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Abstract: Currently, self-healing hydrogels prepared from the green process have been studied for 

various applications, especially in the biomedical field.  This work fabricated the self-healing hydrogel 

based on sodium carboxymethyl cellulose/poly(vinyl alcohol)/montmorillonite by acidifying the 

mixture with citric acid.  SEM measurements showed well-dispersed montmorillonite in the hydrogels. 

Cytotoxicity values >100% were seen with montmorillonite added, which indicated cell growth and no 

cell toxicity. Montmorillonite addition not only reinforced the networks but also improved self-healing 

ability. The tensile strength of the original uncut hydrogel with montmorillonite (P1C8M1) was 61 kPa, 

whereas the healed hydrogel showed 57 kPa.  The hydrogel healed completely within 10 days, without 

any cracks, i.e., a 93% healing efficiency, or higher than the ~60% of the non-reinforced hydrogel.  This 

confirmed strong hydrogen bond formation between the polymer and montmorillonite.  The self-healing 

ability of this non-toxic hydrogel, reinforced with montmorillonite, makes it valuable for use in 

biomedical fields.  

Keywords: self-healing hydrogel; hydrogen bond; sodium carboxymethyl cellulose; montmorillonite; 

poly(vinyl alcohol). 
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1. Introduction 

Soft smart materials are attractive because they can respond to multiple stimuli, for 

example, stress, light, temperature, moisture, pH, and electric or magnetic fields, and form 

useful functions - like sensors, actuators, bioreactors, drug delivery systems, and cell culture 

systems [1,2]. Hydrogels, three‐dimensional networks of cross-linked hydrophilic polymers, 

have become a useful platform for smart material fabrication because of their biocompatibility, 

high water content, non-irritability, and structural similarity to natural extracellular matrices 

[3]. Hydrogels have been applied in, for example, tissue engineering [4], wound dressing [5], 

drug delivery [6, 7], and health-monitoring systems [8, 9]. 

Recently, self-healing hydrogels have been used in various fields due to their intrinsic 

damage recovery [10].  They can be formed by reversible interactions, including dynamic 

covalent bonds [11], hydrogen bonds [12], ionic bonds [13], and hydrophobic interaction [14]. 

For non-covalent hydrogels, the cross-linking points are easily randomly reversible, but 

mechanical strengths are relatively low [15]. Nanocomposite gels with inorganic fillers, e.g., 
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clay, graphene oxide, and cellulose nanofibers, effectively improve mechanical properties [16]. 

These particles can cross-link with the polymer matrix via physical interactions, which improve 

the mechanical property and self-healing ability [17-19]. 

Montmorillonite (MMT), a natural mineral, has stacked layers of aluminum 

octahedrons and silicon tetrahedrons, where oxygen atoms on the cell boundaries form 

hydrogen and ionic bonds to link the layers [20].  Due to its high surface area and surface 

reactivity, MMT has been used in polymers as an adsorbent [21, 22]. Moreover, MMT is often 

used to fabricate nanocomposite materials because it showed good dispersion in the polymer 

matrix and the ability to dissipation energy [23, 24]. 

Sodium carboxymethyl cellulose (CMC), a water-soluble cellulose derivative, is a 

polysaccharide derived from abundant natural sources, with the benefit of biocompatibility, 

biodegradability, nontoxicity, and low cost [25]. CMC is an attractive natural material to 

fabricate hydrogels for many applications, including wound dressing, tissue engineering, and 

drug delivery [26]. To create a self-healing CMC hydrogel, physical cross-links, with hydrogen 

bonds [27] or ionic interactions [28], and chemical cross-links, e.g., phenyl boronate ester 

bonds [29] have been described. However, CMC hydrogels, reinforced with MMT, have not 

been reported. 

PVA, a synthetic polymer with several hydroxyl groups in its structure, can easily form 

hydrogen bonds with neighboring molecules. It has been used for biomedical applications 

because of its biocompatibility and nontoxicity [30, 31]. The addition of PVA in hydrogels 

recipe can enhance their mechanical properties [32, 33]. Here, we report self-healing hydrogels, 

based on CMC and PVA, reinforced by MMT. The CMC/PVA/MMT-based hydrogels were 

prepared by acidifying the mixture with citric acid to form strong hydrogen bonds. The 

morphology, mechanical properties, and cytotoxicity of the obtained hydrogels were examined. 

Their self-healing ability and efficiency for biomedical fields were also investigated. 

2. Materials and Methods 

2.1. Materials. 

Sodium carboxymethyl cellulose powder (CMC, M.W. 90,000, DS=0.7) was purchased 

from Acros Organic Co., Ltd. Poly(vinyl alcohol) (PVA, viscosity = 4.0-6.0 mPa.s, hydrolysis 

< 98.5%) was purchased from Nippon Gohsei, Japan.  Montmorillonite (MMT, 200 mesh, 

cation exchange capacity (CEC) 1 meq/g) was supplied by the Thai Nippon Chemical Industry.  

Citric acid and sodium benzoate were obtained from Carlo Erba Co., Ltd. 

2.2. Preparation of PCM hydrogels. 

MMT suspension stocks at 0.1, 0.5, and 1%w/v were prepared by dispersing MMT in 

distilled water at 25°C for 30 min and further sonicated for 30 min.  PVA at measured amounts 

was dissolved in 30 mL MMT suspension with vigorous stirring at 90°C (PVA-MMT portion).  

Measured amounts of CMC powder were dissolved in 70 mL MMT suspension (CMC-MMT 

portion).  The PVA-MMT part was then added into the CMC-MMT portion and stirred for 2 

h, and 0.1 g of sodium benzoate was subsequently added.  The viscous PVA-CMC-MMT 

mixture was centrifuged at 5000 rpm for 10 min to release air bubbles and then poured into 

silicone molds before immersing into citric acid (8 mol/L) for 3 h, which the PVA-CMC-MMT 

hydrogel (formulae 4-6) could set following Zheng et al. [27].  A similar method was used to 

prepare PVA-CMC hydrogels (formulae 1-3): PVA was dissolved in 30 mL water at 90°C, and 
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CMC powder was dissolved in 70 mL water at room temperature. The PVA solution was added 

to the CMC solution and stirred for 2 h, following the same manner with formulae 4-6. The 

hydrogel formulae are shown in Table 1. 

Table 1. Hydrogel formulae. 

Formulae Concentration (%w/v) 

PVA (P)  CMC (C) MMT (M) 

P1C8 1 8 - 

P2C8 2 8 - 

P3C8 3 8 - 

P1C8M0.1 1 8 0.1 

P1C8M0.5 1 8 0.5 

P1C8M1 1 8 1 

2.3. Scanning electron microscope (SEM). 

The dispersion of MMT within the hydrogels was examined by a scanning electron 

microscope, using low vacuum mode, without sputtered Au, 7.50 kV, at 800× magnification. 

Morphology and pore sizes of the hydrogels were recorded by scanning electron microscope-

energy dispersive spectrometry (SEM-EDS, Quanta 250, FEI, USA). The samples were 

prepared by freezing at -40°C and then freeze-dried: these samples were sputter-coated with 

Au. 

2.4. Mechanical property testing. 

Mechanical properties of the hydrogels were measured by a universal testing machine 

(UTM, Lloyd Instruments).  Rectangular, 30×78×3 mm3 samples were prepared for tensile 

testing and with a size of 20×20×10 mm3 for compressive testing.  Tensile and compressive 

testing used a 100 N load cell and tested at 10 mm/min. Samples were conditioned at 90 ± 5 % 

relative humidity; the atmosphere was created by a beaker of water at 25 °C in the sample 

chamber for 10 days before testing and measured at 25°C. 

2.5. Self-healing assessment. 

The healing efficiency of the hydrogels was determined by cutting samples into two 

pieces by a scalpel. After that, these two pieces were reattached and conditioned at 90 ± 5 % 

relative humidity. The tested samples were monitored at 0, 1, 5, and 10 days to measure healing 

efficiency. The healing efficiency was calculated by: 

 𝐻𝑒𝑎𝑙𝑖𝑛𝑔 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) = 
𝑆ℎ

𝑆𝑖
× 100      (1) 

where Sh and Si are the stresses at the maximum load of the healed and the initial hydrogels. 

2.6. Cytotoxicity assay (MTT assay). 

MTT assays evaluated in vitro cytotoxicity of the hydrogels [34]. Firstly, the hydrogel 

samples were soaked in phosphate buffer at 37 °C for 24 h.  The liquor was filtered through a 

sterilized syringe filter, 0.2 µm pore size, and stored in sterilized Duran bottles. The liquid was 

subsequently exposed to Dulbecco's Modified Eagle Medium (DMEM). African green monkey 

kidney fibroblast (Vero) cultures were seeded in a 96-well plate with 100 μl/well and incubated 

(37 °C, 24 h).  The extracted sample was then added to each plate and incubated (37 °C, 24 h).  

10 μl 5 mg/ml MTT solution was later added to each well and further incubated (37 °C, 4 h).  
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The cell viability was determined by a microplate reader, which measured absorbance at 570 

nm.  Cytotoxicity was calculated from: 

 𝐶𝑦𝑡𝑜𝑡𝑜𝑥𝑖𝑐𝑖𝑡𝑦 (%) = (
𝐴−𝐵

𝐴
) × 100       (2) 

where A is the absorbance of the control cell and B is the absorbance of the sample solution. 

2.7. Statistical analysis. 

The statistical analysis used Minitab 18 software.  The means were determined by one-

way analysis of variance, and a Tukey test tested variances. 

3. Results and Discussion 

3.1. Preparation of PCM hydrogels. 

PCM hydrogels were prepared by mixing measured amounts of PVA (1-3% w/v), CMC 

(8% w/v), and MMT (0.1-1% w/v) and cross-linked by acidifying in citric acid (8 M), where 

the viscous liquid solidified to form the hydrogel. Citric acid protons diffused into the mixture 

and interacted with CMC carboxylate groups, transformed into carboxylic groups.  This 

functional group can form strong hydrogen bonds with hydroxyl groups of both CMC and 

PVA, and with carboxylic groups, themselves contributed to physical cross-linking of the 

polymer chains [35]. The hydroxyl and carbonyl groups of CMC and hydroxyl groups of PVA 

also formed hydrogen bonds with MMT silanol groups [36]. The mechanism of hydrogel 

formation is illustrated in Figure 1. 

 
Figure 1. Schematic illustration of PCM hydrogel formation. 

3.2. Morphology analysis. 

The distribution of MMT in PCM hydrogel was investigated by SEM-EDS.  The cross-

section and mapping analysis of PCM hydrogel is in Figure 2. There was a good distribution 

of Si and Al atoms, indicating that MMT was successfully distributed throughout the hydrogel.  

The morphology of the dried PCM hydrogels was seen in SEM images. The samples were 

prepared in dry form by freeze-drying.  1000× magnifications of cross-sections were examined 

to determine pore sizes, which ranged from 21.9 to 24.0 µm - see Figure 3. The pore wall 

thickness increased with MMT in the hydrogels: the polymer chains were deposited on the 

MMT surface [37] and generated more cross-links. 
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Figure 2. MMT distribution in P1C8M1 hydrogels at wet form at 800× magnification (a) SEM image; (b) EDS 

spectrum showing atomic proportions; (c) Si elemental mapping ; (d) Al elemental mapping. 

 
Figure 3. Cross-section images of hydrogels at dry form at 1000× magnification (a) P1C8; (b) P1C8M0.5; (c) 

P1C8M1. 

3.3. Tensile mechanical properties. 

The tensile strengths and Young's moduli of hydrogels are in Figure 4. Tensile strength 

of PC hydrogels varied insignificantly with PVA concentration, ranging from 35.1 to 40.3 kPa.  

 
Figure 4. Tensile test of hydrogels (a) Tensile strength; (b) Young's modulus. 
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However, the addition of MMT increased the tensile strength, which increased from 

39.0 kPa of P1C8 to 61.1 kPa of P1C8M1: the polymer could anchor on the MMT surface 

through physical interactions, improving the tensile strength [37]. Young's moduli of the 

hydrogels had a similar tendency to tensile strength:  they increased with added MMT from 

65.0 kPa of P1C8 to 89.6 kPa of P1C8M1, whereas raising PVA content only slightly affected 

it (62.1-69.9 kPa). 

3.4. Compressive mechanical properties. 

Figure 5 shows compressive strengths and moduli of the P1C8 hydrogels with increased 

MMT. The compressive strengths increased from 6.6 kPa of P1C8 to 17.2 kPa of P1C8M1.  

The compressive moduli of PCM hydrogels with 0.1-1% MMT (64.7-103.6 kPa) were higher 

than that of PC hydrogel (51.0 kPa). The MMT surface interacted with the polymer chains by 

hydrogen bond, which increased cross-linked density, resulting in higher strength [38]. Thus, 

MMT addition enhanced both tensile and compressive strength. 

 
Figure 5. Compression of hydrogels (a) compressive strength; (b) compressive modulus. 

 
Figure 6. Healing of P1C8M1 hydrogel: (a) original hydrogel; (b) hydrogel cut into two pieces; (c) stretching of 

the healed hydrogel; (d) images of the cut hydrogel at 0, 1, 5, and 10 days. 
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3.5. Self-healing properties. 

Figure 6(a-c) shows the self-healing ability of PCM hydrogel (P1C8M1).  The hydrogel 

was cut into two pieces by a scalpel and then reattached to each other without a healing agent.  

The hydrogel was stored in a 90±5 % relative humidity atmosphere. After 10 days, the two 

pieces of hydrogels merged, and they could be stretched and bent without any cracks. The 

images in Figure 6d monitored the crack healing over10 days. The cut was completely 

combined within 10 days, confirming the hydrogel self-healing ability. 

To assess self-healing efficiency, tensile strengths were measured. Figure 7(a) displays 

stress-strain curves of original and healed hydrogels (P1C8 and P1C8M1).  The original uncut 

P1C8M1 hydrogel showed a tensile strength of 61.1 kPa while the healed hydrogel showed 

56.7 kPa, i.e., the cut gel regained ~93% of its original strength, whereas the P1C8 hydrogel, 

without MMT, only recovered 60% of its strength of 23.5 kPa.  Thus, MMT addition 

significantly improved healing efficiency. Figure 7(b) shows the healing efficiency of all 

hydrogels.  The PC hydrogels with increased PVA content (1-3%) showed lower healing 

efficiency from 60.2% to 28.7%, due to suppression of the polymer chains mobility, as 

suggested by Zhu et al. for acrylamide-based hydrogels [39].  MMT in the hydrogels 

significantly enhanced the healing efficiency, increasing from 79.6% at 0.1% MMT to 92.8% 

with 1% MMT.  Long free polymer chains formed by hydrogen bonds between MMT silanol 

groups and polymer hydroxyl groups, i.e., PVA and CMC, were reconstituted after the damage, 

improving the self-healing ability [19, 40]. 

 
Figure 7. (a) Stress-strain curves of P1C8 and P1C8M1 hydrogels; (b) Hydrogel healing efficiency.  Identical 

labels attached to the error bars indicate insignificant differences, p<0.05. 

3.6. Cytotoxicity test. 

Cytotoxicity tests, which checked cell viability of P1C8, P1C8M0.5, and P1C8M1 

hydrogels, with different MMT content, are shown in Figure 8.  The cell viabilities were 98.4% 

for P1C8, 107.6% for P1C8M0.5 and 105.1% for P1C8M1.  Values >100% with MMT 

indicated cell growth in the hydrogel environment.  ISO 10993-5 considers values > 70% 

indicate that the hydrogels were not toxic to Vero cells.  Therefore, the hydrogels are safe for 

living cells. 
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Figure 8. Hydrogel cell viability. Different labels “a-c” indicate significant differences (p < 0.05). 

4. Conclusions 

Self-healing hydrogels, based on carboxymethyl cellulose/poly(vinylalcohol)/ 

montmorillonite by acidifying with citric acid showed good montmorillonite distribution, 

which caused thicker pore walls and improved mechanical properties, whereas PVA content 

did not significantly strengthen them. The hydrogels could completely self-heal within 10 days, 

caused by hydrogen bonds between the three components. The PCM hydrogels, with 

montmorillonite, exhibited good self-healing and recovered up to 93% of their strength, 

whereas a hydrogel, without montmorillonite, only recovered 60%.  However, increasing the 

PVA content decreased the healing efficiency.  Moreover, the hydrogels were not toxic - the 

PCM hydrogel passed an initial test for safety in medical applications. 
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