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Abstract

Carrageenan‐based biocomposites are promising materials due to their biode-

gradability, cost‐effectiveness and wide availability, making them suitable for food

and drug delivery applications. This study addresses the brittle nature of refined

carrageenan by reinforcing it with cellulose nanocrystal (CNC) dissolved in choline

chloride lactic acid‐based deep eutectic solvent (DES) and comparing the mechan-

ical performance of formulations with and without hydroxypropyl methylcellulose

(HPMC). Four formulations were developed: 3WH (3‐g carrageenan with HPMC),

3WOH (3 g without HPMC), 5WH (5 g with HPMC) and 5WOH (5 g without

HPMC). The 5WH formulation demonstrated superior mechanical properties,

including a tensile strength of 89.37 MPa, a capsule loop strength of 49.33 MPa and

a viscosity of 1217.00 mPas−1, which indicated excellent mechanical performance

and structural integrity. Molecular modelling using Gaussian software was con-

ducted to investigate the interactions between CNC and DES, revealing an inter-

action energy of 1995 kJ/mol and an enthalpy of formation of −3123.75 kJ/mol. The

bond distance between DES components was observed as 2.48 and 1.98 Å, with

angles changing from 23.5° to 128° upon dissolution. The disappearance of peaks in

the 1H nuclear magnetic resonance spectra evidenced this. These findings offer

valuable insights into the molecular interactions in cellulose dissolution and pave

the way for innovative plant‐based hard capsules for industrial applications.
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1 | INTRODUCTION

Sustainability has become a crucial focus in materials science and

engineering due to growing environmental concerns and the deple-

tion of nonrenewable resources. One emerging field within this

domain is the development of biocomposite materials made from

natural polymers reinforced with fibres or fillers.1,2 These bio-

composites offer several advantages, such as biodegradability,

renewable sourcing and reduced environmental impact. Among the

various biopolymers available, carrageenan, a polysaccharide derived

from red seaweed, has gained attention due to its wide availability,

biocompatibility and versatile properties.3,4 Carrageenan is exten-

sively used in the food, pharmaceutical and cosmetics industries,

primarily due to its ability to form gels, bind water and stabilise

emulsions.5 However, carrageenan‐based materials often exhibit

poor mechanical strength and thermal stability despite these

favourable properties, thus limiting their industrial applications.6

Addressing these limitations is essential for expanding the use of

carrageenan‐based biocomposites, particularly in high‐performance
applications such as hard capsules for the pharmaceutical industry.7

Onepromising approach to improve the properties of carrageenan

biocomposites is through the reinforcement of cellulose nanocrystals

(CNCs) dissolved in deep eutectic solvent (DES) and the inclusion of

hydroxypropyl methylcellulose (HPMC). HPMC, a semi‐synthetic
polymer derived from cellulose, is widely recognised for its excellent

film‐forming ability, biocompatibility and mechanical reinforcement

properties. It has been used in pharmaceutical and food applications as

a stabiliser, binder and thickening agent.8,9 When combined with

carrageenan, HPMC acts as a co‐binder, thereby improving the me-

chanical strength, flexibility and water resistance of biocomposites.10

CNC is derived from cellulose, the most abundant natural

biopolymer, and possesses exceptional mechanical properties,

including high tensile strength, stiffness and a high aspect ratio.11

These properties make CNC ideal for reinforcing polymer matrices

and enhancing their mechanical and thermal behaviour.12 However,

incorporating CNC into biopolymer matrices such as carrageenan

presents significant challenges.13 CNCs are insoluble in water and

most organic solvents due to the strong hydrogen bonds in

the crystalline regions of cellulose.14,15 This leads to poor dispersion

of CNCs within the polymer matrix, resulting in suboptimal rein-

forcement and reduced performance of the biocomposite.16 There-

fore, developing efficient and environmentally friendly methods

for dissolving CNCs is critical for their successful integration

into carrageenan‐based biocomposites. DESs have emerged as a

promising class of green solvents for dissolving and processing cel-

lulose.17 They are formed by mixing two or more components, typi-

cally a hydrogen bond donor (HBD) and a hydrogen bond acceptor

(HBA), which together form a eutectic mixture with a melting point

lower than that of the individual components.18 DESs have gained

considerable attention because they are biodegradable, less toxic and

more cost‐effective than conventional solvents, making them suitable

for large‐scale industrial applications. Choline chloride (ChCl), a

common HBA in DES formulations, is known for its low toxicity and

biodegradability, making it an ideal component for green solvent

systems, and lactic acid, which occurs naturally as an organic acid,

serves as the HBD.19 The combination of chloride and lactic acid

forms a DES that can break the strong hydrogen bonds in the crys-

talline regions of cellulose, facilitating the dissolution of CNCs.20 This

DES system offers a novel solution for improving the dispersion and

interfacial adhesion of CNCs in carrageenan matrices, thereby

enhancing the mechanical reinforcement of the biocomposite.21,22

Computational modelling using Gaussian 09W simulation has

provided insights into the interaction mechanism between CNCs and

DES.23 From the study of Ramli et al., the simulation results showed

the formation of a hydrogen bond between the oxygen atom of cel-

lulose and the chlorine atom of ChCl, with a bond length of

approximately 1.57 Å.24 This bond length falls within the range of

strong hydrogen bonding, which is typically electrostatic and has

bond energies between 4 and 15 kcal/mol.25 This moderate hydrogen

bonding is essential for maintaining the structural integrity of CNCs

while allowing for sufficient dissolution and dispersion within the

biopolymer matrix.26 Additionally, the improved solubility and

dispersion of CNCs in DES play a critical role in enhancing the me-

chanical and thermal behaviour of the resulting biocomposite,21,22

exhibiting higher tensile strength and thermal stability compared

to unreinforced carrageenan films.28 Carrageenan‐reinforced bio-

composites achieved tensile strengths exceeding 100 MPa and

melting temperatures above 240°C, indicating their suitability for

high‐performance applications, including hard capsule production for
the pharmaceutical industry.29 This study aims to enhance the

carrageenan biocomposite by incorporating CNCs dissolved in a

ChCl‐lactic acid‐based DES into the carrageenan matrix. Four distinct
biocomposite formulations were systematically analysed to identify

the one offering the most favourable mechanical and physical

properties.

2 | EXPERIMENTAL SECTION

2.1 | Materials

The refined carrageenan (molecular weight ranges from 930 to

1010 nmol−1) with 31.5% carbon, 5.97% hydrogen, 0% nitrogen and

6.28% sulphur was acquired from CV Simpul Agro Globalindo,

Indonesia.3,4 4‐Methoxybenzyl alcohol (98%) (anise), calcium alginic

acid (alg) and HPMC (1261.4 g/mol) were purchased from Sigma‐
Aldrich. PEG was purchased from Merck (Germany) as a plasti-

ciser. The constituents of chloride (98%, 139.62 g/mol), lactic acid

(99.5%, 90.08 g/mol) and microcrystalline cellulose (MCC) (Avicel

PH‐101) were also purchased from Sigma‐Aldrich. A Milli‐Q water

system was used to prepare deionised water, and all chemicals used

were analytical.
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2.2 | Preparation of DES, CNC and carrageenan
biocomposite films

2.2.1 | Preparation of DES

ChCl underwent pretreatment to remove any moisture by being

heated in a vacuum oven overnight at 80°C before being used.21,22

Dried ChCl with lactic acid at a molar ratio of 1:1 was continuously

stirred for 3 h at 200 rpm under a temperature of 60°C to obtain a

homogeneous mixture with no evidence of solid particles. The

eutectic mixture formed was kept as the DES.

2.2.2 | Preparation of CNC and dissolution in DES

CNC dissolution in DES was conducted using a method reported by

Zhang et al. with modification. 0.2 g of MCC was gradually added to

10 g of DES in a flask under continuous stirring for 12 h. This was

ultrasonicated at a frequency of 20 kHz and a power of 100 W for

30 min to achieve cellulose nanocrystal in deep eutectic solvent

(CNCDES). 5 mL of CNCDES was separated by centrifugation at

5000 rpm for 3 min and washed with deionised water to get the

regenerated CNC.31 This was used for further characterisation.

2.2.3 | Dissolution of CNC in DES used for
formulation

To achieve CNCDES, 0.2 g of MCC was added to 10 g of DES solution

and continuously stirred for 12 h. 10 mL of DI water was also added

and continuously stirred. Only 2 mL of the solution was used in each

sample formulation.32,33

2.2.4 | Preparation of carrageenan biocomposite
films and hard capsule

The method used by Ramli et al.21,22 was adopted with modifications

in this study; four formulations for carra‐CNCDES‐HPMC and carra‐
CNCDES biocomposite films were prepared. Two formulations used

3.0 g of refined carrageenan (3WH and 3WOH), and the other two

used 5.0 g of refined carrageenan (5WH and 5WOH), each mixed

with 2.0 w/v% HPMC. The 3.0‐g carrageenan was prepared in 60 mL
of deionised water, and the 5.0‐g carrageenan was prepared in

100 mL at 60°C with stirring. Each sample received 2.0 v/v%

CNCDES, 0.5 v/v% anise, 1.5 v/v% PEG and 0.2 w/v% calcium algi-

nate as a cross linker, plasticiser and toughening agent, respectively.

After 5 h of mixing, 20 mL of each solution was poured into a 20‐cm
diameter stainless steel tray and left overnight to form films. Rigid

capsules were created by casting the remaining solution using

stainless‐steel mould capsule pins. The dried films and hard capsules
were then characterised and analysed.34

2.3 | Testing and characterisation

2.3.1 | Gaussian 09W analysis

The B3LYP (Becke's three‐parameter functional and nonlocal corre-

lation of LYP expression) level of theory was used to perform the

density functional theory (DFT) calculations using Gaussian 09W

software with a basis set of 6‐31G (d, p). The optimisation of ge-

ometry and frequency computations for ChCl and lactic acid, which

were used to prepare DES, was executed with the selected functional

and correlation functions.35 DES and cellulose chemical structures

were also optimised to determine the interaction between DES and

cellulose. The geometry‐optimised calculation generated the molec-

ular electronic surface potential (MESP) and interaction energy of

ChCl, lactic acid, the combined structure of ChCl and lactic acid

(DES), and cellulose in the DES. Conjugate complexes with Mulliken

charge were drawn through the MESP evaluation.36 The interaction

points and hydrogen bond lengths between the molecular structures

were measured for each conjugate complex. The quantum mechanics

evaluation was used to calculate the hydrogen bond interaction en-

ergy and enthalpy formation using Equations (1) and (2), respectively.

Interaction energy¼ ESCF complex − ðESCF DESþ ESCF CNCÞ ð1Þ

ΔHformation¼ Hcomplex − ðHDESþ HCNCÞ ð2Þ

ESCF is the energy of the self‐consistent field generated from the

optimisation calculation, whereas H is the sum of the electronic and

thermal enthalpies generated by the frequency calculation.

2.3.2 | 1H NMR analysis

The nuclear magnetic resonance (NMR) investigation was carried

out by identifying the preferred intermolecular interactions to gain

molecular‐level understanding through changes in DES's proton

(1H) spectrum. A 1H NMR spectrometer, Bruker UltraShield Plus,

operating at room temperature, was used to record the 500‐MHz
1H NMR spectra. Samples in deuterated dimethyl sulphoxide

(DMSO‐d6) were used as the internal standard.37 The chemical

shifts were calculated by DMSO‐d6's retained proton resonance

(2.50 ppm).38

2.3.3 | Fourier transform infrared analysis

The identification of various functional groups present in DES and the

four formulations of carrageenan biocomposite films was conducted

through Fourier transform infrared spectroscopy (FTIR) to observe

potential shifts in chemical bonds during the formation of DES. The

samples were analysed using a FTIR spectrometer (PerkinElmer

Frontier) equipped with OMNIC software. At a resolution of 4 cm−1,

the spectra were obtained between 4000 and 400 cm−1.21,22
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2.3.4 | X‐ray diffraction analysis

The samples' X‐ray diffractograms were acquired using a Siemens

D5000 diffractometer utilising Cu‐Kα radiation (λ = 15.4 nm, 40 kV

and 30 mA) at a temperature of 25°C. The relative intensity was

documented within a scattering angle range (2θ) of 5°–40°. The

crystalline peaks were first detected to acquire the results on crys-

tallinity.39 Crystalline peaks that corresponded to cellulose ≠β were
(056) at 10.84 2θ, (096) at 13.24 2θ, (134) at 16.44 2θ, (254) at 21 2θ
and (258) at 22.7 2θ. The Gaussian function was employed as the

curve‐fitting function in Origin 2018 software, which was used to

separate crystalline and amorphous contributions for crystallinity

computation. Consequently, the ratio of the area of each crystalline

peak to the overall area was used to compute crystallinity.40

2.3.5 | Viscosity analysis

The viscosity of a biocomposite plays a critical role in determining its

mechanical properties, as it reflects the strength of intermolecular

interactions within the carrageenan matrix. Higher viscosity signifies

stronger bonding between molecules, contributing to enhanced ma-

terial strength. The viscosity and shear stress of the biocomposite

solution were assessed using a rotational viscometer (Brookfield

Rheo3000) equipped with an LCT 25 4000010 geometry. Approxi-

mately 16.5 mL of the biocomposite solution was loaded into the

cylindrical measurement chamber for each measurement. The anal-

ysis was conducted in triplicate at a constant temperature of 40°C,

using a rotational speed of 300 rpm and 100 Mpoints, and the results

were presented as mean values � standard deviation (SD).41

2.3.6 | Morphological analysis by scanning electron
microscopy

A scanning electron microscope, GeminiSEM 300, running at a 5‐kV
accelerating voltage, analysed the morphology of the samples. To

avoid electrical charging effects, the samples were coated with

platinum for 300 s at 40 mA using a sputter coater BalTec/Leica

SCD050 before being examined under a scanning electron micro-

scope. They were secured onto stubs using carbon tabs.

2.3.7 | Mechanical tests

The mechanical evaluation assessed the deformation characteristics

of the films and hard capsules under applied load. A texture analyser

(CT3) with TexturePro CT V1‐8 Build 3.1 software and a 5‐kN load

cell measured the biocomposite film's tensile strength and elongation

at break (EAB). Tensile strength measurements followed ASTM

D882‐12 standards. Films were cut into 20 mm � 100 mm strips, and

thickness was averaged from three measurements using Vernier

callipers. The texture analyser settings included an 80‐mm initial grip

separation (gauge length), a crosshead speed of 30 mm/min and a

maximum displacement of 15 mm. For each formulation, tensile

strength and EAB were measured in triplicate. The values of load at

break and elongation at rupture were recorded directly from the

texture analyser, and tensile strength and EAB were subsequently

calculated using standard formulas, and results were reported as

mean � SD.

Tensile Strength ðMPaÞ ¼
Load at break

Initial width� Initial thickness
ð3Þ

Elongation at break ð%Þ ¼
Enlogation at rupture
Initial guage length

� 100% ð4Þ

The same texture analyser (CT3) was used to conduct the

capsule loop test but with a capsule loop fixture. A hard capsule was

attached to a pair of separating rods, with the lower rod positioned

on the stationary platform and centrally beneath the probe. The

upper rod gradually went higher at a speed of 0.50 mm/s with a

target value of 5.0 mm until the hard capsule was torn apart.42 The

applied force (N) to break the hard capsule was reported as the

capsule loop strength. The analysis was conducted with three mea-

surements for each sample to calculate the average result.

2.3.8 | Moisture content

Moisture content (MC) can influence the mechanical and thermal

stability of hard capsules. Therefore, a moisture analyser was utilised

to determine the capsule MC. The initial weight of the capsules, as

well as the final mass after the heating process at 40°C was

completed, was compared to their original mass to calculate the

MC.43 The measurement concluded once the samples’ MC stabilised

at a constant value; this analysis was conducted in triplicate at a

constant temperature.

2.3.9 | Water vapour permeability

The water vapour permeability (WVP) of the film samples was deter-

mined by ASTM E‐96 (1990), with modifications as described by

Maryam Adilah et al.44 Initially, a crucible was filled with 6 mL of

distilled water, and the film was positioned over the opening of the

crucible to ensure complete coverage. Vacuum grease was applied to

create a tight seal. The samples prepared were then placed in a

desiccator maintained at 50%� 5% relative humidity and 23°C� 2°C.

The analysis was conducted in triplicate, and theweight of the samples

was recorded hourly until a constant weight was achieved, typically

around 9 h. The WVP (gm−1 s−1 Pa−1) was subsequently calculated

using Equation (5).

WVP¼
weight difference

ðExposed areaÞ � ðTimeÞ � ðPressure differenceÞ
ð5Þ
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3 | RESULTS AND DISCUSSION

3.1 | Computational modelling of DES: Molecular
interactions and thermodynamics insight

Predictive techniques grounded in the electronic configuration of

reactants have been used in this study, covering a range of tech-

niques, such as measurable analyses of molecular surfaces to ascer-

tain electrostatic potential. This analytical approach is important,

both theoretically and practically, in recognising the reactive site at

the molecular surface.45 The optimised MESP illustrated the charge

distribution between CNC and the DES, as shown in Figure 1. It

equally illustrated the electrostatic potential profiles of key compo-

nents, including ChCl, lactic acid and their 1:1 DES combination, and

composite systems such as cellobiose and DES amalgamations. Mul-

liken charge analysis has been instrumental in characterising these

profiles, revealing intriguing details about the charge distribution

within the molecules. Figure 1a exhibits the MESP charge of choline

chloride, showing the distribution of electrostatic charges on the

molecule. A highly negative region (region I, MC: −0.094) is observed
around the chloride ion (8Cl), appearing as a red patch, which sig-

nifies its electron‐rich nature and strong potential as an HBA. Addi-

tionally, a positive potential region (region II, MC: 0.061) is localised

around the hydroxyl proton (22H on the 7O atom), identified by a

blue hue, indicating its suitability as an HBD. This electrostatic dis-

tribution reflects the amphiphilic behaviour of ChCl, with distinct

donor and acceptor sites, enabling it to participate effectively in

noncovalent interactions typical in DES formation.37 Figure 1b pre-

sents the electrostatic potential map of lactic acid, revealing its

hydrogen bonding capabilities through differential charge distribu-

tion. Region III (MC: −0.043) is located near the carboxylic acid

group, particularly around the carbonyl oxygen (10O), and is char-

acterised by a red area denoting an electron‐rich HBA zone. Mean-

while, region IV (MC: 0.066) appears around the hydroxyl proton

(12H on 20O), represented in blue, signifying an HBD region due to

its positive electrostatic potential. This spatial distribution of po-

tential across the lactic acid molecule underscores its bifunctional

role in hydrogen bonding, capable of both donating and accepting

protons, which is essential in stabilising interactions with HBAs like

ChCl in DES systems.36 Figure 1c displays the molecular interaction

between ChCl and lactic acid in the DES system, highlighting the

synergistic hydrogen bonding that stabilises the DES structure. The

chloride ion (region V, MC: −0.075) remains the most negative site,

reaffirming its role as a strong HBA. Region VI (MC: 0.075), a positive

potential region, surrounds the hydroxyl hydrogen (22H on 7O),

acting as an HBD. Notably, two significant hydrogen bonds are

observed: one between the chloride ion and 16H (2.48 Å) and

another between the chloride and 34H (1.98 Å), with an interaction

angle of 23.5°, all of which confirm stable and directional bonding.

This interaction map validates the formation of a robust DES through

electrostatic complementarity and hydrogen bonding between ChCl

and lactic acid, critical for its physicochemical properties and po-

tential applications. Figure 1d highlights distinct electron‐rich and

electron‐deficient regions, indicating potential sites for intermolec-

ular interactions. Region VII, with a moderately negative molecular

charge (MC: −0.043), is indicative of electron‐rich zones such as

oxygen atoms that could act as HBAs. In contrast, region VIII exhibits

a slightly positive charge (MC: 0.068), suggesting a proton‐donating
site likely involved in hydrogen bonding. The red dashed circles

emphasise hydroxyl groups contributing to these electrostatic re-

gions. These zones play a crucial role in the interaction potential of

cellobiose with other polar molecules, particularly through hydrogen

bonding, which is vital for its dissolution and compatibility with green

solvents such as DES.25,46 Figure 1e illustrates the interaction be-

tween cellobiose and the DES, showing a pronounced hydrogen bond

network. Region IX (MC: −0.064) and region X (MC: 0.045) denote

zones of electron richness and deficiency, respectively, facilitating

strong hydrogen bonding. Notably, a hydrogen bond is observed

between the hydroxyl groups of cellobiose and the functional moi-

eties of DES, with a bond distance of 2.48 Å and an angle of 128°,

signifying stable and directional bonding.47 The interaction leads to a

spatial alignment between DES and cellobiose, evidenced by a dihe-

dral angle of 51.48° and a proximity of 3.24 Å between critical

atoms.48 This confirms effective DES‐cellobiose complex formation,

which enhances the solubility and structural compatibility of cellulose

in the green solvent system. The observed bond distances between

the DES were 2.48 Å and 1.98 Å at the angle of 23.5°, and the angle

increased to 128° after dissolution occurred, coupled with an inter-

action energy of 1995 KJ/mol and an enthalpy formation of

Δ3123.75 KJ/mol, which underscores the strength and stability of

hydrogen bond interactions in DES systems.

3.2 | Effects of CNC in choline chloride lactic acid
DES on 1H NMR spectra

The NMR spectra in Figure 2a,b provide detailed insights into the

chemical environment of the DES system composed of ChCl and

lactic acid (1:1‐M ratio) and its interaction with CNCs. Figure 2a

represents the spectrum of the DES alone. The peaks in the DES

spectrum, as shown in Table 1, are labelled from P1 to P7, repre-

senting different proton environments. P1 is observed at 1.26, 1.25,

1.29, 1.30, 1.40 and 1.42 ppm, corresponding to the methyl groups of

ChCl, which remain relatively unchanged upon CNC dissolution.49

However, minor shifts are observed at 1.24, 1.25, 1.29, 1.30, 1.40 and

1.42 ppm in Figure 2b. P2 appears at 2.54 and 2.55 ppm in the DES

spectrum but is absent in the CNCDES system, suggesting an inter-

action between CNC and the DES that has led to a change in the local

electronic environment of protons responsible for these peaks. P3,

representing protons at 3.05, 3.20, 3.48, 3.49 and 3.50 ppm, un-

dergoes noticeable shifts upon CNC addition, with new peaks at

3.17, 3.21, 3.25, 3.50, 3.51 and 3.52 ppm, indicating interactions

between CNC hydroxyl groups and the DES components.50 Similarly,

P4, originally at 3.83, 3.84 and 3.85 ppm, remains mostly

unchanged except for a minor retention of the 3.84 ppm peak in the

CNCDES system. This demonstrates that these protons may not be
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F I GUR E 1 3D plots of molecular electrostatic surface potential. (a) Electrostatic surface potential of choline chloride, (b) lactic acid,
(c) DES, (d) cellulose, (e) cellulose in DES. DES, deep eutectic solvent.

F I GUR E 2 (a) Complex 1H nuclear magnetic resonance spectra. (a) Choline chloride lactic acid‐DES (1:1). (b) Cellulose nanocrystal
dissolved in choline chloride lactic acid‐DES (1:1). DES, deep eutectic solvent.

TAB L E 1 Different peaks of DES and CNC dissolved in DES.

DES peaks (ChCl and lactic acid) (1:1) CNC in DES peaks

P1 1.26, 1.25, 1.29, 1.30, 1.40, 1.42 1.24, 1.25, 1.29, 1.30, 1.40, 1.42

P2 2.54, 2.55 ‐

P3 3.05, 3.20, 3.48, 3.49, 3.50 3.17, 3.21, 3.25, 3.50, 3.51, 3.52

AP4 3.83, 3.84, 3.85 3.84

P5 4.06, 4.07, 4.09, 4.10 4.08, 4.10

P6 4.20, 4.22 4.21, 4.22, 4.23, 4.25, 4.52, 4.92, 4.94, 4.95, 4.97, 4.99

P7 4.93, 4.94 5.01, 5.10, 5.12, 5.67

Abbreviations: CNC, cellulose nanocrystal; DES, deep eutectic solvent.
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significantly influenced by CNC addition. The P5 peaks at 4.06, 4.07,

4.09 and 4.10 ppm exhibit minor changes, shifting slightly to 4.08 and

4.10 ppm in the CNCDES system, further supporting molecular in-

teractions between CNC hydroxyl groups and the DES matrix. P6,

which appears at 4.20 and 4.22 ppm in the DES spectrum, broadens

significantly upon CNC addition, with new peaks at 4.21, 4.22, 4.23,

4.25, 4.52, 4.92, 4.94, 4.95, 4.97 and 4.99 ppm, suggesting an

extensive involvement of CNC in modifying the hydrogen bonding

network of DES.38 The most significant change is observed in P7,

initially at 4.93 and 4.94 ppm, which shifted in the CNCDES spectrum

to 5.01, 5.10, 5.12 and 5.67 ppm, indicative of CNC hydroxyl func-

tionalities strongly engaging in the hydrogen bonding with the DES

components.45 The additional peaks in the higher chemical shift re-

gion (4.9–5.1 ppm) in the CNCDES spectrum suggest the presence of

hydrogen‐bonded protons between CNC and the DES matrix, which

further confirms the successful dissolution of CNC within the DES

system. This is also supported by the MESP interaction. Hydrogen

bonding plays a major role in stabilising CNC within the DES

environment.

3.3 | Characterisation of CNC, DES, CNC in DES and
CNCDES‐carra biocomposite film

CNC dissolved in ChCl lactic acid‐based DES at 1:1, as shown in the

FTIR plot in Figure 3a, presents special peaks of CNC at 3885.83,

3281.72, 2237.52 and 1654.15 cm−1, corresponding to the

stretching vibrations of saturated C–H, O–H, unsaturated C≡C and

C=O bonds. DES peaks were found at 3303.00, 2984.34 and

1724.24 cm−1,51 indicating the stretching vibrations of O−H, unsat-
urated C=O and saturated N–H bonds, respectively.52 Only the in-

dividual cellulose peak was discernible in the finished film, whereas

the specific peaks of CNC dissolved in DES vanished. This demon-

strates that the CNC dissolved in DES was eliminated from the

sample's surface, which proves that a significant amount of CNC was

dissolved in DES after the peak disappeared and later appeared only

at 2983.79 and 1725.06 cm−1, in contrast to the CNC peaks alone.53

The C‐OH and unsaturated C=O are represented as the 2983.79 and

1725.06 cm−1 peaks in the CNC dissolved in the DES spectrum. The

peaks of CNC dissolved in DES were easily visible in the samples

before regeneration, suggesting that DES and CNC were properly

integrated, as supported by the findings of FTIR. Figure 3b shows the

CNC curve characteristic diffraction peaks at 2θ values of 15.9°,

16.2° and 22.54°, which are typical of cellulose I structure, indicating

its semicrystalline nature. After dissolution in DES, as shown in the

CNCDES curve, the intensity of the main peak at 22.54° significantly

increases and a new peak appears at 34.6°. This suggests that a

modification in the crystalline structure and enhanced crystallinity, as

well as a molecular reorganisation due to interactions between the

CNC and the DES components, occurred.54 DES oxygen atoms

created hydrogen bonds with cellulose, aiding its breakdown.47 The

analysis of the CNCDES‐carra biocomposite film using FTIR provided

insights into the molecular composition and interactions within the

material. In Figure 3c,d, specific peaks observed confirmed the

presence of various components and their bonding characteristics.

The cellulose component exhibited a distinctive peak at 1054 cm−1,

attributed to the C‐O‐C bonding within the cellulose structure. Upon

incorporating carrageenan into the biocomposite film at different

weight ratios, new peaks emerged, indicating changes in the molec-

ular environment. For instance, in the 3WH sample, peaks were

detected at 2919.38, 1243.11 and 731.11 cm−1, corresponding to

C≡C, C‐C and C‐Cl bonds, respectively.55 These characteristics bore
a resemblance to polycarbonic acid and ethyl vinyl acetate. Similarly,

the 3WOH biocomposite film exhibited peaks at 3366.30, 1740.39,

1637.11 and 1157.71 cm−1, corresponding to O‐H, C‐O, C=C and C‐
O bonds.51 These features were reminiscent of compounds such as

3,4‐dimethylbenzyl alcohol and 1,6‐heptadien‐4‐ol. In the case of the
5WH sample, peaks were detected at 1245.83, 1063.40 and

731.53 cm−1, corresponding to C‐O, C‐C and C‐Cl bonds, resembling
compounds such as 2‐fluoroethanol and glycerol. Meanwhile, the

5WOH sample exhibited peaks at 1064.01 and 731.53 cm−1, corre-

sponding to C‐C bonds,56 indicating similarities to certain com-

pounds. These observations suggest that the dissolution of cellulose

in DES for the formulation of carrageenan biocomposite films resul-

ted in interactions between cellulose molecules. These interactions

likely led to the breakdown of hydrogen bonds present in cellulose,57

as evidenced by the changes in peak characteristics observed in the

FTIR analysis. Figure 3d presents the X‐ray diffraction analysis pat-

terns of CNCDES‐carra biocomposite films with and without HPMC

at different weights of carrageenan (3 and 5 g). The diffraction peaks

observed around 10°, 21° and 31° indicate semicrystalline behaviour

typical of polysaccharide materials. Among the samples, those con-

taining HPMC (3WH and 5WH) exhibit sharper and more intense

peaks, particularly at 21° compared to their HPMC‐free counterparts
(3WOH and 5WOH). This suggests that the incorporation of HPMC

enhances the overall crystallinity of the biocomposites.

3.4 | Mechanical properties of CNC in DES and
CNCDES‐carra biocomposite film

In evaluating the properties of carrageenan‐based biocomposites

with and without the addition of HPMC, significant differences

emerged in terms of WVP, tensile strength, elongation at break,

crystallinity, capsule loop strength, viscosity and tensile stress. Spe-

cifically, 3WH refers to 3 g of carrageenan with HPMC, 3WOH refers

to 3 g of carrageenan without HPMC, 5WH refers to 5 g of carra-

geenan with HPMC, and 5WOH refers to 5 g of carrageenan without

HPMC. These formulations illustrate how both the amount of

carrageenan and the presence of HPMC can affect the material's

overall performance, particularly in applications related to pharma-

ceutical capsules and packaging.

WVP is a critical factor in determining the effectiveness of

a biocomposite as a moisture barrier. The data reveal that

WH samples (those containing HPMC) consistently show higher

WVP values than WOH samples. 3WH exhibits a WVP of
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3.37 � 10−12 g⋅m−1⋅s−1⋅Pa−1, which is significantly higher than the

1.44 � 10−12 g⋅m−1⋅s−1⋅Pa−1 observed for 3WOH. Similarly, 5WH

has a WVP of 3.16 � 10−12 g⋅m−1⋅s−1⋅Pa−1, whereas 5WOH shows a

lower WVP of 1.50 � 10−12 g⋅m−1⋅s−1⋅Pa−1. This suggests that the

inclusion of HPMC increases the permeability of the carrageenan

matrix to water vapour, likely due to the hydrophilic nature of

HPMC.58 HPMC is known for its water‐attracting properties, which
could contribute to increased molecular mobility within the bio-

composite, thereby facilitating water vapour diffusion. In contrast,

samples without HPMC (WOH) exhibit lower WVP values, indicating

that the absence of this hydrophilic agent results in a denser, less

permeable structure. Because of their lower permeability to water

vapour, the WOH formulations may be more suitable for applications

where moisture barrier properties are critical, such as in food or

pharmaceutical packaging. This finding aligns with previous research

by Sanyang et al.,59 who observed that the water content and the

type of polymer additives used in biocomposites can significantly

impact their barrier properties, with hydrophilic additives generally

increasing WVP.

Tensile strength, a measure of the material's resistance to

breaking under tension, also shows clear differences between the

WH and WOH samples and between the different carrageenan

concentrations, as shown in Figure 4. The tensile strength of 5WH,

which contains 5 g of carrageenan with HPMC, is remarkably high at

89.00 MPa compared to 36.67 MPa for 5WOH. This difference

suggests that combining a higher carrageenan content with HPMC

significantly enhances the material's tensile strength, likely due to

improved interactions between the carrageenan matrix and the

HPMC. Similarly, the tensile strength of 3WH is 43.67 MPa, almost

double that of 3WOH (21.33 MPa), as illustrated in Figure 4a, rein-

forcing the idea that HPMC plays a critical role in improving the

mechanical properties of the biocomposite. HPMC enhanced the

dispersion of carrageenan and provided additional hydrogen bonding

sites, improving the material's cohesion and load‐bearing capacity.60

Researchers found similar results in their study of polysaccharide‐
based films, where the addition of reinforcing agents such as

HPMC improved tensile strength by promoting better interactions

between polymer chains. Elongation at break, which measures how

much the material can stretch before breaking, shows less dramatic

but still noticeable differences between the WH and WOH samples.

The values for elongation at break remain relatively similar across all

samples, ranging from 35% to 38%. For instance, 3WH shows an

elongation at break of 36.51%, whereas 3WOH has a similar value of

36.35%. In the case of the 5‐g samples, 5WH has an elongation at

F I GUR E 3 Characterisation of CNCDES‐carrageenan film. (a) FTIR of CNC, DES and CNC dissolved in DES (b), XRD of CNC, DES and CNC
dissolved in DES (c), FTIR spectra of CNCDES‐carra film (d), XRD of CNCDES‐carra biocomposite of different weights. CNC, cellulose
nanocrystal; CNCDES, cellulose nanocrystal in deep eutectic solvent; DES, deep eutectic solvent; FTIR, Fourier transform infrared

spectroscopy; XRD, X‐ray diffraction analysis.

FOOD BIOMACROMOLECULES - 397

 29962757, 2025, 3, D
ow

nloaded from
 https://iadns.onlinelibrary.w

iley.com
/doi/10.1002/fob2.70024 by M

ichael R
ies - U

niversity O
f L

eeds B
rotherton , W

iley O
nline L

ibrary on [08/12/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



break of 38.19%, whereas 5WOH closely follows with 37.81%. These

results suggest that although the presence of HPMC may slightly

improve the flexibility of the biocomposite, the overall impact on

elongation is minimal. This may be because carrageenan already

possesses moderate flexibility, and the addition of HPMC does not

significantly alter its elongation ability. However, the slight increase

in elongation at break observed in WH samples could be attributed

to the plasticising effect of HPMC, which may soften the material

slightly and allow for more stretch before breaking. This property is

particularly important in pharmaceutical applications, where capsules

need some flexibility to withstand mechanical stress during handling

and ingestion without breaking prematurely.

Crystallinity, as seen in Table 2, is a measure of the degree of

structural order in the material, showing a significant variation be-

tween WH and WOH samples. The inclusion of HPMC appears to

increase crystallinity in both the 3‐ and 5‐g samples. For instance,

3WH has a crystallinity of 65.20% compared to 52.10% for 3WOH,

whereas 5WH exhibits a crystallinity of 83.60% compared to 78.80%

for 5WOH. The higher crystallinity in WH samples indicates that the

addition of HPMC promotes the formation of more ordered crys-

talline structures within the carrageenan matrix due to the ability of

HPMC to facilitate better alignment and packing of polymer chains.

Higher crystallinity is associated with improved mechanical strength,

as the crystalline regions in the material provide greater resistance to

deformation under stress. This explains why the WH samples exhibit

higher tensile strength compared to their WOH counterparts. The

findings are consistent with Wan Ishak et al.,61 who reported that the

addition of reinforcing agents can enhance the crystallinity of

polysaccharide‐based films, leading to improved mechanical proper-

ties. Capsule loop strength, which is a measure of the mechanical

F I GUR E 4 The biocomposite films’ mechanical properties. (a) Tensile/capsule loop strength versus CNCDES‐carra concentration in
weight. (b) Elongation at break/moisture content of the varied weight of carrageenan. (c) Pictorial view of the different types of CNCDES‐carra
hard capsules. CNCDES, cellulose nanocrystal in deep eutectic solvent.
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integrity of capsules formed from these biocomposites, is another

critical parameter for pharmaceutical applications. The capsule loop

strength, as shown in the WH samples, is higher than that of the

WOH samples, particularly in the 5‐g formulations. 5WH has a

capsule loop strength of 49.18 MPa compared to 43.30 MPa for

5WOH. Additionally, 3WH has a capsule loop strength of 39.30 MPa

compared to 47.20 MPa for 3WOH. This trend suggests that the

presence of HPMC improves the mechanical integrity of the capsules,

making them more resistant to mechanical stress.24 The improved

capsule loop strength in WH samples could be due to the enhanced

interaction between HPMC and the carrageenan matrix, leading to a

more cohesive and mechanically robust structure. This is particularly

important in pharmaceutical applications, where capsules must

maintain their integrity during handling, storage and ingestion. The

higher capsule loop strength of WH samples makes them more

suitable for applications where mechanical performance is critical.

Viscosity, which measures the material resistance to flow, is

significantly higher in WH samples compared to WOH samples. For

instance, 5WH has a viscosity of 1217.00 mPas−1 compared to

897.00 mPas−1 for 5WOH, whereas 3WH has a viscosity of

770.00 mPas−1 compared to 605.00 mPas−1 for 3WOH. The higher

viscosity in WH samples can be attributed to the presence of HPMC,

which increases the overall molecular interactions within the bio-

composite, resulting in higher resistance to flow. HPMC is known for

its thickening properties, which could explain the significant increase

in viscosity observed in WH samples. Higher viscosity may be ad-

vantageous in certain processing applications,62 such as extrusion or

casting, where greater control over the material's flow properties is

required. The increased viscosity of WH samples also suggests that

they will be easier to mould and shape into capsules or other forms

during manufacturing. Adding HPMC to carrageenan biocomposites

significantly enhances their mechanical and thermal properties,

including tensile strength, crystallinity and capsule loop strength,

while increasing WVP and viscosity.63 These improvements make

WH samples more suitable for applications requiring high mechanical

performance, such as pharmaceutical capsules, although the

increased WVP may limit their use in moisture‐sensitive applications.
Figure 4b illustrates the EAB and MC of the film samples (3WH,

3WOH, 5WH and 5WOH), each presented with mean values and SD

from repeated measurements (n = 3). A t‐test was conducted to

evaluate the statistical significance of differences between the sam-

ples. The results showed that both EAB and MC increased

significantly (p < 0.05) with the addition of HPMC and higher

carrageenan concentration, particularly in the 5WH sample, indi-

cating enhanced film flexibility and water retention. The significant

differences among the formulations confirm that both HPMC incor-

poration and carrageenan content play critical roles in determining

the mechanical and moisture properties of the films. Figure 4c pre-

sents the visual appearance of hard capsules formulated with varying

carrageenan concentrations (3 and 5 g) and the presence or absence

of HPMC. Capsules containing HPMC (3WH and 5WH) exhibit

vibrant and uniform colours, indicating improved pigment entrap-

ment, film formation and overall aesthetic quality. In contrast, the

capsules without HPMC (3WOH and 5WOH) appear translucent or

inconsistently coloured, suggesting weaker structural integrity and

less effective pigment distribution. The combination of higher

carrageenan content and HPMC (5WH) results in the most visually

appealing capsules, highlighting the synergistic effect of both com-

ponents in enhancing capsule quality.

4 | CONCLUSION

The utilisation of Gaussian simulation to explore the interaction be-

tween cellulose and ChCl lactic acid‐based DES has shown

that cellulose hydrogen bonds can be broken down. These findings,

corroborated by FTIR analysis and validated by DFT calculations and
1H NMR spectra, underscore the pronounced intermolecular

hydrogen bonding between CNC and DES. The robust interaction has

remarkably reinforced the mechanical integrity of both carrageenan

biocomposite films and hard capsules. Additionally, the observed

dissolution rate that CNCDES enhanced in the structural and me-

chanical properties upon decomposition was evidenced by the

disappearance of major peaks from the 1H NMR spectra after the

dissolution of CNC in DES occurred. However, there remains a need

to explore the CNCDES and carrageenan matrix. Future research

should optimise the CNCDES formulation, evaluate long‐term sta-

bility and assess the biodegradability and nontoxicity of the devel-

oped biocomposites for broader industrial applications.
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