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Abstract 

Agarose hydrogel was used as the transport medium for the investigation of the diffusion of lignohumate 

through plant cuticle. The cuticles were isolated from Prunus laurocerasus by two different methods: chemical 

and enzymatic. At first, the diffusion coefficient of lignohumate in agarose hydrogel was determined by means 

of the technique of diffusion couple: the donor part was enriched by lignohumate with homogeneous 

distribution on its whole volume and connected with the “pure” acceptor part without lignohumate. The diffusion 

coefficient was calculated on the basis of time development of diffusion flux through the interface. After that, 

the cuticle was placed into interface between donor and acceptor parts and the barrier ability of cuticles were 

characterized by the decrease in diffusion flux and the change of the concentration of lignohumate at the 

interface between donor and acceptor hydrogels. The transport through chemically and enzymatically cuticles 

as well as the abaxial (stomatous) and adaxial (astomatous) cuticles was investigated. Diffusion characteristics 

were determined, compared and discussed. 
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1. INTRODUCTION 

Humic substances are the principal components of soil organic matter and have indispensable roles for soil 

and the environment in general. They play important role in plant nutrition and transport of nutrients in soils  

[1-3]. Nowadays, foliar fertilization and application of bio-stimulants has become a popular method for the plant 

nutrition and agronomy as an alternative or complement to standard root fertilizer treatments [4-7]. Trans-

cuticular penetration into leaf tissues and sorption on the leaf surface plays a key role in the foliar application 

of nutrients [8-10], surfactants [11,12] and different types of pesticides [13-16]. 

Plant surfaces play a major role in protection against multiple potential biotic and abiotic stress factors [15,17-

19]. They have a protective function for undesirable penetration of harmful substances [16,21] and also against 

water loss [20]. However, it can supress also the penetration of nutrients and bio-stimulants. Thus the main 

barriers for the foliar fertilization are plant cuticles and the penetrations of substances into leaves (and stems) 

are strongly affected by their properties [17,22].  

The plant cuticle is a thin continuous layer (<0.1-10m) of predominantly lipid material synthesised by the 

epidermal cells and deposited on their outer walls. The major structural model is a bilayer cuticular membrane 

in which the two layers are distinguishable by their ontogeny, ultrastructure and chemical composition [20,23]. 

The prevailing model considers the cuticle as a lipidic layer whose relationship with thecell wall is restricted to 

their adjacent position. According to this model, a cutin matrix with embedded intracuticular waxes and 

phenolics extends through the cuticle, while polysaccharides are restricted to the inner most cuticle 

region,i.e.,that in contact with the cell wall underneath. An additional layer of epicuticular waxes is deposited 

onto the cutin matrix and constitutes the organ-atmosphere interface [24,25]. 

Since the 1970s, several studies have assessed water and solute permeability and diffusion through cuticles 

and cutin from a wide variety of plants. In general, astomatous cuticles have a low water permeability, which 
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is a thousand times lower than the plant cell wall and remains in a range comparable to that of some 

hydrophobic synthetic polymers [25,26]. These studies consider the cuticle and cutin as solution-diffusion 

membranes for water; that is, individual water molecules follow a random pathway in a mostly lipophilic 

environment. It has also been suggested that water transport occurs via aqueous pores or channels, whose 

presence seems to be highly dependent on relative humidity and temperature. The next challenge in this area 

will be to characterize the diffusion mechanisms that take place in the cuticle [25-27]. The transport through 

the cuticle is generaly considered as a diffusion controlled process consisting of three parts involving: 1) 

sorption into the cuticle, 2) diffusion through the cuticle, and 3) desorption from the cuticle [20]. 

In this work, cuticles were isolated from Prunus laurocerasus in order to study their barrier properties for 

lignohumate used for foliar application. The transport through the abaxial (stomatous) and adaxial 

(astomatous) cuticles was investigated and compared. 

2. MATERIALS AND METHODS 

Leaf cuticles were isolated by two different methods (chemical and enzymatic) as described previously [17,28]. 

In both cases, plant cuticles were isolated from Prunus laurocerasus. The isolation procedures as wrll as the 

main characteristics of isolated cuticles are described in detail in [17].  

Agarose hydrogel (1 % wt.) was used as the transport medium for the investigation of the diffusion of 

lignohumat. At first, the diffusion coefficient of lignohumate in agarose hydrogel was determined by means of 

the technique of diffusion couple [17,29,30]. The donor part was enriched by lignohumate (0,1 % wt.) with 

homogeneous distribution on its whole volume and connected with the “pure” acceptor part without 

lignohumate. The preparation of agarose hydrogel and forming of lignohumate was described in [17]. In this 

work, the content of lignohumate was lowered in order to monitor both the concentration decrease in donor 

hydrogel and its increase in acceptor one. After that, the cuticle was placed into interface between donor and 

acceptor parts and the diffusion experiment was repeated. Both abaxial and adaxial cuticles isolated by the 

two different isolation methods (chemical and enzymatic) were subjected to diffusion experiments. During the 

diffusion experiments, all the diffusion couples were placed in a closed container above water level (to maintain 

constant humidity of the surroundings). Experimental conditions - in particular, relative humidity (100%) and 

temperature (25 °C) - were held constant during the whole experimental period. 

The transport of lignohumate from donor into the acceptor hydrogel was measured by a UV-VIS 

spectrophotometry (Varian Cary 50). At selected time intervals, the cuvettes were taken out and UV-VIS 

spectra of lignohumate in hydrogels were collected at given distances from the interface. The measurement 

of UV-VIS absorbance at different distances from the interface was performed by means of a special in-house 

made accessory providing controlled fine vertical movement of the cuvette in the spectrophotometer [17,31]. 

3. RESULTS AND DISCUSSION 

In general, if the diffusion couple was formed without a cuticle and both donor and acceptor hydrogel had the 

same structure, the concentration of lignohumate at the interface should be constant and equal to the half of 

its initial concentration in donor hydrogel [29,30]. We can see that this presumption was confirmed in this work 

(Figure 1). Experimental data were fitted by the concentration profile calculated according to the following 

mathematical model. In this work, the diffusion coefficient was calculated on the basis of time development of 

diffusion flux through the interface. The mathematical model was based based on Fick’s equation describing 

one-dimensional non-stationary diffusion 
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where c represents the concentration of the diffusing compound in the time t and the position x (the coordinate 

parallel to the direction of diffusion movement). Diffusion coefficient Def is the main parameter characterizing 

rate of the diffusion process. It is the so called “effective diffusion coefficient” in which the tortuous movement 

of the diffusing particles in the porous structure of hydrogel is involved. While solving this partial differential 

equation (1), appropriate initial and boundary conditions must be applied according to the particular 

experimental settings [29,30]. 

 

Figure 1 The concentration profile of lignohumate in the diffusion couple without cuticle after 1 day. 

Experimental data are fitted by equation (4). 

Mathematical description of diffusion in the diffusion couple without cuticle is relatively easy. Before the start 

of diffusion, the donor hydrogel has a constant concentration of lignohumate (c0) along the whole length 

whereas its concentration in the acceptor hydrogel is zero; therefore the initial conditions are  

             (2) 

              (3) 

and the solution of the second Fick (1) is  

         

    (4) 

It can be seen that concentration of diffused component on the interface is time independent and equal to c0/2. 

Total diffusion flux mt which goes through the interface between donor and acceptor hydrogels (x = 0) in time 

t can be calculated as [29,30]. 

              (5) 

One of the boundary conditions is that the concentration of lignohumate remains equal to zero for x  , it 

means “at the end of acceptor hydrogel”. At we can see in Figure 2, experimental data did not comply with 

0,0,0  txcc

0,0,0  txc

tD

x
erfcctxc

ef

0
42

1
),( 




tD
cm

Aef,

0t



  Oct 16th - 18th 2019, Brno, Czech Republic, EU 

 

 

307 

this condition for longer duration of experiment. It resulted in the “curving” of the dependence of mt on t. 

Therefore, only the linear parts of the obtained dependencies were fitted by equation (5). 

 
 

Figure 2 The concentration profiles of lignohumate for the acceptor hydrogel in the couple without cuticle 

after 1 (blue), 4 (khaki), and 6 (red) days - left; experimental data fitted by equation (4) for the diffusion 

couple withou cuticle (blue), with the stomatous chemically isolated (khaki), stomatous enzymatically isolated 

(red), astomatous chemically isolated (green), and astomatous enzymatically isolated (orange) - right. 

Table 1 Concentrations of initial solutions used to prepare hydrogels 

ratio stomatous 
chemically isolated 

stomatous 
enzymatically isolated 

astomatous 
chemically isolated 

astomatous 
enzymatically isolated 

c/ca 0.84  0.05 0.50  0.03 0.36  0.02 0.22  0.01 

m/ma 0.85  0.05 0.54  0.03 0.37  0.02 0.22  0.01 

The effective diffusion coefficient of lignohumate in agarose hydrogel was determined as (1.54  0.09)  10-10 

m2/s. This value was the same for all diffusion experiments (including experiments with cuticles), because Def 

characterize the transport in the hydrogel. The barrier properties of cuticles can be characterized by observed 

decreases in measured diffusion fluxes (see also Figure 2) and changes in the concentration of lignohumate 

at the interface. If we index the quantities valid for experiment without cuticle ca and ma, we can express the 

barrier ability of cuticle as the average ratios between concentrations at interface and total diffusion fluxes from 

donor into acceptor hydrogels as c/ca and m/ma, respectively. The calculated ratios are listed in Table 1. We 

can see that the presence of cuticle at interface between donor and acceptor hydrogels can reduce the 

diffusion flux as well as the concentration at interface for all used cuticles. The barrier ability decreased in the 

following order: stomatous chemically isolated > stomatous enzymatically isolated > astomatous chemically 

isolated > astomatous enzymatically isolated. The decrease was between 15 and 88 %. The highest barrier 

ability had the astomatous enzimatically isolated cuticle, the lowest stomatous chemically isolated one.    

4. CONCLUSION 

In this work, the barrier ability of cuticles isolated from Prunus laurocerasus by two different methods (chemical 

and enzymatic) was investigated. Lignohumate was used as an bio-stimulant for foliar application was used 

as diffusant. Agarose hydrogel was used as the transport medium for the diffusion couple formed by donor 

hydrogel enriched by lignohumate and initially pure acceptor hydrogel. The diffusion coefficient was calculated 
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on the basis of time development of diffusion flux through the interface between both hydrogels. In following 

experiments, the cuticle was placed into interface between donor and acceptor parts and the barrier ability of 

cuticles were characterized by the decrease in diffusion flux and the concentration of lignohumate at the 

interface between donor and acceptor hydrogels.  The highest barrier ability had the astomatous enzimatically 

isolated cuticle, the lowest stomatous chemically isolated one. Stomata due their relatively high sizes 12-14 

m [17] can support the transport of lignohumate which resulted in higher diffusion fluxes. Chemical isolation, 

used in this work, was probablz less suitable because of partial damage of cuticle resulting in the decrease in 

its barrier ability. 
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