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ABSTRACT 22320
caos=93 X4
Developing sustainable and biodegradable veterinary biomaterials is crucial for addressing limitations of synthetic &' S 32 = o)
sutures and avoiding secondary suture removal. The present study aimed to develop a novel, eco-friendly suture & & & & 2
derived from pineapple leaves as an alternative to synthetic surgical threads and to assess its functional and clinical < & § > jZ>
potential. The present study fabricated absorbable veterinary sutures from pineapple leaf fibers (PALF) via alkaline = 2 = ?_« —
treatment and 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)-mediated oxidation. The purified fibers, characterized & < < S >
by an average diameter of 53.61 + 1.89 pum were successfully isolated via alkaline treatment and TEMPO-mediated 1, % ~ 9
oxidation, dyed naturally with Peristrophe bivalvis, coated with 1% chitosan, and subsequently twisted into size 3/0 = § sQ
sutures. In vitro degradation in phosphate buffer solution over four weeks confirmed their biodegradability, as < ® 0
demonstrated by increased fragility and strand separation. For the in vivo trial, 24 male mice (20-24 grams) were |-'_|-|

housed at a density of three mice per cage throughout the cultivation periods of 7, 14, 28, and 45 days. The mice
were divided into two groups, including those that underwent surgery and were treated with PALF sutures
(experimental group) and those that were treated with Polyglactin 910 (control group). A 2-3 cm dorsal-to-
abdominal skin incision was made to expose the subcutaneous tissue, followed by a 1-2 cm connective tissue
incision to establish the wound model for testing PALF sutures. Specific parameters, including the degree of edema
and erythema, localized temperature, and the presence of exudate, suppuration, secondary infection, and
hemorrhage, were assessed for each group. Critical complications, including wound dehiscence or marginal necrosis,
were recorded. The current results demonstrated that PALF sutures were biocompatible and followed a healing
pathway similar to that of Polyglactin 910. The present results revealed that PALF sutures had significantly lower
secondary infection scores (0.08 + 0.28) than Polyglactin 910 (0.58 + 0.90), indicating superior anti-infective
property. All clinical inflammatory signs completely resolved by day 45. The TEMPO-oxidized PALF sutures were
a viable, biocompatible, and sustainable alternative to absorbable veterinary sutures, demonstrating effective tissue
healing and a significantly lower incidence of secondary infection.
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INTRODUCTION

Recent studies on bio-based materials have highlighted their safety and eco-friendly characteristics (Jain and Sinhan,
2022). Pineapple leaf fiber (PALF) is a natural fiber that can be processed to achieve a high cellulose content (Abu et al.,
2019). The PALF cellulose has hydroxyl (-OH) groups that form stable polymer networks (Yadav et al., 2025). As a
result of these polymer networks, cellulose fibers were macerated and developed into a productive technology, which
was applied to composite materials across many fields, such as textiles, paper, and reinforced plastics (Mayakannan et
al., 2023). A wide range of physicochemical and biotechnological approaches, such as alkaline treatment and
hydrothermal pretreatment at high pressure, have been developed to accurately extract and isolate the components of
fiber matrices, thereby optimizing the use of pineapple leaf waste in high-value applications (Saini et al., 2022; Esquivel
et al., 2025; Liao et al., 2025). In Vietnam, the total area of pineapple cultivation encompasses approximately 52,000
hectares, of which 48,000 hectares are harvested annually (Pham et al., 2024). This large-scale production generated
substantial agricultural by-products. Kien Giang, one of the Mekong Delta's major provinces in Vietnam, has about
7,850 hectares and an annual production of over 115,000 tons (Pham et al., 2024). Traditionally, post-harvest pineapple
foliage has been regarded as a low-value residue, typically either left in the field or incorporated into the soil as green
manure (Saini et al., 2023; Lalhruaitluangi and Mandal, 2024). Moreover, in fruit and vegetable processing facilities,
most pineapple by-products are discarded in landfills, thereby imposing a significant environmental burden. A previous
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study has indicated that PALF was applied in the processing of high-value products, including textile-grade fibers, fiber-
reinforced composites, and bromelain enzymes (Hazarika et al., 2018).

In surgery, absorbable sutures play a pivotal role in securing tissues, supporting the wound-healing cascade, and
facilitating suture removal post-operation (Nappi, 2025). There are currently natural absorbable sutures, such as catgut
and collagen (Gupta, 2025); neither is an ideal suture material for clinical use. Catgut suture and collagen sutures
demonstrated unpredictable degradation during inflammation and suboptimal mechanical performance, including
hydration-induced swelling and unreliable knot security (Pillai and Sharma, 2010). Besides natural absorbable sutures,
polyglactin 910 is a synthetic absorbable suture composed of a 9:1 copolymer ratio of glycolide and lactide (Oksiiz,
2024). Using Polyglactin 910 for suturing subcutaneous tissue after cesarean section is an effective solution to prevent
complications such as fluid accumulation or wound infection. With clinical similarities to Polyglycolic acid, Polyglactin
910 has demonstrated its role as a reliable suture material, supporting patients' return to normal activities within a similar
timeframe (Devi et al, 2023). Consequently, there is strong potential to develop bio-based absorbable sutures derived
from natural sources and environmentally sustainable. Cellulose extracted from PALF is considered a highly promising
material due to its superior mechanical strength, which optimizes biocompatibility and degradation profiles (Asim et al.,
2015). Additionally, PALF benefits from the plentiful supply of raw materials derived from agricultural by-products.
Therefore, the present study aimed to develop sustainable absorbable veterinary sutures from PALF via alkaline
extraction and 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)-mediated oxidation, and subsequently validate their
mechanical performance, in vitro biodegradation kinetics, and in vivo tissue-healing efficiency in mice.

MATERIALS AND METHODS

Ethical approval

The study employed an incisional wound model, including wound closure, postoperative monitoring, clinical
evaluation, and post-mortem analysis, in accordance with the guidelines of the Animal Welfare Council at Nong Lam
University, Ho Chi Minh City, Vietnam. The authors considered ethical concerns, consent, animal welfare, and safety
procedures before conducting the study.

Materials

A total of 3 kg of fresh pineapple leaves (Ananas comosus var. Queen) were collected after fruit harvesting from a
pineapple farm in An Giang Province, Vietnam, during the harvest season (July to August, 2025). A total of 200 g of
fresh leaves of Peristrophe bivalvis, locally known as Magenta, harvested from the same farm in An Giang Province,
was used as a natural colorant for the chromogenic functionalization of cellulose filaments (Evitasari et al., 2019).

The materials used in the present study included TEMPO (Cool Chemical Science and Technology Company,
China) chitosan (Biobasic Company, Canada), sodium bromide (NaBr; Xilong Scientific Company, China) , sodium
hypochlorite (NaClO; Xilong Scientific Company, China), hydrochloric acid (HCI; Xilong Scientific Company, China),
acetic acid (CH3COOH; Xilong Scientific Company, China), ethanol (Xilong Scientific Company, China), phosphate-
buttered saline 10X solution (PBS; pH 7.2-7.6; Fisher Scientific Company, USA), and Sodium hydroxide (NaOH;
Guangdong Guanghua Sci-Tech Company, China). Experimental equipment included a Cobalt-60 gamma irradiator, a
Fourier transform infrared (FTIR) spectrometer (FTIR-6X1 type A, Serial No. A004962116, Jasco, Japan), and a field-
emission scanning electron microscope (FE-SEM; S-4800, Hitachi, Japan). The tensile properties of PLAF single-strand
suture samples were evaluated using a manual dead-weight loading configuration adapted from the ASTM
D2256/D2256M protocols (ASTM, 2002).

Pineapple leaf fiber-derived suture fabrication

Decortication of pineapple leaf cellulose fibers

A total of 3 kg of pineapple leaves were mechanically decorticated by manually scraping the surface using a metal
spoon to remove the outer waxy epidermis and parenchyma tissues. This process exposed the longitudinal vascular
bundles of cellulose fibers. The decortication process yielded approximately 45 g of fiber bundles, which were then
thoroughly rinsed with distilled water to remove any remaining impurities.

Alkaline treatment of pineapple leaf fibers

Alkaline treatment was performed by immersing the cellulose fibers in a 3% (w/v) NaOH solution at room
temperature (22°C) for 60 minutes, maintaining a liquor ratio of 1:20. This process aimed to disrupt the hydrogen
bonding in the cellulose fiber's network structure, adapted from Motaleb et al. (2018), and solubilize non-cellulosic
components, such as lignin and hemicellulose. Consequently, alkaline treatment yielded higher-purity cellulose fiber,
defibrillated clustered bundles, and increased surface roughness, thereby enhancing interfacial adhesion (Gnanasekaran
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et al., 2021), potentially increasing inter-fiber friction during the braiding process. Finally, all 45 g of treated fibers were
thoroughly rinsed with distilled water to remove residual NaOH, then air-dried at room temperature (22°C) for 15
minutes.

TEMPO-mediated oxidation of pineapple leaf fiber

The TEMPO-mediated oxidation of the PALF cellulose fibers was conducted in the TORC system
(TEMPO/NaBr/NaClO; Araya-Chavarria et al., 2022). The TEMPO/NaBr catalyst mixture was prepared with a molar
ratio of 1:10 mmol/g of fiber and dissolved in an appropriate volume of distilled water until the fibers' viscosity
disappeared. After the alkaline treatment, the fibers were added to the TEMPO/NaBr solution and stirred continuously to
ensure the fibers were fully wetted (Araya-Chavarria et al., 2022). Before initiating the oxidation reaction, the pH was
adjusted to 10-11 with 0.5 M NaOH to optimize the selective oxidation of cellulose (Lin et al., 2018). Once the target pH
was reached, NaClO at a concentration of 5 mmol/g of fiber was added to the solution by slow, dropwise addition. The
mixture was stirred continuously for 45-60 minutes to control the oxidation rate and maintain pH stability. During the
reaction, 0.5 M NaOH was added as required to maintain a pH of 10-11, which was continuously monitored with litmus
paper. After the addition of NaClO, the mixture was continuously stirred for 10-15 minutes to ensure complete oxidation.
Subsequently, the reaction was stopped by adding a 2:1 ethanol-NaClO mixture, and the mixture was stirred for 2-5
minutes to neutralize residual NaClO and stabilize the oxidized product. Finally, the mixture was neutralized to pH 7.0
by dropwise addition of 0.1 M HCI. The PALF cellulose fibers were then thoroughly rinsed with distilled water and air-
dried at room temperature for 15 minutes.

Natural dyeing process of pineapple leaf fiber

The natural dyeing process of the PALF-derived cellulose fibers was conducted using an anthocyanin-rich extract
from magenta leaves (Le et al., 2021). The dye was prepared by aqueous extraction, in which dried leaves were
immersed in distilled water at a 1:10 (w/v) material-to-solvent ratio. The mixture was heated at 80-90°C for 10-15
minutes, then filtered through Whatman No. 1 filter paper (Merck Company, Germany) with a pore size of 11 um to
obtain a clear pigment solution. The dye bath pH was adjusted to 3-4 using acetic acid (CH3COOH) to stabilize the
anthocyanins and preserve their purple hue. The cellulose fibers were then immersed in the dye solution at 60-70°C for
30-60 minutes to enhance dye adsorption. After dyeing, the fibers were gently rinsed with cold distilled water and air-
dried at room temperature. This procedure was based on findings that anthocyanins were most stable in acidic media and
are effective as natural colorants for cellulosic substrates (Le et al., 2021).

Suture fabrication and chitosan coating of pineapple leaf fiber

The TEMPO-oxidized cellulose monofilaments were twisted (2-3 strands) to achieve a 3/0 suture size.
Subsequently, a 1% (w/v) chitosan solution, characterized by a molecular weight of 10-20 kDa and a degree of
deacetylation of at least 90%, was prepared by dispersing 1g of chitosan in 100 mL of 1% acetic acid buffer. The mixture
was stirred at 400 rpm for six hours to ensure homogeneity (Akter et al., 2020). The twisted filaments were immersed in
the chitosan solution at a 1:20 (w/v) ratio for 60 minutes at room temperature to ensure a uniform polymeric layer.
Following a brief rinse with distilled water, a secondary coating was applied for another 60 minutes. After the coating
process, the fibers were rinsed three times with distilled water to remove excess surface chitosan and dried in a
laboratory drying oven (UF55, Memmert, Germany) at 40°C for 60 minutes.

Gamma irradiation sterilization of pineapple leaf fiber sutures

The radiation processing of the developed PALF sutures was performed at the Biotechnology Center of Ho Chi
Minh City, Inc., Vietnam, using a Co-60 gamma source at a dose rate of 5 kGy/h for four hours, yielding a total dose of
20 kGy. The baseline understanding of radiation-induced chemical effects, including macromolecular chain scission and
free-radical mechanisms in polymer backbones, was derived from studies on gamma-irradiated polylactic acid (PLA)
and PLA/cellulose fibers (Aouat et al., 2019), along with established biopolymer radiation standards (Al-Assaf et al.,
2016).

Evaluation of breaking force

The tensile properties of the single-strand suture samples were evaluated using a manual dead-weight loading
configuration, adapted from ASTM D2256/D2256M protocols (ASTM, 2002). One end of the thread was secured to a
fixed point with a type O knot to establish the initial gauge length (cm), while the opposing end was progressively loaded
with calibrated metal weights until complete rupture occurred. The time-to-break (seconds) was recorded to ensure
consistency.

The characteristics of pineapple leaf fiber sutures

Morphology and structure of pineapple leaf fiber sutures

An FTIR equipped with an ATR PRO ONE X tool (S/N: A002962140, JASCO, Japan) was employed to assess the
analysis of fiber chemical composition. This analysis aimed to examine the chemical functional composition of the fibers
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before and after chemical treatment in the wavenumber range of 4,000-400 cm™ (Dharanendra et al., 2025). Observation
of surface morphology and fiber dimensions was carried out using the FE-SEM to observe the surface morphology of the
fibers post-chemical treatment. The SEM micrographs were subsequently processed in ImageJ version 1.53 to calculate
fiber diameters (Gotz et al., 2021).

In vitro degradation of pineapple leaf fiber sutures

The sutures were immersed in 50 mL of PBS with a pH range of 7.2 to 7.6 during the two- and four-week periods.
The degradation level of the sutures was subsequently analyzed using FTIR spectroscopy (4,000- 400 cm™) at the Ho
Chi Minh City Biotechnology Center, Vietnam, following the methodology described by Antoniac et al. (2021).

In vivo evaluation and tissue compatibility of pineapple leaf fiber sutures

Experimental design

A one-factor randomized complete block design was employed, which consisted of two suture types, including the
bio-based PALF sutures 3/0 and the commercial Polyglactin 910 3/0 (Medico, China) as the control. The clinical
performance of tissues was assessed based on five key inflammatory parameters, including edema, erythema, exudate
formation, secondary infection, and hemorrhage, which were evaluated at 7, 14, 28, and 45 postoperative days, using a
semi-quantitative scoring system and a clinical scoring system for evaluating local tissue reactions to sutures in mice
(Karner et al., 2020). These time points were strategically selected to encompass the entire wound-healing process, from
the acute and subacute inflammatory phases to complete tissue regeneration. Scores ranged from 0 to 3, corresponding to
absent, mild, moderate, and severe reactions, respectively, adopted from the study of Karner et al. (2020; Table 1).
Following a completely randomized design (CRD), mice were divided into two treatment groups, with three independent
biological replicates per group at each time point.

Table 1. Clinical evaluation scale for in vivo suture response in mice

Exudat
Score Edema Erythema xu a.e Secondary infection = Hemorrhage
formation
0 None None None None None
. . . . L . Mild peri-sutural
1 Mild swelling Pale pink Serous fluid Localized infection 1:d peri-sutura
redness
Slightly cloud Extension to adj t  Slight oozing of
2 Moderate swelling Distinct redness .1g Y clouy .X ension fo acjacen 18t 00ZINg ©
discharge tissues blood
3 Severe sv.velling, suture site  Deep r.ed, extensive Purulent discharge Systemic Active bleeding
deformation spreading (pus) involvement

Scores: 0: None, 1: Mild, 2: Moderate, 3: Severe. Source of scoring adopted from the study of Karner et al. (2020)

Animals

A total of 24 healthy adult male albino mice, each 2 months old and weighing between 20 and 24 g, were randomly
assigned to two groups (n = 12 per group, with three replicates) corresponding to two suture types (Karner et al., 2020).
One group was treated exclusively with PALF sutures (experimental group), and the other group was treated with
Polyglactin 910 (control group).

The experimental setup was specifically designed to eliminate immune interference by separating groups, ensuring
that inflammatory or healing responses were solely due to the suture material and preventing cross-interaction or signal
interference. Only male mice were used in the present experiment to minimize biological variability associated with
hormonal fluctuations. Female mice undergo estrous cycles, during which estrogen and progesterone levels vary and can
significantly influence inflammatory responses and tissue repair processes (Beery et al., 2011). These hormonal
variations may introduce additional variability in wound healing outcomes. Therefore, using male mice ensured more
stable physiological conditions and improved the reliability of the experimental results. Three mice were euthanized at
each time point (at 7, 14, 28, and 45 days) to collect tissue samples. The sample size was determined in accordance with
ethical considerations to minimize animal use, while ensuring an adequate number of biological replicates for
histological and inflammatory evaluations, in alignment with the principles of the Replacement, reduction, and
refinement (3Rs) in animal studies (Kilkenny et al., 2010; MacArthur, 2018). This design ensured independent
measurements and avoided repeated sampling bias.
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Housing and feeding

Prior to the surgical procedure, the mice underwent a 7-day acclimatization period under controlled environmental
conditions to ensure physiological and psychological stability (Obernier et al., 2006). The mice were housed in eight iron
cages (three mice per cage, grouped by treatment and designated evaluation time point) measuring 47 x 30 x 30 cm, with
rice husk used as bedding material. The rice husk bedding was completely replaced every 2-3 days or spot-cleaned
earlier when excessive feces or urine accumulated. Established protocols for nutrition and hygiene were strictly
maintained to ensure uniformity across all mice, eliminating potential confounding variables that could interfere with the
experimental outcomes. The feed, manufactured by Vienovo in Vietnam, comprised pellets containing 17% crude
protein, 1.5% calcium, and 2,700 kcal of energy, in accordance with the National Research Council (NRC, 2011).

Anesthesia and surgical procedure

Pre-operative preparations were carefully performed for all surgical procedures. Before surgery, the mice's health
status, including normal dietary intake, active locomotion, and the absence of aggressive behavior or fighting, was
thoroughly re-evaluated to ensure the absence of any pathologies. To reduce handling-related stress, the daily welfare of
animals was evaluated using four key visual clinical indicators, including activity level, respiratory health, coat
condition, and body posture (University of Queensland, 2021). Following a general health assessment, general anesthesia
was induced using a combination of tiletamine 25 mg/mL and zolazepam 25 mg/mL (Zoletil 50, Virbac Company,
Vietnam) at 1 mg/kg (Cagle et al., 2017). When the mice achieved a deep state of anesthesia, the dorsal-lateral region
was shaved and disinfected with alcohol and Povidone-iodine 10%. A 2-3 cm skin incision was made from the dorsal
midline towards the abdominal area. This incision was carefully performed to an appropriate depth to expose the
subcutaneous connective tissue, followed by a 1-2 cm incision through the underlying connective tissue layer to establish
the wound model (Kandimalla et al., 2016). In the experimental group, the subcutaneous incisions were closed using
PALF 3/0 sutures. For the control group, the same layer (the underlying connective tissue) was sutured with 3/0
Polyglactin 910. The skin layer was closed with 3/0 nylon (Medico, China). All wounds were sealed with a simple
interrupted pattern; this method provided strong security for each strand but increased the volume of foreign bodies at the
wound site due to multiple knots, thereby increasing closure times (Nair et al., 2023). For postoperative prophylactic
care, enrofloxacin (50 mg/mL; Bio Pharmachemie Company, Vietnam) was diluted 1:50 in sterile 0.9% NacCl to a final
concentration of 1 mg/mL. The diluted solution was administered subcutaneously once daily at a dose of 5 mg/kg, which
was within the reported dosage range for veterinary enrofloxacin use (Plumb, 2018). Treatment was continued for five
consecutive days following surgery. The five-day administration period was selected as part of the present postoperative
management protocol to provide antimicrobial coverage during the early phase of wound healing and was not intended to
represent a universally recommended duration. Additionally, meloxicam (Bio Pharmachemie Company, Vietnam) was
administered via intraperitoneal injection at a dose of 28.4 pmol/kg every 24 hours for 5 consecutive days following the
surgical procedure (Santos et al., 1998).

Statistical analysis

All statistical analyses were performed using GraphPad Prism 9.0 (GraphPad Software, San Diego, CA, USA). Data
were expressed as the mean + standard deviation (SD). A two-way analysis of variance (ANOVA) was conducted to
evaluate the effects of suture type (PALF versus Polyglactin 910), observation day (7, 14, 28, and 45 days post-surgery),
and their interaction on each clinical parameter (erythema, edema, exudate formation, secondary infection, and
hemorrhage). Before ANOVA, the assumption of normality was assessed using the Shapiro-Wilk test, and homogeneity
of variances was assessed using Levene's test. When a significant main effect was detected, post hoc comparisons were
performed using Tukey's honestly significant difference (HSD) test for multiple comparisons across observation days.
Independent t-tests were used to compare suture types at each individual time point. Statistical significance was defined
at a p-value less than 5% (p < 0.05).

RESULTS

Chemical composition of untreated pineapple leaf fibers

The FTIR spectra of raw PALF exhibited typical absorption bands of lignocellulosic materials (Figure 1). The band
at 1,590.5 cm™ represented the C=C aromatic skeletal vibrations of lignin, which constituted a significant part of
pineapple leaves. Additionally, a prominent absorption peak at 1,029.33 cm™ was attributed to the C—O and C-O-C
stretching vibrations in f-1,4-glycosidic bonds within cellulose and hemicellulose, reflecting the presence of
polysaccharide components in the fiber structure. Meanwhile, the absorption band at 2,360.44 cm™ did not represent
chemical bonds in cellulose, hemicellulose, or lignin and was likely due to atmospheric CO: or background interference.
Thus, the major absorption bands in the FTIR spectra confirmed the lignocellulosic nature (cellulose, hemicellulose, and
lignin) of the PALF.
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Figure 1. Fourier-transform infrared spectroscopy of untreated pineapple leaf fibers. Fourier-transform infrared spectra of untreated
pineapple leaf fibers with major absorption peaks at 1590 cm-1 for C=C stretching of lignin and 1029.33 for C—O and C—O—C glycosidic linkages. The
peak at 2360.44 cm-1 represents background CO, absorption.

Structure and morphology of treated pineapple leaf fibers

The SEM micrographs revealed that at 1,000x magnification, following 3% NaOH alkaline treatment and
TORC/TEMPO-mediated oxidation, the inter-fiber binding components, such as hemicellulose and lignin, were
effectively removed. This resulted in a significant amount of treated fiber with bundle defibrillation and a more porous
structure, with an average fiber diameter of 53.61 £ 1.89 um across five measured fibers (p < 0.05; Figure 2A). At
2,000x magnification, the fiber surface exhibited prominent longitudinal grooves and a high degree of roughness,
characterized by numerous furrows and microstructures extending along the fiber axis. These characteristics enhanced
frictional resistance and mechanical interlocking during the fiber spinning process (Figure 2B). The transformation from
a smooth surface to a porous, rough structure in treated fibers demonstrated the efficacy of the alkaline treatment and
TEMPO-mediated oxidation (chemical treatments) in increasing surface contact area. This structural modification
resulted in fundamental biodegradability and tissue-adhesion properties, which were highly critical for its application as
a suture material in veterinary surgery. In Figures 2A and 2B, small scattered particles were observed on the fiber
surface, possibly attributable to residual debris from the chemical treatments. However, these particles did not form a
continuous coating and required further FTIR spectroscopic analysis to identify their chemical nature.

S-4800 10.0kV 8.2mm x1.00k SE(M) 50.0um | S-4800 10.0kV 8.2mm x2.00k SE(M

Figure 1. Scanning electron microscope micrographs of pineapple leaf fibers after alkaline treatment and TEMPO-mediated
oxidation (TORC). A: Fiber structure and bundle defibrillation at 1,000x magnification, B: Rough fiber surface and longitudinal
grooves at 2,000x magnification

Figure 3 illustrates the FTIR spectra of treated fibers, revealing a broad band in the 3,500-3,200 cm™ range, which
corresponds to the -OH stretching of cellulose molecules. Following chemical treatment, the increased intensity of the
peak near 3,300 cm™ indicated greater exposure of hydroxyl groups within the polysaccharide backbone of PALF. The
peak at 2,915.84 cm™ corresponded to the symmetric C—H stretching vibrations of CH: groups, typical of cellulose and
hemicellulose. In the spectra of the PALF-treated fibers, only a weak absorption peak at 1,158.53 cm™ was observed,
attributed to the arabinose side chains in hemicellulose. The peak at 1,590.5 cm™, which indicated C=C aromatic skeletal
vibrations of lignin, disappeared after treatment. This indicated a significant decrease in intensity compared to the raw
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PALF spectrum, in which the lignin-associated peak was observed at 1,590.5 cm™ (p < 0.05; Figure 1). This finding
confirmed that lignin was partially removed from the fiber structure. The peak at 2,359.96 cm™ was attributed to
atmospheric carbon dioxide (CO-) interference from the environment or equipment, rather than to chemical bonds in the
lignocellulosic components. The emergence of a peak at 431.012 cm™! in the 500-150 cm™ range, characteristic of metal-
halogen bond vibrations (M-CI, M-Br, M-F), suggested the potential presence of inorganic salt residues, such as NaCl or
NaBr, remaining in the sample after treatment. Furthermore, absorption peaks at 1,630.52 cm™ and 1,314.25 cm™
indicated the asymmetric stretching vibrations of carboxyl groups (—-COO"). Consequently, regenerated cellulose
produced via TEMPO-mediated oxidation (TORC) yielded a fiber material suitable for sutures, exhibiting both
biodegradability and optimal mechanical properties.
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Figure 2. Fourier-transform infrared spectroscopy spectra of pineapple leaf fibers after treatment with alkaline and intermediate
oxidation (TEMPO). Fourier-transform infrared spectra of treated pineapple leaf fibers with major absorption peaks at 3500-3200 cm™ for O-H
stretching vibrations of cellulose, 2915.84 cm™ for symmetric C—H stretching of CH: groups, and 1630.52 cm™ and 1314.25 cm™ for asymmetric
stretching of carboxylate groups (—COO"). Additionally, the peaks at 1158.53 cm™ and 431.01 cm™ represent arabinose side chains of hemicellulose
and metal-halogen bond vibrations (M—CIl, M-Br, M—F), respectively. The peak at 2359.96 cm™ represents atmospheric CO: absorption.

In vitro degradation evaluation of pineapple leaf fiber suture

After two weeks of in vitro experiment, the PLAF suture retained its fibrous form; however, the PLAF suture
exhibited a significant reduction in tensile strength compared to the original sample of PLAF (p < 0.05). By the fourth
week, the fiber surface had lost its structural homogeneity, with fibrillation and strand separation observed at multiple
sites. The current findings indicated a clear degradation in mechanical properties, with the fiber becoming more brittle,
exhibiting decreased elasticity, and being prone to fracturing under minimal mechanical stress. Empirical results
indicated that the single-strand suture samples of PALF had a maximum breaking force of about 2.5 + 0.6 N
(approximately 180-330 gf), effectively establishing the mechanical limits and breaking strength of these samples. A
high length-to-diameter ratio facilitated the development of an effective fiber network, enabling small-diameter fibers
(average diameter of 53.61 + 1.89 um) to be transformed into 3/0-grade medical sutures.

Animal bio-assay and in vivo analyses of pineapple leaf fiber sutures

Erythema and edema

The present results indicated that observation day significantly affected erythema scores (F = 18.83, p < 0.05), while
suture type did not have a significant main effect (F = 1.50, p > 0.05; Table 2). There was no significant interaction
between suture type and observation day (F = 0.61, p > 0.05). The current results revealed that scores on days 7 (2.00 =
0.63) and 14 (1.50 £ 0.55) were significantly higher than those on days 28 (0.67 + 0.51) and 45 (0; p < 0.05), with no
significant difference between days 7 and 14 or between days 28 and 45 (p > 0.05). Both suture types elicited peak
inflammatory responses on day seven post-surgery. Sites sutured with PALF sutures had an erythema score of 2.33 +
0.58, compared to 1.67 + 0.58 for those with Polyglactin 910. However, this difference was not statistically significant (p
> 0.05). Erythema gradually decreased over time, with minimal signs by day 28 (0.67 in both groups) and complete
resolution by day 45. Similarly, a significant main effect of observation day was found for edema scores (F = 11.46, p <
0.05), whereas no significant main effect of suture type (F = 3.13) or interaction effect (F = 1.13) was observed (p >
0.05). The current results indicated that edema scores on day seven (1.83 + 0.75) were significantly higher than those on
days 28 (0.67 + 0.52) and 45 (0; p < 0.05), while day 14 score (1.33 + 0.82) was not significantly different from any
other time point (p > 0.05). Edema peaked on day seven, with PALF sutures scoring higher (2.33 + 0.58) than
Polyglactin 910 (1.33 + 0.58), but the difference was not statistically significant (p > 0.05). By day 45, edema had
completely resolved in both groups.
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Exudation and clinical complications

Exudate formation demonstrated a significant effect based on the observation day (F = 11.46, p < 0.05), but there
was no significant effect of suture type (F = 1.12, p > 0.05; Table 2). The current findings demonstrated that exudate
scores on day seven (1.67 £ 0.81) were significantly higher than those on days 28 and 45 (0; p < 0.05), while the day 14
score (0.83 = 0.75) was not significantly different from any other time point (p > 0.05). Exudation was primarily
observed within the first 14 days post-surgery. At day seven, PALF sutures exhibited higher exudate scores (2.00 + 1.00)
than Polyglactin 910 (1.33 + 0.58), although this difference was not statistically significant (p > 0.05). From day 28
onward, exudation was absent in both groups.

Secondary infection

Both suture type and observation day significantly affected secondary infection scores (p < 0.05), with effects
having F values of 6.00 and 5.33, respectively, indicating their individual impact on infection rates. However, the
interaction effect was not statistically significant (F = 2.44, p > 0.05; Table 2). The current results indicated that infection
scores on day seven (1.00 £ 0.89) were significantly higher than those on days 28 and 45 (0; p < 0.05), while the day 14
score (0.33 £ 0.82) was not significantly different from any other time point (p > 0.05). Notably, PALF sutures
demonstrated superior performance against secondary infection, with a significantly lower mean infection score (0.08 +
0.28) than Polyglactin 910 (0.58 £ 0.90) throughout the observation period (p < 0.05). Independent t-tests conducted at
each time point indicated that the most significant difference occurred on day seven, with PALF sutures having lower
infection scores (0.33 = 0.58) than Polyglactin 910 (1.67 + 0.58).

Hemorrhage

The observation day had a significant impact on hemorrhage scores (F = 4.50, p < 0.05). The present results
demonstrated that hemorrhage scores on day seven (0.50 + 0.55) were significantly higher than those on days 14, 28, and
45 (0; p < 0.05). In contrast, suture type demonstrated no significant effect (F = 0.50), and there were no interaction
effects (F = 0.50, p > 0.05). Hemorrhages were mild and limited to the first seven days after surgery, with complete
recovery by day 14 in both groups.

Overall clinical outcomes

From day 28 to day 45, no signs of systemic infection or tissue necrosis were recorded in either group. By day 45
after surgery, all clinical signs of inflammation, such as erythema, edema, exudate, secondary infection, and hemorrhage,
had completely resolved in both treatment groups. No wound dehiscence or marginal necrosis was observed in any of the
mice.

Table 2. Assessment of clinical parameters for pineapple leaf-derived absorbable sutures and polyglactin 910 sutures at
7, 14, 28, and 45 days post-implantation

Clinical parameters Suture type (L) Observation day (N) Mean (L)
7 14 28 45
PALF 2.33+0.58 1.67 £0.58 0.67 +0.58 0 1.67 +1.03
Erythema -
Polyglactin 1.67 £0.58 1.33+0.58 0.67 +0.58 0 0.92+0.79
Mean (N) 2.00 + 0.63° 1.50 £ 0.55° 0.67 £0.51" 0°
F = 1.50", Fy=18.83" , Fn=0.61"
Edema PALF 233+0.58 1.67+1.15 0.67 £0.58 0 1.17 +1.11
Polyglactin 1.33+0.58 1.00 + 0.00 0.67 +0.58 0 0.75 + 0.62
Mean (N) 1.83+£0.75°  1.33+0.82® 0.67 +£0.52* 0°
F =3.13% Fy=11.46", F = 1.13™
. PALF 2.00+1.00 1.00 + 1.00 0 0 0.75 + 1.05
Exudate formation -
Polyglactin 1.33 +£0.58 0.67 £ 0.58 0 0 0.50 £ 0.67
Mean (N) 1.67+0.81°  0.83+0.75® 0° 0°
Fi=1.12 Fy= 1146, Fl.n=0.46™
L PALF 0.33 +0.58 0.67+1.16 0 0 0.08 + 0.287
Secondary infection - <
Polyglactin 1.67 £0.58 0 0 0 0.58 £0.90
Mean (N) 1.00£0.89°  0.33+0.82® 0° 0°
FL=6.007, Fy=5.33", F =244
PALF 0.67 +£0.58 0 0 0 0.17 +0.39
Hemorrhage -
Polyglactin 0.33 £0.58 0 0 0 0.08 +£0.28
Mean (N) 0.50 +0.55° 0° 0° 0°

F =05 Fy=4.5", Fn=05"
PALF: Pineapple leaf-derived absorbable sutures, Polyglactin: Polyglactin 910 sutures, L: Suture type factor, N: Observation day factor, F.: F-value
for the main effect of suture type, Fy: F-value for the main effect of observation day, Fix: F-value for the interaction effect between suture type and
observation day, ns: Not significant (p > 0.05), *: p < 0.05, **: p < 0.01, ***: p < 0.001. Data are expressed as mean * standard deviation (SD). #*¢
Mean different superscript letters within the same row indicate statistically significant differences between observation days at p < 0.05. * & Mean
different uppercase superscript letters within the same column indicate statistically significant differences between suture types at p < 0.05.
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DISCUSSION

In the present study, PALF were mechanically decorticated by scraping and subjected to an alkaline treatment (3%
NaOH) to solubilize non-cellulosic components, such as lignin and hemicellulose. This process defibrillated clustered
bundles and increased surface roughness, which in turn improved the inter-fiber friction during fabrication. These
characteristics, referring to the length and strength of cellulose, remain unchanged under mechanical scraping and
alkaline treatment (3% NaOH), consistent with the findings of Amornsakchai et al. (2023). The FTIR spectra
demonstrated a strong presence of cellulose in PALF. Furthermore, the PALF/PBS material exhibited a flexural strength
of 70.7 MPa, a flexural modulus of 2.0 GPa, and a heat deflection temperature of 107.3 °C, which were consistent with
the findings of Amornsakchai et al. (2023).

The TEMPO-mediated oxidation system (TORC) successfully converted hydroxyl groups to carboxyl groups (—
COO-), which was verified by FTIR absorption peaks at 1630.52 cm™ and 1314.25 cm™!. This TORC technology was
similarly utilized by Park et al. (2023) to produce TEMPO-oxidized lignocellulose nanofibrils (TOLCNF). Furthermore,
Park et al. (2023) reported that integrating silver nanoparticles was a promising approach to imparting antibacterial
properties. Mathew et al. (2024) suggested that these antibacterial effects could be essential in reducing secondary
infections observed on day seven in the PALF suture site. The biocompatibility of PALF sutures was comparable to that
of the commercial control, Polyglactin 910, with no notable differences observed in erythema or edema responses.
Peristrophe bivalvis (Magenta) extract was used solely as a natural coloring agent to enhance the visual contrast of
sutures against surrounding tissues and blood during surgical observation. This purple color facilitated suture
identification and handling rather than serving as an experimental factor. In the present study, there were no significant
effects on the degradation behavior or inflammatory response of the PALF suture.

The degradation mechanism of PALF, determined by TEMPO-mediated oxidation, revealed hydrolytic behavior
comparable to that of synthetic polymers. Antoniac et al. (2021) reported that in PBS medium (pH 7.2-7.6), fibrillation
and fiber separation occurred, leading to a decrease in tensile strength by the fourth week. Antoniac et al. (2021)
demonstrated that polyglycolic acid samples and poly lactic-co-glycolic acid entirely lost their load-bearing capacity
within 4-6 weeks of immersion due to their highly hydrophilic properties. Because the purified PALF in the present
study had a high cellulose content and an optimal crystallinity index, it ensured knot security and biosafety for modern
veterinary surgery.

The FTIR spectrum of untreated PALF exhibited characteristic absorption bands indicative of its lignocellulosic
nature. The broad absorption band in the 3,200- 3,600 cm™ region corresponded to O—H stretching associated with
hydrogen bonding in cellulose, hemicellulose, and lignin, which was consistent with the FTIR characteristics of
lignocellulosic fibers reported by Mandal and Chakrabarty (2011). Similarly, the presence of lignin in the untreated
PALF was confirmed by the C=C aromatic skeletal band at 1,590.5 ¢m™, comparable to the lignin-associated peaks
previously observed in natural plant fibers. Furthermore, the dominant absorption peak at 1,029.33 cm™ corresponded to
the C-O-C stretch of B-1,4-glycosidic bonds, consistent with the cellulose polysaccharide backbone reported by
Kacurakova et al. (2000). These functional groups confirmed that the untreated PALF possessed a typical lignocellulosic
structure composed mainly of cellulose, hemicellulose, and lignin. After alkaline treatment and intermediate oxidation
(TEMPO), a broad absorption band in the 3,500-3,200 cm™ region appeared in both untreated and treated PALF,
consistent with the hydroxyl (-OH) stretching vibrations in the cellulose structure of plant fiber reported by Mandal and
Chakrabarty (2011). Although cellulose and hemicellulose both contain similar oxygen-containing functional groups
(Yang et al., 2007), the effectiveness of the purification was verified by the disappearance or only a very weak
hemicellulose-specific peak at 1,158.53 cm™ (Zhang et al., 2021). The findings reported by Zhang et al. (2021) were
consistent with the present study, demonstrating that the chemical treatment successfully removed the majority of the
hemicellulose from the fiber structure. Notably, the appearance of peaks at 1,630.52 cm™ and 1,314.25 cm™
corresponded to the stretching vibrations of carboxyl groups (-COO"). These findings aligned with the typical locations
of carboxyl groups as reported by Kaya (2025). The formation of carboxyl groups on the surface of regenerated cellulose
not only confirmed the effectiveness of the fiber functionalization process but also provided a critical basis for producing
suture materials with biodegradability and ideal mechanical properties for biomedical applications.

The surface morphology of the PALF sutures after chemical treatment was crucial to understanding the material's
biomechanical performance in surgical use. The presence of deep longitudinal grooves and distinct fibrillation indicated
that amorphous binding components, mainly hemicellulose and lignin, have been effectively removed. These
morphological changes were consistent with previous studies of Tanpichai and Witayakran (2017) and Gnanasekaran et
al. (2021), who reported increased surface roughness and enhanced fiber bundle separation following chemical treatment
of PALF. From a veterinary surgical perspective, this PALF surface restructuring offered particularly crucial clinical
advantages. First, the highly roughened surface would increase the friction coefficient between the suture loops.
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According to Wong and McGrouther (2023), surface roughness was identified as a key factor enhancing knot security
compared with smooth synthetic monofilament sutures, thereby decreasing the risk of wound dehiscence due to strong
postoperative movement in animals. Second, the presence of microgrooves and a porous structure notably increased the
material's specific surface area. Ashworth et al. (2014) demonstrated that material porosity directly influenced fluid
diffusion capacity and degradation rate, thereby allowing the infiltration of biological fluids and cellular proteolytic
enzymes during in vivo degradation. In an in vivo environment, these microgrooves and porous structures enabled tissue
fluids to permeate quickly and allowed inflammatory cells, such as macrophages and foreign-body giant cells, to
infiltrate more easily. Mértson et al. (1999) indicated that the presence of these biological fluids and cellular components
led to a gradual, multi-faceted degradation process. This process involved chemical and biological breakdown of the
cellulose matrix, accompanied by microstructural fragmentation. Thus, the porous microstructure and improved fluid
permeation supported the suture's stable, controlled degradation, meeting the key criteria for an ideal absorbable
biomaterial.

Erythema and edema reached their highest levels on day seven, aligning with the acute inflammatory phase.
Pathologically, the presence of suture material attracted macrophages and neutrophils to the foreign-body site to clear
cellular debris, resulting in vasodilation, serous exudation, and surrounding soft-tissue edema (Fawi et al., 2023). The
rapid decline in inflammatory indices from days 7 to 28 correlated with the initiation of fibroblast proliferation and
granulation tissue formation as the mucosal barrier gradually closed. By day 45 post-surgery, all inflammatory scores
had returned to zero, indicating the normal physiological state of a healthy subject. This baseline score confirmed that the
immune system has successfully cleared the foreign material through phagocytosis. Furthermore, the connective tissue at
the surgical site has fully recovered and remodeled, with no clinical complications observed. These clinical outcomes of
the present study confirmed that PALF sutures and Polyglactin 910 sutures were safe, medical-grade materials with
excellent biocompatibility, and followed the same healing process. The absence of major complications, evidenced by
the lack of systemic infection or tissue necrosis in all mice, further demonstrated that both materials supported normal
wound healing without triggering severe immune rejection. However, in terms of mean values, Polyglactin 910 material
consistently demonstrated superiority, with lower scores for edema, erythema, and exudation than PALF sutures,
particularly during the first 14 post-operative days. Both PALF sutures and Polyglactin 910 were multifilament
materials; this discrepancy in inflammation levels was primarily due to differences in manufacturing technology.
Multifilament sutures consist of numerous braided or twisted fibers. This structure created microscopic spaces that act
similarly to capillaries, absorbing tissue fluids and potentially harboring bacteria (Katz et al., 1981; Nappi, 2025). The
increased exudation in PALF sutures could be due to a looser braided structure, which enhanced capillarization and led
to localized accumulation of inflammatory exudate (Nappi, 2025). Moreover, to reduce the surface roughness of
multifilament sutures, manufacturers typically apply a surface coating. The fact that Polyglactin 910 elicited less edema
and erythema demonstrated that a smoother coating can reduce tissue drag and limit micro-trauma to nearby capillaries
during needle penetration (Utami et al., 2025).

Consistent with the findings of Freudenberg et al. (2004), hydrolytic degradation of absorbable sutures can alter the
local chemical environment, potentially affecting tissue response and contributing to the peak inflammation observed at
day seven in the present study. These findings were further elucidated by the correlation between the crystallinity index
and tissue response. According to Guambo et al. (2020), the mechanical performance and biological resistance of natural
fibers are highly dependent on their crystalline structure. Guambo et al. (2020) indicated that high-crystallinity fibers,
such as sisal (73%), exhibited superior mechanical properties and a higher ability to prevent biofilm formation compared
to more porous, low-crystallinity fibers such as coconut fiber (56%). The removal of hemicellulose and lignin from
PALF increased its cellulose purity, thereby enhancing its crystallinity index and optimizing tensile strength and
resistance to microbial colonization in surgical applications. Pineapple leaf fiber sutures not only reduced tissue reactions
but also eliminated the need for post-healing stitch removal, indicating that these materials could serve as durable and
biocompatible options.

CONCLUSION

The present study successfully fabricated absorbable veterinary sutures from PALF through alkaline extraction,
TEMPO-mediated oxidation, and a 1% chitosan coating. The chemical treatments successfully eliminated non-cellulosic
components, resulting in a micro-grooved surface that greatly improved mechanical quality and knot security during
suturing. The sutures were sterilized using gamma irradiation at a dosage of 20 kGy to ensure aseptic conditions for
surgical applications. In vitro degradation assays confirmed the reliable biodegradation profile of the material in a
simulated physiological environment over four weeks. In vivo biocompatibility assessments in an albino mouse model
demonstrated that the PALF sutures effectively supported tissue healing without inducing systemic inflammatory
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responses. Notably, the PALF sutures exhibited superior anti-infective properties compared to the Polyglactin 910
control, reflected by significantly lower secondary infection scores (0.08 + 0.28 versus 0.58 + 0.90). By day 45 post-
operation, all clinical inflammatory parameters, including erythema and edema, had completely resolved. No wound
dehiscence, tissue necrosis, or material-related issues were observed at any point during the entire monitoring period.
Bio-processed PALF offered a promising, sustainable biomaterial for veterinary surgery, serving as a basis for future
improvements. Despite these clinical results, this study acknowledged limitations due to the absence of X-ray diffraction
analysis to quantify changes in the fiber's crystallinity index. Moreover, the potential effects of 20 kGy gamma
irradiation on the molecular structure and long-term mechanical stability of cellulose fibers remain to be fully elucidated.
Extending clinical validation in canines and felines is crucial for veterinary use. Since PALF eliminated the need for
suture removal, further surface-coating optimizations could enhance its biostability and performance across diverse
conditions.
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