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Highlights 

 Nanohybrid hydrogel of Laponite:PVA-Alginate was synthesized for wound healing 

process.  

  Laponite were applied to enhance mechanical and cellular response of hybrid hydrogel 

 Laponite as hemostasis agent could decrease the coagulation time 

  Laponite nanoplatelets reduced the degradation rate of nanohybrid hydrogel 

 

Abstracts 

 The aim of this study was to develop a novel nanohybrid interpenetrating network hydrogel 

composed of laponite:polyvinyl alcohol (PVA)-alginate (LAP:PVA-Alginate) with adjustable 

mechanical, physical and biological properties for wound healing application. Results 

demonstrated that compared to PVA-Alginate, mechanical strength of LAP:PVA-Alginate 

significantly enhanced (upon 2 times). Moreover, incorporation of 2 wt.% laponite reduced 
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swelling ability (3 times) and degradation ratio (1.2 times) originating from effective 

enhancement of crosslinking density in the nanohybrid hydrogels. Furthermore, nanohybrid 

hydrogels revealed admirable biocompatibility against MG63 and fibroblast cells. Noticeably, 

MTT assay demonstrated that fibroblast proliferation significantly enhanced on 0.5 wt.% 

LAP:PVA-alginate compared to PVA-alginate. Moreover, hemolysis and clotting tests indicated 

that the nanohybrid hydrogels promoted hemostasis which could be helpful in the wound 

dressing. Therefore, the synergistic effects of the nanohybrid hydrogels such as superior 

mechanical properties, adjustable degradation rate and admirable biocompatibility and hemolysis 

make them a desirable candidate for wound healing process. 

Key words: Laponite; Interpenetrating network; polyvinyl alcohol; alginate; Hemorrhage; 

Wound healing applications 

 

1. Introduction 

Hydrogels as extremely hydrophilic macromolecular networks are attractive candidates for 

wound healing process (Lee & Mooney, 2001). The principal goal of wound healing is to prompt 

recovery of damaged tissue with negligible scarring and maximal regeneration. In this way, the 

wound dressing membranes need to have essential characteristics to support wound healing and 

keep the damaged site from contamination. For wound healing process, hydrogel dressings 

should preserve a humid environment around the wound and retain the wound exudates 

encouraging fibroblast proliferation and keratinocyte migration (Jhong et al., 2014). The 

formation of clot is one of the crucial processes for wound healing which establish hemostasis 

by concentrating clotting factors and forming a physical barrier against bleeding (Gaharwar et 

al., 2014). However, applications of hydrogels have often been limited due to their inadequate 

mechanical strength and toughness as well as high degradation rate (Annabi et al., 2014).  

Numerous strategies have been proposed to develop hydrogels with superior mechanical 

properties. Hydrogels with excellent mechanical characteristics could be categorized into three 
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main types consisting of topological (TP), nanocomposite (NC) and double network (DN) gels 

(Haraguchi & Takehisa, 2002; Tanaka, Gong, & Osada, 2005). Between them, DN gels are 3D 

networks comprising of two or more interpenetrating polymer networks (IPN), partly or entirely 

intertwined on a molecular scale, (Hoare & Kohane, 2008). IPNs afford both mechanical strength 

and toughness when one component is cross-linked covalently, and another one is ionically 

cross-linked (Naficy, Kawakami, Sadegholvaad, Wakisaka, & Spinks, 2013). Recently, various 

hybrid ionic-covalent IPN hydrogels have been developed consisting of polyacrylamide 

(PAAm)- alginate (Darnell et al., 2013), poly(acrylic acid) (PAA)-alginate (Lin, Ling, & Lin, 

2009) and polyvinyl alcohol (PVA)-Alginate (Golafshan, Kharaziha, & Fathi, 2016; Thankam, 

Muthu, Sankar, & Gopal, 2013). Due to the cytocompatibility, hydrophilicity, water solubility, 

suitable mechanical properties as well as low price, PVA has been widely applied for 

engineering various tissues such as bone (Nie et al., 2012), heart (Thankam et al., 2013), nerve 

(Golafshan et al., 2016) and vascular network (L. V. Thomas, Arun, Remya, & Nair, 2009). 

Moreover, alginate is a negatively charged polysaccharide derived from brown seaweed, which 

has been widely applied to develop IPN hydrogels. Due to non-toxicity, biodegradability and 

biocompatibility, alginate has been extensively applied for tissue engineering application (Wong, 

2004) and cell therapy (Orive, Tam, Pedraz, & Hallé, 2006). Moreover, alginate gels and 

sponges have been applied as wound dressings and treatments due to their ability to improve 

healing rate and cellular activity characteristics of wound such as haemostatic, adhesion and cell 

proliferation. Results showed that addition of alginate in PVA-alginate membranes enhanced 

swelling capability, and in vitro protein adsorption. However, alginate reduced mechanical 

stability of membranes (Lee & Mooney, 2012). Tarun et al. (Tarun & Gobi, 2012) found that 

PVA-alginate fibrous membranes with high alginate content revealed high water vapor 
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transmission property, providing the moist environment leading to wound healing acceleration.  

Recently, nanohybrid hydrogels consisting of various kinds of nano-fillers such as graphene, 

hydroxyapatite, carbon nanotubes and metallic nanoparticles have gained importance for tissue 

engineering and wound healing applications (Kharaziha et al., 2014; Riedinger et al., 2011). 

Between them, nanoclays are the well-established components for drug delivery, tissue 

engineering and wound healing applications (P. Li, Kim, Hui, Rhee, & Lee, 2009; Pacelli et al., 

2016; Roozbahani, Kharaziha, & Emadi, 2017). The commonly used nanoclays is 

montmorillonite, hectorite, and smectite family (Wu, Gaharwar, Schexnailder, & Schmidt, 

2010). The smectite family of clays is hydrous materials, which swell after absorbing water and 

form plastic mass with strong adhesiveness. Among the smectite family, laponite, 

Na0.7[(Mg5.5Li0.3)Si8O20(OH)4]0.7, is a synthetic nanoclay consisting of a layered structure with 30 

nm diameter and 1 nm in thickness (Wu, Gaharwar, Chan, & Schmidt, 2011). The unique 

properties of laponite such as high biocompatibility, anisotropic and plate-like morphology and 

great surface area along with its great ability to cationic exchange make it a promising material 

for the improvement of numerous physical and mechanical characteristics of hydrogels in 

various forms (P. Li, Kim, Yoo, & Lee, 2009; H. Yang, Hua, Wang, & Wang, 2011). One of the 

most and interesting properties of smectite nanoclays, specifically laponite, is their blood clotting 

ability.  Laponite can absorb water in blood and concentrate the cells and clotting factors leading 

to promote hemostasis (Arnaud et al., 2009; Bowman, Wang, Meledeo, Dubick, & Kheirabadi, 

2011). Gaharwar et al. (Gaharwar et al., 2014) has recently developed shear-thinning hydrogel 

composed of laponite and gelatin as an injectable hemostatic agent with 77% reduced blood-

clotting time compared to gelatin. According to our knowledge, the combination of laponite 



 5 

nanoplatelets and IPN hydrogels of PVA-alginate as a wound dressing material have never been 

studied.    

The objective of this work was to develop nanohybrid IPN hydrogels of laponite 

incorporated PVA-Alginate (LAP:PVA-Alginate) and study the effects of laponite concentration 

(0, 0.5, 1 and 2 wt.%) on the physical, mechanical and biological properties of nanohybrid 

hydrogels. It is hypothesize that incorporation of laponite nanoplatelets within IPN hydrogels of 

PVA-Alginate may provide nanohybrid hydrogels with appropriate mechanical, physical and 

biological characteristics for wound healing application. Moreover, it is expected that the 

addition of laponite nanoplatelets may result in the improved hemostasis properties of 

nanohybrid hydrogel, which could be helpful to control the bleeding of wound site. 

2. Materials and methods 

2.1. Materials  

Alginic acid sodium salt (SA) from brown algae (Mw range of 80,000-120,000 and with 

approximate mannuronic/guluronic ratio of 1.56 ) and PVA (Mw=72,000) were purchased from 

Sigma, St. Louis, MO, USA. CaCl2 and methanol were obtained from Merck Chemicals, USA. 

Synthetic silicate nanoplatelets (Laponite RDS) containing SiO2 (59.5%), MgO (27.5%), Na2O 

(2.8%) and Li2O (0.8%) with low heavy metals content were purchased from Rockwood 

Additives Limited, UK. Deionized (DI) water was used in all the sections of the experiment. 

2.2. Fabrication of nanohybrid hydrogel of LAP:PVA-Alginate  

Nanohybrid hydrogels of LAP:PVA-Alginate with various concentrations of laponite (0, 0.5, 

1 and 2 wt.% of prepolymer) were prepared using gel casting technique. Primarily, separate 

alginate and PVA aqueous solutions with the concentration of 4 and 10 wt.% were prepared, 
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respectively. After stirring at 60 °C overnight, two solutions were mixed at the weight ratio of 

1:1 at room temperature for 2 h to get a homogenous solution. Consequently, various amounts of 

laponite nanoplatelets (0, 0.5, 1, and 2 wt.%) were dispersed in 2 ml DI water and sonicated for 

30 min (WUDD10H, Power 770 W), two times. Following the addition of laponite suspension to 

the above polymeric solution, the suspensions were mixed at 60 °C for 2 h and sonicated for 30 

min, to provide a homogenous dispersion of laponite nanoplatelets. Finally, after degassing, the 

suspensions were transferred into Petri-dish and maintained for 24 h to be completely 

polmerized. It should be noted that, before casting, the cylindrical glass mold was sprayed with 

Teflon (Welcon co) for surface lubricant. Consequently, hydrogels were removed from the molds 

and were covalently and ionically crosslinked, respectively. Initially, the hydrogels were 

maintained at 80 °C for 24 h, and then, dipped in absolute methanol solution for 24 h to crosslink 

PVA. Consequently, the samples were immersed in 2 wt.% CaCl2 solution for 24 h at room 

temperature to ionically crosslink alginate. Consequently, uncrosslinked polymers were removed 

by three-times rinsing the samples in phosphate buffered saline (PBS, pH=7.4) solution. It 

should be noted that, according to the concentration of laponite nanoplatelets (0, 0.5, 1, and 2 

wt.%), nanohybrid hydrogels were named as PVA-Alginate, 0.5LAP:PVA-Alginate, 

1LAP:PVA-Alginate and 2LAP:PVA-Alginate, respectively.    

2.3. Characterization of nanohybrid hydrogel of LAP:PVA-Alginate 

The chemical composition of the nanohybrid hydrogels was verified through X-ray 

diffraction (XRD, X’ Pert Pro X-ray diffractometer, Phillips, Netherlands) technique carried out 

with monochromatized CuKa radiation (λ = 0.154 nm) at a generator voltage of 40 kV. 

Moreover, attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR, 

Bruker tensor) performed over a range of 600-3700 cm-1 and resolution of 2 cm-1 was used to 
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determine the chemical composition and IPN formation. Furthermore, the distance between the 

laponite’s layers purely and in 2LAP:PVA-Alginate was analyzed using XRD patterns using 

Bragg ̕s equation (Eq. 1): 

𝑑 =  
𝜆

2𝑆𝑖𝑛𝜃
                  (1) 

In which λ is the wavelength of the copper anode source (0.154 nm), d stands for the spacing 

between the scattering laponite̕ s layers, and θ is the diffraction angle. 

The surface morphology of the nanohybrid hydrogels as well as the distribution of laponite 

nanoplatelets within the IPN hydrogels was evaluated by using scanning electron microscope 

(SEM, Philips, XL30). Before imaging, the samples were sputter coated with a thin layer of gold. 

Moreover, the transmission electron microscopy (TEM, Leo 912AB) was utilized to characterize 

the morphology of the laponite nanoplatelets.   

The swelling behavior of hybrid hydrogels was investigated in PBS at 37 °C and pH=7.4, at 

the predetermined time intervals. The samples were accurately weighted and immersed in PBS. 

After removing the samples from PBS and blotting off excess PBS, the wet mass of samples was 

measured. The swelling rate was calculated according to the following equation (Eq. 2): 

%𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 =  
(𝑀𝑤𝑒𝑡 − 𝑀𝑖𝑛𝑡)

𝑀𝑖𝑛𝑡
× 100 

(2) 

where Wwet and Wint were the mass of the swollen and dried samples, respectively. In vitro 

degradation rate of samples was investigated by monitoring the weight loss over 28 days of 

incubation in PBS (pH=7.4). Three samples of each type of nanohybrids with the weight of 

around 10 mg were incubated in PBS at 37 °C. At each specific time point (7, 14, 21 and 28 

days), the samples were washed with PBS, dried and weighted. Ultimately, the degradation rate 

was assessed via dividing the weight loss by the initial dry weight.  
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Tensile properties of the samples were determined by a Hounsfield H25KS tensile tester, using a 

load cell capacity of 10 N and rate of 2 mm. min-1. The samples were cut in the rectangular 

shapes with the dimension of about 10 mm×30 mm×500 µm. The mechanical test was performed 

in the wet condition and room temperature. Therefore, before mechanical testing, the samples 

were soaked in PBS for 2h. Finally, the stress-strain curves (n=5) were plotted and the 

mechanical characteristics consisting of tensile strength, elastic modulus and toughness were 

estimated.  

2.4. Cell Culture 

The cytotoxicity of LAP:PVA-Alginate sample was considered based on by 3-(4,5-

dimethylthiazolyl-2)-2,5-diphenyl tetrazolium bromide (MTT) assay using two cell lines 

consisting of human dermal fibroblasts  and MG63 cell lines from the National Cell Bank of Iran 

at the Pasteur Institute. Before cell seeding, fibroblasts and MG63 cells were cultured in full 

medium of Dulbecco’s Modified Eagle Medium (DMEM-low, Bioidea, Iran) consisting of 10 

(v/v)% fetal bovine serum (FBS) (Bioidea, Iran) and 1 (v/v)% streptomycin/ penicillin (Bioidea, 

Iran) at 37 °C and 5% CO2 condition. Before cell culture, the samples were placed in a 48-well 

plate, rinsed with PBS (pH=7.4) and, finally, sterilized for 1 h in 70 (v/v)% ethanol and 2 h 

ultraviolet light. Afterward, the samples were immersed in full medium overnight. After reaching 

70-80% confluency, two cell types were detached with 0.25% trypsin/EDTA solution (Bioidea, 

Iran) and seeded on the nanohybrid samples (n=3) as well as tissue culture plate (TCP) (control) 

with a density of 104 cells per well, separately. Cells were incubated at 37 °C under 5% CO2 for 

7 days for fibroblasts and MG63 while the medium was changed every three days. 

At the specific time points (1, 4 and 7 days of culture), the culture medium was removed 

and incubated with MTT solution (0.5 mg/ml MTT reagent in PBS) for 4 h. Consequently, 
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dimethyl sulfoxide (DMSO) was added to dissolve the purple MTT-formazan crystals and kept 

for 1 h at 37 °C. Finally, dissolved formazan solution of each sample was transferred to 96-well 

plate and the optical density (OD) of each well was measured with a microplate reader (Bio Rad, 

Model 680 Instruments) against DMSO (blank) at a wavelength of 490 nm. The relative cell 

viability was estimated based on the following equation (Eq. 3): 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑐𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) =
𝐴𝑠𝑎𝑚𝑝𝑙𝑒−𝐴𝑐

𝐴𝑏−𝐴𝑐
                                                                                  (3) 

Where Asample, Ab and Ac stand for the absorbance of the sample, blank (DMSO) and control 

(TCP), respectively.  

2.5. Protein adsorption 

The adsorption of bovine serum albumin (BSA) on the surface of samples was investigated 

via batch contact method (C. Li, Mu, Lin, & Ngai, 2015). Briefly, pre-weighed hydrogels were 

immersed in PBS (pH=7.4) for 3 h to swell and then weighed. Consequently, the samples were 

soaked in 20 mL of 0.2 wt.% BSA solution (pH=7.4) and then were shaken for 30 min to prevent 

from the solution–air interface formation. As-prepared supernatants were analyzed to determine 

the residual BSA in solution using ultraviolet spectrophotometer at 280 nm. The amount of 

adsorbed protein (mg/ml) was calculated according to the following equation (Eq. 4): 

Adsorbed BSA (mg/g)=
𝐶0−𝐶𝑎

𝑤
𝑉                                                             (4) 

where C0 and Ca are the BSA concentrations (mg/mL) before and after adsorption, respectively, 

w is the weight of the swollen nanohybrid hydrogels (g) and V is the volume of the BSA solution 

(mL). 

 

2.6. Hemolysis assay  

Blood-nanohybrid interactions were estimated according to hemolysis and kinetic clotting 
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time assays. For both tests, healthy human blood drawn from healthy adult volunteer consisting 

of sodium citrate (3.8 wt. %) diluted with normal saline (4:5 volume ratio) was applied. 

LAP:PVA-Alginate samples with size of 1 cm×1 cm×5 mm (n=3) were put into centrifuge 

tubes containing 10 mL of normal saline and incubated at 37 °C for 30 min. Following the 

addition of 200 μl diluted blood, the tubes were incubated for 60 min at 37 °C. Subsequently, the 

tubes were centrifuged for 5 min at 2700 rpm, and the supernatants were removed. Finally, the 

absorbance of the solutions was measured with ultraviolet spectrophotometer at 540 nm and the 

hemolysis ratio (HR) was calculated according to the following equation (Eq. 5) (Zou et al., 

2016): 

%𝐻𝑅 = (
𝐴𝑠𝑎𝑚𝑝𝑙𝑒 − 𝐴𝑛

𝐴𝑝 −  𝐴𝑛
) × 100 

(5) 

where Asample, Ap, and An represent the absorbance of samples, the positive control (distilled 

water) and the negative control (normal saline), respectively. 

2.7. Kinetic clotting test 

To evaluate kinetic clotting property, the hydrogels (n=3) were placed at the small vials 

containing diluted blood and was kept in the incubator at 37 °C. At the specific time points (5, 

20, 35, 50, 90, and 130 min), the hydrogels were washed with 50 ml distilled water to provide 

disemboguement samples. Finally, absorbance of the samples was estimated at 540 nm using a 

microplate reader and the OD values were reported. 

2.8. Statistical analysis 

One-way ANOVA (n≥3) was applied for statistical analysis. To establish a statistical 

significance difference between groups, Tukey’s post-hoc test using GraphPad Prism Software 

(V.6) with a p-value <0.05 was applied to be significant.  
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3. Results and discussion  

3.1. Solid-state characterization of LAP: PVA-Alginate hydrogels 

3.1.1. Physical and chemical characterization  

Due to hydrophilic nature, sufficient flexibility and ability to control the lost fluids from the 

body, hydrogels have been widely applied for dressing membranes. However, their weak 

mechanical stability has limited their applications. To overcome these issues, various types of 

hybrid hydrogels have been developed from a range of materials (Annabi et al., 2010). In this 

research, this weakness was addressed by two different strategies consisting of formation of IPN 

hydrogels and nanohybrid hydrogels using laponite nanoplates as nano-fillers. According to Fig. 

1A, hybrid IPN hydrogel was developed using a combination of two polymers of covalently –

crosslinked PVA and ionically-crosslinked sodium alginate and incorporation of laponite within 

the polymer matrix. The formation of IPN was confirmed using FTIR spectroscopy. FTIR 

spectra of crosslinked PVA and alginate (Fig. 1B) and their characteristic bands (supplementary 

Table S1) were similarly reported in previous researches, confirming the crosslinking of these 

two polymers (Broderick et al., 2006; Golafshan et al., 2016). FTIR spectrum of crosslinked 

PVA-Alginate consisted of both characteristic bands of crosslinked alginate and PVA with slight 

differences consisting of reduced intensity of some characteristic peaks related to PVA (840 cm-

1, 1090 cm-1, 1325 cm-1, and 1427 cm-1) and disappearance of other bands (at 1250 cm-1, 1370 

cm-1, and 1733 cm-1) due to the interaction between PVA and alginate. Moreover, the hydroxyl-

stretching band (O-H) of alginate became broader after formation of PVA-Alginate hydrogel. 

This behavior strongly supported the idea that hydrogen bonding formed between the hydroxyl 

groups of PVA and that of alginate (Islam & Karim, 2010; Shalumon et al., 2011). This 

interaction is schematically shown in Fig. 1A confirming the formation of the semi-

interpenetrating network of PVA and alginate. By immersing the hydrogels in calcium content 
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solutions, the calcium ions replaced the sodium ions of alginate structure in the polymer chain 

and attach to two of the polymer strands leading to the ionically crosslinking of the hydrogel 

network. Upon heat treatment and methanol exposure, PVA chains of PVA-alginate hydrogel 

covalently crosslinked together and hydrogen bonding was formed with ionically crosslinked 

alginate chains which may enhance the mechanical and physical properties of IPN hydrogels. 

 

To develop nanohybrid hydrogels, laponite nanoplatelets consisting of plate-like particles 

with average size of 47.3±10 nm (Fig. 1C) were incorporated within IPN matrix (Fig. 1A). FTIR 

spectrum of laponite (Fig. 1B) and its characteristic bands (Supplementary Table S1) showed the 

presence of distinctive absorption bands which were similarly reported in previous researches 

(Mahdavinia, Mousanezhad, Hosseinzadeh, Darvishi, & Sabzi, 2016). Furthermore, FTIR 

spectrum of 2LAP:PVA-Alginate consisted of the characteristic bands of laponite and 

crosslinked PVA and alginate with some differences. For instance, the intensity of the bonds at 

2918 and 2846 cm-1 which were related to CH stretching vibration, reduced. Moreover, some 

other peaks at 3600 and 1040 cm-1 shifted to lower wavenumbers and became broader. The slight 

broadening of the hydroxyl band in the 2LAP:PVA-Alginate might be due to inter-molecular 

hydrogen interactions between PVA-alginate chains and laponite (Auvray & Lal, 1999; Loizou 

et al., 2005; Shubhangi H Nair, Kiran C Pawar, Jyoti P Jog, & Manohar V Badiger, 2007). 

Furthermore, compared to FTIR spectrum of laponite, Si-O-Si stretching vibration shifted 

slightly towards the higher frequency side (1022 cm-1) which can be attributed to the interactions 

between PVA-Alginate polymer network and laponite through Si-OH groups. This result 

strongly confirmed that laponite nanoplatelets acted as physical crosslinker for further 
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crosslinking of polymer chains (Shubhangi H. Nair, Kiran C. Pawar, Jyoti P. Jog, & Manohar V. 

Badiger, 2007).  

XRD pattern of 2LAP:PVA-Alginate confirmed the presence of laponite nanoplatelets within 

PVA-Alginate matrix (Fig. 1D). XRD patterns of crosslinked PVA and alginate hydrogels 

exhibited broad and weak diffraction peaks due to the strong intermolecular and intra-molecular 

hydrogen bonding between polymer chains after crosslinking process. XRD pattern of PVA-

Alginate hydrogel, after crosslinking process, revealed disappearance of the peaks corresponding 

to both polymers and formation of one new broad peak at around 2Ө=19.6° demonstrating the 

interaction between alginate and PVA. XRD pattern of laponite consisted of the characteristic 

diffraction peaks at 2θ =19.6◦, 27.6◦ and 35.4◦ related to (02,11), (005), (20,13) diffractions, 

respectively, which were similarly reported in previous researches (Guimarães, Ciminelli, & 

Vasconcelos, 2007; Wang et al., 2012). After mixing laponite nanoplatelets with PVA-Alginate 

blend and crosslinking process, the sharp peaks in the XRD pattern related to laponite slightly 

shifted to 2θ =34.6° due to the formation of hydrogen bonds between laponite and PVA-Alginate 

blend. The d-spacing parameter of laponite nanosheets was calculated before and after hybrid 

formation and confirmed the well dispersion of laponite within the polymer matrix. The d-

spacing parameter for the interlayer distance in the laponite nanoplates at 2θ = 35.4◦ and 

2LAP:PVA-Alginate at 2Ө=34.6° (corresponded to (20,13) plane) were estimated about 0.25 nm 

and 0.26 nm, respectively. This result confirmed that the polymer chains placed between laponite 

nanoplatelets and changed the lattice parameter of laponite. Other authors also reported similar 

conclusions (Jung, Kim, Choy, Hwang, & Choy, 2008).   

SEM images of the hydrogels (Fig. 2) confirmed that the distribution of laponite 

nanoplatelets within PVA-Alginate matrix depended on the laponite concentration (0, 0.5, 1 and 
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2 wt.%). While the surface of PVA-Alginate was smooth, 0.5LAP:PVA-Alginate hydrogel 

consisted of laponite nanoplatelets exfoliated and uniformly dispersed throughout the polymer 

matrix without any large agglomeration. Incorporation of more laponite nanoplatelets, especially 

at 2LAP:PVA-Alginate, led to the agglomeration of laponite nanoplatelets, which might be 

resulted in reduced mechanical properties of the hydrogels. The effect of nanoparticle 

distribution on the improvement of nanohybrid properties such as mechanical, biological and 

hemolysis due to the strong interaction between filler and matrix was similarly reported, 

previously (Gaharwar et al., 2014; Gaharwar et al., 2010).  

3.1.2. Swelling and degradation evaluation  

One of the undeniable characteristics of dressing materials, which determine their 

effectiveness, is swelling capacity. Dressing materials need to show optimized level of fluid 

absorption ability in order to eliminate extreme exudates. Moreover, as the main function of 

exudate is to help the diffusion of healing factors such as growth factors and to promote 

keratinocyte migration and fibroblast proliferation, actual exudate organization could decrease 

healing time, diminish exudate-related issues and, overall, improve healthcare effectiveness (S. 

Thomas, 1997). Therefore, application of dressing materials with ability to moderately absorb 

fluid could be beneficial in wound healing. The swelling property of hydrogels, consisting of 

various amounts of laponite nanoplatelets, after immersion in PBS (pH 7.4) for 24 h is presented 

in Fig. 3A. It was concluded that all hydrogels revealed similar swelling ability with different 

amplitudes. The swelling ratio of nanohybrid hydrogels significantly enhanced at the early 

stage, and then reached to the steady state condition. It was realized that, incorporation of 

laponite noticeably diminished their swelling ability. For instance, after 24 h soaking, the 

swelling ratio of PVA-Alginate decreased 3.2 times from 274.6±6.5% (for PVA: Alginate) to 
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85.9±2.6% (for 2LAP:PVA-Alginate). Several parameters affect the swelling rate of 

nanohybrids, such as the hydrophilic ability of nanoparticles, structure of polymer network, and 

the interaction between polymer chains and nanoparticles (Mahdavinia, Ettehadi, Amini, & 

Sabzi, 2015). According to the results of FTIR spectroscopy, reduced swelling ratio of hybrid 

hydrogels could be due to the fact that incorporation of laponite acted as an additional physical 

crosslinker in the hybrid hydrogel preventing from water absorption. Such this finding was 

reported in other researches where laponite nanoplatelets revealed the significant effect on the 

swelling ratio of poly(ethylene glycol) (PEG)-poly(trimethylene carbonate) (PTMC) 

(Mahdavinia et al., 2016; Sharifi, Blanquer, van Kooten, & Grijpma, 2012).  

One of the most important properties of materials for wound healing process is their 

degradation rate. The degradation rate of hydrogels indirectly affects cell function and 

remodeling of the host tissue. Previous results confirmed that the strategy by which cells 

infiltrate and migrate through the hydrogel matrix could be related to its degradation (Vu, Jain, 

Veres, & Rajagopalan, 2014). Fig. 3B shows that while degradation profile of LAP:PVA-

Alginate hydrogels was similar to that of PVA-Alginate, the slop of these profiles varied 

depending on the laponite concentration. With an increase in laponite nanoplatelets in the 

nanohybrid hydrogels, degradation rate of the hydrogels significantly reduced from 67.1±1.9% 

(for PVA-Alginate) to 64.80±1.2% (for 0.5LAP:PVA-Alginate), 57.8±2.3% (for 1LAP:PVA-

Alginate) and 54.1±3.6% (for 2LAP:PVA-Alginate), after 28 days of soaking. The slower 

degradation rate of LAP:PVA-Alginate hydrogels compared to PVA-Alginate might be due to 

the presence of laponite which acted as a additional crosslinker between polymer chains. 

Therefore, hydrophilic chains of PVA-Alginate were less accessible to the hydrolyzing medium 
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leading to the reduced degradation rate of LAP:PVA-Alginate compared to PVA-Alginate 

hydrogel. 

3.1.3. Mechanical characterization  

The main disadvantage of hydrogels in would healing process is improper mechanical 

stability and weak mechanical strength (Hoffman, 2012). It has been described that incorporation 

of nanomaterials such as nanoclays within hydrogel matrix is an effective and simple way to 

enhance the stability of hydrogels (Cha et al., 2014). To evaluate the effects of laponite 

nanoplatelets on the mechanical properties of PVA-Alginate hydrogel, uniaxial tensile test was 

performed.  Before mechanical testing, the samples were submerged in PBS (pH=7.4) for 2h. 

Fig. 4 confirmed that incorporation of laponite nanoplatelets resulted in the formation of 

relatively robust hydrogel with controlled flexibility. Fig. 4A shows tensile stress–strain curves 

of PVA-Alginate nanohybrid hydrogels consisting of various amounts of laponite nanoplatelets. 

The hydrogels exhibited an elastic region followed by a plastic region after yielding. In the 

elastic region, the stress increased almost linearly with the strain followed by nonlinear behavior 

before the maximum stress. The mechanical properties of the hydrogels, extracted from the 

curves, are presented in Fig.4B-D. Results confirmed the effective role of laponite concentration 

on the mechanical properties of the hydrogels. For instance, it was found that addition of 0.5 

wt.% laponite dramatically improved toughness (2.5 times), strength (1.7 times), and tensile 

modulus (2.7 times) compared to PVA-Alginate hydrogel. It might be related to the effective 

interaction between the polymer matrix and laponite nanoplatelets and extra-crosslinking of the 

matrix with nanoplatelets. Such these findings were reported in another research (Mahdavinia et 

al., 2016). As depicted in Fig.4F, after crosslinking process, the IPN hydrogel was formed due to 

the hydrogen bonding between the chains of two polymers. After incorporation of laponite 
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nanoplatelets within IPN hydrogel, the interaction between the laponite surface and functional 

groups of polymers resulted in significant load transfer to laponite nanoplatelets and improved 

tensile strength. Nevertheless, incorporation of more laponite content upon 2 wt.% led to 

significantly reduced mechanical properties. It might be attributed to the agglomeration of 

laponite nanoplatelets leading to the weak interaction between laponite nanoplatelets and PVA-

Alginate matrix. Such result was similarly demonstrated in the laponite-poly(acrylic acid) 

nanocomposite at high clay concentrations (Du et al., 2015). Result showed that the maximum 

strength (308 kPa) was achieved at 0.14 wt.% laponite content. In another research, the effects of 

laponite concentration and chemical crosslinking on the mechanical properties of polyacrylamide 

were investigated (J. Yang et al., 2016). Hybrid polyacrylamide/laponite nanocomposite gels 

exhibited better fracture stress, elastic modulus, and fracture energies than those of 

polyacrylamide gel. Our results confirmed that incorporation of 0.5 wt.% laponite nanoplatelets 

within PVA-Alginate was highly useful to improve mechanical properties of the hybrid 

hydrogels, especially toughness. This property could allow the dressings to fit well in the wound 

sites making it useful for wound healing application.  

3.2. Biological evaluation of LAP: PVA-Alginate hydrogels  

3.2.1. Cytotoxicity study 

A wound dressing hydrogel should provide a favorable microenvironment to improve 

cellular activity property of wound such as haemostatic, adhesion and cell migration and 

proliferation (Kamoun, Kenawy, & Chen, 2017). MTT assay (Fig. 5) demonstrated that the 

proliferation of fibroblasts and MG63 cells seeded on the hydrogels gradually enhanced from 

day 1 to day 7. For instance, the proliferation of fibroblasts (Fig. 5A) cultured on PVA-Alginate 

hydrogel improved from 71.2±7.2 %(control) (at day 1) to 86.7±3.9%(control) (at day7). 
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Moreover, the proliferation of fibroblasts on LAP:PVA-Alginate hydrogels improved and 

reached the highest value on 0.5LAP:PVA-Alginate. For instance, after 7 days of culture, the 

proliferation of fibroblast cells on 0.5LAP:PVA-Alginate (125.1±4.6%(control)) significantly 

enhanced (1.5 times) compared to that of on the PVA-Alginate (86.7±3.9 % control) (p<0.05).  

Moreover, according to Fig. 5B, the proliferation of MG63 cells seeded on the hydrogels 

gradually enhanced from day 1 to day 7. This observation reflected the cell-compatibility of the 

hydrogels and confirmed nontoxicity of crosslinking treatment. While the proliferation of MG63 

cells after 7 days of culture on PVA-Alginate hydrogel was 97.8±4.6%(control), incorporation of 

0.5 wt.% significantly promoted it (1.8 times) to 179.5±20.6%(control) (p<0.05). However, 

incorporation of more laponite content upon 2 wt.% resulted in considerably reduced 

proliferation ratio compared to 0.5LAP:PVA-Alginate at day 7 (p<0.05). Along with previous 

researches, these results might be due to the effect of mechanical properties of nanohybrid 

hydrogels on the cell proliferation (Cai et al., 2016; Golafshan, Gharibi, Kharaziha, & Fathi, 

2017). 

 

PVA and alginate have been widely used for wound dressing due to their ability to support 

cell function. According to Fig. 5, nanohybrid hydrogels were found to be non-cytotoxic and 

laponite did not have unfavorable affect on the biocompatibility of PVA-Alginate matrix. Similar 

result was also reported for laponite-poly(ethylene glycol) hydrogel in contact with several cell 

types (Gaharwar, Dammu, Canter, Wu, & Schmidt, 2011; Gaharwar, Rivera, Wu, & Schmidt, 

2011; Liu et al., 2014). This implied that the presence of laponite as a nano-filler not only 

improves the physical and mechanical characteristics of nanohybrid films, but also resulted in the 

improved cell proliferation rate due to the leachable ions from the degrading nanohybrid 
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hydrogel. When laponite nanoparticles dispersed in physiological solution, they released some 

inorganic ions such as Mg2+, Na+, Si(OH)4, and Li+ which stimulated cell viability. Among these 

ions, Mg2+ as a divalent cation resulted in enhanced cellular attachment to nanohybrid hydrogel 

surface which were facilitated primarily by protein bonding belonging to the integrin family 

(Eslahi, Simchi, Mehrjoo, Shokrgozar, & Bonakdar, 2016).   

3.2.2. Protein adsorption  

As the first step of thrombosis formation on the biomaterial surface is BSA adsorption, 

enhancement of BSA adsorption implies better thrombotic property. Therefore, the amount of 

adsorbed protein on the hydrogel surfaces was determined. According to Fig. 6A, the amount of 

adsorbed BSA enhanced with increasing laponite content within the nanohybrid hydrogels. The 

amount of adsorbed BSA on PVA-Alginate hydrogel was 2.2±0.3 mg/g, which was less than that 

of the laponite containing hydrogels. Noticeably, addition of laponite upon 2 wt.% to hybrid 

hydrogels resulted in the increased BSA adsorption capacity to 7.3±0.7 mg/g. It might be related 

to the hydrophilic nature and biocompatibility of polymer matrix, which reduced with increasing 

laponite content. Generally, the protein adsorption initiates with the hydration of the surface 

exposed to a protein containing solution and formation of a thin layer at the interface. 

Consequently, this layer replaced with adsorbing protein molecules and formation of a new 3D 

interphase. As interphase water is supported by surface-bound water through hydrogen bonds, 

displacement of adsorbed water at interphase strictly depends on the surface chemistry, which 

regulates the amount of adsorbed protein. In this way, as hydrophilicity of the surface increases, 

protein adsorption declines due to the enhanced energetic cost of surface dehydration (Vogler, 

2012). Therefore, in agreement with previous results (Xu, Bauer, & Siedlecki, 2014), further 

BSA could be absorbed on the LAP:PVA-Alginate hydrogels than PVA-Alginate one which 



 20 

might be attributed to easy displacement of protein with adsorbed water molecules and may lead 

to less anti-thrombogenic property.  

3.2.3 In vitro whole blood-hydrogel interaction  

Hemolysis assay was performed as an easy and trustworthy approach to evaluate blood 

compatibility of materials. Hemolysis assay is based on the degree of the erythrolysis and 

hemoglobin dissociation when the hydrogels are in contact with blood (C. Li et al., 2015). Fig. 

6B shows the hemolysis ratio of LAP:PVA-Alginate samples as a function of laponite 

concentration. It was found that the hemolysis ratio of LAP:PVA-Alginate hydrogels enhanced 

with increasing laponite contents. For instance, the hemolysis ratio of PVA-Alginate and 

0.5LAP:PVA-Alginate were 2.1±0.6% and 4.3±0.6%, respectively, which was below the 

acceptable limit (5%) (Zou et al., 2016). According to the ISO standard (ISO, 2002), our result 

confirmed that LAP: PVA-Alginate hydrogels could not result in severe hemolysis, which might 

be due to the hydrophilic nature of both PVA and alginate polymers. Therefore, LAP:PVA-

Alginate might be a dressing construct with appropriate hemocompatibility. 

Result of blood clotting test on the various samples is presented in Fig. 6C. This test reflects 

the alteration of antithrombogenic activity with increasing blood-sample contacting time. It was 

found that the absorption value of the hemolyzed blood solution in contact with all samples 

reduced with increasing time. However, the absorption value decreased at all time points for 

nanohybrid hydrogel groups compared to PVA-Alginate, suggesting that PVA-alginate had 

superior thromboresistant characteristic. Moreover, due to the lowest absorbance value of 

2LAP:PVA-Alginate hydrogel at all time points, this nanohybrid hydrogel revealed the highest 

clotting activity. In order to compare the clotting times of various samples, the time at which the 

absorbance equals 0.1 is commonly described as the clotting time (Foruzanmehr, Hosainalipour, 
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Mirdamadi Tehrani, & Aghaeipour, 2014). It was discovered that increasing laponite content 

reduced the clotting time from 135 min (at PVA-Alginate) to less than 20 min (at 2LAP:PVA-

alginate) which clearly confirmed that LAP:PVA-Alginate could encourage blood coagulation 

and had a appropriate hemostatic characteristic. The representative image of the 12-well plate 

consisting of various samples after contacting with whole blood for a specific time of 135 min 

(Fig. 6E) could also noticeably emphasize the earlier formation of a clot in the nanohybrid 

hydrogels. According to our results, while PVA-Alginate hydrogel could absorb the whole 

blood, they could not motivate the formation of clot on the surface of hydrogel. However, the 

addition of laponite nanoplatelets to PVA-alginate reduced blood clotting time, suggesting the 

role of laponite content on the denaturing of fibrinogen and clot activation. Fig. 6D schematically 

presents the effect of negatively charged laponite nanoplatelets on the clot formation. Generally, 

blood coagulation chemical cascade is a multi-step process at which clot is its final product. 

When blood interacts with negatively charged laponite nanoplatelets, intrinsic pathway of 

thrombosis initiated which triggers coagulation factors such as FXII in a few seconds and 

activates thrombin formation (Dawson & Oreffo, 2013). The formation of thrombin converts 

plasma fibrinogen to fibrin monomers which polymerize and crosslink to form a fibrous mesh 

which results in the formation of thrombosis (blood clot) (Shankarraman, Davis‐Gorman, 

Copeland, Caplan, & McDonagh, 2012).  Therefore, according to Fig. 6D, incorporation of 

laponite nanoplatelets as negatively charged components within hydrophilic hydrogel could 

accelerate the accumulation of clotting factors and support protein adsorption on the surface of 

hydrogels leading to dehydration of the injury site and consequently formation of blood clot 

(Jhong et al., 2014). Previous researches reported the role of negatively charged particles on the 

reducing the clotting time. For instance, Li et al. (C. Li et al., 2015) synthesized nanocomposite 
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hydrogel of acrylamide (AAm)-laponite-gelatin and showed that decrease in gelatin content and 

increase in laponite up to 2 wt.% resulted in the blood clot formation (C. Li et al., 2015).  

According to our result, the novel LAP:PVA-Alginate nanohybrid hydrogel with adjustable 

mechanical, physical and biological properties and the significant capability to promote blood 

coagulation offers its durable hemostatic potential for wound healing application. 

4. Conclusion 

The aim of this study was to prepare novel nanohybrid hydrogels of LAP:PVA-Alginate and 

study the effects of laponite concentration on the physical, mechanical and biological properties 

of the hydrogels. Results confirmed that incorporation of laponite within the interpenetrating 

network of PVA-Alginate significantly reduced its swelling and degradation ratio and improved 

its mechanical properties. Moreover, it was found that LAP:PVA-Alginate nanohybrid hydrogels 

are nontoxic toward human fibroblast skin and MG63 cells. Blood-nanohybrid hydrogel 

interaction was assessed from the hemolysis test and kinetic clotting test. Results indicated that 

incorporation of laponite enhanced the hemolysis ratio of the hydrogels. Moreover, kinetic 

clotting test suggested an improved performance with increasing laponite content for blood 

coagulation. Our results suggest that LAP:PVA-Alginate hydrogel could be an ideal hydrogel for 

wound healing applications at the optimal concentration of laponite (0.5%) which will give 

proper swelling and degradation ratio with enhanced mechanical properties and blood 

coagulation activity. 
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Figure Caption 

Fig. 1. Synthesis of LAP:PVA-Alginate nanohybrid hydrogel: (A) Schematic representation for the 

fabrication of LAP:PVA-Alginate nanohybrid hydrogels. (B) FTIR spectra of laponite, PVA, alginate, 

PVA-Alginate and 2LAP:PVA-Alginate nanohybrid hydrogel. (C) TEM image of laponite nanoplates. 

(D) XRD patterns of laponite, PVA, alginate, PVA-Alginate and 2LAP:PVA-Alginate nanohybrid 

hydrogels.   

Fig. 2 SEM micrographs of LAP:PVA-Alginate with containing various laponite contents. While 

laponite nanoplatelets were uniformly distributed 

within 0.5LAP:PVA-Alginate nanohybrid hydrogel, agglomeration of laponite nanoplatelets could be 

detected at 1Laponite:PVA-Alginate and 2LAP:PVA-Alginate hydrogels. High magnification SEM 

images show the distribution of laponite nanoplatelets. 
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Fig. 3. (A) Swelling ratio and (B) degradation rate of nanohybrid hydrogels as a function of laponite 

content.  A strong correlation between laponite concentration and swelling degree/degradation rate could 

be detected attributing to the role of laponite nanoplatelets as the secondary crosslinker for polymers 

network. 

Fig. 4 Effect of laponite nanoplatelets on the mechanical properties of the hydrogels; (A) 

Representative stress-strain curves of hydrogels at wet condition. (B) Elongation, (C) toughness, (D) 

strength, and (E) tensile modulus of the hydrogels as a function of laponite content (*P<0.05). (F) The 

schematic showing the role of crosslinking process of alginate and PVA as well as laponite nanoplatelets 

on the mechanical properties of nanohybrid hydrogels. 

Fig. 5. The viability of A) human fibroblast skin and (B) MG63 cell lines seeded on the hydrogels for 

various times, as a function of laponite content measured using MTT assays (The absorbance was 

normalized against the control (TCP) at each time interval (* P<0.05).  

 

Fig. 6. Effect of hydrogels on the blood interaction:  (A) Amounts of adsorbed BSA on the hydrogels 

as a function of laponite content. (B) Hemolysis ratio of the hydrogels as a function of laponite content (* 

P<0.05). (C) Kinetic clotting curves plotted as a function of time and nanohybrid composition. (D) The 

schematic indicating the thrombogenic potential of laponite and its role on the blood coagulation cascade. 

Laponite affects the blood coagulation via absorption of water molecules and proteins to its surface to 

activate intrinsic coagulation pathway. The interactions result in concentrating the blood cells and clotting 

factors and promoting hemostasis. (E) Effect of laponite concentration on the blood clotting. 
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Fig. 1. Synthesis of LAP:PVA-Alginate nanohybrid hydrogel: (A) Schematic representation for the 

fabrication of LAP:PVA-Alginate nanohybrid hydrogels. (B) FTIR spectra of laponite, PVA, alginate, 

PVA-Alginate and 2LAP:PVA-Alginate nanohybrid hydrogel. (C) TEM image of laponite nanoplates. 

(D) XRD patterns of laponite, PVA, alginate, PVA-Alginate and 2LAP:PVA-Alginate nanohybrid 

hydrogels.   
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Fig. 2 SEM images of LAP:PVA-Alginate containing various amounts of laponite. While laponite 

nanoplatelets uniformly distributed 

within 0.5LAP:PVA-Alginate nanohybrid hydrogel, agglomeration of laponite nanoplatelets is detected at 

1LAP:PVA-Alginate and 2LAP:PVA-Alginate hydrogels. High magnification SEM images show the 

distribution of laponite nanoplatelets. 

 

Fig. 3. (A) Swelling ratio and (B) degradation rate of nanohybrid hydrogels as a function of laponite 

content. A strong correlation between laponite concentration and swelling degree/degradation rate could 
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be detected attributing to the role of laponite nanoplatelets as the secondary crosslinker for polymers 

network. 

 

Fig. 4 Effect of laponite nanoplatelets on the mechanical properties of the hydrogels; (A) 

Representative stress-strain curves of hydrogels at wet condition. (B) Elongation, (C) toughness, (D) 

strength, and (E) tensile modulus of the hydrogels as a function of laponite content (*P<0.05). (F) The 

schematic showing the role of crosslinking process of alginate and PVA as well as laponite nanoplatelets 

on the mechanical properties of nanohybrid hydrogels. 

 

Fig. 5. The viability of A) human fibroblast skin and (B) MG63 cell lines seeded on the hydrogels for 
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various times, as a function of laponite content measured using MTT assays (The absorbance was 

normalized against the control (TCP) at each time interval (* P<0.05).  

 

Fig. 6. Effect of hydrogels on the blood interaction:  (A) Amounts of adsorbed BSA on the hydrogels 

as a function of laponite content. (B) Hemolysis ratio of the hydrogels as a function of laponite content (* 

P<0.05). (C) Kinetic clotting curves plotted as a function of time and nanohybrid composition. (D) The 

schematic indicating the thrombogenic potential of laponite and its role on the blood coagulation cascade. 

Laponite affects the blood coagulation via absorption of water molecules and proteins to its surface to 

activate intrinsic coagulation pathway. The interactions result in concentrating the blood cells and clotting 

factors and promoting hemostasis. (E) Effect of laponite concentration on the blood clotting. 

 


