
Integrated Valorisation of Spartium junceum into a
Bioactive Cellulose Acetate/Halloysite Nanofibrous
Wound Dressing with Sustained Antioxidant
Availability and Enhanced Fibroblast Migration
Özlem Yılmaz Karaboyacı 

Pamukkale University
Semra Kılıç 

Süleyman Demirel University

Research Article

Keywords: Spartium junceum, cellulose acetate, halloysite nanotubes, electrospinning, fibroblast
migration, biomass valorisation

Posted Date: November 2nd, 2026

DOI: https://doi.org/10.21203/rs.3.rs-10821671/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Additional Declarations: No competing interests reported.

https://doi.org/10.21203/rs.3.rs-10821671/v1
https://doi.org/10.21203/rs.3.rs-10821671/v1
https://doi.org/10.21203/rs.3.rs-10821671/v1
https://creativecommons.org/licenses/by/4.0/


 

1 

Integrated Valorisation of Spartium junceum into a Bioactive 2 

Cellulose Acetate/Halloysite Nanofibrous Wound Dressing with 3 

Sustained Antioxidant Availability and Enhanced Fibroblast 4 

Migration 5 

 6 

Özlem Yılmaz Karaboyacı* and Semra Kılıç 7 

Ö. Yılmaz Karaboyacı: Pamukkale University, Acıpayam Vocational School, Textile, Clothing, Footwear and 8 

Leather Department, Footwear Design and Production Program, 20160 Denizli, Türkiye 9 

Corresponding author: okaraboyaci@pau.edu.tr 10 

ORCID: Özlem Yılmaz Karaboyacı https://orcid.org/0000-0002-2936-871X 11 
 12 

 13 

S. Kılıç: Süleyman Demirel University, Department of Biology, Faculty of Engineering and Natural Sciences, 14 

32260 Isparta, Türkiye 15 

ORCID: Semra Kılıç https://orcid.org/0000-0001-9494-2952 16 
Keywords: Spartium junceum; cellulose acetate; halloysite nanotubes; electrospinning; fibroblast migration; 17 

biomass valorisation 18 

Abstract 19 

An integrated cascade-valorisation strategy was developed to convert Spartium junceum (Spanish broom) flower 20 

biomass into a cellulose acetate/halloysite nanotube (CA/HNT) nanofibrous wound-dressing platform. Volatile 21 

constituents were first recovered by steam distillation, and the residual aqueous phase was then partitioned 22 

sequentially with hexane and chloroform; the exhausted lignocellulosic biomass was subsequently converted to 23 

cellulose and then to cellulose acetate. The synthesised cellulose acetate had a degree of substitution of 2.66 ± 24 

0.04 (n = 3). GC–MS identified chemically distinct major constituents in each fraction, with linoleic acid methyl 25 

ester (51.02%) dominant in the hexane fraction and 1,4-benzenedicarboxylic acid dimethyl ester (29.37%) and 26 

palmitic acid methyl ester (25.10%) dominant in the chloroform fraction. A 12% (w/v) CA formulation containing 27 

3 wt% extract-loaded HNT produced homogeneous, bead-free nanofibers with diameters of approximately 130–28 

200 nm (mean ≈173 nm, measured from SEM micrographs). FTIR, XRD, and DSC confirmed successful 29 

acetylation and formation of the composite nanofibrous matrix. The dressing showed balanced water-management 30 

behaviour, was non-cytotoxic to L929 fibroblasts by ISO 10993-5, and increased scratch closure to 97.2% at 48 31 

h versus 64.8% for untreated controls. CUPRAC measurements showed antioxidant activity in the release medium 32 

for up to 48 h, peaking at 0.055 mM Trolox equivalents at 2 h. Together, these findings demonstrate the feasibility 33 

of coupling renewable cellulose-acetate production with phytochemical recovery and nanofiber fabrication in a 34 

single biomass-valorisation platform. 35 

1. Introduction 36 

Acute and chronic wounds are difficult to manage when inflammation, oxidative stress, microbial burden, and 37 

impaired cell migration disrupt normal tissue repair. Advanced wound dressings are therefore expected to do more 38 

than cover the wound: they should maintain a moist environment, support gas exchange and exudate management, 39 

and provide a biologically compatible interface for tissue repair (Boateng et al. 2008; Dhivya et al. 2015; Jangde 40 

et al. 2018; Junker et al. 2013). 41 
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Electrospinning is well suited to this purpose because it produces highly porous, fibrous membranes with large 42 

specific surface area and tunable fiber diameter. Electrospun scaffolds provide an extracellular-matrix-like surface 43 

architecture and can simultaneously serve as carriers for therapeutic or naturally derived compounds (Li and Xia 44 

2004; Pham et al. 2006; Xue et al. 2017, 2019). 45 

Cellulose acetate (CA) is an attractive electrospinning matrix because it combines the renewable origin of 46 

cellulose with good solution processability and an established record in membrane and biomedical-material 47 

applications. Its properties are strongly influenced by the degree of substitution (DS), which governs solubility, 48 

polarity, chain packing, and thermal behaviour, making DS a key parameter linking cellulose derivatisation to 49 

nanofiber processing and end-use performance (Candido and Gonçalves 2016; Edgar et al. 2001; Rodrigues Filho 50 

et al. 2008). 51 

Halloysite nanotubes (HNTs) offer an additional route to functionalise CA fibers. Their tubular aluminosilicate 52 

structure and internal lumen can retain molecular cargo, while their hydroxylated surfaces allow physical 53 

interaction with polymer matrices; HNTs have accordingly been investigated as carriers for sustained delivery 54 

and as fillers in biomedical composite systems (Fakhrullin and Lvov 2016; Lvov et al. 2016; Prinz Setter and 55 

Segal 2020; Satish et al. 2019). 56 

Plant-derived extracts can further extend the functionality of electrospun wound dressings, although biological 57 

claims for complex extracts require caution: activity cannot generally be assigned to a single GC–MS constituent 58 

without compound-specific testing. Even so, plant-derived antioxidant and wound-repair systems demonstrate 59 

that naturally occurring phytochemical mixtures can be incorporated into biomaterial platforms while retaining 60 

biologically relevant activity, including cellulose-acetate nanofiber carriers loaded with crude plant extracts 61 

(Affonso et al. 2016; Dos Santos et al. 2021; Liu et al. 2024). 62 

From a sustainability perspective, the same biomass can potentially serve both as a source of extractable 63 

compounds and as a lignocellulosic feedstock. Cascade valorisation, in which higher-value fractions are recovered 64 

before the structural carbohydrate fraction is converted, is consistent with circular-bioeconomy approaches for 65 

reducing the underutilisation of lignocellulosic resources (Cansado et al. 2025; Martins Vilas-Boas et al. 2025; 66 

Mujtaba et al. 2023). 67 

Spartium junceum L. (Spanish broom) is a Mediterranean lignocellulosic species already investigated as a source 68 

of natural fibres and cellulose-derived materials (Angelini et al. 2000; Karaboyaci and Kılıç 2022; Katović et al. 69 

2011; Kovačević et al. 2021). Its flowers also contain extractable secondary metabolites, and previous studies 70 

report biological activity or antioxidant capacity in S. junceum-derived fractions (Cerchiara et al. 2012; Nanni et 71 

al. 2018; Zahreddine et al. 2021). These two attributes make the species particularly well suited to an integrated, 72 

materials-oriented valorisation strategy. 73 

Previous work has generally treated these opportunities separately: S. junceum has been studied either as a source 74 

of phytochemicals and fibres or as a feedstock for cellulose acetate, while CA-based wound dressings and HNT-75 

based delivery systems have largely been developed from independently sourced components. To our knowledge, 76 

no study has combined recovery of extractable fractions with conversion of the residual S. junceum biomass into 77 

CA for an electrospun, HNT-containing wound dressing. 78 

The present study therefore tests the hypothesis that sequential recovery of extractable S. junceum fractions can 79 

be coupled with production of highly substituted cellulose acetate from the residual biomass to yield a functional 80 

electrospun wound-dressing platform. The study integrates GC–MS profiling, DS determination, electrospinning 81 

optimisation, FTIR, XRD, DSC, water-management measurements, L929 cytocompatibility testing, a fibroblast 82 

scratch assay, and CUPRAC analysis of release media, with particular emphasis on linking biomass-derived 83 

cellulose chemistry and nanofiber structure to the measured physicochemical and in vitro biological performance. 84 

 85 

 86 

 87 

 88 

 89 



 

3 

2. Materials and methods 90 

2.1. Plant material, distillation, and extraction 91 

During the spring flowering season, 25 kg of fresh S. junceum flowers were collected from Direkli village, Isparta, 92 

Türkiye. Flowers were shade-dried for approximately 7 days and ground. A 300 g portion of dried flowers was 93 

steam-distilled in a Clevenger apparatus with 3500 mL water for 8 h, giving a volatile fraction yield of 0.57 g 94 

kg−1 dry flowers. The residual aqueous phase was extracted sequentially with hexane and chloroform (250 mL 95 

each). Solvent fractions were evaporated and analysed by GC–MS (Agilent 5975C/7890A; DB-WAX capillary 96 

column, 50 m × 0.20 mm i.d., 0.20 μm film) after methyl-ester derivatisation with 1.5 M methanolic HCl at 80 °C 97 

for 2 h. The GC oven program was: 80 °C (hold 4 min); ramped at 13 °C min−1 to 175 °C (hold 7 min); ramped 98 

at 4 °C min−1 to 215 °C (hold 5 min); ramped at 4 °C min−1 to 240 °C (hold 15 min). Injector and detector 99 

temperatures were both 240 °C, and the injection volume was 1 μL. Compound identification used NIST library 100 

matching. Only the major constituents of each fraction — those identified with the highest confidence and 101 

contributing most to the total peak area — are reported in Tables 1–3; numerous additional minor and trace-level 102 

peaks were also detected but are not listed individually. 103 

2.2. Cellulose isolation and cellulose acetate synthesis 104 

Cellulose was isolated from the exhausted S. junceum flower biomass by the Kurschner–Hoffer method 105 

(Kürschner and Hoffer 1931). Cellulose acetate was prepared following established acetylation procedures 106 

(Djuned et al. 2014; Rodrigues Filho et al. 2008; Cerqueira et al. 2007) and the authors’ previous S. junceum 107 

protocol (Karaboyaci and Kılıç 2022). Briefly, 1 g cellulose was activated in 25 mL acetic acid for 1 h; 0.1 mL 108 

H2SO4 and 30 mL acetic anhydride were then added and the mixture was stirred at 22 °C for 4 h. The product 109 

was precipitated with 500 mL water, washed to pH 7, and dried at 105 °C. 110 

2.3. Degree of substitution 111 

Degree of substitution was determined by ASTM D871 back-titration. Dried CA (approximately 1.0 g, W) was 112 

dissolved in 150 mL DMSO, 30.0 mL of 1 N NaOH was added, and the mixture was stirred for 2 h for 113 

saponification. Excess NaOH was back-titrated with 1 N HCl using phenolphthalein. Acetyl content and DS were 114 

calculated using Eqs. 1 and 2. 115 

Acetyl Content (%) = [(Vᵇ − V_s) × N × 0.04305 / W] × 100      (1) 116 

DS = 3.86 × Acetyl Content (%) / [102.4 − Acetyl Content (%)]     (2) 117 

2.4. Halloysite loading 118 

Commercial halloysite nanotubes (HNTs; reported pore volume approximately 1.25 mL g−1) were loaded with a 119 

1:1 (v/v) mixture of the distillation-derived solid lipophilic fraction and the chloroform extract. A total of 3 mL 120 

of the combined bioactive mixture was added per 2 g HNT. The suspension was ultrasonicated until visible 121 

foaming ceased and then mixed for a further 45 min to promote filling of the HNT lumen. The loaded HNTs were 122 

recovered by filtration and dried at room temperature. For electrospinning trials, extract-loaded HNT was 123 

incorporated at 1, 3, and 6 wt% relative to the dry mass of cellulose acetate; 3 wt% was selected because it gave 124 

the most stable electrospinning behaviour and the most homogeneous fibrous morphology. 125 

2.5. Electrospinning 126 

Cellulose acetate solutions in DMSO were screened over the 5–15% (w/v) concentration range; representative 6, 127 

8, 10, and 12% formulations were evaluated by SEM. The optimised formulation contained 12% (w/v) CA and 3 128 

wt% extract-loaded HNT relative to the dry CA mass. The solution was magnetically stirred for 1 h at room 129 

temperature and electrospun from a 5 mL syringe fitted with a 0.66 mm internal-diameter needle. A voltage of 130 

2.2 kV was applied, the needle-to-collector distance was 12 cm, and the flow rate was 0.4–0.6 mL h−1. 131 

Electrospinning was performed at room temperature (approximately 20 °C) and approximately 40% relative 132 

humidity. These conditions were selected after screening lower CA concentrations and needle-to-collector 133 

distances of 10–15 cm, both of which produced dripping or incomplete solvent evaporation. 134 
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2.6. Physicochemical characterization 135 

Nanofiber morphology was examined by scanning electron microscopy (SEM); representative micrographs were 136 

acquired at 10 kV accelerating voltage in low-vacuum mode (≈59 Pa) at a working distance of ≈11.7 mm. Fiber 137 

diameters were measured directly from SEM micrographs using ImageJ software, with measurements taken at 138 

multiple random positions across each fiber mat; values are reported as the observed range and mean. FTIR spectra 139 

of cellulose and cellulose acetate were recorded using a JASCO FT/IR-4700 spectrometer in ATR mode over 140 

4000–400 cm−1. XRD measurements were performed at room temperature using a Bruker D8 ADVANCE Twin-141 

Twin diffractometer with Cu Kα radiation (λ = 1.5405 Å), operated at 40 kV and 40 mA, over 2θ = 8–80° with a 142 

0.01° step size. DSC measurements were performed using a PerkinElmer DSC 400. 143 

2.7. Water-management measurements 144 

Water retention and moisture retention were determined gravimetrically. Water-vapour transmission rate (WVTR) 145 

was measured according to ASTM E96-90 Procedure D at 35 °C using MgCl2, and calculated as WVTR (g m−2 146 

day−1) = [Δm/(t × S)] × 24, where Δm is mass change, t is time, and S is exposed membrane area. 147 

2.8. Cell culture, cytocompatibility, and scratch assay 148 

L929 mouse fibroblasts were maintained in DMEM supplemented with 10% FBS and 1% penicillin/streptomycin 149 

at 37 °C and 5% CO2. For subculturing, cells were detached with 0.25% trypsin-EDTA, collected in fresh 150 

medium, and centrifuged at 2000 rpm for 5 min; cell density in the resulting suspension was determined by Trypan 151 

Blue exclusion using a Thoma haemocytometer. Cytocompatibility was evaluated by MTT according to ISO 152 

10993-5: cells were seeded at 2 × 10^3 cells per well in 96-well plates and allowed to attach for 24 h before 153 

exposure to nanofiber-extract concentrations of 0.78–50 μg mL−1 for 24–72 h (n = 3). At each endpoint, spent 154 

medium was replaced with 100 μL fresh medium containing 10 μL MTT solution (5 mg mL−1) per well; after 4 155 

h incubation at 37 °C, the resulting formazan crystals were dissolved in 50 μL DMSO and absorbance was 156 

measured at 590 nm using a microplate spectrophotometer (Epoch, BioTek). Viability was calculated as the 157 

percentage absorbance relative to the untreated control. For the scratch assay, cells were seeded at 3 × 10^4 cells 158 

per well in 6-well plates and grown to a confluent monolayer; a linear scratch was created using a 200 μL pipette 159 

tip, detached cells were removed by washing with PBS, and fresh medium containing the 50 μg mL−1 condition 160 

was applied for 24 h before being replaced with untreated medium for the remainder of the assay. Cells were 161 

imaged at 0, 24, and 48 h, and scratch areas were quantified using ImageJ (n = 3). 162 

2.9. Antioxidant capacity of release media 163 

Dressing specimens (1 × 1 cm) were incubated in PBS (pH 7.4) at 37 °C and 100 rpm. Independent specimens 164 

were analysed at 0.5, 1, 2, 3, 4, 8, 12, 24, and 48 h. Total antioxidant capacity was measured by the CUPRAC 165 

method using the Cu(II)–neocuproine system and absorbance at 450 nm (Apak et al. 2004). Results are expressed 166 

as mM Trolox equivalents (n = 3 per time point). Because separate specimens rather than cumulative aliquots 167 

were used, the assay is described as time-dependent antioxidant availability rather than cumulative release 168 

kinetics. 169 

2.10. Statistical analysis 170 

Unless otherwise stated, quantitative data are reported as mean ± standard deviation (SD) from n = 3 independent 171 

replicates. The difference in residual scratch area between treated and untreated cultures at the 48 h endpoint was 172 

evaluated using a two-tailed Student's t-test, performed in GraphPad Prism (version 9), with p < 0.05 considered 173 

statistically significant; the corresponding 24 h difference is reported descriptively and was not formally tested. 174 

No other pairwise statistical comparisons were performed in this study. 175 
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3. Results and Discussion 176 

3.1. Chemical Composition of Spartium junceum Extracts 177 

GC–MS analysis showed that sequential processing generated chemically distinct volatile, hexane, and 178 

chloroform fractions (Tables 1–3). As noted in Section 2.1, Tables 1–3 list only the major constituents identified 179 

in each fraction; the summed relative abundance of the listed components was 95.1% (hexane), 94.4% 180 

(chloroform), and 95.0% (volatile fraction), with the balance attributable to minor and trace-level peaks that were 181 

detected but not individually resolved. Because fatty acids were derivatised as methyl esters prior to GC–MS, the 182 

reported ester peaks primarily describe the corresponding fatty-acid pool; biological activities documented for 183 

free fatty acids should not be assumed to apply quantitatively to their methyl esters without direct testing. The 184 

principal value of the sequential extraction lies in demonstrating recovery of chemically complementary fractions 185 

ahead of cellulose isolation. 186 

Table 1 GC–MS-identified major constituents of the hexane extract of Spartium junceum 187 

Compound Composition (%) 

Tetradecanoic acid methyl ester 3.40 

Palmitic acid methyl ester 10.43 

Stearic acid methyl ester 10.30 

Oleic acid methyl ester 16.50 

Linoleic acid methyl ester 51.02 

Linolenic acid methyl ester 3.43 

 188 

The hexane fraction (Table 1) was dominated by linoleic acid methyl ester (51.02%), followed by oleic (16.50%), 189 

palmitic (10.43%), and stearic acid methyl esters (10.30%), confirming efficient enrichment of lipophilic, fatty-190 

acid-derived constituents. The corresponding free fatty acids linoleic and oleic acid have documented antibacterial 191 

activity (Dilika et al. 2000), and linoleic acid has also been implicated in cutaneous repair in experimental and 192 

review literature (Cardoso et al. 2004; Silva et al. 2018). These reports support the biological relevance of a fatty-193 

acid-rich fraction but do not establish that the individual methyl esters identified here were responsible for the 194 

biological responses of the finished material. 195 

Palmitic acid methyl ester accounted for 10.43% of the hexane fraction; the corresponding free fatty acid has been 196 

reviewed for antimicrobial effects (Johnson and Abugri 2014), providing further context for the extract's 197 

composition. Antimicrobial activity was not measured directly in this study, so these GC–MS data are interpreted 198 

as compositional evidence rather than proof of antimicrobial efficacy. 199 

Collectively, the hexane profile identifies a concentrated, fatty-acid-derived fraction suitable for incorporation 200 

into the HNT-containing CA system. This fraction was selected for its high abundance of lipophilic constituents 201 

and its chemical complementarity to the other recovered fractions, not because any single GC–MS peak was 202 

assumed to determine wound-healing activity. 203 

 204 

Table 2 GC–MS-identified major constituents of the chloroform extract of Spartium junceum 205 
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Compound Composition (%) 

Tetradecanoic acid methyl ester 3.99 

Palmitic acid methyl ester 25.10 

1,4-Benzenedicarboxylic acid, dimethyl ester 29.37 

Stearic acid methyl ester 7.60 

Oleic acid methyl ester 4.99 

Linoleic acid methyl ester 2.14 

Linolenic acid methyl ester 5.52 

Eicosanoic acid, methyl ester 0.37 

Oxiraneoctanoic acid, 3-octyl-, methyl ester, cis 15.29 

 206 

In contrast to the hexane extract, the chloroform fraction (Table 2) showed a broader chemical profile, recovering 207 

aromatic ester, fatty-acid methyl ester, and epoxy-fatty-acid-derived constituents in addition to compounds 208 

already present in the hexane fraction. Previous work on S. junceum using solvents of different polarity likewise 209 

found that solvent choice changes both the classes of metabolites recovered and the resulting antioxidant response 210 

(Zahreddine et al. 2021), supporting the use of sequential extraction to broaden the range of compounds recovered 211 

before cellulose isolation. 212 

The chloroform fraction was dominated by 1,4-benzenedicarboxylic acid dimethyl ester (29.37%), palmitic acid 213 

methyl ester (25.10%), and cis-oxiraneoctanoic acid, 3-octyl-, methyl ester (15.29%). The present reference set 214 

does not provide sufficient compound-specific evidence to assign wound-healing or antimicrobial functions to the 215 

aromatic ester or the epoxy ester detected here, and no such mechanism is inferred. 216 

The relatively high palmitic acid methyl ester content provides continuity with the fatty-acid-rich hexane fraction, 217 

whereas the aromatic and epoxy-ester signals chemically distinguish the chloroform fraction. This 218 

complementarity supports the rationale for sequential extraction, although confirming the biological contribution 219 

of each chloroform constituent would require direct activity testing or targeted chemical isolation. 220 

Overall, the hexane and chloroform fractions are compositionally distinct extracts obtained during cascade 221 

utilisation of the flower biomass. Their recovery increases the number of potentially valuable fractions obtained 222 

ahead of cellulose production, though the GC–MS data alone do not establish a synergistic or multi-target 223 

therapeutic mechanism. 224 

 225 

Table 3 GC–MS-identified major constituents of the distillation (volatile) fraction of Spartium junceum 226 

Compound Composition (%) 

Tetradecanoic acid, methyl ester 71.79 

Pentadecanoic acid, 14-methyl-, methyl ester 3.71 
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Compound Composition (%) 

Palmitic acid methyl ester 1.04 

Palmitoleic acid methyl ester 1.96 

Stearic acid methyl ester 7.40 

Oleic acid methyl ester 5.07 

Linolenic acid methyl ester 4.00 

 227 

In the volatile fraction (Table 3), tetradecanoic acid methyl ester was the predominant detected component 228 

(71.79%), followed by stearic (7.40%), oleic (5.07%), and α-linolenic acid methyl esters (4.00%), a pentadecanoic 229 

acid derivative (3.71%), and palmitoleic (1.96%) and palmitic acid methyl esters (1.04%). The corresponding 230 

parent compound, myristic acid, has been investigated for antitumour activity (Nishikawa et al. 1976), but this 231 

evidence is not wound-specific and cannot be extrapolated directly to its methyl ester. The low volatile-fraction 232 

yield (0.57 g kg−1 dry flowers) nonetheless confirms that steam distillation recovers a chemically identifiable 233 

fraction ahead of downstream solvent extraction and cellulose isolation. 234 

From a process perspective, the modest volatile yield reinforces the value of cascade processing: relying on the 235 

volatile fraction alone would underutilise the biomass, whereas sequential extraction followed by cellulose 236 

recovery allows several product streams to be obtained from the same feedstock. 237 

Table 4 summarises only the biological relevance directly supported by the cited literature for the corresponding 238 

parent fatty acids. It is provided as contextual information and should not be read as evidence that the methyl-239 

ester derivatives detected by GC–MS reproduce those activities in the present dressing. 240 

 241 

Table 4 Literature-supported biological relevance of selected parent fatty acids corresponding to GC–MS-detected 242 
derivatives. Activities were not directly tested for the individual methyl esters in this study 243 

Compound identified via corresponding fatty-acid derivative Literature-supported relevance of the parent 

fatty acid 

Myristic acid (C14:0) Antitumour activity reported in a mouse solid-

tumour model (Nishikawa et al. 1976); not wound-

specific. 

Oleic acid (C18:1) Antibacterial activity reported for isolated oleic acid 

(Dilika et al. 2000). 

Linoleic acid (C18:2) Antibacterial activity and wound-repair relevance 

reported for linoleic acid (Dilika et al. 2000; Silva et 

al. 2018; Cardoso et al. 2004). 

Palmitic acid (C16:0) Antimicrobial effects reviewed for palmitic acid 

(Johnson and Abugri 2014). 
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Compound identified via corresponding fatty-acid derivative Literature-supported relevance of the parent 

fatty acid 

Palmitoleic acid / α-linolenic acid Detected by GC–MS; no wound-specific activity is 

assigned here from the present reference set. 

1,4-Benzenedicarboxylic acid dimethyl ester / epoxy ester Detected by GC–MS; no wound-healing or 

antimicrobial activity is assigned here from the 

present reference set. 

  

 244 

The compositional data provide a chemical rationale for selecting the recovered extract for material fabrication; 245 

the biological performance of the finished CA/HNT dressing is evaluated independently in the cytocompatibility, 246 

migration, and antioxidant-capacity experiments below. 247 

3.2. Degree of Substitution of Synthesised Cellulose Acetate 248 

The cellulose acetate produced from residual S. junceum biomass had a DS of 2.66 ± 0.04 (mean ± SD, n = 3; CV 249 

= 1.6%) by ASTM D871 back-titration (Table 5), corresponding to an acetyl content of 44.1 ± 0.5%. This value 250 

falls within the range expected for highly substituted cellulose acetate and is numerically higher than values 251 

reported for several other lignocellulosic feedstocks — including sugarcane bagasse, rice husk, and oil-palm-252 

derived cellulose — in the cited studies (Das et al. 2014; Djuned et al. 2014; Rodrigues Filho et al. 2008). As 253 

those values were obtained in independent studies under different reaction and analytical conditions, the 254 

comparison is descriptive rather than statistical. The measured DS nonetheless confirms extensive acetylation and 255 

is consistent with the observed solubility and electrospinning behaviour of the polymer (Edgar et al. 2001; 256 

Karaboyaci and Kılıç 2022). 257 

 258 

Table 5 Degree of substitution (DS) and acetyl content of cellulose acetate from Spartium junceum (ASTM 259 

D871, n = 3) 260 

Replicate DS Acetyl Content (%) 

1 2.67 44.2 

2 2.61 43.5 

3 2.69 44.5 

Mean ± SD 2.66 ± 0.04 44.1 ± 0.5 

 261 

3.3. Nanofiber Morphology and Electrospinning Optimisation 262 

SEM images showed a concentration-dependent transition from poorly defined deposits to continuous fibers (Fig. 263 

1). At 6% and 8% CA, dripping and extensive aggregation indicated insufficient solution viscoelasticity for stable 264 

fiber formation; increasing CA concentration improved fiber continuity, consistent with the established role of 265 

polymer concentration and chain entanglement in electrospinning (Haider et al. 2018; Xue et al. 2019). 266 
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Among the formulations examined, 12% CA containing 3 wt% extract-loaded HNT produced the most 267 

homogeneous, bead-free fibrous morphology, with no visible dripping under the selected operating conditions 268 

(Fig. 1d), consistent with improved jet stability at higher polymer concentration. No large HNT agglomerates 269 

were visible at the imaging scale used, although SEM alone cannot confirm complete nanoscale dispersion of the 270 

clay within individual fibers. 271 

Fiber diameters, measured from SEM micrographs using ImageJ (Section 2.6), ranged from approximately 130 272 

to 200 nm with a mean of approximately 173 nm. This nanoscale morphology provides a high surface area and 273 

fibrous topography relevant to wound-contact materials and falls within the size range commonly reported for 274 

electrospun tissue-engineering scaffolds (Li and Xia 2004; Pham et al. 2006; Xue et al. 2019). 275 

On the basis of SEM morphology and electrospinning stability, the 12% CA/3% HNT formulation was selected 276 

for subsequent physicochemical and biological measurements. 277 

 

(a) 6% CA/HNT 

 

(b) 8% CA/HNT 

 

(c) 10% CA/HNT 

 

(d) 12% CA/HNT 

Fig. 1 SEM images of CA/HNT nanofibers prepared from (a) 6%, (b) 8%, (c) 10%, and (d) 12% (w/v) CA solutions containing 278 
3 wt% extract-loaded HNT (10,000×; scale bar = 10 μm). The 12% formulation showed the most homogeneous fibrous 279 
morphology among the conditions displayed 280 

3.4. Physicochemical Characterisation 281 

FTIR spectra (Fig. 2) supported successful acetylation of S. junceum cellulose. Bands at 1748 cm−1 (ester C=O 282 

stretching), 1384 cm−1 (C–H deformation associated with acetyl groups), and 1240 cm−1 (ester C–O stretching) 283 

match characteristic cellulose-acetate absorptions and previous analysis of CA prepared from the same biomass 284 

(Karaboyaci and Kılıç 2022); the strong carbonyl signal is consistent with the high DS measured by titration. 285 

The CA/HNT nanofiber spectrum retained the principal CA bands and additionally showed features attributable 286 

to halloysite near 904, 601, and 475 cm−1 (Satish et al. 2019). The carbonyl band shifted slightly from 1748 to 287 

1739 cm−1 after composite formation, consistent with a change in the local interaction environment — possibly 288 

hydrogen-bonding or other interfacial interactions between CA and HNT — although FTIR alone cannot establish 289 

a unique interaction mechanism. 290 

No new dominant absorption bands indicative of new covalent functionality appeared after electrospinning, 291 

supporting physical incorporation of HNT within the CA matrix while the characteristic chemical structure of 292 

cellulose acetate was retained. 293 
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 294 

Fig. 2 FTIR spectrum of cellulose acetate from Spartium junceum cellulose confirming C=O (1748 cm⁻¹), C–H 295 

(1384 cm⁻¹), and C–O (1240 cm⁻¹) bands 296 

XRD analysis (Fig. 3) showed the broad diffraction features expected for highly substituted cellulose acetate, 297 

including features near 2θ ≈ 9° and 14° together with a broad amorphous contribution at higher angles. These 298 

observations are consistent with disruption of the native cellulose hydrogen-bonding and packing arrangement 299 

during acetylation, giving a cellulose-acetate structure containing both ordered and disordered domains (Candido 300 

and Gonçalves 2016; Chen et al. 2016; Edgar et al. 2001). Peak positions are reported descriptively, following the 301 

general conventions recommended for cellulosic diffraction patterns (French 2014), rather than as indexed Miller 302 

planes: the low crystallinity and broad, overlapping reflections of this highly substituted, amorphous-rich CA 303 

precluded reliable indexing, and a crystallinity index or full-pattern deconvolution was not attempted. 304 

 305 

The broad halo between approximately 18° and 23° indicates a substantial disordered contribution. Substitution 306 

of hydroxyl groups by acetyl groups is expected to alter chain packing and reduce the ordered hydrogen-bonding 307 

network of native cellulose (Candido and Gonçalves 2016; Edgar et al. 2001); accordingly, the XRD data are used 308 

here to describe structural change qualitatively rather than to claim a quantitative degree of crystallinity. 309 

Because Fig. 3 represents the cellulose-acetate sample alone, no HNT-specific phase assignment is made from 310 

this pattern. Confirming HNT crystallinity within the composite would require an XRD trace of the CA/HNT 311 

material and, ideally, a companion pattern for neat HNT acquired under the same conditions. Overall, the XRD 312 

results complement the FTIR and DSC measurements, showing that acetylation substantially altered cellulose 313 

packing while measurable structural order was retained in the resulting CA. 314 

 315 

Fig. 3 XRD pattern of cellulose acetate produced from Spartium junceum cellulose. The pattern is interpreted 316 

qualitatively; no crystallinity index was calculated 317 
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DSC analysis (Fig. 4) showed an initial endothermic event near 74 °C, attributed to loss of residual moisture 318 

and/or physically retained solvent, and a higher-temperature transition near 191 °C. This thermal profile is broadly 319 

consistent with highly substituted cellulose acetate, although assigning an exact glass-transition temperature from 320 

DSC can be influenced by residual solvent, thermal history, and baseline selection (Edgar et al. 2001; Karaboyaci 321 

and Kılıç 2022). 322 

The feature near 191 °C is therefore reported as an apparent glass-transition region rather than an independent 323 

measure of DS, and is interpreted alongside the chemically determined DS, FTIR, and XRD results. 324 

A broad high-temperature endothermic event occurred between approximately 276 and 301 °C, with a maximum 325 

near 294 °C. Because cellulose acetate can undergo overlapping thermal softening, melting-like transitions, and 326 

degradation at elevated temperature, this event should not be assigned unambiguously to melting without 327 

complementary thermogravimetric analysis (TGA); the present data describe the observed thermal-transition 328 

profile but do not, on their own, establish decomposition temperature or long-term thermal stability. 329 

Taken together, DS, FTIR, XRD, and DSC provide mutually consistent evidence that S. junceum cellulose was 330 

successfully converted to a highly substituted cellulose acetate that could be processed into electrospun fibers 331 

under the conditions used here. 332 

 333 

Fig. 4 DSC thermogram of cellulose acetate produced from Spartium junceum cellulose. High-temperature 334 

events are interpreted cautiously because complementary TGA was not performed 335 

3.5. Physical Performance 336 

 337 

Water retention (Fig. 5) increased from 42% at 0.5 h to approximately 54% between 1.5 and 2.5 h, then decreased 338 

to 46% at 3.5 h. This time-dependent profile indicates rapid water uptake followed by partial loss or redistribution 339 

of retained water, compatible with the porous fibrous morphology and the coexistence of relatively hydrophobic 340 

CA with hydrophilic HNT surfaces; the individual contributions of these components were not separated 341 

experimentally. 342 

Moisture retention (Fig. 6) reached a maximum of 4.848% at 3 h and declined to 3.030% by 15 h. Because 343 

maintenance of a moist environment is widely recognised as beneficial to wound repair (Boateng et al. 2008; 344 

Jones et al. 2006; Junker et al. 2013), and a dressing should avoid both excessive desiccation and prolonged fluid 345 

accumulation, these data indicate measurable short-term moisture retention; direct comparison with commercial 346 

dressings would require testing under matched conditions. 347 

 348 

WVTR was time-dependent (Fig. 7), with transient values of approximately 2000–2500 g m−2 day−1 during the 349 

early measurement interval and an overall mean of 1458 g m−2 day−1 across the experiment. Because literature 350 

target values for wound dressings vary with wound type, exudate level, temperature, humidity, and test 351 

configuration (Boateng et al. 2008; Jones et al. 2006), the early transient values are not interpreted as proof of a 352 

universally optimal clinical window; rather, the membrane clearly permits appreciable water-vapour transport 353 

while retaining some moisture, which is the relevant functional balance for further evaluation. 354 
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Overall, the water-management results show that the optimised CA/HNT membrane combines water uptake, 355 

moisture retention, and vapour permeability, supporting its use as a candidate wound-contact material. Clinical 356 

suitability, however, cannot be concluded from WVTR alone and will depend on mechanical performance, 357 

exudate handling, sterilisation, and in vivo evaluation. 358 

 359 

Fig. 5 Water retention of the CA/HNT/S. junceum nanofiber wound dressing (0.5–3.5 h). Plateau of 54% at 1.5–360 

2.5 h 361 

 362 

Fig. 6 Moisture retention of the CA/HNT/S. junceum nanofiber wound dressing (1–15 h). Peak of 4.848% at 3 h 363 

 364 
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Fig. 7 Time-dependent WVTR of the CA/HNT/S. junceum nanofibrous dressing measured by ASTM E96-90 365 

Procedure D at 35 °C. The dashed horizontal line indicates the overall mean (1458 g m−2 day−1); shaded literature 366 

ranges should be interpreted as contextual rather than universal clinical thresholds 367 

3.6. In Vitro Biocompatibility 368 

Biocompatibility measurements were obtained from three independent replicates (n = 3), with the underlying 369 

viability values provided in the Supporting Information (Table S1). Untreated control cultures displayed the 370 

characteristic elongated, spindle-shaped morphology of a healthy, proliferating L929 monolayer (Fig. 8). Across 371 

the tested extract-equivalent concentrations (0.78–50 µg mL−1) and incubation periods, metabolic activity 372 

remained above the 70% viability threshold specified in ISO 10993-5, supporting classification of the tested 373 

material/extract condition as non-cytotoxic (ISO 10993-5 2009); values at or above the untreated control indicate 374 

preserved metabolic activity but should not, by themselves, be read as direct evidence of cell proliferation. 375 

The 72 h MTT results (Fig. 9) showed no concentration-dependent loss of viability across the tested range, and 376 

several conditions gave mean values slightly above the untreated control. Because MTT measures metabolic 377 

reduction rather than cell number directly, these increases are described as enhanced metabolic activity rather than 378 

definitive proliferation. Comparable cytocompatibility has been reported for other electrospun CA-containing 379 

wound-dressing systems (Dos Santos et al. 2021; Prakash et al. 2021; Samadian et al. 2020; Sharaf et al. 2022). 380 

This cytocompatibility is consistent with the established use of CA as a biomedical polymer and with reports of 381 

acceptable cellular responses to halloysite-containing systems (Cao et al. 2020; Satish et al. 2019). The present 382 

experiment evaluates the complete material/extract condition and does not resolve the separate contributions of 383 

CA, HNT, and individual phytochemicals to L929 metabolic activity. 384 

Overall, the MTT data show that the CA/HNT/S. junceum formulation was non-cytotoxic to L929 fibroblasts 385 

under the tested conditions. This finding provides the biological-safety basis for interpreting the scratch-migration 386 

assay that follows but does not, by itself, establish therapeutic wound-healing efficacy. 387 

 388 

 389 

Fig. 8 L929 mouse fibroblast cells: characteristic spindle morphology of a healthy proliferating monolayer (untreated control) 390 

 391 
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 392 

Fig. 9 L929 metabolic activity after exposure to the CA/HNT/S. junceum nanofiber condition for 72 h (MTT 393 

assay, n = 3, mean ± SD). Dashed line: untreated control (100%); dotted line: ISO 10993-5 cytotoxicity threshold 394 

(70%) 395 

3.7. Wound Healing Scratch Assay 396 

Representative scratch-assay images (Fig. 10) showed greater narrowing of the cell-free region in nanofiber-397 

treated cultures than in untreated controls. Initial scratch widths were comparable at 0 h, and the difference became 398 

pronounced at 24 and 48 h, consistent with increased fibroblast migration under the tested conditions. 399 

ImageJ analysis (Fig. 11) supported the microscopy observations: wound closure reached 77.5% in the treated 400 

group versus 24.8% in the untreated control at 24 h, and 97.2% versus 64.8% at 48 h. At 48 h, residual wound 401 

area was 2.78% in treated cultures versus 35.2% in controls (p < 0.001, two-tailed Student's t-test, n = 3; Section 402 

2.10); the 24 h difference is descriptive and was not formally tested. These results demonstrate a strong pro-403 

migratory effect in this L929 scratch model, though direct numerical comparison with other published dressing 404 

systems should be made cautiously, since cell type, extract preparation, dose, scratch geometry, and image-405 

analysis procedures differ across studies (Samadian et al. 2020). 406 

This migration result is compatible with the preserved metabolic activity observed in the MTT assay: the treatment 407 

did not reduce cell viability and was associated with faster closure of the artificial cell-free area. The assay does 408 

not, however, identify the molecular mechanism responsible for migration, and cannot establish that any 409 

individual GC–MS constituent caused the response. 410 

Together, the MTT and scratch-assay data indicate cytocompatibility and enhanced fibroblast migration in vitro. 411 

These outcomes support further evaluation of the nanofibrous material as a wound-dressing candidate, while 412 

confirming regenerative efficacy will require mechanistic studies and in vivo wound models. 413 
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 414 

Fig. 10 Wound healing scratch assay: L929 fibroblast monolayer at 0, 24, and 48 h for untreated control and nanofiber-treated 415 
(50 µg mL⁻¹) groups 416 

 417 

 418 

Fig. 11 Quantitative scratch-closure analysis at 0, 24, and 48 h (n = 3). At 48 h, ***p < 0.001 by Student’s t-test. Scratch areas 419 
were quantified using ImageJ 420 

3.8. Antioxidant capacity of release media 421 

Antioxidant capacity of release media collected from the CA/HNT/S. junceum dressing was evaluated by the 422 

CUPRAC assay (Table 6). Total antioxidant capacity (TAC) increased from 0.038 mM Trolox equivalents at 0.5 423 

h to a maximum of 0.055 mM at 2 h and remained measurable at 48 h (0.036 mM). Because separate specimens 424 

were analysed at each time point and CUPRAC measures reducing/antioxidant capacity rather than the 425 

concentration of a specific released molecule, these data describe time-dependent antioxidant availability rather 426 

than a cumulative drug-release profile, and do not by themselves establish a diffusion-controlled release 427 

mechanism (Apak et al. 2004). 428 

The blank CA/HNT material showed only 0–0.002 mM Trolox equivalents over the same period, whereas the 429 

extract-loaded material gave substantially higher values (each analysis performed in triplicate), indicating that the 430 
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measured antioxidant capacity originated predominantly from the incorporated S. junceum fraction rather than 431 

from the unmodified CA/HNT matrix. 432 

Antioxidant availability is relevant to wound-material design because excessive oxidative stress can impair cell 433 

and tissue repair (Comino-Sanz et al. 2021); however, the present data do not establish a causal link between 434 

CUPRAC values and the scratch-assay response. Confirming such a mechanism would require additional 435 

experiments — for example direct ROS measurements, identification/quantification of released compounds, or 436 

pathway-specific cellular assays. 437 

Overall, the CUPRAC results show that antioxidant activity associated with the incorporated plant fraction 438 

remains detectable in the surrounding medium for up to 48 h. Together with cytocompatibility and enhanced 439 

fibroblast migration, this finding supports the functional potential of the material, without over-interpreting the 440 

CUPRAC assay as a complete release-kinetics study. 441 

 442 

Table 6 Total antioxidant capacity (mM Trolox equivalents) measured in release media from extract-loaded and blank 443 
CA/HNT dressings (n = 3 per time point) 444 

Sample 0.5 h 1 h 2 h 3 h 4 h 8 h 12 h 24 h 48 h 

CA/HNT + Extract 0.038 0.048 0.055 0.052 0.051 0.035 0.039 0.038 0.036 

CA/HNT (blank) 0.000 0.000 0.000 0.002 0.002 0.002 0.002 0.002 0.002 

 445 

4. Conclusion 446 

This study demonstrates an integrated cascade-valorisation route in which extractable fractions are recovered from 447 

S. junceum flowers before the residual lignocellulosic biomass is converted into cellulose acetate for electrospun 448 

wound-dressing fabrication, linking phytochemical recovery with cellulose-derivative production rather than 449 

treating these biomass fractions as independent resources. 450 

The resulting cellulose acetate had a DS of 2.66 ± 0.04 and was successfully electrospun with extract-loaded HNT 451 

into a homogeneous nanofibrous formulation with fiber diameters of approximately 130–200 nm. FTIR, XRD, 452 

and DSC confirmed successful acetylation and described the structural and thermal characteristics of the polymer, 453 

while water-retention, moisture-retention, and WVTR measurements demonstrated functional water-management 454 

behaviour relevant to wound-contact materials. 455 

Biologically, the formulation was non-cytotoxic to L929 fibroblasts under the tested conditions and increased 456 

scratch closure to 97.2% at 48 h versus 64.8% in untreated controls. CUPRAC analysis showed antioxidant 457 

activity in the release medium for up to 48 h, peaking at 2 h. These results support sustained antioxidant 458 

availability from the extract-containing material but do not, by themselves, establish compound-specific release 459 

kinetics or the molecular mechanism underlying the migration response. 460 

Overall, S. junceum is shown to be a viable renewable feedstock for coupling cellulose-acetate production with 461 

recovery of extractable plant fractions in a single, materials-oriented workflow. These findings justify further 462 

development of the platform — particularly quantitative chemical release profiling, antibacterial testing, 463 

mechanical and sterilisation studies, and in vivo wound-healing evaluation. A complete mass balance and 464 

environmental assessment would also be required before the process could be described quantitatively as zero-465 

waste or environmentally superior at scale. 466 

 467 

 468 

 469 

 470 
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