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Introduction 

Over the last few years, studies in materials science have 

focused on bionanocomposites with extraordinary 

multifunctional properties by combining various natural 

occurring biopolymers and inorganic solids together into a 

well-designed structure.1 Chitosan (CS) and layered double 

hydroxides (LDHs) are two of the most powerful materials that 

are widely used as essential elements for fabricating novel 

artificial bionanocomposites, especially for recreating a 

bioinspired layered “brick-and-mortar” structure.2–4 CS is a 

linear cationic amino polysaccharide and is the second most 

abundant natural polysaccharide present on earth next to 

cellulose.5 LDHs are a family of synthetic anionic clays 

composed of 2D brucite Mg(OH)2-like layered inorganic 

materials. They are expressed by a general formula [M2+
1-

xM
3+

x(OH)2]A
n−

x/n·mH2O, where M2+ and M3+ are divalent and 

trivalent metal ions coordinated octahedrally by hydroxyl 

groups to form infinite 2D layers by edge sharing and the An− 

anion is the interlayer anion compensating for the positive 

charge of the brucite-like layers.6,7 Different from naturally 

occurring anionic clays, such as montmorillonite (MMT), 

cationic LDHs can serve as catalytic, functional, biological, and 

medical materials because of their tunable compositions and 

exchangeable anions.8 Therefore, using LDH as a building 

block for fabricating bioinspired bionanocomposite films will 

achieve not only high strength but also other special 

functionalities.2 

Different techniques, such as layer-by-layer assembly,9, 10 

ice-crystal template,11, 12 paper making,13 dip coating2 and 

solvent evaporation,3 have been recently explored to fabricate 

bionanocomposite films. Among these techniques, solvent 

evaporation has received considerable attention because it is 

cheap, simple, fast, time saving, environmentally friendly, and 

easily scaled up. Well dispersion of inorganic LDH phase in the 

CS matrix is needed to obtain an LDH/CS bionanocomposite 

film with a high mechanical property using this route.3 The 

intercalation of CS into LDHs is an efficient strategy to solve 

this problem.14, 15 Several anionic biopolymers, such as DNA16 

and naturally occurring polysaccharides, including alginic acid, 

pectin and -carrageenan,17 are reported to be intercalated into 

the LDH interlayer; however, CS intercalation is seldom 

reported because of its low solubility in alkaline medium and 

positively charged nature.5 Moreover, the reported biopolymer 

intercalated LDH bionanocomposites are mostly particles that 

cannot be well dispersed in the biopolymer matrix, which is not 

facile for the preparation of bionanocomposite films via solvent 

evaporation. This phenomenon encouraged us to further 

challenge the goal of fabricating CS intercalated LDHs that can 

be well dispersed in the CS matrix. 
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Carboxymethyl CS (CMC) is an important CS derivative 

extensively used in a wide range of biomedical applications 

because of its good water solubility, unique chemical, physical 

and biological properties and excellent biocompatibility and 

biodegradability.18–24 A large number of carboxyl groups and 

amide groups within the skeletal framework of CMC can 

interact with chelating metal cations in alkaline medium.25 Thus, 

CMC may act as an organic template to induce the formation of 

special nanostructural materials.26 In addition, as an anionic 

biopolymer, CMC may be intercalated into the LDH interlayer 

as a guest molecule. 

This study introduces a two-step approach to fabricate 

LDH/CMC bionanocomposite films. Firstly, CMC intercalated 

Mg–Al LDHs (C-LDHs) were synthesised by the hydrothermal 

method, and the obtained C-LDHs were well dispersed in the 

CMC matrix to form a stable colloidal suspension. Then, a 

transparent, flexible and glossy self-supporting film with a 

highly oriented lamellar microstructure was easily bioinspired 

assembled during the solvent evaporation process. This 

bionanocomposite film with a high swelling ratio and stability 

had a high mechanical property and was used to immobilise 

lysozyme (LSZ). This strategy is an alternative approach to 

fabricate LDH/CMC bionanocomposite hydrogel films, which 

can be potentially used in the field of enzyme immobilisation, 

underwater antibacterial coating, drug storage and delivery, 

biosystem, etc. 

Experimental 

Materials 

CMC with a substitution degree of 0.92 and a molecular weight 

of 9000 was purchased from Jinan Haohua Industry Co., Ltd. 

(China). Other analytical reagent-grade chemicals were 

supplied by Sinopharm Chemical Reagent Co., Ltd. Milli-Q 

water was used in the experiments (Millipore, USA). 

C-LDH synthesis 

In a typical synthesis, urea, Mg(NO3)2·6H2O and 

Al(NO3)3·9H2O with a Mg/Al molar ratio of 2.0 and a 

urea/metal cation ratio of 3.3 were dissolved in 40 mL of water 

to obtain a clear solution with metal cation concentrations of 

0.12, 0.060, 0.030 and 0.015 M. A total of 40 mL of this 

mixture solution was added into 40 mL of CMC solution with a 

concentration of 1 g/L under stirring condition. The mixture 

was then transferred in an autoclave and heated at 100 °C for 24 

h. According to the P–T diagram of pure water with various 

initial filling degrees, the estimated pressure was 0.02 GPa.27 

The resulting suspension was ultrasonicated for 3 h and then 

centrifuged at 4000 r/min for 20 min. Finally, a very stable 

milky white suspension was obtained without visible 

precipitation after storage for several months. 

Preparation of C-LDH/CMC bionanocomposite hydrogel films 

The obtained colloidal suspension (10 mL) was dropped into a 

PTFE module, placed in an oven at 40 °C and then completely 

dried. A transparent, flexible and glossy self-supporting 

bionanocomposite film was easily peeled off for further study. 

The final obtained C-LDH/CMC bionanocomposite films with 

different C-LDH/CMC mass ratios were denoted as LC-1, LC-2, 

LC-3 and LC-4, which corresponded to the C-LDH mass 

contents of 72%, 47%, 29% and 23% after calculation, 

respectively. For comparison, pure CMC film without C-LDHs 

and any crosslinkers was fabricated via the same route. 

Characterisation 

X-ray diffraction (XRD) measurement was performed on a 

D/MAX 2250 V diffractometer (Rigaku, Japan) using 

monochromatised Cu K radiation ( = 1.54178 Å) with 2 

ranging from 3° to 70°. Fourier transform infrared (FT-IR) 

spectra were collected on a Nicolet iS10 infrared 

spectrophotometer (USA) using KBr disks with a sample/KBr 

mass ratio of 1:100. Zeta potential measurement was carried out 

using a Malvern Zetasizer Nano (England) at room temperature. 

Transmission electron microscopic (TEM) observations were 

performed under a JEOL 1200 transmission electron 

microscope (Japan) at an accelerating voltage of 100 kV. 

Scanning electron microscopy (SEM) images were observed 

under a Hitachi S-4800 SEM (Japan). The samples were also 

subjected to energy-dispersive X-ray spectroscopy (EDS) 

during the SEM measurement. The mechanical properties of the 

self-supporting films were measured under tensile mode in a 

WDW-100E universal mechanical testing machine (China). For 

the mechanical tests, the films were cut into rectangular bars of 

approximately 20 mm in length and 10 mm in width with a 

razor blade. The distances between the clamps and the load 

speed were 5 mm and 1 mm/min, respectively. 

Swelling characteristics of C-LDH/CMC bionanocomposite 

hydrogel films 

The obtained C-LDH/CMC bionanocomposite films with 

different C-LDH mass contents were immersed in 20 mL of 

water at room temperature until swelling equilibrium was 

attained. The swelling ratio of the bionanocomposite film was 

calculated from the following expression:19 

Swelling ratio=((Wt−Wd)/Wd)100%                              (1) 

where Wd is the weight of the dry film and Wt is the weight of 

the wet film at the equilibrium swelling state. 

Immobilisation of LSZ by C-LDH/CMC bionanocomposite 

hydrogel films 

The C-LDH/CMC bionanocomposite films with different C-

LDH mass contents were immersed in 10 mL of LSZ solution 

(1 mg/mL) at room temperature for 24 h. Then, the hydrogel 

film was taken out, dried and reweighted. The amount of LSZ 

solution left in the loading medium was determined by 

measuring the absorbance value at 282 nm using a Hitachi 

U2900 UV–Vis spectrophotometer (Japan) to confirm the 

percentage of LSZ immobilisation in hydrogel films.  
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Results and discussion 

Fig. 1 shows the XRD patterns of the pure CMC film as well as 

the synthesised C-LDH/CMC bionanocomposite hydrogel films 

with different C-LDH mass contents. The pattern of the C-

LDH/CMC bionanocomposite film was composed of 

characteristic reflections of C-LDHs and CMC. Moreover, in 

each case, the C-LDH sample presented hydrotalcite-like 

characteristic reflections of (003), (006) and (009) peaks at low 

angle, and d003, d006 and d009 showed the expected relationship 

between basal, second-order and third-order reflections.28 In 

addition, the absence of any non-basal reflections (h, k  0) at 

high angle indicated that the bionanocomposite hydrogel film 

had an extremely well c-oriented assembly of LDH 

nanoplatelets.29 The interlayer spacing (l) was calculated by 

averaging the positions of three harmonics: l = (1/3)(d003 + 

2d006 + 3d009).
28 The calculated interlayer spacings for LC-1, 

LC-2, LC-3 and LC-4 were 1.15, 1.20, 1.16 and 1.21 nm, 

respectively. By subtracting the thickness of the LDH layer 

(0.48 nm),28 the gallery heights of 0.67, 0.72, 0.68 and 0.73 nm 

for LC-1, LC-2, LC-3 and LC-4, respectively, could be 

obtained. These values indicated that the CMC molecules were 

intercalated in a monolayer arrangement.17 

 
Fig. 1 XRD patterns of the pure CMC film and the C-LDH/CMC 

bionanocomposite films with different C-LDH mass contents 

FT-IR spectra provided another evidence for the formation of 

C-LDH/CMC bionanocomposite hydrogel films (Figs. 2 and 1S 

in the ESI). For the spectrum of the pure CMC film, the bands 

at 1069 and 1159 cm−1 were attributed to the CO stretching 

vibration of CHOH in cyclic alcohols and COC in ethers, 

respectively.19 The band at 1413 cm−1 was attributed to the 

stretching vibration of the COO− group of carboxymethyl in 

the CMC,30 and the bands at 1560 and 1655 cm−1 were assigned 

to the C=O stretching vibration of carboxymethyl groups 

overlapped with amide NH bending.31 A broad band between 

3100 and 3700 cm−1 centred at 3439 cm−1 was assigned to the 

stretching vibration of the OH group and the extension 

vibration of the NH group.32 For the spectra of the C-

LDH/CMC bionanocomposite film with different C-LDH mass 

contents, a broad band between 3100 and 3700 cm−1 was 

attributed to the OH and NH stretching vibration. Hydroxyl 

groups belonged to brucite layers and water overlapped with 

the OH and NH vibration of CMC.17 The new band at 1628 

cm−1 was attributed to the HOH vibration of water molecules. 

The band location at 1655 cm−1 and the band intensity at 1560 

cm−1 changed after composition. These results indicated a 

strong hydrogen bonding between the NH groups of the CMC 

and hydroxyl of the LDH brucite layer. As shown in Fig. 2, the 

band at 1413 cm−1 shifted toward a lower wavenumber when 

the CMC was incorporated with the LDH lamellae. This result 

indicated a strong interaction of the negatively charged group 

(COO−) of the CMC with the positively charged LDH brucite 

layers. Absorption bands at approximately 593, 529 and 420 

cm−1 were attributed to the vibration of MO and OMO in 

the LDH brucite layer, indicating that the LDH structure was 

formed when the CMC was intercalated between the layers, as 

confirmed previously by XRD.17 The band intensity at 1159 

cm−1 did not change, suggesting that no depolymerisation 

occurred during the hydrothermal treatment.32 

 

Fig. 2 FT-IR spectra of the pure CMC film and the C-LDH/CMC 

bionanocomposite films with different C-LDH mass contents 

TEM images showed that the four synthesised C-LDH/CMC 

bionanocomposites with different C-LDHs mass contents had 

similar morphologies and consisted of irregular and thin 

hexagonal nanoplatelets with a particle size distribution ranging 

from 20 nm to 70 nm (Fig. 3). A typical HRTEM image of an 
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individual C-LDH nanoplatelet for the LC-1 sample (Figs. 4a 

and 4b) reveals the presence of an interplanar distance of 

approximately 0.264 nm, which is a characteristic of the (120) 

plane.33 This distance confirmed the formation of LDH phase. 

The side view of HRTEM image (Fig. 4c) shows that the 

thickness of the C-LDH nanoplatelet was approximately 20 nm, 

indicating that approximately 17 monolayers stacked in the c 

direction.  

 

Fig. 3 TEM images of the C-LDH/CMC bionanocomposites with 

different C-LDH mass contents (a: LC-1; b: LC-2; c: LC-3; d: LC-4) 

 

Fig. 4 HRTEM images of the LC-1 sample (a and b: top view; c: side 
view) 

The thickness and surface morphology of the four 

synthesised C-LDH/CMC bionanocomposite films with 

different C-LDH mass contents were further investigated by 

SEM (Fig. 5). Fig. 5b shows that C-LDH/CMC 

bionanocomposites were stacked together to form a densely 

oriented lamellar microstructure, which is reminiscent of the 

brick-and-mortar structure of nacre.3, 9, 13 This result is 

consistent with the XRD result and indicates the occurrence of 

the bioinspired assembly process.1, 2, 4, 34 The top view of the 

SEM image shows that the obtained LC-1, LC-3 and LC-4 

samples had a similar homogeneous surface with nanoscale 

roughness (Figs. 5a, 5e and 5g). Compared with these samples, 

the LC-2 sample had a slightly more rough surface (Fig. 5c), 

which may be attributed to the different CMC contents in the 

biocomposite film. These results indicated that both high 

inorganic C-LDH nanoplatelet content and high organic CMC 

content were facile to the formation of smooth surface. 

Moreover, the film thickness increased with decreasing C-LDH 

mass content (Figs. 5b, 5d, 5f and 5h). This finding indicated 

that the film thickness could be easily changed by adjusting the 

film composition. 

 

Fig. 5 SEM images in top view (a, c, e and g) and cross-sectional view 

(b, d, f and h) of the C-LDH/CMC bionanocomposite films with 
different C-LDH mass contents (a and b: LC-1; c and d: LC-2; e and f: 

LC-3; g and h: LC-4) 

A schematic illustration of the formation mechanism of the 

bioinspired assembled bionanocomposite hydrogel film with 

CMC assistance is shown in Scheme 1. CMC is among the 

derivatives of CS. It is an amphiprotic ether that contains 

hydroxyl, carboxyl and amine groups in the molecule, which 

possibly offer enough chelate groups to increase adsorption 

capacity toward the metal ion.35 The saturated adsorption 
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capacity of the CMC for Mg2+ and Al3+ ions can reach up to 

10636 and 250 mg/g,37 respectively. Thus, the CMC molecule 

can be used as a biomineralisation template to modify the Mg–

Al LDH growth.38 Hydrothermal treatment combined with urea 

hydrolysis is a facile approach of co-precipitating Mg2+ and 

Al3+ ions to uniform and high crystalline Mg–Al LDHs with a 

controlled size and morphology.39–41 Urea is a very weak 

Brønsted base (pKb = 13.8) that is highly soluble in water. The 

hydrolysis rate of urea can be easily controlled by controlling 

the reaction temperature. According to Shaw and Bordeaux,42 

the mechanism of urea hydrolysis consists of the formation of 

ammonium cyanate (NH4CNO), as the rate determining step, 

and the fast hydrolysis of the cyanate to ammonium carbonate, 

i.e., 

CO(NH2)2  NH4CNO                                                         (2) 

NH4CNO + 2H2O  (NH4)2CO3                                          (3) 

The rate constant increased by approximately 200 times when 

the temperature was increased from 60 °C to 100 °C. The 

hydrolysis of ammonium to ammonia and carbonate to 

hydrogen carbonates increases the pH value.42 Fig. S2 (shown 

in the ESI) shows the pH evolution during the hydrothermal 

reaction within the initial 10 h. The two steps of pH variation 

were observed: at the earlier stage (t < 2 h), the pH increased 

from 7 to 9 and then reached a plateau. The final pH (24 h) of 

the reaction solution was 9.02, which is a suitable value for co-

precipitating Mg–Al LDHs.40 During the first step at low pH 

conditions, OH− anions produced by urea hydrolysis could react 

immediately with Al3+ cation to induce the precipitation of 

Al(OH)3. At these pH values, the Mg2+ cation could not be co-

precipitated with Al3+ cation. In the second step, the rate of 

OH− consumption was faster than its production by urea 

hydrolysis, and the pH varied very slowly. This condition 

produced a very low OH− supersaturation level. During this 

period, Mg2+ cation was incorporated in the solid hydroxide 

probably under a dissolution/precipitation mechanism.40 Finally, 

Mg–Al LDH layer formed along the CMC chain. The obtained 

colloidal suspension was milky white and stable without 

precipitation after storage for several months, indicating that 

the synthesised C-LDH nanoplatelets had a good dispersal in 

the CMC matrix. Given the permanent positive surface charge 

of the particles arising from ion substitutions in the sheets, 

LDH had a positively charged surface.43 However, the Zeta 

potentials of the four synthesised colloidal suspensions with 

different C-LDH mass contents were −2.27, −4.61, −3.38 and 

−3.21 mV, respectively. This result indicated that the free 

negatively charged CMC molecules in the solution could be 

adsorbed on the positively charged surface of C-LDH 

nanoplatelets to form C-LDH/CMC bionanocomposite 

materials, as reported extensively in studies of polymers 

adsorbing at solid/liquid interfaces.44 Such adsorption may 

occur via the hydrogen bonding between the hydroxyl of the 

LDH brucite layers and amide groups of the CMC molecules, 

which was previously confirmed by the FT-IR result and the 

electrostatic interaction between the negatively charged CMC 

molecules and positively charged LDH nanoplatelets.45 The 

presence of the CMC shell renders the LDH nanoplatelet water 

soluble and leads to a steric stabilising effect by isolating the 

bionanocomposite from each other.21 This resulting 

monodisperse colloidal suspension of C-LDH nanoplatelets is 

an ideal precursor for the fabrication of highly oriented self-

supporting C-LDH/CMC bionanocomposite film via solvent 

evaporation.29 Photographs of the obtained C-LDH/CMC 

bionanocomposite hydrogel films are shown in Scheme 1. 

These films are transparent, flexible and glossy.  

 

Scheme 1 Schematic of the bioinspired assembly process for the 

fabrication of C-LDH/CMC bionanocomposite film 

Table 1 Mechanical properties of C-LDH/CMC bionanocomposite hydrogel 

films with different C-LDH mass contents measured by tensile testing 

Sample Tensile strength/MPa Ultimate strain/% 

LC-1 34.65 8.40 

LC-2 21.48 11.20 

LC-3 13.52 13.92 

LC-4 12.07 17.16 
CMC 5.12 21.16 

The mechanical properties of the obtained 

bionanocomposite hydrogel films are summarised in Table 1 

according to the tensile strength–strain curves (Fig. S3 in the 

ESI). The mechanical performance of the bionanocomposite 

hydrogel film was better than that of the pure CMC film. The 

tensile strength increased and the ultimate strain decreased as 

the C-LDH content increased from 23% to 72%. The tensile 

strength of the LC-1 sample was approximately sevenfold 

higher than that of the pure CMC film. This strength can be 

attributed to the strong hydrogen bonding and electrostatic 

interaction between the CMC molecules and the LDH brucite 

layers. In this study, LDH nanoplatelets were uniformly 

dispersed in the CMC matrix, which led to a narrow 

distribution of distance between LDH nanoplatelets.13 The well-

dispersed LDH nanoplatelets acting as crosslinkers were linked 

by flexible CMC molecules, which is consistent with a previous 

report on the CS/MMT composite film.3 Consequently, the C-

LDH/CMC bionanocomposite hydrogel films synergistically 

combined the stiffness of inorganic LDHs with the flexibility of 

organic CMC and showed enhanced mechanical properties. 
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The obtained C-LDH/CMC bionanocomposite films were 

allowed to swell in water at room temperature. None of the C-

LDH/CMC bionanocomposite films dissolved when stored in 

water for several months, which can be attributed to the unique 

C-LDH/CMC network structure.3, 13 By contrast, the pure CMC 

film without any crosslinkers dissolved immediately when 

immersed in water. The effects of the C-LDH content on the 

swelling ratio are shown in Fig. 6a. The swelling ratio increased 

with decreasing C-LDH mass content. At a low C-LDH loading 

level (LC-4), the swelling ratio reached 1370%, which is 

similar to that of genipin cross-linked CMC hydrogel (1100% 

to 1500%, pH 7.4).19, 46 At a high C-LDH loading level (LC-1), 

the swelling ratio of 130% was still higher than that of 

glutaraldehyde-cross-linked CMC hydrogel (70% to 100%, pH 

7.4).18, 30 These results showed that the C-LDH nanoplatelets 

with good biocompatibility and similar crosslinking capacity 

like the natural occurring green crosslinker genipin may be an 

alternative selection as an environmentally friendly crosslinker 

for the CMC-based hydrogel film. The variation in the swelling 

ratio with the change in the C-LDH content can be attributed to 

the fact that an increase in the C-LDH nanoplatelet mass 

content can increase the crosslinking degree of the 

bionanocomposite film. This phenomenon is one of the most 

essential factors that affect the water absorption of hydrogel.47 

Compared with the swelling ratio, the swelling stability of 

bionanocomposite films increased as the C-LDH mass content 

increased (Fig. 6b). After 10 dry/wet cycles, the swelling ratio 

of the LC-1 sample with a high C-LDH mass content only 

decreased by approximately 10%, whereas that of the LC-4 

sample with a low C-LDH mass content decreased by 25%. 

These results showed that this bionanocomposite film with a 

high C-LDH content can be reused many times, which can 

enlarge the application field and save sources. Consequently, 

inorganic LDH layer can be used as an alternative green 

crosslinker for the preparation of the CMC-based hydrogel film. 

 

Fig. 6 (a) Swelling ratio and (b) relationship between the swelling ratio 
retention and dry/wet cycle number of the C-LDH/CMC 

bionanocomposite films with different C-LDH mass contents 

LSZ is a natural antibacterial protein that occurs in a wide 

range of animals and plants. The isoelectric point of LSZ is 

approximately 11, and LSZ is positively charged over the 

normal pH range. Thus, immobilisation by the C-LDH/CMC 

bionanocomposite hydrogel films is expected through 

electrostatic interaction.48 LSZ immobilisation experiments 

were performed by immersing the obtained C-LDH/CMC 

bionanocomposite hydrogel films into LSZ solutions, and the 

results are shown in Fig. 7. The amount of LSZ immobilised in 

the bionanocomposite hydrogel increased with decreasing C-

LDH content, which is consistent with the swelling test result. 

These results can be attributed to the fact that 

bionanocomposite films with a high swelling ratio can provide 

more sites to immobilise LSZ during the swelling process.49 

Consequently, the C-LDH/CMC bionanocomposite hydrogel 

film would be a good platform for the immobilisation of 

positively charged enzyme at the neutral pH range. 

 

Fig. 7 LSZ immobilisation ratio of the C-LDH/CMC bionanocomposite 

films with different C-LDH mass contents 

Conclusions 

In summary, C-LDHs with a high dispersal in the CMC matrix 

were prepared by a one-pot hydrothermal method. The 

bioinspired assembly was used to fabricate free-standing and 

strong bionanocomposite films using C-LDH nanoplatelets and 

CMC molecules as building blocks via solvent evaporation. 

The characterisations via XRD, FT-IR, TEM, SEM and tensile 

testing indicated that the bionanocomposite film with a high 

mechanical property had a highly oriented bioinspired layered 

microstructure and that C-LDH nanoplatelets can act as 

crosslinkers to reinforce the bionanocomposite films. C-

LDH/CMC bionanocomposite films with a high swelling ratio 

can maintain their self-supported shapes after 10 dry/wet cycles 

and can serve as an enzyme immobilising platform for the LSZ 

immobilisation. These findings provide an alternative route to 

fabricate LDH/biopolymer bionanocomposite films with 

multifunctionality for applications, such as biosensor, 

biomedical, enzyme immobilisation, artificial muscles, robust 

underwater antibiofouling materials and other environmentally 

friendly materials. 
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Graphic Abstract 

 

Layered double hydroxide/carboxymethyl chitosan bionanocomposite hydrogel films with a high 

swelling stability were fabricated by the bioinspired assembly technique. 
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