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Abstract 

Genipin crosslinking increases the acidic stability of chitosan-based materials, 

opening an opportunity to explore new applications. In this work, the viability of 

using chitosan-genipin solutions on cellulose-based materials coating was 

studied. Non-calendered paper and cardboard were used as raw materials. 

Different number of chitosan-genipin coating layers (1, 3, 6, 20, and 30) were 

applied and their influence on the materials mechanical, physicochemical, and 

barrier properties was studied. The small thickness and basis weight of non-

calendered paper resulted in an inefficient adhesion of chitosan-genipin coating 

to the cellulose fibers. However, in cardboard, chitosan-genipin created a dense 

layer onto the cellulosic-fibers surface without impairing their mechanical 

properties. It conferred a greenish color, whose intensity increased with the layers 

number. The chitosan-genipin coating decreased the cardboard air and water 

vapor permeability up to 71% and 52%, respectively, and acted as a physical 

barrier for cardboard compounds leaching, being suitable for covering cellulose-

based materials. 

 

 

Keywords 

Genipin crosslinking; Biobased coating; Paper-based materials; Barrier activity; 

Water vapor impermeability 
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1. Introduction 

 Cellulose-based materials have been widely used for packaging purposes 

due to their inherent biodegradability, thus minimizing the environmental impact 

caused by the petroleum-based plastics (Deshwal et al., 2019; Li et al., 2019). 

They have a porous crystalline structure constituted by microfibrils with long‐

chain cellulose molecules, regularly disrupted by amorphous regions (Khwaldia 

et al., 2010). However, the hydrophilic nature of cellulose and its porosity impair 

the materials’ barrier properties, a fundamental parameter for the packaging 

industry. To overcome these issues, usually, cellulose-based materials are 

coated with synthetic polymers, i.e. petroleum-based polymers as polyethylene 

or polypropylene, which compromise their recyclability and biodegradability 

(Bordenave et al., 2007; Choi et al., 2002). Alternatively, biobased coatings 

derived from renewable and biodegradable polymers have been explored. 

Herein, polysaccharides have shown great affinity to the cellulose-based 

materials coating (Abdel Rehim et al., 2016; Chen et al., 2017; Kjellgren et al., 

2006).  

Chitosan, a partially deacetylated derivative of chitin composed by D-

glucosamine and N-acetyl-D-glucosamine units linked by (β1-4) glycosidic bonds 

(Rhim et al., 2007) has been applied on paper coating. Chitosan allows to 

decrease the cellulose matrix porosity and confers grease resistance to paper-

based materials (Ham-Pichavant et al., 2005; Kjellgren et al., 2006). Due to its 

inherent antimicrobial and antioxidant properties, chitosan allows to produce 

active paper-based materials, offering a possibility of being used to preserve and 

extend the foodstuffs shelf-life (El-Samahy et al., 2017; Tang et al., 2016). 

Moreover, chitosan coating originates materials with better moisture and air 
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barrier properties than the uncoated paper (Bordenave et al., 2007; Reis et al., 

2011). However, chitosan hydrophilicity compromises the barrier properties 

improvement for application on food packaging. To overcome these limitations, 

chitosan has been chemically modified, namely through esterification (Bordenave 

et al., 2010) or alkylation (Nicu et al., 2013), blended with lipidic compounds such 

as waxes (W. Zhang et al., 2014) or palmitic oil (Reis et al., 2011), and used on 

multi-layered coating systems (Despond et al., 2005; Kong et al., 2017). 

Crosslinking reactions have also been used to improve the moisture and gas 

barrier performance of chitosan-based films (Rivero et al., 2010) and hydrogels 

(D. Zhang et al., 2015).  

Genipin, a natural molecule enzymatically obtained from Gardenia 

jasminoides fruits (Muzzarelli, 2009; Nunes et al., 2018), has been emerging as 

a favorable crosslinking agent due to its low cytotoxicity and ability to self-

polymerization (Mekhail et al., 2014). Due to the genipin ability for reacting 

spontaneously with primary amine groups, it has been successfully used as an 

effective crosslinking agent for polymers containing amino groups, such as 

chitosan (Butler et al., 2003; Muzzarelli, 2009). Chitosan-genipin films have high 

stability in aqueous acidic media (Nunes et al., 2013), with application as a wine 

technological adjuvant (Nunes et al., 2016; Rocha et al., 2020) and as coating of 

magnesium alloy sheets for improved corrosion protection (Pozzo et al., 2018). 

Chitosan-genipin crosslinking has also been proposed for production of wound 

dressing materials with decreased hydrophilicity and increased flexibility (Hafezi 

et al., 2019; Liu et al., 2008) and for production of hydrogels with high elasticity 

and stability (Heimbuck et al., 2019; Moura et al., 2007). The combination of 

chitosan reticulated with genipin and cellulose has been performed for biomedical 
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applications through the production of delivery and encapsulation particles (Feng 

et al., 2013; Kaihara et al., 2011; Singh et al., 2017), hydrogels (Arikibe et al., 

2019; Ghavimi, Lungren, Faulkner, et al., 2019; Ghavimi, Lungren, Stromsdorfer, 

et al., 2019) and 3D porous nanocomposite scaffolds (Naseri et al., 2016). 

Additionally, the genipin crosslinking helped immobilize nisin onto the surface of 

chitosan films reinforced with cellulose nanocrystals, leading to the increase of 

their water resistance, mechanical strength, and antimicrobial activity (Khan et 

al., 2014, 2016). The properties obtained by crosslinking chitosan and genipin 

opens an opportunity to explore other applications, such as the coating of 

cellulose-based materials. As the polymers reticulated with genipin are still 

biodegradable (You et al., 2014), a chitosan-genipin coating will not compromise 

the cellulose-based packaging sustainability.  

 In this work, it is hypothesized that the crosslinking of chitosan with genipin 

allows to form a coating to improve the barrier properties of cellulose-based 

materials. To test this hypothesis, non-calendered paper and cardboard were 

used as cases of study. The effect of chitosan-genipin coating layers number on 

mechanical, antioxidant, and barrier properties of cellulose-based materials was 

assessed. To ensure a suitable coating, the rheological profile of chitosan-genipin 

solutions was also studied. 

 

2. Materials and Methods 

2.1 Materials 

 Chitosan of high molecular weight (310 – 375 kg/mol) with a deacetylation 

degree of 75% and a viscosity of 800-2000 mPa.s (measured in a Brookfield 

viscosimeter using 1% wt. of chitosan in 1% w/V of acetic acid at 25 °C) was 
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supplied by Sigma–Aldrich. Genipin (≥ 98% purity) was acquired from Challenge 

Bioproducts Co. (Taiwan, China). Acetic acid, sodium azide, calcium chloride, 

2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) reagent and 

potassium persulfate were purchased from Sigma-Aldrich. Ethanol was obtained 

from Carlo Erba. 

 Two different cellulose-based materials were used to be coated: non-

calendered paper (57 g/m2 basis weight; 65 µm average thickness), kindly 

provided by an industrial partner, and cardboard sheets (244 g/m2 basis weight; 

404 µm average thickness) produced by Cascades La Rochette (France). Both 

materials have one side already coated and ready for printing purposes and 

another side still uncoated. Uncoated non-calendered paper and cardboard were 

used as control for comparison purposes. 

  

2.2 Viscosity of chitosan-genipin solution 

 Chitosan (1% wt.) was prepared in 1% wt. of acetic acid solution at room 

temperature, overnight and with stirring. After filtration under vacuum, 

genipin (0.05% wt. of chitosan) prepared in ethanol was added to the chitosan 

solution. The ratio chitosan/genipin was chosen based on Nunes et al. (2013), 

adapting the gelation conditions by decreasing the time and varying the 

crosslinking temperature. Therefore, the influence of using different crosslinking 

temperatures (40, 50, and 60 °C) on viscosity of chitosan-genipin solution was 

assessed using 1000 s-1 of shear rate for 120 min. These rheological experiments 

were performed using a modular compact MCR 302 rheometer (Anton Paar, 

France). 
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2.3 Cellulose-based materials coating 

Chitosan (1.2% wt.) was prepared in 1.2% wt. of acetic acid solution at room 

temperature, overnight and with stirring (Kjellgren et al., 2006). After filtration 

under vacuum, genipin (0.05% wt. of chitosan) (Nunes et al., 2013) prepared in 

ethanol was added into the chitosan solution and stirred for 30 minutes at 50 °C. 

Chitosan-genipin solution was applied on cellulose-based materials using a blade 

coater machine equipped with an infrared section (Endupap, France) and with a 

0.2 mm Mayer bar at 6.46 cm/s with 300 g of load. Drying step was made with 

2500 W of infrared radiation between the application of each coating layer. 

Various chitosan-genipin layers (1, 3, and 6 for non-calendered paper; 1, 3, 6, 

20, and 30 for cardboard) were applied. Each coated material was pre-

conditioned at 23 °C and 50% relative humidity for at least 24 h prior its 

characterization. 

 

2.4 Cellulose-based materials characterization 

2.4.1 Thickness and basis weight 

The thickness of each cellulose-based material was measured using an 

Adamel Lhomargy micrometer. The basis weight was calculated from the 

mass and thickness of stripes from all materials. 

 

2.4.2 Mechanical properties 

Paper-based strips of 130 x 15 mm were cut and the corresponding tensile 

properties were measured using a vertical extensometer (Instron 5965), following 

the standard NF Q03-004 (Desmaisons et al., 2017). Tensile tests were 

performed at 10 mm/min with a gauge length of 100 mm and six repeats were 
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performed per sample. Tensile strength, Young’s modulus, and percentage of 

elongation at break of coated and uncoated materials were calculated. Each test 

was performed at conditioned atmosphere (23 ºC and 50% RH). 

The burst index (Adamel Lhomargy EC 0.5) was evaluated according to the 

standard ISO 2758/2759 (Lavoine et al., 2014). At least five measurements were 

done for each sample previously cut in square (100 × 100 mm). 

The tear resistance was measured using a tear tester (Noviprofiber, 

Elmendorf pendulum 4000 mN, France) (Desmaisons et al., 2017). Samples of 

65 x 50 mm were prepared, and the measurement corresponds to the force (mN) 

needed for tear propagation after a primer. For each cellulose-based material, 

two replicates were measured. Tear factor (mN m2/g) was determined from the 

division between the measured tear (mN) and the basis weight (g/m2) of each 

material. 

 

2.4.3 Optical properties 

The evaluation of color change was assessed by tristimulus 

colorimetry (CIELab). CIELab parameters, namely a* (red/green), 

b* (yellow/blue), and L* (luminosity) components were determined using a 

CR-400 Chroma Meter (Luchese et al., 2018). The total color difference (∆E) of 

the coated materials was calculated against the uncoated ones as follows: 

∆𝐸 = [(L* −  93.36)2 + (a* − (-0.65))2 + (b* − 7.53)2]0.5 (1) 

where L*, a*, and b* are the CIELab parameters of each coated samples and 

93.36, -0.65 and 7.53 are the CIELab parameters of the uncoated ones (L*, a* 

and b*, respectively).  
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2.4.4 Scanning electron microscopy (SEM) 

The morphology of uncoated and chitosan-genipin coated materials was 

observed in a high-resolution field emission scanning electron 

microscope (Hitachi SU-70) operating at 4 kV and at an average working distance 

of 7 mm. Before examination, the samples were coated under vacuum with a thin 

layer of carbon using a Polaron sputter coater E5000. Images from top and cross-

section views were obtained.  

 

2.4.5 Antioxidant activity 

The antioxidant activity of each uncoated and coated material was 

determined by an adaptation of the ABTS method described by Re et al. (1999). 

A solution of 7 mM ABTS was prepared in 2.45 mM potassium persulfate and 

kept in dark at room temperature for 16 h, allowing the ABTS•+ formation. After, 

ABTS•+ was diluted in ethanol (1:80) and the concentration of the solution was 

adjusted to obtain an absorbance value at 734 nm between 0.700 and 0.800, 

using a spectrophotometer (Jenway 6405 UV/Vis). Three replicates of each 

sample (10 × 10 mm) were placed on the top of a plastic cuvette with 1.5 mL 

ABTS•+ solution. The cuvette was turned upside down in order to allow the 

reaction between the coated surface and the ABTS•+ solution, under dark 

conditions at room temperature with orbital stirring (80 rpm). ABTS•+ solution 

without any specimen was used as blank. The absorbance at 734 nm of the 

solutions was measured in triplicate after 2 and 7 days. The antioxidant activity 

was determined by the percentage of ABTS•+ inhibition calculated as follows: 
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𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑖𝑜 (%) = 100 ×  
𝐴𝑏 − 𝐴𝑓

𝐴𝑏
 (2) 

where Ab and Af are the absorbance of blank (without cellulose-based material) 

and with cellulose-based material, respectively. 

 

2.4.6 Water contact angle 

Static water contact angles (WCA) on the surface of each material were 

determined at room temperature using a contact angle measuring 

system (OCA 20, Dataphysics), fitted with an automatic image capture 

system (Dataphysics SCA20 M4) (Nunes et al., 2013). Each coated and uncoated 

material was cut in strips of 10 × 1 mm. A sessile 3 µL drop of ultrapure water 

was dispensed on the sample surface using a microsyringe. After recording the 

droplet shape, the corresponding contact angle was calculated using the 

Laplace-Young method. At least eight droplet images were obtained along the 

sample length. 

 

2.4.7 Solubility in acid medium 

For the determination of the materials solubility in acid aqueous medium, 

one square (4 cm2) of each material was immersed in 30 mL of water (pH 3.5) at 

room temperature with orbital agitation (80 rpm) for 7 days (Nunes et al., 2013). 

Afterwards, the materials were oven dried at 105 °C overnight and cooled down 

to room temperature inside a desiccator containing silica gel. The materials were 

weighed, and their solubility was given by the weight loss percentage calculated 

as follows: 

Jo
ur

na
l P

re
-p

ro
of



 11 

𝑊𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠 (%) = 100 × 
(𝑚𝑏 − 𝑚𝑎)

𝑚𝑏
 (3) 

where mb and ma are the weight of dry sample before and after being immersed 

in acidic water, respectively. This determination was performed in triplicate.   

 

2.4.8 Air permeability 

The air permeability of all materials was measured with a Mariotte vase, 

according to the standard ISO 5636 (Bideau et al., 2017). The measurements 

were performed on samples with an area of 10 cm2, under ambient air conditions 

with a vacuum of 2.1 kPa. A constant air depression was created by the flow of 

water from a glass container (Mariotte). The volume of water that flows in the 

catch tank was collected after a certain time and the average air permeability was 

then calculated from at least three measurements. The permeability index 

AFNOR (IAF) was obtained as follows: 

𝐼𝐴𝐹 =
𝑉

𝐴 × 𝑡 × ∆𝑃
 (4) 

where V is the volume of air in mm3, A is the area of the sample in m2, t is the 

time in seconds and ∆P is the change in pressure in Pa. 

 

2.4.9 Water vapor transmission rate 

Water vapor transmission rate (WVTR) of each uncoated and chitosan-

genipin coated materials was evaluated using test dishes, following an adaptation 

of the TAPPI Standard T-448 om-09 method. Each material was cut in samples 

with 28 mm diameter, centered over the top of dishes containing a desiccant, 

anhydrous calcium chloride pre-dried at 200 °C for 16 h, and sealed to its open 

mouth using four screws symmetrically located around the dish circumference 
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and adhesive (Santos et al., 2006). After assembling, the apparatus was placed 

in a controlled humidity chamber maintained at 23 °C and 53% relative humidity 

using a saturated aqueous magnesium nitrate solution. Air was continuously 

circulated throughout the chamber with a van (air velocity ≈ 160 m/min). Periodic 

weighing was performed to determine the rate of water vapor movement through 

the specimen into the desiccant. The dishes were weighted over the time until a 

constant rate of gain was attained. WVTR was calculated as follows: 

𝑊𝑉𝑇𝑅 (g/m2. day) =
24 × x

𝐴 × y
 (5) 

where x is the gain in grams during the period y, y is the time in hours for the gain 

of x and A is the exposed area of specimen (m2). Triplicates were tested for each 

cellulose-based material. 

 

2.5 Statistical analysis 

The data of thickness, mechanical properties, basis weight, CIELab 

parameters, antioxidant activity, water contact angle, acidic solubility, air 

permeability, and water vapor transmission rate were statistically evaluated using 

the t-Student test with a significance level of 95%.  

 

3. Results and discussion 

3.1 Influence of processing time and temperature on chitosan-genipin 

solutions viscosity 

The performance of coated paper-based materials depends on the 

impregnation of the coating layer that is closely dependent on the coating solution 

viscosity applied on paper (Khwaldia et al., 2010). On the other hand, the 

chitosan-genipin crosslinking degree and consequent gelation process directly 
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depends on the reaction temperature that influences the activation energy 

required to induce the nucleophilic substitution of the ester group on the genipin 

molecule (Dimida et al., 2015). This phenomenon occurs through the secondary 

amide linkage between chitosan and genipin or by the oxygen radical-induced 

polymerization of genipin already linked to chitosan (Butler et al., 2003). 

Therefore, in this work, the viscous response of chitosan-genipin solutions at 

different temperatures (40; 50; and 60 ºC) for 120 min with 1000 s-1 of shear rate 

stress was assessed. Figure 1 shows that, at 40 ºC, the viscosity of the chitosan-

genipin solution slightly increased during the overall reaction time, reaching a 

viscosity value of around 890 mPa.s. By increasing the reaction temperature to 

50 ºC, during the initial 69 min of reaction, the viscosity increased up to around 

1260 mPa.s, decreasing afterwards until reach a stationary baseline at around 

150 mPa.s. At 60 ºC, a similar viscosity profile was observed, i.e., increased up 

to a maximum viscosity value and then decreased until reaching the baseline. 

However, the maximum viscosity value (≈ 910 mPa.s) was attained only after 

33 min of reaction. For the experiments carried out at 50 and 60 ºC, after the time 

allowed for reaction, the chitosan-genipin solutions formed a film. This explains 

the viscosity decrease after achieving the maximum viscosity value. 

 

 

Figure 1 - Viscosity profile of chitosan-genipin crosslinking performed at 40, 50, and 60 ºC for 

120 min with 1000 s-1 of shear rate. Red lines indicate the formation of a chitosan-genipin film. 
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The viscosity of chitosan-genipin solutions is directly related to the 

crosslinking degree between the two biomolecules, which is promoted by the 

increase of reaction temperature (Butler et al., 2003). Therefore, at 40 ºC, the 

lowest viscosity values refer to the lower crosslinking chitosan-genipin degree 

obtained, when compared with the solutions crosslinked at 50 and 60 ºC. 

Nevertheless, the highest viscosity value (1260 mPa.s) and, therefore, the high 

crosslink rate of chitosan-genipin solution was achieved when chitosan-genipin 

solution was processed at 50 ºC and not at 60 ºC. A lower temperature and higher 

time of reaction seemed to promote the extension of the reaction between genipin 

and chitosan, extending the crosslinking degree and, therefore, the increase of 

chitosan-genipin solution viscosity measured until the film was formed (Flores et 

al., 2019). For the coating of cellulose-based materials, 50 ºC during 30 min were 

the selected crosslinking temperature and time conditions to achieve a 

crosslinking degree and solution viscosity that did not compromise the coating 

efficiency. In fact, high viscosity levels may give rise to blade bleeding and 

streaking, and some problems in maintaining the target coat weight (Khwaldia et 

al., 2010). 

 

3.2 Cellulose-based materials characterization 

3.2.1 Influence of chitosan-genipin coating on thickness and mechanical 

properties 

The influence of chitosan-genipin coating layers on thickness and 

mechanical performance of cellulose-based materials (non-calendered paper 

and cardboard) was evaluated (Figure 2). For non-calendered paper, thickness 
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increased from 64.7 µm (uncoated paper) to 72.2, 71.2, and 66.8 µm (for 1, 3 and 

6 chitosan-genipin coating layers, respectively) (Figure 2A). In addition, traction 

tests showed an increase in the Young’s modulus values, from 2.99 GPa 

(uncoated paper) to 3.99, 3.27, and 3.71 GPa (for 1, 3, and 6 coating layers, 

respectively) (Figure 2B); a decrease in the elongation’s values from 

5.61% (uncoated paper) to 2.52%, 2.53%, and 2.72% (for 1, 3, and 6 coating 

layers, respectively) (Figure 2C); and an increase in the tensile strength’s values 

from 1.75 kN/m (uncoated paper) to 3.41, 3.39 and 3.56 kN/m (for 1, 3, and 6 

coating layers, respectively) (Figure 2D). The coated non-calendered paper 

showed an increase of the burst index from 2.86 kPa m2 g-1 to 3.10, 3.24 and 

3.35 kPa m2 g-1 (for 1, 3, and 6 coating layers, respectively) (Figure 2E). On the 

contrary, tear measures for paper did not suffer any significant variation after 

being coated by chitosan-genipin (Figure 2F). 
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Figure 2 – Thickness (A), Young’s modulus (B), elongation at break (C), tensile strength (D), 
burst index (E), and tear factor (F) of uncoated and chitosan-genipin coated cellulose-based 
materials. Different letters for each sample represent values that are significantly (p < 0.05) 
different. 

 

For non-calendered paper coated with 1 and 3 chitosan-genipin layers, a 

thickness increase was observed. However, the thickness decreased between 

the 3 and 6 chitosan-genipin coating layers. This may be related with the cellulose 
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fibers hydration that affect their intrinsic properties, promoting their 

rearrangement (Kouris et al., 1958). This phenomenon, together with the 

pressure exerted by the bar coating weight, seem to have originated thinner 

materials, particularly when the starting samples had already a low thickness 

such as the one of the non-calendered paper (65 µm). The increase of Young’s 

modulus values for chitosan-genipin coated non-calendered papers means that 

the coating makes paper’s cellulose fibers more rigid, sustaining higher forces 

before deforming. Likewise, tensile strength increased equally for all coated 

papers, meaning that the coated papers supported higher forces than the 

uncoated cardboard before breaking. Nevertheless, papers coated with 3 

chitosan-genipin layers showed an irregular Young’s modulus value, which 

allowed to infer that the coating was not completely continuous along the 

cardboard surface. The rigidity increase was also proven by the significant 

decrease of the paper’s elongation at break, i.e. the maximum length that films 

can stretch before breaking. Consequently, an increase of the paper’s burst index 

with the chitosan-genipin coating was observed, indicating the need for a higher 

pressure to cause the rupture of the cellulose fibers. The deposition of chitosan-

genipin onto the surface of the paper’s cellulose fibers led to the formation of 

more rigid materials. Chitosan-genipin crosslinked films were already found to be 

more rigid than the pristine chitosan films (Mi et al., 2006; Nunes et al., 2013), 

which corroborates the mechanical performance observed for papers coated with 

chitosan-genipin.  

For cardboard materials, the thickness remained constant for 1 chitosan-

genipin coating layer, slightly increased from 403.9 µm (uncoated cardboard) to 

411.2 and 409.7 µm (for 3 and 6 chitosan-genipin coating layers, respectively), 
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and considerable increased for 20 and 30 coating layers, reaching 432.8 and 

438.0 µm, respectively (Figure 2A). Young’s modulus, elongation at break, and 

tensile strength values did not suffer any substantial changes up to the application 

of 20 chitosan-genipin coating layers (Figures 2B, 2C, and 2D). For 20 and 30 

coating layers, a significant decrease in the Young’s modulus values was 

observed (Figure 2B), as well as an increase in their elongation (Figure 2C) and 

tensile strength (Figure 2D). Burst index measures showed a small increase of 

this parameter for all coated cardboards (Figure 2E) and tear factor measures 

only increased for 3 chitosan-genipin coating layers, from 8.23 mN m2 g-1 to 

11.62 mN m2 g-1 (Figure 2F). The mechanical changes verified for cardboards 

coated with 20 and 30 solution layers mean that the coating process could have 

changed the cellulose fibers organization, making them to hold low deforming 

forces and increased elasticity. Similar results were obtained by Bordenave et 

al. (2007), where chitosan coating (1.6 g/m2) decreased the Young’s modulus of 

Ahlstrom paper (48 ± 1 µm thickness), acting as a plasticizer. On the other hand, 

the dense chitosan-genipin layer imparted traction resistance to the materials, 

given by the increase of their tensile strength and burst values. From a molecular 

point of view, chitosan-genipin acted as a reinforcing agent, increasing the 

cardboards mechanical resistance to break. The increase of tensile strength 

values was also observed on chitosan films after their crosslinking with 

genipin (Nunes et al., 2013). Moreover, the increase of tear factor for cardboard 

coated with 3 layers means that the force needed for tear propagation in this 

material was higher than any other, which corroborates the existence of some 

heterogeneity regarding the distribution of chitosan-genipin through the 

cardboard surface. Beyond the modification of the paper’s pristine mechanical 
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properties after the chitosan-genipin coating, the non-calendered paper also 

became visually wrinkled when 6 chitosan-genipin coating layers were applied, 

which means that its fibrillar structure could not withstand the coating application. 

For these reasons, cardboard was selected for studying the influence of chitosan-

genipin solution on morphological, optical, physicochemical, and barrier 

properties of cellulose-based materials, as it will be demonstrated in the following 

sections. 

 

3.2.2 Influence of chitosan-genipin coating on cardboard structure 

To evaluate the self-stratification of chitosan-genipin coating layers on the 

cardboard structure, basis weight and topography of each coated material were 

analyzed, using the uncoated cardboard as control. Figure 2A evidences the 

occurrence of a significant basis weight decrease between the pristine cardboard 

and the chitosan-genipin first layer. However, non-significant differences have 

been observed between the pristine and coated cardboards with 3 and 6 

chitosan-genipin layers. This may be due to the hydration of the cellulose fibers 

in the first application, allowing a swelling of the surface. For the other coating 

layers, the deposition of chitosan along the applications seem to compensate this 

swelling effect, corroborating the observation of small thickness changes for 

cardboard materials up to 6 coating layers. By applying 20 and 30 chitosan-

genipin layers onto the cardboard surface, an increase in 6.7% and 7.8% of its 

pristine thickness occurred, respectively. In accordance, only cardboards coated 

with 20 and 30 chitosan-genipin layers presented a significant increase in its 

basis weight, reaching a coat weight of 11 and 14 g/m2, respectively (Table 1). 

The increase of thickness and basis weight was achieved only when applying a 

high number of coating layers because the cardboard materials used are 

Jo
ur

na
l P

re
-p

ro
of



 20 

multilayered structures with improved mechanical properties and possessed 

significant basis weight (244 g/m2) and thickness (404 µm). 

 

Table 1 - Basis weight (g/m2) of uncoated and chitosan-genipin coated cellulose-based materials. 
Different letters represent values that are significantly (p < 0.05) different. 

Chitosan-genipin layers Paper Cardboard 

0 57 ± 0a 244 ± 2a 

1 58 ± 1a 240 ± 3b 

3 57 ± 1a 243 ± 2a 

6 57 ± 1a 245 ± 3a 

20 - 255 ± 3c 

30 - 258 ± 2c 

 

The pristine cardboard fibers network and the morphology of cardboards 

coated with 6 and 30 layers of chitosan-genipin solution were analyzed by 

scanning electron microscopy (SEM) (Figure 3). For the uncoated cardboards, 

the top and cross-section SEM micrographs exhibited the typical porous structure 

of paper-based materials, with a developed network of cellulose fibers. Regarding 

cardboards coated with 6 layers, the fibers were still visible in the top view image, 

but the inter-fiber spaces were not so crisp. The cross-section view for this 

cardboard showed the formation of a thin layer above the fibers structure, 

corresponding to the chitosan-genipin coating. This observation is supported by 

the work of Fernandes et al. (2009), who studied the application of different layers 

of chitosan solution on paper sheets (75 g/m2). The authors concluded that the 

penetration of chitosan into the sheets occurred progressively with the first layers 

and after with 4 and 5 layers, a supplementary coating onto the paper was 

observed. Concerning cardboards coated with 30 layers, a great difference was 

observed. The top view micrographs showed a considerably reduction of the 
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cellulose fibers’ sharpness, which means that more coating material was 

deposited above the cardboard surface. The blurred top-view image of the 

cardboard coated with 30 layers also supports the presence of a higher quantity 

of organic content. The cross-section view images confirmed the formation of a 

layer over the cardboard fibers which become thicker as the number of deposited 

layers increase, corroborating the great increase of thickness and coating weight 

of the cardboards. The chitosan-genipin film seems to be retained mainly at the 

cardboard surface as it cannot be observed at the inner layers of the cardboard. 

 

 

Figure 3 - Scanning electron microscopy images of uncoated and coated cardboard materials 

with 6 and 30 chitosan-genipin layers. 

 

3.2.3 Optical properties of chitosan-genipin coated cardboard 

The visual appearance of the uncoated and chitosan-genipin coated 

materials shows that by coating with chitosan-genipin solution, the pristine 

yellowish coloration of cardboard changed to a greenish tone that is intensified 
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with the coating layers number. These optical modifications were monitored by 

the CIELab parameters measurement (Table 2). When compared to uncoated 

cardboard, L* and a* values decreased from 93.36 and -0.65 to 63.74 and -10.16, 

respectively, with the increasing of chitosan-genipin layers number, conferring a 

darker greenish coloration to the cardboard materials. Regarding the 

b* parameter, it increased from 7.53 up to 11.22 for cardboards coated up to 6 

coating layers, corresponding to an increase of the yellowish coloration, and then 

started decreasing up to 10.38 and 7.39 with 20 and 30 coating layers, 

respectively. The total color difference (∆E) increased with chitosan-genipin 

layers number, being more accentuated in the 20 and 30 layers. 

 

Table 2 – CIELab values and total color difference (∆E) of uncoated and chitosan-genipin coated 
cardboard materials. Different letters represent values that are significantly (p < 0.05) different. 

Chitosan-
genipin 
layers  

L* a* b* ∆E 
Visual 

appearance 

0 93.36 ± 0.19a -0.65 ± 0.14a 7.53 ± 0.22a -  

1 93.26 ± 0.23a -0.85 ± 0.13b 8.23 ± 0.35b 0.73  

3 91.97 ± 0.18b -0.73 ± 0.16a 10.41 ± 0.33c 3.21  

6 91.68 ± 0.56b -2.01 ± 0.19c 11.22 ± 0.82d 4.28  

20 74.64 ± 3.93c -7.51 ± 1.27d 10.38 ± 1.61c,d 20.14  

30 63.74 ± 4.24d -10.16 ± 1.11e 7.39 ± 1.60a,b 31.11  

 

These phenomena derive from the chitosan-genipin crosslinking 

mechanism. Indeed, when added to a chitosan solution, genipin reacts through a 

nucleophilic attack with the primary amine groups present on chitosan structure, 

forming an intermediate aldehyde group that spontaneously reacts with the just 

formed secondary amine, and gives rise to a heterocyclic compound possessing 

a conjugated double bonding system that, depending on the crosslinking degree, 
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varies from light green to a dark blue coloration (Butler et al., 2003). Accordingly, 

the yellowish coloration observed for the chitosan-genipin solution immediately 

after its preparation (Figure S1) became increasingly greenish during the coating 

process. 

 

3.2.4  Wettability of chitosan-genipin coated cardboard 

The measures of the water contact angle (WCA) between the cardboards 

surface and a drop of ultra-pure water showed a decrease of this parameter with 

the chitosan-genipin coating (Figure 4). WCA decreased progressively from 

124° (uncoated cardboards) to 109°, 100°, 90°, 78° and 83° (for 1, 3, 6, 20 and 

30 chitosan-genipin coating layers, respectively). 

 

 

Figure 4 – Water contact angle of uncoated and chitosan-genipin coated cardboard materials. 
Different letters represent values that are significantly (p < 0.05) different. 

 

 The hydrophobic behavior of uncoated cellulose fibers should due to the 

sizing process, where there is incorporation in cardboard’s formulation of 

hydrophobic compounds such as waxes, fatty acid derivatives and resins 

(Tansley et al., 1995). On the other hand, the chitosan-genipin coating materials 
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became more hydrophilic due to the inherent hydrophilic character of chitosan. 

Despite of this WCA decrease, the lower WCA values (78° and 83°) obtained for 

cardboards coated with 20 and 30 chitosan-genipin layers, respectively, are close 

to the reference value (90°) to be considered as a hydrophobic material. Also, the 

pristine structure of cardboard coated materials was maintained even after being 

immersed in acid aqueous medium (Figure S2), without compromising their 

further application. This behavior may be related to the hydrogen bonding 

established between chitosan-genipin coating and the cellulose fibers (Wu et al., 

2004), similarly to the hydrogen bonding that occurs between the (14)-Glc 

residues in cellulose fibrils and (14)-GlcN residues in chitosan. Accordingly, 

increased interaction between chitosan and cellulose when using 1% of a high 

molecular weight chitosan solution to coat paper-based materials has been 

observed by Tanpichai et al. (2019). In addition, the establishment of interactions 

between chitosan-genipin and cellulose could have changed the cellulose fibers 

organization, leading to the traction resistance increase of non-calendered and 

cardboard coated materials, as shown by the mechanical properties.  

 

3.2.5  Antioxidant activity of chitosan-genipin coated cardboard 

Chitosan-genipin films have shown to inhibit microbial growth in wines while 

preserving their antioxidant activity (Nunes et al., 2016). To evaluate the possible 

antioxidant activity conferred by the chitosan-genipin coating, the ABTS•+ 

inhibition promoted by all the cardboard materials (coated and uncoated) was 

determined after 2 and 7 days of exposure to the cationic radical solution (Figure 

5). 
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Figure 5 - Antioxidant activity (by ABTS•+ inhibition) of uncoated and chitosan-genipin coated 
cardboard materials after 2 and 7 days of incubation. Different letters represent values that are 
significantly (p < 0.05) different. 

 

For 2 days of incubation, a higher inhibition of the ABTS•+ was obtained for 

uncoated cardboards (≈ 91.4%) and cardboards coated with just 1 coating 

layer (≈ 77.5%). This phenomenon may be due to the presence of some 

antioxidant compounds that are added to the cardboard’s formulation during the 

sizing process, a procedure that have as main objective the improvement of the 

water resistance properties. Additives named “surface-active compounds” as 

dispersants and emulsifiers (conventional lignin, lignincarboxylate, 

carboxymethyl cellulose, ethylene oxide adducts of alkylphenols, fatty amines, 

fatty alcohols, fatty acid ester of polyvalent alcohols, substituted benzimidazoles 

or condensation products of formaldehyde and aromatic sulfonic acids) and as 

sulphate surfactants (diethanolamine, sodium lauryl or ethoxylated lauryl 

sulphates) are examples of possible sizing additives that may confer antioxidant 

activity to the cardboard materials (Bernheim et al., 1985). Comparing with 

uncoated cardboards, the addition of more coating layers decreased the 

antioxidant activity of cardboard materials from 91.4% to 14.3%, 15.3%, 13.4% 

and 20.8% (for 3, 6, 20, and 30 chitosan-genipin coating layers, respectively). 
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Here, chitosan-genipin coating may acted as a physical barrier, inhibiting the 

interaction between the antioxidant compounds of cardboard formulations and 

the ABTS•+ solution. Nevertheless, a significant increase of the ABTS•+ inhibition 

was observed when 30 coating layers were applied onto the cardboard surface, 

meaning that, despite of the physical barrier, the chitosan-genipin coating 

contributed to the antioxidant activity increase. For 7 days of incubation, all 

cardboard coated materials reached the total inhibition of the ABTS•+ (≈ 90%). 

This means that the coating barrier effect against the cardboard’s sizing active 

compounds was overcome and the cardboard active compounds, together with 

the chitosan-genipin molecules, should have contributed to increase the 

materials antioxidant activity. This inhibition (≈ 90%) was higher than the ABTS•+ 

inhibition of chitosan-genipin crosslinked films after the same 7 days of 

incubation, which was around 30% (Gonçalves et al., 2017) due to the active 

contribution of the sizing additives that were present in the cardboard formulation, 

enhancing the active potential of this cardboard after a longer period of time.   

 

3.2.6 Barrier properties of chitosan-genipin coated cardboard 

Chitosan-genipin coating altered the air and water vapor permeabilities of 

pristine cardboard materials (Figure 6). 
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Figure 6 – Air and water vapor permeability of uncoated and chitosan-genipin coated cardboard 
materials. Different letters represent values that are significantly (p < 0.05) different. 
 

The index AFNOR (IAF) decreased from 47.4 mm3 m-2 Pa-1 s-1 (uncoated 

cardboards) to 28.5, 30.3, 13.6, and 21.3 mm3 m-2 Pa-1 s-1 (for 3, 6, 20, and 30 

chitosan-genipin coating layers, respectively) (Figure 6A). The decrease of this 

parameter means that the coating made cardboards less permeable to the air.  

For cardboards coated with 20 coating layers, air permeability reached a 

maximum decrease, which means that less air was able to get through this 

material. The permeability increase observed from 20 to 30 coating layers means 

that the permeability decrease verified with the coating application was not 

directly proportional to the number of coating layers applied onto the cardboard 

surface. This evidence was also shown by the IAF non-significant difference 

values obtained for 3 and 6 coated cardboards, implying that the application of 

the chitosan-genipin coating was not completely continuous through the 

cardboard surface. This heterogeneity is in accordance with the barrier properties 

results. The obtained barrier properties results are in accordance with Reis et al. 

(2011), where the resistance to air of Kraft paper (200 g/m2) was improved 

through the application of a chitosan coating with 2.6 and 3.5 g/m2 of coat weight, 

showing the chitosan ability to improve the air resistance of the coated materials. 
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Chitosan coating also decreased progressively the air permeability of Eucalyptus 

globulus-based paper sheets (74 g/m2 of basis weight and 100 μm of average 

thickness) by applying 1 to 5 chitosan coating layers (coat weight varied from 1.5 

to 4.6 g/m2) (Fernandes et al., 2010). The air permeability of cellulose-based 

materials strongly depends on their porosity (Kjellgren et al., 2006). Since 

chitosan-genipin cannot be observed at the inner layers of the 

cardboard (Section 3.2.2), the formation of a dense layer of chitosan reticulated 

with genipin above the cellulosic surface seems to be fundamental to the 

decrease of the air permeability. 

 Chitosan-genipin coating decreased progressively the water vapor 

transmission rate (WVTR) values from 320 g/m2.day (uncoated cardboards) to 

155 g/m2.day (cardboards coated with 6 chitosan-genipin layers) (Figure 6B). 

For 20 and 30 coating layers, WVTR also decreased when compared with 

uncoated materials, but not so drastically as in cardboards coated with 6 coating 

layers, reaching 206 and 203 g/m2.day for cardboards coated with 20 and 30 

layers, respectively. All these values were significantly lower than the ones 

achieved by Reis et al. (2011), that coated Kraft paper with a bar equipment and 

obtained approximately 606 g/m2.day using a 4% chitosan solution and a coat 

weight of 3.5 g/m2. Unlike Kraft paper, cardboards are highly compacted 

multilayered structures with less porosity due to the vast presence of cellulose 

fibers, which make these materials less susceptible to the passage of water 

molecules through their structure. The decrease of WVTR of around 52% for 6 

coating layers was due to the formation of a dense layer of chitosan-genipin 

above the cardboard’s cellulosic fibers, making even more difficult the passage 

of water molecules. The slightly increase of WVTR for cardboards coated with 20 
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and 30 layers, when compared with cardboard coated with 6 layers, can be 

explained by the accumulation of chitosan-genipin on the top of the cardboard 

surface, as proven by thickness results (Figure 2A), allowing a high hydrogen 

bonding between chitosan-genipin and water molecules, corroborating with the 

wettability data (Figure 4). Therefore, 6 chitosan-genipin layers reveal to be the 

most suitable to enhance the moisture barrier properties of cardboards. 

Furthermore, the genipin crosslinking strategy made it possible to use a low 

amount of chitosan (1.2% wt.) in the coating solution, obtaining a WVTR 

decrease (2.1-fold) equal or higher than those obtained when 2, 3, and 4% wt. of 

chitosan were used to coat paper-based materials (Bordenave et al., 2007; 

Fernandes et al., 2010; Reis et al., 2011). 

 

4. Conclusion 

Chitosan-genipin coating originated greenish cardboards with high traction 

resistance and acted as a physical barrier for cardboard constituents after a short 

period of time. The higher amount of chitosan-genipin onto the cardboard surface 

led to an increase of the cardboard antioxidant activity. The crosslinking of 

chitosan with genipin allowed the use of a low amount of chitosan in the coating 

solution, creating a dense layer onto the cardboards surface, and significantly 

decreasing their water vapor and air permeabilities. Chitosan-genipin solution 

revealed to be a promising active biobased coating for cellulose-based materials, 

which may be able to expand their use on active food packaging. The air and 

water vapor barrier increase can contribute to extend the foodstuffs shelf-life, by 

minimizing their deterioration reactions over the storage time. 
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Figure Captions 

Figure 1 - Viscosity profile of chitosan-genipin crosslinking performed at 40, 50, 

and 60 ºC for 120 min with 1000 s-1 of shear rate. Red lines indicate the formation 

of a chitosan-genipin film. 

 

Figure 2 – Thickness (A), Young’s modulus (B), elongation at break (C), tensile 

strength (D), burst index (E), and tear factor (F) of uncoated and chitosan-genipin 

coated cellulose-based materials. Different letters for each sample represent 

values that are significantly (p < 0.05) different. 

 

Figure 3 – Scanning electron microscopy images of uncoated and coated 

cardboard materials with 6 and 30 chitosan-genipin layers. 

 

Figure 4 – Water contact angle of uncoated and chitosan-genipin coated 

cardboard materials. Different letters represent values that are 

significantly (p < 0.05) different. 

 

Figure 5 - Antioxidant activity (by ABTS•+ inhibition) of uncoated and chitosan-

genipin coated cardboard materials after 2 and 7 days of incubation. Different 

letters represent values that are significantly (p < 0.05) different. 

 

Figure 6 – Air and water vapor permeability of uncoated and chitosan-genipin 

coated cardboard materials. Different letters represent values that are 

significantly (p < 0.05) different. 
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Tables 

 

Table 1 - Basis weight (g/m2) of uncoated and chitosan-genipin coated cellulose-

based materials. Different letters represent values that are significantly (p < 0.05) 

different. 

Chitosan-genipin layers Paper Cardboard 

0 57 ± 0a 244 ± 2a 

1 58 ± 1a 240 ± 3b 

3 57 ± 1a 243 ± 2a 

6 57 ± 1a 245 ± 3a 

20 - 255 ± 3c 

30 - 258 ± 2c 
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Table 2 – CIELab values and total color difference (∆E) of uncoated and chitosan-

genipin coated cardboard materials. Different letters represent values that are 

significantly (p < 0.05) different. 

Chitosan-
genipin 
layers  

L* a* b* ∆E 
Visual 

appearance 

0 93.36 ± 0.19a -0.65 ± 0.14a 7.53 ± 0.22a -  

1 93.26 ± 0.23a -0.85 ± 0.13b 8.23 ± 0.35b 0.73  

3 91.97 ± 0.18b -0.73 ± 0.16a 10.41 ± 0.33c 3.21  

6 91.68 ± 0.56b -2.01 ± 0.19c 11.22 ± 0.82d 4.28  

20 74.64 ± 3.93c -7.51 ± 1.27d 10.38 ± 1.61c,d 20.14  

30 63.74 ± 4.24d -10.16 ± 1.11e 7.39 ± 1.60a,b 31.11  
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