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Abstract 

Nanocellulose extracted from sugarcane bagasse underwent chemical modification. Then 2,2,6,6-Tetramethylpiperidin-
1-yl)oxyl (TEMPO) -mediated oxidation followed by esterification with vanillin, resulting in the development of a novel
antibacterial material. The sequential processes of alkali treatment, bleaching, and acid hydrolysis effectively eliminated
non-cellulosic components, producing purified cellulose nanofibers with enhanced crystallinity (88%) and well-defined
morphology, as confirmed by Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), scanning
electron microscopy (SEM), and Transmission electron microscopy (TEM) analyses. TEMPO oxidation selectively
converted primary C6 hydroxyl groups to carboxylic acids, as evidenced by FTIR and solid-state 13C nuclear magnetic
resonance (¹³C SS-NMR) spectroscopy. The esterification of the oxidised nanocellulose with vanillin was accomplished
using FTIR spectra, ¹³C SS-NMR. The vanillin-functionalized nanocellulose exhibited reduced thermal stability checked
by thermogravimetric analysis (TGA). Notably, the modified nanocellulose demonstrated significant antibacterial
activity against both Gram-positive and Gram-negative bacteria, with inhibition zones 20.33 to 21.66 mm comparable
to those of pure vanillin, indicating the retention of vanillin bioactivity upon esterification. These findings underscore
the potential of vanillin-esterified TEMPO-oxidised nanocellulose as a sustainable, bioactive material for antibacterial
applications.
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Graphical abstract 

 

1. Introduction  

Nanocellulose, a renewable and biodegradable nanomaterial derived from lignocellulosic biomass, has emerged as a 
promising alternative to petroleum-based polymers owing to its outstanding mechanical strength, high specific surface 
area, and rich surface chemistry [1]. Growing environmental concerns related to plastic waste accumulation and the 
depletion of fossil resources have accelerated research into sustainable nanomaterials, positioning cellulose 
nanomaterials as key building blocks for advanced functional materials, biocomposites, and biomedical applications [2]. 
Among various cellulose sources, agricultural residues such as sugarcane bagasse are particularly attractive feedstocks 
for nanocellulose production. Sugarcane bagasse contains a high cellulose content (approximately 40–50%), is 
abundantly available as a by-product of the sugar industry, and does not compete with food resources [3]. Valorisation 
of this agro-industrial waste not only mitigates environmental disposal issues but also generates value-added materials, 
aligning with the principles of circular bioeconomy and sustainable resource utilisation. Surface chemical modification 
of nanocellulose is a crucial strategy for tailoring its physicochemical properties and expanding its functional scope. 
Native nanocellulose contains abundant surface hydroxyl (–OH) groups that serve as reactive sites for chemical 
functionalization. Various modification approaches, including oxidation, esterification, amidation, carboxymethylation, 
silylation, sulfonation, epoxidation, and click-chemistry-based conjugation, have been extensively explored to alter 
surface charge, hydrophobicity, dispersibility, thermal stability, and biological activity [4–7]. Among these, TEMPO-
mediated oxidation is particularly attractive due to its high regioselectivity, enabling the conversion of primary hydroxyl 
groups into carboxylic acid (–COOH) functionalities while preserving the crystalline structure of cellulose. The resulting 
carboxylated nanocellulose provides versatile reactive sites for subsequent covalent coupling of bioactive molecules 
through esterification [8]. 

Sequential modification of nanocellulose via TEMPO oxidation followed by esterification has been widely reported as 
an effective route to engineer multifunctional biomaterials. Previous studies have demonstrated successful 
immobilisation of diverse biomolecules on TEMPO-oxidised nanocellulose, resulting in enhanced antimicrobial, 
antioxidant, and controlled-release properties [9]. For instance, carbodiimide-mediated coupling on TEMPO-oxidised 
nano fibrillated cellulose has enabled efficient covalent attachment of functional molecules, while esterification with 
natural resin acids and phenolic compounds has imparted significant antibacterial activity against both Gram-positive 
and Gram-negative bacteria [10]. These findings highlight the potential of TEMPO-oxidised nanocellulose as a robust 
platform for the development of bioactive materials. 
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In this context, vanillin was selected as a bioactive esterification agent owing to its natural origin, excellent 
biocompatibility, and well-documented antimicrobial and antioxidant properties. Vanillin exerts antibacterial effects 
through disruption of bacterial cell membrane integrity, depolarisation of membrane potential, and inhibition of 
intracellular energy metabolism, leading to reduced Adenosine Triphosphate (ATP) synthesis and cell death [11]. It has 
demonstrated broad-spectrum antimicrobial activity against both Gram-positive and Gram-negative pathogens, 
including Staphylococcus aureus, Bacillus subtilis, Escherichia coli, Pseudomonas aeruginosa, and Salmonella species. 
However, direct incorporation of vanillin into polymeric matrices often suffers from volatility and limited stability, 
restricting its long-term antimicrobial performance. 

The present study addresses these limitations by covalently conjugating vanillin onto TEMPO-oxidised nanocellulose 
extracted from sugarcane bagasse through an esterification strategy involving aldehyde protection to preserve vanillin’s 
bioactivity. This approach integrates the mechanical robustness and sustainability of nanocellulose with the 
antimicrobial efficacy of vanillin, yielding a multifunctional bio-nanomaterial. The antibacterial performance of the 
synthesised vanillin-esterified TEMPO-oxidised nanocellulose (V-TONC) was systematically evaluated against 
representative Gram-positive (S. aureus NCTC 8325, B. subtilis QST 713) and Gram-negative (E. coli ATCC 12228, P. 
aeruginosa ATCC 25922, S. typhi CT18) bacterial strains using the disc diffusion method [12]. This work demonstrates 
a sustainable and effective strategy for developing bioactive nanocellulose-based materials with potential applications 
in antimicrobial wound dressings, active food packaging, and biomedical surface coatings. 

2. Materials and methods 

2.1. Material  

Sodium Bromide (NaBr), 2,2,6,6-Tetramethylpiperidin-1-yl)oxyl (TEMPO), Sodium hypochlorite solution (12% 
chlorine, NaClO), Sodium hydroxide, hydrogen peroxide,  Hydrochloric acid, sulphuric acid,  toluene, ethanol, Ethylene 
glycol,   p-toluenesulfonic acid (p-TsOH), N, N-Dimethylformamide (DMF), N, N'-Dicyclohexylcarbodiimide (DCC), 4-
Dimethylaminopyridine (DMAP), and acetic acid were purchased from Loba Chemie Pvt. Ltd. (Mumbai, India).  

2.2. Method  

2.2.1. Extraction of nanocellulose  

 

Figure 1 Extraction process of nanocellulose from Sugarcane Bagasse 

Sugarcane Bagasse was collected from a farm, thoroughly washed several times with water to remove surface 
impurities, and then dried. The dried husk was cut into small pieces and ground into a fine powder. Ten grams of this 
powder were soaked in 100 mL of water for 1 hour and filtered. The residue was washed three times with water to 
remove any remaining impurities. Subsequently, 100 mL of 4% 1M NaOH solution was added to the residue and stirred 
at 50 °C for 1 hour. This step, known as alkali treatment, helps remove lignin and hemicellulose. The mixture was then 
filtered, and the residue was washed thoroughly with water. For bleaching treatment, 100 mL of hydrogen peroxide 
was added to the residue and stirred at 50 °C for 1 hour to eliminate any remaining impurities(5). The mixture was 
filtered, washed with water, and dried to obtain a white material, identified as cellulose. Nanocellulose was synthesised 
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via acid hydrolysis. In this process, 1 g of cellulose was dispersed in 20 mL of water, and 30 mL of chilled 60% H₂SO₄ 
was added dropwise while maintaining the temperature between 4–5 °C [13]. After the acid addition was complete, the 
reaction mixture was poured into 200 mL of chilled water and stirred vigorously. The excess acid was removed by 
repeated washing with distilled water using centrifugation at 10,000 rpm for 10 minutes, repeated four times. The 
resulting suspension was then subjected to probe sonication for 15 minutes at 80% amplitude with a pulse interval of 
10 seconds, maintaining the temperature between 4–5 °C to prevent overheating. The obtained nanocellulose 
suspension was stored in a refrigerator for further use (Figure 1) [14,15]. 

2.2.2. TEMPO-Oxidation of nanocellulose  

A 10 mL nanocellulose suspension (0.2%) was added to 100 mL of a solution containing TEMPO (0.031 g) and sodium 
bromide (0.60 g). The mixture was stirred at 500 rpm for 30 min in a round-bottom flask. Subsequently, 2.56 mL of 
sodium hypochlorite (NaClO) was added dropwise under continuous stirring, and the reaction was allowed to proceed 
for 3 h. During the addition of NaClO, oxidation commenced, causing a drop in pH. The pH was maintained between 10 
and 11 by adding 0.5 M NaOH. The completion of the reaction was indicated by a decrease in NaOH consumption and 
stabilisation of the pH at approximately 10.5. The reaction was quenched by adding 10 mL of ethanol. The product was 
then washed thoroughly with distilled water. Protonation of the oxidised nanocellulose was carried out by adding 1 M 
HCl until the pH reached 1, followed by stirring for 15 min. TEMPO-oxidised nanocellulose (TONC)  product was 
subsequently washed with distilled water until the pH reached 4 and then stored at 4 °C (Scheme 1) [16–18].  

 

Scheme 1 Schematic representation of TEMPO-Oxidation of nanocellulose 

2.2.3. Conductometric titration    

The degree of oxidation of oxidised nanocellulose was determined by conductometric titration. 50 mg each of 
nanocellulose and oxidised nanocellulose were dispersed in 15 mL of 0.01 M HCl solution and stirred for 5 minutes. The 
titration of these suspensions was done with a 0.01 M NaOH solution under continuous stirring. Conductivity was 
measured after every 1 mL addition of NaOH. The content of carboxyl groups (degree of oxidation) was determined by 
the equation number 1(Eq 1)  given below,  

                           𝑫𝑶 =
𝟏𝟔𝟐×𝒄×(𝑽𝟐−𝑽𝟏)

𝒘−𝟑𝟔(𝑽𝟐−𝑽𝟏)×𝒄
  …………………………….…(Eq. 1)           

Where: 
V1 – volume of NaOH (L) at the first point of inflexion of the titration curve, 
V2 – the amount of NaOH (L) at the second point of inflexion of the titration curve, 
c – concentration of NaOH [M], 
w – weight of the cellulose sample [g]. 

The titration was repeated three times. Mean results were employed to determine the total acidic group content [17,19]. 

2.2.4. Esterification of Tempo oxidised nanocellulose 

To selectively functionalize TONC with vanillin via esterification of its phenolic hydroxyl group, the aldehyde was first 
protected as a cyclic acetal using ethylene glycol and p-TsOH catalysis in refluxing toluene with a Dean-Stark trap at 
110°C for 4hr, yielding the 1,3-dioxolane derivative in 92% isolated yield after recrystallisation (Scheme 2)[20,21], The 
protected vanillin (2 equiv relative to TONC-COOH, ~1.2 mmol/g) was then coupled to a 1 wt% TONC suspension in 
DMF using DCC (2 equiv) and DMAP (0.2 equiv) at room temperature for 48 h, forming the ester linkage while the acetal 
remained intact under neutral conditions; filtration of dicyclohexylurea and freeze-drying afforded the intermediate in 
82% yield. Mild acid hydrolysis (1:1 AcOH: H2O, 40°C, 4 h) selectively deprotected the acetal to regenerate the aldehyde, 
followed by neutralisation, centrifugation, and lyophilisation to give vanillin-esterified TONC (V-TONC) (Scheme 
3).[22,23].  
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Scheme 2 Schematic representation of aldehyde group protection in vanillin. 

 

 

 

Scheme 3 Esterification of TEMPO-oxidised nanocellulose (TONC) with aldehyde-protected vanillin and deprotection 
of the aldehyde group 

2.2.5. Antibacterial activity of ferulic acid modified nanocellulose 

To evaluate the antibacterial activity of vanillin-esterified TONC and nanocellulose, Gram-positive bacteria 
(Staphylococcus aureus NCTC8325, Bacillus subtilis QST713) and Gram-negative bacteria (Escherichia coli ATCC12228, 
Pseudomonas aeruginosa ATCC25922, Salmonella typhi CT18) were used for the disc diffusion method [12,24]. Bacteria 
were distributed evenly onto the nutrient medium in sterile petri plates. Each nutrient agar plate contained four sterile 
discs (7mm Diameter) that were loaded (20μL) with Vanillin (V), vanillin-esterified TEMPO-oxidised nanocellulose  
(VNC), nanocellulose (NC), and a negative control (sterile distilled water) (N). For positive control (PC), 
Chloramphenicol was used. The antibacterial activity of the nanocellulose was assessed by measuring the zone of 
inhibition after 24-hour incubation at 37°C [25–28].  
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2.3. Characterisation  

2.3.1. Structural Analysis 

The morphological features and surface topology of the nanocellulose samples were examined using field emission 
scanning electron microscopy (FE-SEM) on a QUANTA 200 instrument, operating at an accelerating voltage of 30 kV. 
High-resolution transmission electron microscopy (HRTEM) images were acquired using a JEOL model 1200 Ex II 
microscope (JEOL, Tokyo, Japan) at 80 kV accelerating voltage with 200-fold magnification to visualise the 
nanostructural details of the prepared materials.  

2.3.2. Chemical Composition and Functional Group Identification 

Fourier-transform infrared spectroscopy (FTIR) was employed to investigate the surface chemical composition and 
functional groups present in the modified nanocellulose samples. Measurements were conducted across the spectral 
range of 4000–500 cm⁻¹ to capture the complete infrared absorption profile characteristic of the material.  

2.3.3. Thermal Behaviour Assessment 

The thermal stability profile of the nanocellulose materials was determined through thermogravimetric analysis (TGA) 
combined with differential thermal analysis (DTA) using a TGA55 instrument (TA Instruments, USA). Samples were 
heated from 20 °C to 900 °C at a linear heating rate of 20 °C/min under controlled atmospheric conditions to evaluate 
decomposition pathways and thermal transition temperatures. 

2.3.4. Solid-State Nuclear Magnetic Resonance Spectroscopy (¹³C SS-NMR)  

Carbon-13 solid-state nuclear magnetic resonance (¹³C SS-NMR) spectroscopy was performed on a Bruker Avance II-
300 spectrometer to characterise the carbon environments and structural variations between native nanocellulose and 
chemically modified nanocellulose samples. This technique provided insights into the molecular structure and the 
effectiveness of the chemical modifications. 

2.3.5. Crystalline Structure Evaluation 

X-ray diffraction (XRD) analysis was carried out using a RIGAKU MINI FLEX-600 diffractometer to characterise the 
crystalline architecture of the nanocellulose samples. The measurement parameters included a diffraction angle range 
(2θ) of 10° to 70°, with a scanning speed of 5° per minute. The crystallinity index (CI) of each sample was calculated 
using the empirical method developed by Segal, as described in Equation 2.                                                                                  

                                                  𝑪𝑰( %) =
𝑰𝟐𝟎𝟎

𝑰𝟐𝟎𝟎−𝑰𝒂𝒎
× 𝟏𝟎𝟎…………………………….Eq. 2 

Here, 𝐼200  represents the maximum intensity of the principal (200) crystal plane, while 𝐼𝑎𝑚 corresponds to the 
diffraction intensity associated with the amorphous region of cellulose [29].  

3. Result and Discussion   

3.1. Nanocellulose  

The Fourier Transform Infrared (FTIR) spectroscopy demonstrates progressive removal of non-cellulosic components 
through sequential chemical treatments of sugarcane bagasse, as shown in Figure 2. The raw material exhibits 
characteristic peaks for cellulose, hemicellulose, and lignin, including broad O-H stretching at 3000-3500 cm⁻¹, aromatic 
C=C stretching at 1600-1500 cm⁻¹ (lignin), carbonyl C=O at 1735 cm⁻¹ (hemicellulose), and glycosidic C-O-C stretching 
at 1165 and 1034 cm⁻¹. [30,31] 

Following alkali treatment, the aromatic peaks at 1600-1500 cm⁻¹ significantly diminish due to lignin removal, while 
the carbonyl peak at 1735 cm⁻¹ decreases as hemicellulose is extracted. The cellulose-specific peaks at 1165 cm⁻¹, 1034 
cm⁻¹, and 890 cm⁻¹ (β-glycosidic C1-H deformation) become more pronounced and sharper. After bleaching treatment, 
complete elimination of aromatic lignin peaks and carbonyl peaks confirms pure cellulose isolation, with characteristic 
cellulose bands at 1370-1430 cm⁻¹ (C-H bending), 1047-1061 cm⁻¹ (pyranose ring C-O stretching), and 890 cm⁻¹ 
showing maximum intensity and crystalline definition. The spectroscopic progression clearly validates the successful 
extraction of pure cellulose through the systematic removal of lignin and hemicellulose via sequential chemical 
treatments [32]. 
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Figure 2 FTIR spectra of cellulose extracted from sugarcane bagasse showing raw material (olive), alkali treatment 
(purple), and bleached cellulose (pink). 

Figure 3 displays the XRD patterns for both cellulose and nanocellulose. Each sample shows distinct diffraction peaks 
that are indicative of the crystalline structure of cellulose. The peaks at around 2θ = 15.0°, 16.5°, and 22.5° confirm the 
presence of cellulose [32,33]. Notably, the nanocellulose sample demonstrates a marked increase in peak intensity, 
especially at 2θ = 22.5°, which aligns with the characteristic crystalline plane of cellulose. This suggests a significant 
enhancement in the crystallinity index, rising from 45% in cellulose to 88% in nanocellulose. This improvement is likely 
due to the removal of amorphous substances like hemicellulose and lignin during chemical treatments, which reveal 
and enhance the crystalline regions of cellulose. Furthermore, the mechanical breakdown involved in preparing 
nanocellulose probably results in a more orderly arrangement of cellulose chains, leading to sharper and more 
pronounced peaks. The broader and less intense peaks in the cellulose sample indicate a greater presence of amorphous 
areas, which is common in biomass-derived cellulose before it undergoes purification and size reduction. Conversely, 
the sharper peaks in the nanocellulose spectrum suggest a more defined and crystalline structure, advantageous for 
applications that require high mechanical strength and thermal stability. These findings confirm that nanocellulose 
maintains the crystalline properties of cellulose [34]. 

 

Figure 3 X-ray diffraction (XRD) patterns of cellulose and nanocellulose. 

As shown in Figure 4, Scanning electron microscopy (SEM) of the raw sugarcane bagasse reveals a compact, 
heterogeneous surface with tightly bound fibrillar structures, indicating the presence of lignin, hemicellulose and other 
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non-cellulosic components that shield the underlying cellulose microfibrils [35]. Following alkali treatment, the fibres 
exhibit a more open, layered morphology with partially separated fibrils and increased surface roughness, reflecting 
effective removal of hemicellulose and partial delignification, which facilitates fibrillation and improves accessibility of 
the cellulose network. Subsequent bleaching produces a cleaner, more fibrillated structure with distinct, loosely packed 
cellulose bundles and reduced surface impurities, confirming substantial elimination of residual lignin and 
chromophoric components and yielding purified cellulose suitable for nanocellulose production. Transmission electron 
microscopy (TEM) of the obtained nanocellulose shows individualised, high-aspect-ratio cellulose nanofibers with an 
average width of approximately 35 nm and length of about 270 nm, demonstrating successful nanoscale disintegration 
of the bleached cellulose and confirming the formation of nanocellulose [14].  

 

Figure 4 Morphological transformation of sugarcane bagasse during nanocellulose isolation: SEM image of a) raw 
sugarcane bagasse; b) alkali-treated fibres; c) bleached cellulose, (d) TEM image of the resulting nanocellulose. 

3.2. TEMPO-Oxidised nanocellulose 

 

Figure 5 IR graph of NC and   TONC. 

Fourier transform infrared (FTIR) spectroscopy was employed to characterise the chemical composition and functional 
group changes in nanocellulose before and after TEMPO oxidation shown in Figure 5. The FTIR spectrum of pristine 
nanocellulose displays the characteristic absorption bands of cellulose, including a broad O–H stretching band around 
3300–3400 cm⁻¹, C–H stretching vibrations near 2900–3000 cm⁻¹, and dominant C–O stretching bands in the 1000–
1200 cm⁻¹ region, with minimal absorbance in the carbonyl region, confirming the absence of significant oxidized 
functional groups in the unmodified material. Following TEMPO oxidation, the spectrum of TEMPO-oxidised 
nanocellulose reveals a distinctive new absorption band at 1704 cm⁻¹, which is characteristic of C=O stretching in 
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carboxylic acid groups (–COOH), indicating successful selective oxidation of the C6 primary hydroxyl groups on the 
cellulose backbone. The emergence of this strong carbonyl band at 1704 cm⁻¹ in the TEMPO-oxidised sample, combined 
with the preservation of the cellulose skeletal vibrations and O–H stretching regions, demonstrates that the TEMPO 
oxidation process effectively introduces anionic carboxyl functionality to the nanocellulose surface without significant 
structural degradation of the polysaccharide backbone [8,18,19]. 

As shown in Figure 6, the structural validation of cellulose nanofibrils modified through TEMPO-mediated oxidation 
was achieved using solid-state ¹³C  NMR spectroscopy. The spectra for both NC and TONC exhibit the characteristic 
signal clusters of the cellulose: the anomeric carbon (C1) resonance at 100–110 ppm, the C4 crystalline and amorphous 
doublet at 80–95 ppm, and the overlapping resonances for the pyranose ring carbons C2, C3, and C5 in the 70–80 ppm 
range. The successful introduction of carboxylate functionalities is clearly indicated by the appearance of a new 
resonance at approximately 175 ppm, corresponding to the carbonyl carbon of the C6 carboxylate groups (36). Notably, 
the resonance for the primary hydroxyl-bearing C6 carbon at 60–70 ppm remains visible in the oxidised spectrum, 
though with a significant reduction in integral intensity compared to the non-oxidised control. This finding confirms 
that the oxidation process did not completely convert all primary hydroxyl groups; instead, a specific fraction, mainly 
those on the solvent-accessible fibril surfaces, was selectively transformed into carboxylic acid moieties, while the C6 
hydroxyls within the crystalline core remained chemically unaltered. 

The degree of oxidation (DO) of the TEMPO-oxidised nanocellulose was evaluated using conductometric titration. The 
conductometric titration data were analysed according to Equation (1) to quantify the carboxylate content introduced 
during the oxidation process. Based on this analysis, the degree of oxidation was calculated to be 0.08, indicating 
successful conversion of primary hydroxyl groups on the nanocellulose surface into carboxyl groups. 

 

Figure 6 ¹³C SS-NMR of TONC and NC.   

3.3. Esterified oxidised nanocellulose 

The Fourier transform infrared (FTIR) spectrum of vanillin-esterified TEMPO-oxidised nanocellulose (V-TONC) 
provides comprehensive evidence of successful chemical modification, characterised by distinct spectral features 
arising from both the nanocellulose backbone and the introduced vanillin moieties (Figure 7). A broad absorption band 
centred around 3300–3400 cm⁻¹ is observed, corresponding to the O–H stretching vibrations of residual hydroxyl 
groups involved in intra- and intermolecular hydrogen bonding. The peak at approximately 2900 cm⁻¹ is attributed to 
the C–H stretching vibrations of the cellulose backbone (–CH and –CH₂ groups) [37]. 

Crucially, the spectrum confirms esterification through significant changes in the carbonyl region. The characteristic 
peak at 1704 cm⁻¹, typically associated with the  –C=O stretching of free carboxylic acid groups in TEMPO-oxidised 
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nanocellulose (TONC), is absent. Instead, a new, sharp peak appears at 1750 cm⁻¹, which is assigned to the  –C=O 
stretching vibration of the newly formed ester linkages. Concurrently, a distinct peak emerges at 1687 cm⁻¹, 
corresponding to the C=O stretching of the aromatic aldehyde group inherent to the vanillin substituent. Further 
evidence of vanillin incorporation is provided by the appearance of aromatic skeletal vibrations. Peaks in the range of 
1500–1600 cm⁻¹ (specifically around 1515 cm⁻¹ and 1590–1600 cm⁻¹) are characteristic of the C=C stretching 
vibrations of the benzene ring in the vanillin structure. Additionally, the intense bands in the 1000–1100 cm⁻¹ region 
are dominated by the C–O–C pyranose ring skeletal vibrations of the cellulose backbone, but likely overlap with the C–
O stretching vibrations of the aromatic ether (–OCH₃) and phenolic ester groups introduced by vanillin. The collective 
presence of these bands, specifically the ester carbonyl at 1750 cm⁻¹, the aldehyde carbonyl at 1687 cm⁻¹,  and the 
aromatic ring vibrations alongside the disappearance of the carboxylic acid peak, conclusively demonstrates the 
successful covalent attachment of vanillin to the TONC surface via ester bonds [38]. 

 

Figure 7 IR graph of vanillin-esterified TEMPO-oxidised nanocellulose 

In Figure 8, the solid-state ¹³C NMR spectrum of vanillin-esterified TEMPO-oxidised nanocellulose (V-TONC) provides 
conclusive structural evidence for the successful covalent attachment of vanillin to the nanocellulose surface. The 
spectrum anomeric carbon (C1) resonance at 100–110 ppm, the C4 crystalline and amorphous doublet at 80–95 ppm, 
and the overlapping resonances for the pyranose ring carbons C2, C3, and C5 in the 70–80 ppm range.  A critical diagnostic 
feature is the chemical shift of the carbonyl carbon at the C6 position; in the precursor TEMPO-oxidised nanocellulose 
(TONC), the C6-carboxylate carbon typically resonates at approximately 175 ppm. In the V-TONC spectrum, this peak 
undergoes a significant upfield shift to 169 ppm, which is indicative of the formation of an ester linkage between the C6-
carboxyl group of nanocellulose and the phenolic hydroxyl group of vanillin. Furthermore, the introduction of vanillin 
moieties is substantiated by the appearance of distinct aromatic carbon signals in the 110–155 ppm region (labelled 
C7–C12), corresponding to the vanillin benzene ring carbons. Specifically, the peak at 191 ppm is assigned to the 
aldehydic carbonyl carbon (C13) of the vanillin pendant group, confirming that the aldehyde functionality remains intact 
after esterification. Collectively, the shift of the C6 resonance to 169 ppm, the presence of aromatic signals, and the 
retention of the aldehyde peak at 191 ppm provide strong spectroscopic proof of the successful synthesis of V-TONC 
[39,40]. 
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Figure 8 ¹³C SS-NMR of V-TONC 

The thermal stability of TEMPO-oxidised nanocellulose (TONC) and vanillin-esterified TEMPO-oxidised nanocellulose 
(V-TONC) was evaluated using thermogravimetric analysis (TGA), as shown in Figure 9. Both samples exhibited a 
similar initial weight loss of approximately 3–4% below 120 °C, corresponding to the evaporation of physically 
adsorbed moisture. However, the functionalization with vanillin significantly altered the main thermal decomposition 
profile. The onset degradation temperature decreased by approximately 30 °C, shifting from 245 °C for TONC to 215 °C 
for V-TONC. Similarly, the temperature at 50% weight loss dropped from 345 °C in TONC to 310 °C in the esterified 
sample. This reduction in thermal stability can be attributed to the introduction of bulky aromatic vanillin groups, which 
likely disrupt the compact intermolecular hydrogen bonding network and crystalline order of the nanocellulose fibrils, 
coupled with the relative thermal lability of the newly formed ester linkages. Furthermore, the residual mass at 600 °C 
revealed a distinct difference in carbonisation behaviour; while TONC retained a significant char yield of 16.5%. 

 

Figure 9 TGA graph of TONC and V-TONC 
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The antibacterial disc diffusion results, as depicted in Figure 10 and Table 1, demonstrate that nanocellulose exhibits 
enhanced antibacterial activity following esterification with vanillin, resulting in the development of an active 
antibacterial material. Vanillin (V) alone exhibited significant antibacterial effects against all tested strains, with 
inhibition zones ranging from 23.66 mm to 25.33 mm. Notably, vanillin-esterified TEMPO-oxidised nanocellulose also 
exhibited substantial zones of inhibition (20.33–21.66 mm), confirming that the modified Vanillin retained its 
bioactivity and imparted functional properties to the nanocellulose matrix. In contrast, unmodified nanocellulose (NC) 
and the negative control (N) demonstrated no inhibitory effects, verifying that the antibacterial property arises 
specifically from chemical modification. The positive control (PC), Chloramphenicol, consistently showed large 
inhibition zones (34.66–35.00 mm), serving as a reference. These findings suggest that vanillin-esterified TEMPO-
oxidised nanocellulose can function as a bioactive antibacterial material suitable for applications in wound dressings, 
food packaging, and biomedical coatings. 

 

Figure 10 Antibacterial activity of nanocellulose (NC), Vanillin (V), and vanillin-esterified TEMPO-oxidised 
nanocellulose (VNC) against Bacillus subtilis, Escherichia coli, Pseudomonas aeruginosa, Staphylococcus aureus, and 

Salmonella typhi. 

Table 1 Inhibition zones of all bacteria 

SN Bacterial strain V VNC N NC ST 

1 Bacillus subtilis 

QST713 

23.66 ± 0.57 20.33 ± 0.57 0 0 34.66 ± 0.57 

2 Escherichia coli 

ATCC12228 

25.00 ± 1.00 21.33 ± 0.57 0 0 34.66 ± 0.57 

3 Staphylococcus aureus 

NCTC8325 

24.66 ± 1.15 21.33 ± 0.57 0 0 35.00 ± 0.00 

4 Salmonella typhi 

CT18 

25.33 ± 0.57 21.66 ± 1.15 0 0 34.66 ± 0.57 

5 P. aeruginosa 

ATCC25922 

25.33 ± 0.57 21.66 ± 1.15 0 0 35.00 ± 0.00 
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4. Conclusion  

The study successfully demonstrated the extraction of nanocellulose from sugarcane bagasse, followed by its selective 
surface modification through TEMPO-mediated oxidation and subsequent esterification with vanillin. Comprehensive 
characterisation confirmed the effective removal of non-cellulosic components, enhanced crystallinity, and the 
introduction of carboxyl and ester functionalities without compromising the cellulose backbone. The covalent 
attachment of vanillin was verified by distinct spectroscopic signatures, including FTIR peak 1750 cm-1 and solid-state 
¹³C NMR, peak at 169 ppm of ester bond, while thermal analysis revealed a decrease in thermal stability due to ester 
linkage formation and disruption of hydrogen bonding. Importantly, the vanillin-esterified TEMPO-oxidised 
nanocellulose exhibited significant antibacterial activity against both Gram-positive and Gram-negative bacteria, 
comparable to pure vanillin, indicating retention of bioactivity. These findings establish vanillin-functionalized 
nanocellulose as a promising sustainable bioactive material with potential applications in wound dressings, food 
packaging, and biomedical coatings. 
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