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Abstract
A modified PAMPA (parallel artificial membrane permeability assay) is proposed for evaluating the passive cuticular membrane permeability of potassium in several foliar nutrient formulations. The modified PAMPA can measure the passive permeability of ionic nutrients under fully hydrated conditions through an artificial membrane designed to more closely resemble a plant cuticle, rather than the traditional phospholipid animal model. Foliar nutrient formulations, which in some cases contain a complex organic matter component, may be evaluated with the modified PAMPA in order to develop better structure activity relationships that can help guide rational formulation development. In addition, mechanistic insights may also be uncovered with the simplified system.[image: A40538_2019_166_Figa_HTML.jpg]
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SOFUsimulation of foliar uptake


PODpoint of deliquescence


Peeffective permeability


Vvolume


%Tthe percentage of compound permeated into the acceptor compartment divided by the concentration at equilibrium after a given time




Introduction
Potassium is a critical plant macronutrient. It functions as an enzyme cofactor and is the principal cation in establishing cell turgor and maintaining cell electroneutrality [1]. Although most potassium uptake is through fine root hairs, foliar applications are often used to supplement soil fertilization. The waxy cuticle is known to be the main barrier to foliar penetration of water-soluble ions like potassium [1]. Upon foliar application, where external leaf potassium levels will be high, the water-soluble ion will cross the apoplast (the cuticle and cell wall of the leaf cell) passively. At high concentrations potassium will then passively enter the cellular cytosol and is only actively transported into the plant cell when extracellular potassium levels are very low [2].
Many factors influence the foliar penetration of ions including spray droplet formation, droplet retention, wetting, spreading, hydration and permeation as well as others [3]. Established laboratory assays like simulation of foliar uptake (SOFU) take into consideration environmental, spray-dependent factors and cuticular penetration of the active ingredient [4]. In fact, it has been previously shown with SOFU that potassium cuticle penetration of various salts is a purely physical process that follows first-order rate kinetics and is strongly influenced by the point of deliquescence (POD) of the salt used and the relative humidity [5]. Another study on calcium cuticle penetration using SOFU also concluded that keeping salts wet on the leaf is the most important factor in foliar nutrition, since this allows for ion penetration through the aqueous pores in the cuticle via the hydrophilic pathway [6]. In addition, high relative humidity causes the water content of the cuticle to swell, resulting in an increase in the number and radius of aqueous pores which in turn facilitates the transport of ionic compounds [7]. As a result of this and other work, the only adjuvants recommended for improving penetration of ions through the cuticular hydrophilic pathway are wetting agents that help keep applied solutions wet longer and contribute to swelling the cuticle.
More recently, an in silico porous diffusion model has been developed to simulate diffusion of hydrophilic ions through a plant cuticle. Interestingly, the major factor influencing uptake in the model was found to be cuticle structure, including tortuosity and density of the aqueous pores. Relative humidity and binding of ions to the surface of cuticles, although still rated high after sensitivity analysis, were less influential [8]. An ion-pairing mechanism has also been proposed as a method to increase the permeability of very polar positively charged cationic drugs through membranes. In ion-pairing, the addition of lipophilic anions allows for the formation of neutral ion pairs that together can more easily cross a hydrophobic barrier [9–11]. These results suggest that looking more closely at the process of passive permeability of ions across the plant cuticle may reveal additional mechanistic insights that can assist rational formulation development. In order to do that, passive cuticular membrane permeability must first be uncoupled from all the other factors that influence foliar nutrient uptake through the use of a simple experimental setup. This would be particularly helpful when evaluating formulations which combine both nutrients and complex organic mixtures that have a range of physical as well as biological effects that are difficult to measure.
In this work we focus on measuring the passive cuticular membrane permeability of potassium in proprietary and commodity potassium formulations using PAMPA (parallel artificial membrane permeability assay). PAMPA was first introduced in 1998 for evaluating the passive membrane permeability of pharmaceuticals in the gastrointestinal tract [12]. More recently PAMPA has also been used to evaluate the passive membrane permeability of crop protection compounds [13], but to our knowledge has not been used previously to simulate nutrient transport across a leaf cuticle. The PAMPA setup consists of an artificial lipid barrier resting on a filter support in a 96-well plate format. The ability of an analyte to diffuse from the donor compartment, through the membrane, into a Teflon-coated acceptor well is measured. PAMPA has a simple design and the 96-well plate format makes it amenable to automation and high-throughput analysis. Evaluating foliar nutrient formulations with PAMPA is of interest, since the assay can be used to selectively assess the passive cuticular membrane permeability of a nutrient, without other confounding effects (active transport, biological, environmental and spray application dependent). Most importantly for our purposes, in PAMPA a lipid is sandwiched between two liquid compartments (Fig. 1), so that passive cuticular membrane permeability is purely assessed under fully hydrated conditions where relative humidity and the POD of salts are no longer influencing variables. In addition, under the conditions of PAMPA, the cuticular membrane will be completely swelled with water.
[image: A40538_2019_166_Fig1_HTML.png]
Fig. 1Simple diagram of a single PAMPA well with analyte moving from donor to acceptor well






Methods/experimental
Parallel artificial membrane permeability assay
PAMPA Donor (MAIPNTR10) and Acceptor plates (MSSACCEPTOR) were purchased from Millipore. Phosphatidylcholine is typically used as the lipid in PAMPA when evaluating drug permeability for animals. In this study we instead chose to use a mixture of stearic acid (98%, Alfa Aesar) n-Triacontane (99%, BTC) and hexadecane (99%, Alfa Aesar). Stearic acid is a fatty acid that is similar to the monomers that make up the waxy cuticle of plants [14] and the addition of hydrophobic alkanes provide water repellency [15]. The PAMPA lipid solution was prepared at a concentration of 0.25% (w/v) n-Triacontane, 0.25% (w/v) stearic acid and 11% (v/v) hexadecane in hexane. The lipid solution was then sonicated before use to ensure a homogenous suspension. PAMPA donor solutions were prepared by diluting each sample to 25 mM potassium in DI Water. Activator 90 (Loveland Products, Loveland, CO) was also added to donor solutions at a concentration of 0.05% (v/v) as a non-ionic wetting agent. The PAMPA acceptor solutions consisted of an aqueous citric acid buffer at 10 mM with a pH of 6 and had an electrical conductivity that was similar to each donor solution in order to maintain electroneutrality.
To prepare the plates, 5 μL of a lipid solution was carefully added to each donor well then dried for 1 h. Next, 100 µL of donor solution was added to each donor well and 290 µL of acceptor solution was added to each acceptor well. The PAMPA donor plate was then carefully stacked on top of the acceptor plate and the PAMPA sandwich was allowed to incubate at high humidity conditions, in order to minimize water loss, for 2 h. Each sample was run on PAMPA with 4 replicates. At the end of the incubation period acceptor well potassium concentrations were quantified by ICP-OES at a certified third-party laboratory. For Lucifer Yellow, UV–Vis absorbance at 280 nm was used for quantitation of acceptor wells by the serial dilution method.

Log Pe and %transmittance
PAMPA directly measures the effective permeability (log Pe) of analytes with the following formula [12]:[image: $${\text{log Pe }} = { \log }\left\{ {{\text{C}} \cdot - { \ln }\left( { 1- \, \left[ {\text{analyte}} \right]{\text{acceptor }}/ \, \left[ {\text{analyte}} \right]{\text{equilibrium}}} \right)} \right\}$$]


where C = (V Donor well · V Acceptor well/(V Donor well · V Acceptor well) Area plate · time).
Log Pe is a rate with units of cm/s. Alternatively, permeability can also be followed more directly as the percentage of compound permeated into the acceptor compartment divided by the concentration at equilibrium after a given time or %T [16]. The formula for %T is:[image: $$\% {\text{T }} = 100 \times\left( {\left[ {\text{analyte}} \right]{\text{acceptor}}/\left[ {\text{analyte}} \right]{\text{equilibrium}}} \right)$$]





Samples
A commercially available product called Katalyst FS® was obtained from Actagro LLC (Fresno, CA). Katalyst FS® contains 8.7 M Potassium (30% K2O) as well as a proprietary complex organic matter component (17.5% Total Carbon). In addition to Katalyst FS®, potassium chloride (99.0–100.5%, Alfa Aesar) and potassium acetate (≥ 99.0%, BDH) solutions were prepared for use in PAMPA, all at 25 mM starting potassium concentrations. Lucifer Yellow (> 95%, Biotium) donor solutions were prepared at a concentration of 0.16 mg/mL, as previously described [17].


Results and discussion
In order to validate the modified PAMPA several steps were taken. First, the permeability of potassium was evaluated over time. As can be seen in Fig. 2, the %T vs time graph for Katalyst FS® displays a first order hyperbolic curve that is typical of passive membrane permeability.[image: A40538_2019_166_Fig2_HTML.png]
Fig. 2%T vs time for Katalyst FS®





The mass balance of potassium for the system was also determined in order to ensure that all potassium in the system was accounted for. This was done by quantifying potassium in the donor and acceptor wells at multiple time points during the Katalyst FS® incubation. Table 1 shows that the total potassium in the system at selected points in the Katalyst FS® assay from Fig. 2 are close to initial values and almost all the potassium is accounted for. The data in Table 1 also tells us that there is a negligible amount of potassium associated with the membrane or adsorbed to the surface of the PAMPA apparatus.Table 1Mass balance—percent of initial potassium in combined donor and acceptor solutions at various incubation times


	Time point (h)
	% initial potassium in donor and acceptor solutions

	0
	100

	2
	97

	3
	98

	4
	99





Finally, in order to test whether or not the membrane applied remained intact during incubation, Lucifer Yellow was run in the modified PAMPA. It is well known that Lucifer Yellow has low passive membrane permeability and is commonly used to test the integrity of artificial membranes [17]. Results show that after 2 h of incubation in the modified PAMPA, only 0.15% of the donor concentration ended up in the acceptor well. This is comparable to results previously found for Lucifer Yellow on intact PAMPA membranes, where less than 0.2% of the original donor concentration ended up in the acceptor well after 2 h [17]. As a result of this and the data presented in both Fig. 2 and Table 1, we have confidence that the modified PAMPA behaves as expected and is a good in vitro system.
Results of potassium permeability for Katalyst FS®, potassium chloride and potassium acetate are shown in Table 2.Table 2Modified PAMPA potassium permeability results


	Sample
	Log Pe*a
	%T*

	Katalyst FS®
	− 4.99 ± 0.04 A
	21.38 ± 1.76 A

	Potassium Chloride
	− 5.43 ± 0.08 B
	8.39 ± 1.46 B

	Potassium Acetate
	− 5.39 ± 0.11 B
	9.38 ± 2.32 B


* Means with the same letter are not significantly different (p < 0.05) according to Fisher’s LSD Method
aLog Pe was converted to Pe in order to ensure a normal distribution, prior to ANOVA and grouping with Fisher’s LSD method



Katalyst FS® can be seen to have a potassium permeability that is more than 2 times greater than either potassium chloride or potassium acetate, as shown by %T. Although absolute permeabilities may be of little direct field use due to the in-vitro nature of the PAMPA assay, relative permeabilities may provide a quick relative assessment of passive cuticular permeability under fully hydrated conditions.
Natural organic matter is known to increase permeability of either biological or artificial membranes [18, 19]. The presence of organic matter outside the membrane may induce the formation of aqueous pores, which are known to allow for hydrophilic ionic transport [20]. Alternatively, or in parallel, polyanionic molecules in the complex organic matter found in Katalyst FS® may allow for the formation of ion-pairing with potassium. These neutral species may then cross the membrane more efficiently with the help of the lipophilic Katalyst FS® carrier anions, by means of the traditional solubility-diffusion model of permeability [21]. In order to investigate the feasibility of the ion-pairing hypothesis, UV absorbance was used to track the movement of organic anions from donor to acceptor wells for Katalyst FS®. Specifically, a wavelength of 237 nm that is associated with aromatic molecules known to be present in Katalyst FS® was used. After subtracting background contributions from the buffer in the acceptor well, an average absorbance of 0.036 ± 0.002 was measured. This result demonstrates that organic molecules from Katalyst FS® are crossing the artificial membrane, a prerequisite for ion-pairing.

Conclusions
Established laboratory assays for foliar nutrient uptake like SOFU, require the use of radiolabeled analytes due to the small volumes and background interference from nutrients already present in the background matrix. However, the use of radiolabeled analytes creates a barrier for most laboratories. The modified PAMPA assay proposed here, allows for a reproducible and high-throughput alternative that is easily accessible and does not require the use of hazardous materials. Although the PAMPA assay proposed only measures passive cuticular membrane permeability of nutrients under fully hydrated in vitro conditions, we believe it may allow for better mechanistic understandings and the development of structure–activity relationships that have the potential to drive formulation improvements. In the case of Katalyst FS®, results suggest that the ion-pairing mechanism is possible and may play a role in the enhanced potassium cuticular permeability of the product.
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