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Abstract Growing environmental concerns associated with synthetic textile finishing agents 15 

have driven interest in sustainable alternatives; however, the practical application of biobased 16 

finishes remains limited by poor uptake and insufficient durability. In particular, the 17 

synergistic effects of enzymatic pretreatment and phenolic-rich bioextracts have not been 18 

systematically explored. This study explores sustainable functional finishing of cotton fabrics 19 

through enzymatic pretreatment with cellulase, followed by application of acorn (Quercus 20 

variabilis) shell extract. The acorn shell, rich in flavonoids and phenolic acids, was extracted 21 

using a hot aqueous extraction method and applied to cotton fabrics using a pad–dry–cure 22 

process. Scanning electron microscopy (SEM), Fourier transform infrared spectroscopy 23 

(FTIR) analysis, X-ray photoelectron spectroscopy (XPS), and X-ray diffraction (XRD) 24 

analysis indicate that cellulase pretreatment modified the cotton surface and enhanced 25 

interaction with bioactive compounds. Treated fabrics demonstrated excellent antimicrobial 26 

(> 99.9% bacterial reduction) and strong antioxidant (> 92% 1,1-diphenyl-2-picrylhydrazyl 27 

(DPPH) scavenging) activities. Although antioxidant properties decreased after laundering, 28 

cellulase-pretreated samples exhibited improved retention of antibacterial effects, particularly 29 

against K. pneumoniae. These results suggest that acorn shell extract, when combined with 30 

enzymatic pretreatment, offers a promising natural alternative for functional textile finishing, 31 

providing enhanced antibacterial durability but limited antioxidant wash fastness. 32 
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Introduction 45 

The textile industry is a major contributor to global environmental degradation, characterized 46 

by high water and energy consumption and the generation of substantial greenhouse gas 47 

emissions and solid waste. Of particular concern is the widespread use of synthetic dyes and 48 

hazardous chemicals, which frequently lead to the release of untreated effluents into natural 49 

ecosystems. In response to escalating environmental and sustainability challenges, the 50 

industry faces increasing pressure to adopt greener alternatives, including the use of biobased 51 

materials, green chemistry approaches, and closed-loop production systems (Haji and Naebe 52 

2020; Leal Filho et al. 2022). Among these strategies, the development of ecofriendly 53 

functional finishing agents derived from renewable natural resources has garnered significant 54 

research interest. In particular, the valorization of agricultural and food processing 55 

byproducts offers a promising pathway for reducing waste and advancing circular economy 56 

principles (Jajpura et al. 2020; Brudzyńska et al. 2023). 57 

Acorns, the nut-like fruits of Quercus species, have long been used as a nutritional resource 58 

for both human consumption and livestock feed due to their high content of proteins, 59 

carbohydrates, and lipids. Beyond their nutritional value, acorns are rich in phenolic 60 

compounds, including flavonoids, tannins, and phenolic acids, which exhibit a broad 61 

spectrum of biological activities, including antioxidant, antibacterial, anti-inflammatory, and 62 

antifungal effects (Vinha et al. 2016; Huang et al. 2016; Martins et al. 2022). Recent research 63 

has drawn attention to the bioactive potential of acorn shells, which contain even higher 64 

concentrations of secondary metabolites than the edible kernel. Notably, a study by Vinha et 65 

al. (2020) demonstrated the angiogenic and therapeutic potential of acorn shell extracts in 66 

vivo, underscoring their value as a functional bioresource. With growing interest in waste 67 

valorization, acorn shells, typically discarded during processing, are increasingly recognized 68 

as a promising underutilized material. Previous studies have explored their application as 69 

biosorbents for environmental remediation (Altıntıg et al. 2017) and as biochar for soil 70 

enhancement (Seow et al. 2022). However, their rich phenolic composition and diverse 71 

bioactivities indicate strong potential for acorn shell extracts to serve as natural functional 72 

agents in sustainable textile finishing applications. 73 

Recent research has increasingly focused on the use of agricultural waste materials as natural 74 

colorants and functional agents to promote sustainable textile production (Koh and Hong 75 

2014, 2017; Hong 2021; Rahman et al. 2022, 2024). Despite growing interest, the practical 76 
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application of biobased finishing agents remains limited due to challenges such as poor 77 

uptake during the finishing process and insufficient durability against light, heat, and repeated 78 

laundering (Harsito et al. 2021). To address these limitations, various additives and 79 

processing strategies have been explored to enhance both the coloration and functionality of 80 

treated fabrics. 81 

Recent investigations have identified enzyme pretreatment, specifically using cellulase, as a 82 

promising approach to improve the processability and binding efficiency of natural finishing 83 

agents on cotton textiles (Yoo and Hong 2025). Cellulase is a multicomponent enzyme 84 

system composed of endoglucanases, exoglucanases, and β-glucosidases, which act 85 

synergistically to hydrolyze β-1,4-glucosidic bonds in the amorphous regions of cellulose. 86 

This enzymatic activity results in partial degradation of fiber surfaces, leading to weight 87 

reduction, surface smoothing, and improved hand and luster. Consequently, dyeability, 88 

wettability, and the aesthetic appearance of textiles improve. Cellulase has been widely 89 

applied in the textile industry for biopolishing and bioscouring of cellulose-based fibers such 90 

as cotton, flax, and rayon (Buschle-Diller et al. 1994; Hao et al. 2012; Jabasingh et al. 2016; 91 

Sankarraj and Nallathambi 2018). Moreover, cellulase-based processes are increasingly 92 

recognized as ecofriendly alternatives to conventional chemical treatments in sustainable 93 

textile finishing. Few studies have systematically investigated the synergistic effects of 94 

enzymatic pretreatment and phenolic-rich bioextracts derived from acorn shells on the 95 

functional performance and durability of cotton textiles.  96 

Accordingly, this study aims to bridge this gap by evaluating the combined influence of 97 

cellulase-assisted modification and natural polyphenol-based finishing. Cotton fabrics were 98 

pretreated with cellulase for varying durations and subsequently finished with acorn shell 99 

extract at an optimized concentration identified in preliminary experiments. The finishing 100 

process was conducted using the pad–dry–cure method, and the treated fabrics were 101 

comprehensively evaluated for processability and functional performance, including surface 102 

morphology and roughness (scanning electron microscopy; SEM), crystallinity (X-ray 103 

diffraction; XRD), surface chemical composition (X-ray photoelectron spectroscopy; XPS), 104 

thermal stability (thermogravimetric analysis; TGA), molecular structure (Fourier transform 105 

infrared spectroscopy; FTIR), color properties (CIELab and K/S), antimicrobial activity, and 106 

antioxidant capacity (1,1-diphenyl-2-picrylhydrazyl (DPPH) assay). 107 
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Materials and Methods 108 

Materials and precursors 109 

Scoured cotton fabric (No. 400; plain woven) was purchased from Testfabrics Inc. (West 110 

Pittston, PA, USA). Cellulase enzyme was purchased from Biozoa Biological Supply 111 

Company (Seoul, South Korea) and used as received, as a 1% enzyme solution (pH 5), 112 

without further dilution or modification. Acorn (Quercus variabilis) shells were collected in 113 

October 2023 from Ansan, South Korea. Sodium carbonate, gallic acid (≥ 97%), (+)-catechin 114 

hydrate (≥ 98%), and the Folin–Ciocalteu reagent were purchased from Sigma-Aldrich 115 

(Seoul, South Korea). Additionally, DPPH was acquired from Alfa Aesar (Haverhill, MA, 116 

USA). All reagents were used as received without further purification.  117 

Acorn shell extraction 118 

Acorn shells were thoroughly cleaned to remove surface impurities and subsequently air-119 

dried at ambient room temperature. A total of 100 g of dried acorn shells was subjected to hot 120 

aqueous extraction by boiling in 1.5 L of distilled water for 2 h to obtain a crude extract. The 121 

resulting extract was filtered to remove solid residues and then freeze-dried to yield a stable 122 

powdered form. The freeze-dried material was further pulverized using a laboratory mill to 123 

achieve a uniform particle size suitable for subsequent applications.  124 

Cellulase pretreatment 125 

Cotton fabrics were thoroughly impregnated with a cellulase enzyme solution at a liquor ratio 126 

of 1:4 (fabric:enzyme solution, w/w), followed by incubation at 55 °C for varying durations 127 

of 1, 2, 3, 6, 12, and 24 h. To terminate the enzymatic reaction, the treated samples were 128 

immersed in distilled water at 80 °C for 10 min. The fabrics were then rinsed twice with 129 

distilled water at room temperature and dried in a convection oven at 65 °C for 24 h. Cotton 130 

fabrics pretreated with cellulase for different durations were designated as CP_1h_COTTON, 131 

CP_2h_COTTON, CP_3h_COTTON, CP_6h_COTTON, CP_12h_COTTON, and 132 

CP_24h_COTTON, corresponding to cellulase pretreatment durations of 1, 2, 3, 6, 12, and 24 133 

h, respectively. 134 
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Acorn shell extract finishing 135 

Each cotton fabric specimen was immersed in an aqueous solution containing 10 wt% acorn 136 

shell extract for 30 min, with a bath ratio maintained at 1:20 (fabric weight to solution 137 

volume). The above conditions, including the concentration of acorn shell extract, were 138 

determined based on preliminary screening (data not shown). Following immersion, the 139 

treated fabrics were passed through a laboratory-scale padding mangle until a wet pick-up 140 

rate of approximately 100% was achieved. The impregnated fabrics were subsequently dried 141 

in a convection oven at 85 °C and then cured at 160 °C for 3 min to promote fixation of the 142 

extract onto the fiber surface. After curing, the samples were thoroughly rinsed with distilled 143 

water to remove unbound residues and then air-dried. Fabric samples subjected to varying 144 

durations of cellulase pretreatment followed by finishing with acorn shell extract were 145 

designated as CP_0h_AE_COTTON, CP_1h_AE_COTTON, CP_2h_AE_COTTON, 146 

CP_3h_AE_COTTON, CP_6h_AE_COTTON, CP_12h_AE_COTTON, and 147 

CP_24h_AE_COTTON. These labels correspond to samples pretreated with cellulase for 0 h 148 

(no enzymatic treatment), 1 h, 2 h, 3 h, 6 h, 12 h, and 24 h, respectively, prior to finishing with 149 

acorn shell extract.  150 

 151 

Analysis of acorn shell extract 152 

Total flavonoid content 153 

The total flavonoid content (TFC) of the extracts was determined using a colorimetric 154 

method. Specifically, 200 μL of the extract was added to 1 mL of distilled water in an amber 155 

bottle. Next, 50 μL of NaNO2 (5% w/v) was added and thoroughly mixed. After 6 min, 150 156 

μL of AlCl3⋅6H2O (10% w/v) was added, followed by 0.5 mL of NaOH (1 mol/L) after 5 157 

min. The absorbance was immediately measured at 510 nm using an ultraviolet (UV)–visible 158 

(Vis) spectrophotometer (Biomate 5, Thermo Fisher Scientific, Waltham, MA, USA). 159 

Catechin was used as the standard for the calibration curve, and the results were expressed as 160 

mg of catechin equivalent (CE) per 1 g of sample (mg CE/g). 161 
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Total phenolic content 162 

The total phenolic content (TPC) of the extract was measured using a colorimetric method. 163 

Specifically, 100 μL of the extract was added to 0.5 mL of distilled water and mixed well. 164 

Subsequently, 100 μL of the Folin–Ciocalteu reagent (diluted 1:10 in distilled water) was 165 

added. The mixture was then incubated in the dark for 3 min. Next, 1 mL of Na2CO3 (7 wt%) 166 

was added, followed by incubation in the dark for 30 min. The absorbance was then 167 

measured at 760 nm using a UV–Vis spectrophotometer (Biomate 5, Thermo Fisher 168 

Scientific, Waltham, MA, USA). The results were quantified using a calibration curve for 169 

gallic acid and expressed as mg of gallic acid equivalents (GAE) per 1 g of sample (mg 170 

GAE/g).  171 

Characteristics of cotton fabrics 172 

The surface morphologies of the cotton fabrics were observed using a high-resolution field-173 

emission SEM (Tescan, Brno, Czech Republic). Surface roughness was evaluated from SEM 174 

micrographs using ImageJ software (Hong 2024). 175 

Crystallinity changes in the cotton fabrics were determined by XRD analysis using an X-ray 176 

diffractometer (D/MAX2500, Rigaku, Osaka, Japan) with Cu Kα radiation (λ = 1.5405 Å). A 177 

2θ wide-angle goniometer was used, with an ultimate peak resolution of 2θ = 0.050°. Data 178 

were recorded from 10° to 30° in steps of 0.02°. The crystallinity index (CrI; %) of the cotton 179 

fabric was calculated using Eq. (1) (Segal et al. 1959): 180 

CrI (%) = 200ܫ − 200ܫamܫ × 100 (1) 181 

where I200 represents the maximum intensity of the XRD peak at 2θ ≈ 22.6°, and Iam 182 

represents the minimum intensity at 2θ ≈ 18.6°. 183 

XPS analysis was conducted using a K-Alpha spectrometer (Thermo Fisher Scientific, 184 

Waltham, MA, USA) equipped with a monochromatic Al Kα X-ray source (λ = 1486.6 eV). 185 

All measurements were performed under ultra-high vacuum conditions (~10⁻⁸ mbar), with an 186 

energy resolution of ΔE ≤ 0.5 eV. Survey spectra were recorded with a pass energy of 200 eV 187 

and a step size of 1.0 eV, whereas high-resolution spectra for C 1s and O 1s were acquired 188 

using a pass energy of 50 eV and a step size of 0.1 eV. A constant analysis spot size of 400 189 

μm was maintained throughout the measurements. Surface elemental compositions were 190 
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quantified based on relative peak area ratios after appropriate background subtraction and 191 

sensitivity factor correction.  192 

The thermal properties of the cotton fabrics were determined through TGA (Pyris 1 TGA, 193 

PerkinElmer, MA, USA) under an N2 atmosphere over a temperature range of 20 to 550 °C at 194 

a heating rate of 10 °C/min. 195 

Molecular structure changes in the cotton fabrics treated with acorn shell extract were 196 

analyzed using FTIR spectroscopy. The FTIR instrument (Spectrum 100, PerkinElmer, MA, 197 

USA) was equipped with an attenuated total reflectance (ATR) accessory. The spectra were 198 

recorded in the mid-infrared (IR) region at a resolution of 4 cm⁻¹ with 32 scans. 199 

Color changes in the cotton fabrics were analyzed using a photoelectric spectrophotometer 200 

(CM-2500d, Konica Minolta, Inc., Osaka, Japan) in terms of CIELab coordinates (L*, a*, b*) 201 

and color strength (K/S). The color strength (K/S) was calculated using the Kubelka–Munk 202 

Eq. (2):  203 ܵܭ = (1 − ܴ)22ܴ (2) 204 

where R represents the diffuse reflectance, K denotes the absorption coefficient, and S 205 

corresponds to the scattering coefficient. 206 

Antimicrobial activity of the cotton fabrics was tested using Staphylococcus aureus (S. 207 

aureus; ATCC 6538; Gram-positive bacterium) and Klebsiella pneumoniae (K. pneumoniae; 208 

ATCC 4352; Gram-negative bacterium) according to the KS K 0693 protocol. Bacterial 209 

reduction was calculated using Eq. (3): 210 

Bacterial reduction (%)  =  (B − A)B  ×  100 (3) 211 

where A and B represent the surviving bacterial cells (colony-forming units in mL⁻¹) on 212 

plates inoculated with bacterial solutions derived from the treated fabric and the control, 213 

respectively.  214 

Antioxidant capacity of the cotton fabrics was measured using the DPPH assay. Specifically, 215 

500 mg of fabric was immersed in 30 mL of 0.15 mM DPPH in methanol. The absorbance 216 

was measured at 517 nm using a UV–Vis spectrophotometer after 1 h of incubation in the 217 

dark. The DPPH scavenging ability was calculated using Eq. (4): 218 
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DPPH scavenging activity (%)  =  C − SC  ×  100 (4) 219 

where S and C represent the absorbance of the sample solutions from the treated and pristine 220 

fabrics, respectively. 221 

Results and Discussion 222 

Enzymatic pretreatment of cotton fabrics using cellulase 223 

Figure 1 presents representative surface morphologies and corresponding azimuthal images 224 

of cotton fibers subjected to cellulase treatment as a function of treatment time. A substantial 225 

reduction in surface roughness was observed after enzymatic treatment, with the roughness 226 

values (Rq) decreasing within the first 2 h. Although a slight increase occurred at longer 227 

treatment times, the surface roughness remained consistently lower than that of untreated 228 

(pristine) cotton fibers. Notably, prolonged treatment resulted in increasingly prominent 229 

submicron-scale fibrillation features on the fiber surface, as illustrated in Fig. 1(d). These 230 

findings suggest that cellulase initially degraded prominent surface structures and 231 

subsequently induced finer-scale morphological modifications through fibrillation during 232 

extended exposure.  233 

Figure 2 further demonstrates that cellulase treatment influenced not only the amorphous 234 

regions but also the crystalline domains of cotton cellulose. The CrI showed an overall 235 

decrease relative to pristine cotton, with a marked reduction observed during the early stages, 236 

whereas the lowest CrI was obtained after 24 h of treatment (Table 1). This trend contrasts 237 

with earlier findings by Sankarraj and Nallathambi (2018), who reported that free cellulase 238 

primarily hydrolyzes amorphous regions, resulting in an increase in the relative crystallinity 239 

index of cotton fabrics. The observed decrease in crystallinity over time may be attributed to 240 

the catalytic action of endoglucanases (EG; endo-1,4-β-D-glucan 4-glucanohydrolase, EC 241 

3.2.1.4), which cleaved internal β-1,4-glycosidic bonds within the amorphous zones of 242 

cellulose chains in a random manner. This cleavage generated new chain ends that were 243 

further degraded by cellobiohydrolases (CBHs). Notably, endoglucanases contain 244 

carbohydrate-binding modules (CBMs), which facilitate their interaction with cellulose 245 

substrates and are known to disrupt crystalline domains under certain conditions (Gomez del 246 

Pulgar and Saadeddin 2014; Srivastava et al. 2018). Although enzymatic degradation 247 
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typically initiates in amorphous regions, prolonged exposure to cellulase may enable enzyme 248 

access to and hydrolysis of crystalline regions. This extended enzymatic activity may stem 249 

from the inherent structural heterogeneity of cellulose. As a naturally occurring polymer, 250 

cellulose exhibits imperfect crystallinity, where amorphous regions often occur near or 251 

extend through crystalline domains. Moreover, even within highly ordered crystalline 252 

regions, concealed chain ends, in other words, those not exposed at the surface, may exist and 253 

serve as additional enzymatic targets (Hoshino et al. 1997).  254 

This mechanistic interpretation is further supported by surface compositional changes 255 

observed through XPS (Fig. 3). The atomic percentage of oxygen in cellulase-treated cotton 256 

fabrics increased from 30.54% in the control (a) to 31.84% in the treated sample (b). 257 

Correspondingly, the O/C atomic ratio increased from 0.44 (a) to 0.47 (b), indicating an 258 

enrichment of oxygen-containing functional groups on the fiber surface. These changes 259 

suggest an increased exposure or relative abundance of oxygen-containing functionalities 260 

after cellulase treatment, likely associated with enhanced surface polarity and/or greater 261 

accessibility of existing hydroxyl-containing cellulose structures. 262 

Figure 4 presents the thermal properties of cotton fabrics following cellulase treatment, as 263 

determined by TGA. Compared with pristine cotton, the cellulase-treated samples exhibited 264 

increased mass loss at lower temperatures. This behavior suggests that enzymatic hydrolysis 265 

by cellulase disrupted the ordered structure of cotton cellulose, resulting in a more open and 266 

thermally less stable configuration. Notably, within the first 6 h of treatment, a marked shift 267 

in the peak decomposition temperature to lower values was observed, along with a 268 

pronounced decrease in peak area. These results indicate that cellulase treatment altered the 269 

thermal stability of cotton cellulose during the early stages, likely due to preferential 270 

hydrolysis of less ordered regions and potential modification of crystalline domains. 271 

Although thermal decomposition behavior continued to change thereafter, the XRD results 272 

indicate that crystallinity did not decrease monotonically with treatment time (Table 1). 273 
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 274 

Fig. 1 SEM and azimuthal images of cotton fibers after cellulase treatment (Rq: root-mean-square roughness): 275 

(a) CP_0h_COTTON, (b) CP_1h_COTTON, (c) CP_6h_COTTON, and (d) CP_24h_COTTON 276 

 277 

 278 

Fig. 2 XRD patterns of cotton fabrics after cellulase treatment: (a) pristine, (b) CP_1h_COTTON, (c) 279 

CP_2h_COTTON, (d) CP_3h_COTTON, (e) CP_6h_COTTON, (f) CP_12h_COTTON, and (g) 280 

CP_24h_COTTON 281 

 282 
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Table 1 Maximum peak intensities obtained from XRD and crystallinity index of cotton fabrics after cellulase 283 

treatment 284 

Fabric samples Iam I200 CrI (%) 

Pristine 15181 77817 80.49 

CP_1h_COTTON 15506 70915 78.14 

CP_2h_COTTON 16018 71695 77.66 

CP_3h_COTTON 17086 69176 75.30 

CP_6h_COTTON 16968 73090 76.78 

CP_12h_COTTON 16561 72877 77.28 

CP_24h_COTTON 15528 60904 74.50 

 285 

 286 

Fig. 3 XPS survey spectra of cotton fabrics (a) before and (b) after cellulase treatment for 24 h, illustrating 287 

changes in surface elemental composition 288 

 289 

 290 
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Fig. 4 TGA curves and reduction rates derived from derivative thermogravimetric (DTG) peak areas of cotton 291 

fabrics after cellulase treatment: (a) pristine, (b) CP_1h_COTTON, (c) CP_2h_COTTON, (d) 292 

CP_3h_COTTON, (e) CP_6h_COTTON, (f) CP_12h_COTTON, and (g) CP_24h_COTTON 293 

 294 

Finishing of cellulase pretreated cotton fabrics with acorn shell extract 295 

Color characteristics 296 

Table 2 and Fig. 5 illustrate the colorimetric changes observed in cotton fabrics that were 297 

pretreated with cellulase and subsequently finished with acorn shell extract as a function of 298 

enzyme treatment duration. As shown in Table 2, cellulase pretreatment alone resulted in 299 

negligible changes in the color parameters (L*, a*, and b* values), regardless of exposure 300 

time, indicating that the enzymatic action itself did not produce appreciable chromatic 301 

modification of the cotton substrate.  302 

However, following the application of acorn shell extract, all enzyme-treated fabrics 303 

exhibited a noticeable brownish tint, characterized by a decrease in L* values and 304 

corresponding increases in a* and b* values. This chromatic shift is consistent with the 305 

incorporation of phenolic compounds derived from the acorn shell extract, which are known 306 

for their inherent color, antioxidant activity, and bioactive functionalities (Alasalvar et al. 307 

2025). Additionally, the total color difference (ΔE*ab) was generally higher in cellulase-308 

pretreated and extract-finished samples, with the highest value observed at 24 h, suggesting 309 

that cellulase pretreatment enhanced the interaction between phenolic constituents and the 310 

cotton substrate.  311 

This improvement in finishing performance may be attributed to cellulase-induced surface 312 

modifications. Specifically, cellulase catalyzed the hydrolysis of β-1,4-glycosidic bonds 313 

within the amorphous regions of cellulose, resulting in partial depolymerization and an 314 

increase in reactive chain ends bearing hydroxyl (–OH) groups (Srivastava et al. 2018). The 315 

introduction of these functional groups likely enhanced the chemical affinity between the 316 

cotton fibers and phenolic compounds in the extract, thereby promoting stronger interactions 317 

and greater retention. Furthermore, the enzymatic treatment disrupted the ordered 318 

supramolecular structure of cellulose, leading to an overall reduction in crystallinity relative 319 

to pristine cotton, as reflected in Table 1. This structural loosening may have increased fiber 320 

surface accessibility, facilitating enhanced interactions with the finishing agent. These 321 

findings are consistent with earlier studies that reported improved dyeability and finishability 322 
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of cellulose-based fabrics due to cellulase-induced enhancement in surface reactivity 323 

(Ibrahim et al. 2005; Ibrahim et al. 2011; Kuhad et al. 2011).  324 

Figure 5 also presents the color strength curves (K/S spectra) of the finished cotton fabrics. 325 

The maximum K/S values were observed at approximately 370 nm, within the UV region. 326 

This peak absorption is likely due to the phenolic compounds present in the acorn shell 327 

extract, which contained conjugated π-electron systems capable of absorbing UV radiation. 328 

These findings align with known UV-absorbing properties of polyphenol-rich natural 329 

extracts. Similarly, Grifoni et al. (2011) reported that cellulose fabrics treated with tannin-330 

based mordants, such as Quercus infectoria galls, exhibited markedly enhanced UV 331 

protection, reaching very high to excellent UV protection categories. Accordingly, the UV-332 

region absorption observed in the treated cotton fabrics suggests potential UV-shielding 333 

functionality; however, direct evaluation of UV protection performance (e.g., UPF 334 

measurement) is required to confirm this effect. 335 

Table 2 Colorimetric data of cotton fabrics after cellulase pretreatment and acorn shell extract finishing 336 

Duration of 
cellulase 
treatment 
(h) 

Cotton fabrics pretreated with cellulase 
Cotton fabrics pretreated with cellulase and 

finished with acorn shell extract 

L* a* b* ΔE*ab L* a* b* ΔE*ab 

0 91.55 0.13 1.20 - 66.89 7.08 24.56 34.67 

1 91.49 0.12 1.58 0.38 64.74 7.68 24.80 36.51 

2 91.50 0.11 1.56 0.36 66.15 7.46 24.97 35.55 

3 91.26 0.13 1.53 0.44 64.99 7.59 25.11 36.51 

6 91.32 0.10 1.56 0.43 65.10 7.12 24.74 36.09 

12 91.52 0.11 1.42 0.22 64.44 7.69 25.27 37.03 

24 91.55 0.12 1.32 0.12 63.34 7.85 25.73 38.17 

ΔE*ab (total color difference value) = [(ΔL)2 + (Δa)2 + (Δb)2]1/2  337 

 338 
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 339 

Fig. 5 K/S values of cotton fabrics pretreated with cellulase and finished with acorn shell extract: (a) pristine, 340 

(b) CP_0h_AE_COTTON, (c) CP_1h_AE_COTTON, (d) CP_2h_AE_COTTON, (e) CP_3h_AE_COTTON, (f) 341 

CP_6h_AE_COTTON, (g) CP_12h_AE_COTTON, and (h) CP_24h_AE_COTTON 342 

Chemical modification 343 

Figure 6 displays the FTIR spectra of (left) cotton fabrics pretreated with cellulase and 344 

subsequently finished with acorn shell extract and (right) the pure acorn shell extract. The 345 

spectra of the cotton fabrics (Fig. 6, left) consistently exhibited characteristic absorption 346 

bands associated with cellulose, including O–H stretching near 3400 cm⁻¹, C–H stretching 347 

around 2900 cm⁻¹, and C–O stretching at approximately 1060 cm⁻¹.  348 

In addition to these cellulose-specific features, a distinct absorption band appeared near 349 

1730 cm⁻¹ in samples treated with acorn shell extract. This peak corresponds to the stretching 350 

vibration of carbonyl (C=O) and/or carboxyl (–COOH) groups and may also reflect the 351 

presence of flavone backbones derived from phenolic compounds in the extract (Şahin and 352 

Saka 2013; Mateus et al. 2025). In the spectrum of the pure acorn shell extract (Fig. 6, right), 353 

a corresponding carbonyl-associated peak was identified at 1726 cm⁻¹.  354 

Additionally, a band typically attributed to the O–H bending vibration of adsorbed water in 355 

cellulose, observed at 1626 cm⁻¹ in untreated samples, shifted to a lower wavenumber 356 

(~1614 cm⁻¹) after treatment. This shift is associated with C=C stretching vibration of 357 

aromatic rings, which is characteristic of phenolic constituents such as tannins and 358 

flavonoids. A strong aromatic C=C stretching band was also evident in the acorn shell extract 359 
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spectrum, centered at approximately 1602 cm⁻¹ (Wongsa et al. 2022; Yılmazer Keskin et al. 360 

2024).  361 

Notably, the intensities of the bands near 1730 and 1614 cm⁻¹ increased progressively with 362 

increasing cellulase pretreatment duration, suggesting enhanced uptake or stronger binding of 363 

phenolic compounds from the extract to the cotton substrate. 364 

 365 

Fig. 6 FTIR spectra of acorn shell extract (right) and cotton fabrics pretreated with cellulase and finished with 366 

acorn shell extract (left): (a) pristine, (b) CP_1h_AE_COTTON, (c) CP_3h_AE_COTTON, (d) 367 

CP_6h_AE_COTTON, and (e) CP_24h_AE_COTTON  368 

Functionalities and their wash fastness 369 

Table 3 summarizes the antimicrobial efficacy and corresponding wash fastness of cotton 370 

fabrics pretreated with cellulase and subsequently finished with acorn shell extract, evaluated 371 

as a function of enzyme treatment duration. Chemical analysis of the acorn shell extract 372 

revealed a high concentration of bioactive compounds, with a TFC of 54.09 mg CE/g and 373 

TPC of 144.57 mg GAE/g. These concentrations were approximately 11-fold and 12-fold 374 

higher, respectively, than those reported for chestnut shell extract in a previous study (Hong 375 

2021), highlighting the superior functional potential of acorn shell extract as a natural 376 

finishing agent.  377 

Cotton fabrics treated with acorn shell extract exhibited excellent antimicrobial performance, 378 

achieving > 99.9% reduction rates against both Gram-negative K. pneumoniae and Gram-379 

positive S. aureus, regardless of cellulase pretreatment. To evaluate the durability of 380 

antimicrobial functionality, treated fabrics were subjected to three laundering cycles in 381 
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accordance with KS K ISO 105 C06:2010, A2S (washing temperature: 25 ± 5 °C; washing 382 

time: 30 min; 0.14% aqueous neutral detergent solution; with 10 stainless steel balls).  383 

As shown in Table 3, the fabrics maintained a high level of antimicrobial efficacy against S. 384 

aureus after laundering. However, antimicrobial activity against K. pneumoniae decreased. 385 

Notably, samples with longer cellulase pretreatment retained higher antimicrobial efficacy 386 

against K. pneumoniae, suggesting that cellulase treatment enhanced the binding or retention 387 

of bioactive compounds during use, thereby improving wash durability. 388 

Table 3 Antimicrobial efficacy and corresponding wash fastness of cotton fabrics.  389 

Fabric samples 

Bacteria reduction rate (%) 

Before laundering After three laundering cycles 

S. aureus K. pneumoniae S. aureus K. pneumoniae 

CP_0h_AE_COTTON  99.9  99.9 99.7 26.8 

CP_1h_AE_COTTON  99.9  99.9  99.9 38.5 

CP_2h_AE_COTTON  99.9  99.9  99.9 43.3 

CP_3h_AE_COTTON  99.9  99.9  99.9 54.6 

CP_6h_AE_COTTON  99.9  99.9  99.9 68.3 

CP_12h_AE_COTTON  99.9  99.9  99.9 68.4 

CP_24h_AE_COTTON  99.9  99.9  99.9 73.9 

 390 

Figure 7 presents the (a) antioxidant capacity and (b) corresponding wash fastness of cotton 391 

fabrics pretreated with cellulase and subsequently finished with acorn shell extract, evaluated 392 

as a function of enzyme treatment duration. Cotton fabrics treated with acorn shell extract 393 

exhibited a high level of antioxidant activity, demonstrating over 92% DPPH radical 394 

scavenging efficiency, regardless of cellulase pretreatment. This strong antioxidant 395 

performance is attributed to the presence of polyphenolic compounds with electron-donating, 396 

radical-scavenging activity. These compounds neutralized free radicals by donating hydrogen 397 

atoms or electrons, thereby contributing to the antioxidant functionality of the finished cotton 398 

fabrics (Valencia-Avilés et al. 2018; Gonzalez-Iglesias et al. 2025).  399 

Accordingly, finishing with acorn shell extract imparted significant antioxidant functionality 400 

to cotton fabrics. However, antioxidant activity decreased markedly, by up to 53%, after three 401 

laundering cycles. This reduction occurred independently of cellulase pretreatment, 402 
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suggesting that the wash durability of antioxidant compounds from the extract was inherently 403 

limited under the tested laundering conditions.  404 

Two mechanisms likely contributed to the loss of functional durability during laundering. 405 

First, polyphenolic compounds, including flavonoids and phenolic acids, typically bind to 406 

cotton cellulose surfaces through hydrogen bonding, van der Waals forces, and other weak 407 

noncovalent interactions; after deposition and oxidation, additional π–π interactions may also 408 

contribute within polyphenol-rich surface layers (Sarkar et al. 2014; Phan et al. 2015; Zhou et 409 

al. 2020). These interactions are inherently weak and reversible. During laundering, 410 

mechanical agitation, combined with water and detergent action, promoted the desorption and 411 

leaching of these compounds. Highly water-soluble antioxidants were particularly vulnerable 412 

to such losses, resulting in diminished functional performance after repeated washing. 413 

Second, polyphenols are susceptible to oxidation and, for some subclasses, hydrolysis or 414 

isomerization under alkaline and thermal conditions. Because laundry detergents provide an 415 

alkaline wash environment, laundering at elevated temperatures can accelerate the 416 

degradation of phenolic structures, leading to a reduction in antioxidant or other bioactive 417 

performance (Narita and Inouye 2013; Honda et al. 2019; Pasquet et al. 2024). This 418 

degradation may have occurred both on the fabric surface and within the wash bath, thereby 419 

reducing the overall concentration of active compounds available to impart functional effects. 420 

 421 

Fig. 7 Antioxidant capacity of cotton fabrics pretreated with cellulase and finished with acorn shell extract as a 422 

function of enzyme treatment duration: (a) before laundering, and (b) after three laundering cycles 423 

 424 
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Conclusion 425 

This study demonstrated that acorn shell extract, a polyphenol-rich natural byproduct of 426 

Quercus variabilis, functioned as an effective biofinishing agent for cotton fabrics. Cellulase 427 

pretreatment enhanced the interaction between the extract and the cotton substrate, as 428 

reflected by changes in color characteristics, FTIR band intensities, and improved wash 429 

retention of antibacterial activity against K. pneumoniae.  430 

As a result, the treated fabrics exhibited superior antioxidant and antibacterial properties, with 431 

> 92% DPPH radical scavenging activity and > 99.9% bacterial reduction. Notably, cellulase-432 

pretreated fabrics exhibited increased FTIR peak intensities associated with phenolic 433 

compounds and improved wash durability of antibacterial activity, particularly against K. 434 

pneumoniae, whereas antioxidant durability remained limited.  435 

Despite the decline in antioxidant activity after laundering, enzyme-assisted finishing 436 

contributed to improved retention of antibacterial functionality. The limited wash fastness is 437 

attributed to the noncovalent binding of phenolic compounds and their partial leaching under 438 

aqueous detergent conditions.  439 

Future work should focus on developing fixation strategies, such as mordanting or 440 

biopolymer entrapment, to further improve laundering durability. Overall, these findings 441 

support the valorization of acorn shell waste as a sustainable, multifunctional finishing 442 

material for eco-conscious textile applications. 443 

  444 
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Figure legends 572 

Fig. 1 SEM and azimuthal images of cotton fibers after cellulase treatment (Rq: root-mean-square roughness): 573 

(a) CP_0h_COTTON, (b) CP_1h_COTTON, (c) CP_6h_COTTON, and (d) CP_24h_COTTON 574 

Fig. 2 XRD patterns of cotton fabrics after cellulase treatment: (a) pristine, (b) CP_1h_COTTON, (c) 575 

CP_2h_COTTON, (d) CP_3h_COTTON, (e) CP_6h_COTTON, (f) CP_12h_COTTON, and (g) 576 

CP_24h_COTTON 577 

Fig. 3 XPS survey spectra of cotton fabrics (a) before and (b) after cellulase treatment for 24 h, illustrating 578 

changes in surface elemental composition 579 

Fig. 4 TGA curves and reduction rates derived from derivative thermogravimetric (DTG) peak areas of cotton 580 

fabrics after cellulase treatment: (a) pristine, (b) CP_1h_COTTON, (c) CP_2h_COTTON, (d) 581 

CP_3h_COTTON, (e) CP_6h_COTTON, (f) CP_12h_COTTON, and (g) CP_24h_COTTON 582 

Fig. 5 K/S values of cotton fabrics pretreated with cellulase and finished with acorn shell extract: (a) pristine, 583 

(b) CP_0h_AE_COTTON, (c) CP_1h_AE_COTTON, (d) CP_2h_AE_COTTON, (e) CP_3h_AE_COTTON, (f) 584 

CP_6h_AE_COTTON, (g) CP_12h_AE_COTTON, and (h) CP_24h_AE_COTTON 585 

Fig. 6 FTIR spectra of acorn shell extract (right) and cotton fabrics pretreated with cellulase and finished with 586 

acorn shell extract (left): (a) pristine, (b) CP_1h_AE_COTTON, (c) CP_3h_AE_COTTON, (d) 587 

CP_6h_AE_COTTON, and (e) CP_24h_AE_COTTON  588 

Fig. 7 Antioxidant capacity of cotton fabrics pretreated with cellulase and finished with acorn shell extract as a 589 

function of enzyme treatment duration: (a) before laundering, and (b) after three laundering cycles 590 

 591 

Tables 592 

Table 1 Maximum peak intensities obtained from XRD and crystallinity index of cotton fabrics after cellulase 593 

treatment 594 

Fabric samples Iam I200 CrI (%) 

Pristine 15181 77817 80.49 

CP_1h_COTTON 15506 70915 78.14 

CP_2h_COTTON 16018 71695 77.66 

CP_3h_COTTON 17086 69176 75.30 

CP_6h_COTTON 16968 73090 76.78 

CP_12h_COTTON 16561 72877 77.28 

CP_24h_COTTON 15528 60904 74.50 

 595 

Table 2 Colorimetric data of cotton fabrics after cellulase pretreatment and acorn shell extract finishing 596 

Duration of 
cellulase treatment 
(h) 

Cotton fabrics pretreated with cellulase 
Cotton fabrics pretreated with cellulase 

and finished with acorn shell extract 
L* a* b* ΔE*ab L* a* b* ΔE*ab 

0 91.55 0.13 1.20 - 66.89 7.08 24.56 34.67 
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1 91.49 0.12 1.58 0.38 64.74 7.68 24.80 36.51 

2 91.50 0.11 1.56 0.36 66.15 7.46 24.97 35.55 

3 91.26 0.13 1.53 0.44 64.99 7.59 25.11 36.51 

6 91.32 0.10 1.56 0.43 65.10 7.12 24.74 36.09 

12 91.52 0.11 1.42 0.22 64.44 7.69 25.27 37.03 

24 91.55 0.12 1.32 0.12 63.34 7.85 25.73 38.17 

ΔE*ab (total color difference value) = [(ΔL)2 + (Δa)2 + (Δb)2]1/2  597 

 598 

Table 3 Antimicrobial efficacy and corresponding wash fastness of cotton fabrics.  599 

Fabric samples 

Bacteria reduction rate (%) 

Before laundering After three laundering cycles 

S. aureus K. pneumoniae S. aureus K. pneumoniae 

CP_0h_AE_COTTON  99.9  99.9 99.7 26.8 

CP_1h_AE_COTTON  99.9  99.9  99.9 38.5 

CP_2h_AE_COTTON  99.9  99.9  99.9 43.3 

CP_3h_AE_COTTON  99.9  99.9  99.9 54.6 

CP_6h_AE_COTTON  99.9  99.9  99.9 68.3 

CP_12h_AE_COTTON  99.9  99.9  99.9 68.4 

CP_24h_AE_COTTON  99.9  99.9  99.9 73.9 

 600 



     CrI    ( % ) =     I 200 −   I am    I 200 × 100 #  ( 1 )


       K  S =      ( 1 − R ) 2  2 R #  ( 2 )


     Bacterial   reduction    ( % )   =      ( B − A ) B   ×   100 #  ( 3 )


     DPPH   scavenging   activity    ( % )   =     C − S C   ×   100 #  ( 4 )

