Leo &
Isola, 2023; Forlani et al., 2000; Gutarowska et al., 2017; Kakakhel et al., 2019; Kavkler et al.,
2015; Seves et al., 1998), Aspergillus spp., Chaetomium spp., Penicillium spp., Alternaria spp.,
Cladosporium spp., Rhizopus spp., Trichoderma spp., Paecilomyces spp., Escherichia spp.,
Bacillus spp., Staphylococcus spp., Pseudomonas spp., Streptomyces spp., Salmonella spp.,
Enterococcus spp., Ornthinibacillus spp., zotobacter spp., Serratia spp., Aeromonas spp.,
Arthrobacter spp., Chryseomonas spp., Serratia spp., and Variovorax spp. were the most
common fungi and bacteria isolated from heritage textiles in different museums. Thus, the
present study focused on six types of fungi (Aspergillus niger, Aspergillus fumigatus,
Cladosprium halotolerans, Penicillium frequentans, Alternaria alternata, and Rhizopus
oryzae), three gram-positive bacteria (Bacillus cereus, Staphylococcus aureus, Streptomyces
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albus), and three gram-negative bacteria (Escherichia coli, Pseudomonas aeruginosa, and
Pseudomonas fluorescens).

All types of microorganisms were supplied by the Department of Agricultural Biotechnology
at Damietta University. (PDA) and (NA) were used as media for fungal growth and bacterial
growth, respectively. Moreover, 5 mL of 0.09% NaCl sterilized saline solution was added to
each slant. The cells were gently loosened by brushing with a sterile inoculating loop. To
remove all microbial cells from the slants, a vortex mixer was used for 1 min. To determine
the antimicrobial activity, Petri dishes containing 20 ml of NA medium each (El-Kadi et al.,
2018a, pp. 5-11). Each SFMs-ABNCs (1cmx1cm) was placed above the microbial media. All
fungal and bacterial strains were grown on PDA and NA slants and incubated at 30 °C and 37
°C, respectively. The inhibition zones were checked after 4 days and 1 day of fungal and
bacterial incubation, respectively (Elsayed et al., 2023, pp. 127-143).

1.7. Characterization techniques:
1.7.1. X-ray diffraction (XRD)

To identify the crystalline nature and the chemical structure of the synthesized
nanomaterials, an X-ray diffractometer (PANalytical Empyrean, Series 3, Netherlands)
operating at Cu_Ka radiation 40 kV, 100 mA was used (Ye et al., 2024).

1.7.2. Scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM-EDX)

The EDX attached to the scanning electron microscopy (JEOL JSM-6510LB, Tokyo, Japan)
was used to characterize and confirm the chemical structure of the synthesized nanocomposites
(Yeetal., 2024).

1.7.3. Transmission electron microscopy (TEM)

To characterize the morphology and size of the synthesized nanomaterials, a transmission
electron microscope (JEOL, JEM 2100F, Tokyo, Japan) operating at 200 kV was used. A small
sample of each nanomaterial was mixed in ethyl alcohol, put on a 400-mesh copper grid coated
with a carbon film, and dried at 25 °C under vacuum (Elsayed & Sayed-Ahmed, 2024).

1.7.4. Color measurements

Color measurements of the SFMs-ABNCs were conducted to determine whether the studied
treatments negatively affected the color properties of the silk fabric. The surface colors were
measured using a colorimeter (PCE-CSM 2, PCE, Germany). Illuminant D65, SCI mode, 10°
supplementary standard observer. L*, a*, b* were determined as a function of the CIEL*a*b
1976 color space. (AEx) were calculated according to the equation: AE+=[(AL*)*+ (Aax)?+
(Abx)?]}/? (Marchiafava et al., 2014, pp. 36-42).

1.7.5. Tensile strength and elongation%

The tensile strength and elongation% of the SFMs-ABNCs were conducted to clarify the
improvement in the mechanical properties of the silk fabric samples after treatment with both
Beva 371 and Paraloid B72, reinforced with the studied nanomaterials. A Universal testing
machine (UTM) (Testometric XFS 150 KN, UK) was used according to ASTM (2000), D
5035-95. The test speed was 25 mm/min., the spacing of the initial jaw was 50 mm, at 22° C,
and 65% relative humidity (ASTM International, 2004).

1.7.6. Stiffness test

A stiffness tester (Full-Automatic stiffness tester GT-C70A) was used to determine whether
the ABNCs imparted any rigidity or stiffness to the SFMs due to using both copolymers
(Sengupta et al., 2016). It is one of the most important criteria. The test was conducted
according to ASTM D 1388. The sample size was 25x250 mm, the angle of the bevel was 45°,
and the press plate speed was 0.4 cm/s.
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1.7.7. Air permeability test

The automatic air permeability tester (GT-C27) was used to assess whether the ABNCs have
any effect on the SFMs with respect to air permeability. The test was conducted at a pressure
of 100 Pa, cm®/cm?.s in accordance with 1SO 9237 (Ogulata, 2006).

1.7.8. Weight test
A 4-decimal lab balance (OHAUS PR224, USA) was used to assess the weight of SFMs vs
SFMs-ABNC:s to clarify the weight increase limit after treatment.

2. RESULTS AND DISCUSSION
2.1. Results of nanomaterial characterization

The XRD and EDX spectra of the prepared nanocomposites (Fig. 2) confirmed the successful
synthesis of both S-SiO2 and Ag-SiO2 nanocomposites, revealing the presence of the expected
elements in the analyzed nanomaterials, namely oxygen (O), sulfur (S), silver (Ag), and silica
(Si). The S-SiO2 XRD spectrum (Fig. 2a) showed the presence of an amorphous silica peak at
20-26°, where sulfur appeared in the same region. It exhibited peaks well matched with the
standard values of the orthorhombic phase of sulfur (JCPDS no. 08-0247) and matched with
the literature (Alrefaee et al., 2024; Liu et al., 2020), as confirmed by the EDX results (Fig.
2c). Furthermore, the Ag-SiO2 XRD spectrum (Fig. 2b) showed that Ag-NPs were successfully
coated by SiO2. The broad peak around 20-27° was assigned to the amorphous silica. Many
distinct peaks appeared at 37.5°, 43.8°, 63.1°, and 76.3°, which were attributed to the Ag
indices crystals (111), (200), (220), and (311) (Cai et al., 2024). The spectral results obtained
by XRD and EDX were confirmed by TEM micrographs (Fig. 2e, f), which confirmed the
successful preparation of both nanocomposites. S-SiO2 nanocomposite exhibited a diameter
average of ~50nm, whereas Ag-SiO2 core-shell nanocomposite exhibited a diameter average
of ~80nm, which confirmed the uniformity and the successful coating of Ag-NPs by SiO2-NPs
in accordance with the literature (Dhanalekshmi et al., 2019; Ye et al., 2024).

5
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Fig. 2 characterization results of the studied nano composites, XRD spectra of; (a) S-SiO,, (b) Ag-SiO,, EDX
spectra of; () S-SiO,, (d) Ag-SiO2, TEM micrographs of; () S-SiO,, (f) Ag-SiOs.

2.2. Results of silk-fabric characterization

One of the main terms and conditions in remedial conservation is to ensure that the
anticipated treatment has no harmful effects on the properties of the treated object, in addition
to its efficiency in achieving its main target, whether cleaning, consolidation, antimicrobial,
anti-UV, etc. In this respect, many characterization techniques were applied to the silk-fabric
samples before and after treatment steps as follows:
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2.2.1. Mechanical properties

The obtained results of tensile strength (Fig. 3a), elongation% (Fig. 3b), and stiffness (Fig.
3c) of all treated samples revealed that all treatments increased all values of the tensile strength,
elongation%, and stiffness of all samples in a variable ratio. The addition of nanomaterials
improved the properties of the polymers (Emamhadi et al., 2020). Paraloid-based
nanocomposites exhibited more tensile strength and stiffness, whilst Beva-based
nanocomposites exhibited more elongation%, especially at the 800 pg/mL concentration.
These results indicate that Paraloid B72 has a significant advantage, as it is a stronger and
harder polymer compared to other polymers (Mandal et al., 2024). Moreover, the literature
confirms that the addition of the nanoparticles, especially SiO2, to the coating significantly
increased the stiffness of the treated samples (Mahovié¢ Poljacek et al., 2021).

The increase of both tensile strength and elongation% values is attributed to the capability
of polymers to improve the fibers' cohesion, whilst the decrease in these values after aging is
normally attributed to the varying degradative effect of aging factors on both polymer and
fabric, as commonly confirmed in literature (Abdel-Kareem & Nasr, 2010; Al-Gaoudi et al.,
2024; Ezz Eldeen et al., 2020; Ranakoti et al., 2022). In conclusion, a concentration of 800
ug/mL should be avoided due to its potential negative effects on the stiffness of all samples;
therefore, it should be excluded from the antimicrobial assessments, and only concentrations
of 200 pg/mL, 400 pg/mL, and 600 pg/mL will be assessed.

300

Strength (N/cm? mtreated M treated, and UV-aged samples
Beva-S-Si02 Beva-Ag-SiO2 Paraloid-S-Si02 Paraloid-Ag-Si0O2

Elongation % Htreated M treated, and UV-aged samples
Beva-S-Si02 Beva-Ag-Si02 Paraloid-S-Si02 ParaI0|d—Ag—S|02

| Stiffness (cm) | |
Beva-S-Si02 Beva-Ag-Si02 Paraloid-S-Si02 ParaI0|d—Ag—S|02
M treated ® treated, and UV-aged samples

Fig. 3 Results of tensile strength N/cm? (a), elongation % (b), and stiffness cm (c) of treated samples and treated
and UV-aged samples.

2.2.2. Physical properties
2.2.2.1. Color differences
The obtained pre- and post-treatment results of the silk-fabric samples (Fig. 4) revealed that
both co-polymers (Beava 371 and Paraliod B72), reinforced with both nanocomposites (S-SiO2
and Ag-SiO2) at different concentrations (200, 400, 600, and 800 pg/mL), had variant effects
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on the samples' colors. The color difference (AE) varied from 0 to 1 (not detectable by the
human eye), and 1 to 3 (slight difference), no remarkable or large-variation differences (AE>3)
were detected (Marchiafava et al., 2014; Schanda, 2007, pp. 79-91).

The results of the dyed, thermal-aged, and treated samples revealed that all samples were
differently affected by the various treatments, especially the 800 pg/mL concentration. Despite
the range of affection being generally low and somewhat accepted, the most affected group
was the one treated with Beva-S-SiO2, where AE reached 3.36 at 800 pg/mL concentration. In
contrast, the less-affected group was that of Paraloid-Ag-SiO2, where AE reached 0.47 at 200
ug/mL concentration. These results showed the somewhat heterogeneity in Beva-S-SiO2
nanocomposite, if compared to Paraloid-Ag-SiO2 nanocomposite, which commonly
demonstrated suitability and efficiency in multi-applications of organic and inorganic heritage
materials, especially if reinforced with nanomaterials (Aldoasri et al., 2018; lon & Grigorescu,
2018; Mitani et al., 2024)

The results of the dyed, thermal-aged, and UV-aged samples revealed that all treatments
protected the samples from harmful UV radiation compared to the untreated control sample
(Degani et al., 2017; Vasileiadou et al., 2022). Despite the range of protection being generally
high and promising, the most affected group was the one treated with Beva-S-SiO2z, as AE
reached 4.11 in the case of the lowest concentration (200 pg/mL). In contrast, the most
protected group was that of Paraloid-Ag-SiO2, where AE reached 0.37 at the highest
concentration (800 pg/mL).

These results proved that the samples' protection against UV could be attributed to the role
of SiO2, which proved high efficiency against UV radiation (Al-Gaoudi et al., 2024; Mahovi¢
Poljacek et al., 2021), in addition to the greater suitability of Paraloid B72-based
nanocomposite in these treatments, due to the high stability of Paraloid B72 regardless of aging
type (Krejci et al., 2021). The effect of UV radiation on the silk fabric dyed with madder is
affected by many parameters, such as mordants and their technique, the type of fiber, the
amount of dye, the source dyestuff, and the conditions of ageing procedures (Vasileiadou et
al., 2022). In sum, the concentration of 800 pug/mL is not suitable due to its high negative effects
on color, particularly those based on Beva. It proved to be displaceable, despite having high
antimicrobial activity.

5
@ 336 Treated samples

2,57

2.26

10 11 13 14 15 16

Beva-S-Si02 Beva-Ag-Si02 Paraloid-S-SiO2 Paraloid-Ag-SiO02
B AL* B Aa* Ab* ®AE

3.25 331 Treated and UV-aged 3amples

14

7 0 11 3 15 16

‘ Beva-S-Si02 Beva-Ag-Si02 Paraloid-S-Si02 Paraloid-Ag-SiO2
. B AL* W Aa* W Ab* WAE

Fig. 4 Results of color difference of treated samples (a), and treated and UV-aged samples (b).
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2.2.2.2. Air permeability and weight differences

The results of air permeability and weight differences between SFMs and SFMs-ABNCs
before and after UV-aging revealed no remarkable difference in air permeability (Fig. 5a) or
weight (Fig. 5b). They generally confirmed the suitability of proposed treatments due to less
effect on fabric properties and keeping the physical properties of the silk fabric as normal ones
(Al-Gaoudi et al., 2024; Ogulata, 2006). Ag-SiO2 exhibited less air permeability after treatment
with Paraloid and Beva. Due to the somewhat blocking of the micropores of the fabric by the
acrylic-based nanocomposite, a decrease in the air permeability test of the silk fabric was
observed (Gao et al., 2019). This finding generally matches the literature related to using any
polymer-based nanomaterials (Ahmed et al., 2022; Al-Gaoudi et al., 2024; Mohammadipour-
Nodoushan et al., 2023). Consequently, a relevant increase in the weight of fabric samples was
observed.

@ Beva-S-Si02 Beva-Ag-SiO2 Paraloid-S-Si02 Paraloid-Ag-SiO2
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
0
-0.5
-1
-1.5
)5 M treated M treated, and UV-aged
0.1
0
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Beva-S-Si02 Beva-Ag-SiO2 Paraloid-S-Si02 Paraloid-Ag-SiO2
W treated M treated, and UV-aged

Fig. 5 results of air permeability difference (a), and weight difference (b) of treated samples, and treated and UV-
aged samples

2.2.3. Antimicrobial activities

The results (Table 2 and Fig. 6) revealed that all treatments exhibited specific antimicrobial
effects against all tested fungi and bacteria, particularly at the highest concentration (600
ug/mL), which had the most pronounced effect. The higher the concentration of nanomaterials,
the larger the inhibition zone, which varied from 675 mm? (as the largest inhibition zone) in
the case of Paraloid-Ag-SiO2 against S. aureus, to 110 mm? (as the smallest inhibition zone) in
the case of Beva-S-SiO2 against P. fluorescens. Due to the Ag nanoparticles as an efficient
antibacterial agent, the Ag-based nanocomposites exhibited more antimicrobial activities,
especially in the case of E. coli and S. aureus (Tran et al., 2023; Ye et al., 2024). Moreover,
the Ag-based nanocomposites exhibited an efficient antimicrobial activity against Aspergillus
and Penicillium (El-Kadi et al., 2018b; Rehan et al., 2021). Sulfur-based nanocomposites
exhibited good antimicrobial activities against gram-positive and gram-negative bacteria,
especially E. coli, S. aureus, and P. aeruginosa (Dop et al., 2023; Kim et al., 2020), and fungi
as well, especially A. flavus (Kim et al., 2020) in accordance with the literature. Sulfur-based
nanocomposites exhibited higher antimicrobial activity against Gram-positive bacteria than
against Gram-negative bacteria, which could be due to the method of preparation of sulfur
nanoparticles, as suggested by the literature (Kim et al., 2020); consequently, it affected the
sulfur-based nanocomposite.
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Table 2. Antimicrobial activity by inhibition zone (mm?) of different treatments.

Beva-S-SiO: Beva-Ag-SiO: Paraloid-S-SiO2 Paraloid-Ag-SiO2

Type|  Name 200 | 400 | 600 | 200 | 400 | 600 | 200 400 | 600 | 200 | 400 | 600
ng/mL | pg/mlL | pg/ml pg/mL | pg/ml | pg/mL | pg/mL \pg/ml | pg/mL | pg/mL | ug/mL | pg/mL

A. niger 165 | 302 | 465 | 395 | 476 | 576 | 174 |226 | 288 | 410 | 568 | 650

A. fumigatus 158 | 296 | 355 | 295 | 390 | 484 | 168 | 227 | 294 | 326 | 468 | 528

S |C.halotolerans | 126 | 170 | 215 | 176 | 195 | 225 | 165 | 208 | 246 | 155 | 208 | 256
T |P.frequentans | 153 | 194 | 255 | 185 | 275 | 325 | 155 | 192 | 245 | 181 | 290 | 366
A. alternata 176 | 240 | 325 | 215 | 298 | 386 | 210 | 240 | 320 | 195 | 245 | 395

R. oryzae 133 | 155 | 183 | 163 | 210 | 196 | 163 | 185 | 265 | 175 | 248 | 256

g |B. cereus 147 | 180 | 225 | 345 | 472 | 552 | 179 | 238 | 317 | 390 | 575 | 625
EZ |S. aureus 154 | 190 | 259 | 295 | 400 | 576 | 198 | 242 | 323 | 470 | 595 | 676
58 [s. albus 173 | 217 | 288 | 398 | 478 | 552 | 186 | 234 | 297 | 485 | 566 | 625
Zg E. coli 133 | 155 | 283 | 160 | 214 | 256 | 196 | 253 | 325 | 214 | 250 | 324
E& |P.aeruginosa | 164 | 220 | 265 | 191 | 222 | 272 | 179 | 226 | 285 | 198 | 264 | 324
58 |P. fluorescens | 110 | 174 | 230 | 190 | 293 | 400 | 126 | 196 | 242 | 323 | 400 | 484

Fig. 6 Antimicrobial activity by inhibition zone (mm?) of 600 pg/mL concentration of the top antimicrobial activities
of both Beva-Ag-SiO; (left silk-fabric smple) and Paraloid-Ag-SiO, (right silk-fabric sample) against A. niger (a),
A. fumigatus (b), C. halotolerans (c), P. frequentans (d), A. alternata (), R. oryzae (f), B. cereus (g), S. aureus (h),
S. albus (1), E. coli (j), P. aeruginosa (k), P. fluorescens (1).

3. CONCLUSIONS

Two nanocomposites (S-SiO2 and Ag-SiOz) were prepared, suspended, and sonicated in two
acrylic co-polymers (Beva 371 and Paraloid B72) commonly used in the consolidation of
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heritage materials, to assess the efficiency of these four acrylic-based nanocomposites in
consolidation, UV-blocking, and antimicrobial activities against six fungi and six bacteria,
applied on dyed silk-fabric samples. The obtained results confirmed the successful preparation
of both nanocomposites, with a uniform size of ~50-80 nm. All treatments had varying effects,
either positive or negative, on the different properties of silk-fabric samples. The more the
concentration of nanomaterials, the more the effect on the properties of silk-fabric samples.

Paraloid-based treatments showed higher improvements in tensile strength, air permeability,
weight, and color stability; on the contrary, Beva-based treatments exhibited better results with
respect to the elongation% and flexibility of the samples. The Ag-based nanocomposites
exhibited better results than S-based nanocomposites with respect to anti-UV and antimicrobial
activities against different fungi and bacteria. Paraloid B72-Ag-SiO2 acrylic-based
nanocomposite (concentration of 600 pg/mL) is recommended as a multifunctional formula for
consolidation, UV-blocking, and antimicrobial activity, to be applied to stiff or thick heritage
textiles and carpets, due to its efficiency and minimal adverse effects on samples’ properties,
except stiffness. Beva 371-Ag-SiO2 acrylic-based nanocomposite (concentration of 600
ug/mL) is recommended as a multifunctional formula for consolidation, UV-blocking, and
antimicrobial activity to be applied to fine and delicate heritage textiles, due to its efficiency
and less adverse effects on the stiffness of the silk-fabrics properties.
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