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Propolis is a sticky substance used by bees to seal their hive and protect the colony against pathogens. Its main components are plant resins, beeswax, essential oils, pollen, and other organic substances. The chemical and medicinal properties of propolis have been extensively studied, but little is known about its physical and especially adhesive properties. To gain a better understanding of propolis and its potential for adhesive applications, we performed several experiments, including adhesion tests with propolis in different conditions and on various substrates, differential scanning calorimetry analysis, and compression tests. Propolis shows clear viscoelastic behavior and temperature-dependent mechanical properties. Our results demonstrate that propolis adheres well to a wide range of substrates from glass to PTFE, but also enables stronger adhesion at higher temperatures and longer contact times. Even underwater, in wet conditions, quite a substantial adhesion was measured. The data are interpreted from a biomechanical point of view, and the significance of the obtained results for bee biology is discussed.
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INTRODUCTION

Propolis is a sticky and ductile material that is produced by honeybees (Apis mellifera), mixing plant resins, wax, and other substances. Because of its strong adhesive nature, propolis is sometimes referred to as bee glue (Bankova et al., 2000; Bankova, 2005). Honeybees mainly forage resins from plant buds, but also have been reported to collect resin from tree barks and fruit surfaces (Alfonsus, 1933; Kumazawa et al., 2008; Simone-Finstrom and Spivak, 2010). Bees selectively choose what plants to acquire resin from (Isidorov et al., 2016). In Europe and North America poplars are believed to be the main source of resin for propolis (Greenaway et al., 1990; Bankova et al., 2000; Isidorov et al., 2016). Other plant sources for propolis production in temperate regions are aspen and birch (Isidorov et al., 2016). Since the contents of bud resins differ immensely between different plant species (Bankova, 2005), propolis contents and therefore properties are highly variable. In general, propolis consists of about 50% resin, 30% wax, 10% essential and aromatic oils, 5% pollen, and 5% of various other organic substances (Monti et al., 1983; Cirasino et al., 1987; Burdock, 1998). Meanwhile, more than 300 chemical components have been identified in propolis (Huang et al., 2014). The main constituents are phenolic compounds, such as flavonoids, aromatic acids and their esters (Bankova et al., 2000). Additionally, propolis contains phenolic aldehydes, ketones, terpenes, sugars, hydrocarbons, mineral elements, and enzymes (Bankova et al., 2000; Anjum et al., 2018).

Bees use propolis as a building material, for example to seal cracks and smooth out the internal walls of the hive (Burdock, 1998; Bankova et al., 2000). In addition to its mechanical functions, propolis has important chemical and bio-medical properties that protect the colony and contribute to social immunity (Simone-Finstrom and Spivak, 2010). Propolis possesses antibacterial, antifungal, antiviral, anti-inflammatory and hepatoprotective, antioxidant and antitumor properties (Anjum et al., 2018). Due to its pharmacological properties, propolis has been used by humans for multiple purposes (e.g., treating wounds or preserving corpses) throughout history (Ghisalberti, 1979; Anjum et al., 2018), and it still has manifold applications in medicine and cosmetics today (Burdock, 1998; Huang et al., 2014; Anjum et al., 2018).

Chemical and especially bio-medical properties of propolis have been studied extensively (Burdock, 1998; Cornara et al., 2017; Anjum et al., 2018), but little research has been done to understand its physico-chemical properties. A better understanding of the material properties of propolis could help biologists to understand how bees maintain such a sticky material. Beyond that, there is a strong potential for propolis applications in adhesive technology, as modern adhesive bonding technology is continuously searching for optimized environment-friendly adhesive solutions (Popov et al., 2017). Because of its pharmacological properties in addition to its stickiness, propolis might even be useful as a medical adhesive. Furthermore, knowledge about adhesive behavior of propolis on various surfaces could be used for developing anti-adhesive coatings.

The objective of this work was to characterize propolis mechanics, adhesion and other physico-chemical properties in order to ascertain whether the material might have other areas of application apart from its known medical uses.



MATERIALS AND METHODS


Propolis Material

The raw propolis was provided by private beekeeper Dr. Oliver Schwarz (Stuttgart, Germany) (Figure 1A). Samples were harvested from beehives in autumn 2017 and spring 2018 by scraping the inside of hives, frames, and lids. Harvested propolis was stored outside in an unsealed container until summer 2018. To get consistent samples, the propolis chunks were frozen to −20°C, finely ground using a pre-cooled mortar and pestle, mixed, and subsequently stored at −20°C (Figure 1B). The pulverizing procedure was based on the method that was previously used to produce propolis extract (Bankova et al., 2016). To prevent contamination, propolis was only handled wearing gloves cleaned with ethanol (Rotipuran® ≥ 99.8%, p.a., Carl Roth GmbH & Co. KG, Karlsruhe, Germany).


[image: Figure 1]
FIGURE 1. Bee propolis. (A) Raw propolis as collected from the hive. (B) Homogenized propolis powder. (C) Cone-shaped propolis sample used for adhesion tests. Scale bar: 1 cm (A,B), 500 μm (C).




Density

Homogenized and kneaded propolis samples were weighed with a balance (AG204 DeltaRange®, Mettler-Toledo, Columbus, USA). The volume of the propolis sample was determined by measuring the volume of water it displaced in a 50 ml measuring cylinder. The samples density was then calculated by dividing the weight by the volume. Three samples were tested independently.



Differential Scanning Calorimetry

The thermal properties of propolis were studied using differential scanning calorimetry (DSC) (DSC 8500, Perkin Elmer, Waltham, USA). Aluminum pans and covers were used for sample preparation and closed manually bending the edges with tweezers. Raw propolis pieces of two harvests (Spring: 5.7 mg and Autumn: 6.8 mg) were analyzed separately. During the first heating cycle, propolis was heated from −50 to 60°C at 20 K/min. The temperature in the chamber was held for 1 min, then rapidly cooled down to −50°C at 200 K/min and held there for 4 min before continuing. For the second cycle, the sample was heated to 70°C at 20 K/min. Homogenized and kneaded propolis samples was also heated in a water bath, in order to observe melting behavior. Three samples were tested independently.



Compression Tests

Stress-strain curves were recorded during compression tests with propolis using a universal testing machine (Autograph AG-X plus, Shimadzu, Kyoto, Japan). Homogenized propolis was kneaded and subsequently filled into a flexible mold to be formed into propolis disks (6.5 mm high, 12.5 mm diameter). To ensure parallel and even surfaces on top and at the bottom of the disc, the discwas pressed between two smooth glass slides held apart by 6.5 mm high spacers on each side. In order to prevent the sample sticking to the compression plates, a piece of cling film was layered underneath and on top of the propolis disc. The sample was continuously loaded to a compression of 1% (engineering strain) and then unloaded. This process was repeated on the same sample for compressions of 5, 10, 20, and 30%, in order to see what degree of compression leads to elastic and which to plastic deformation. Measurements were carried out at different temperatures (4, 23, and 40°C), while applying and removing the load with a constant velocity of 4 mm/min, to examine the effect of temperature on elastic properties of propolis. The temperature was varied by cooling the sample and compression plate in the fridge, or heating it in an oven. Additional measurements were performed at different velocities (1, 2, and 4 mm/min) at a constant temperature of 23°C, in order to analyze the viscous behavior of propolis. Three samples were tested for each combination of temperatures and velocities. Stress-strain curves were generated to obtain information about the mechanical properties of propolis.



Weighing Experiments

Homogenized and manually formed propolis samples were weighed continuously over a period of 7 h using an ultra-microbalance (Sartorius® Cubis MSE2.7S, Sartorius AG, Göttingen, Germany). The lid of a reaction tube was cut off and weighed empty. For each measurement, there were three small propolis spheres, each weighing 40–50 mg, placed on the lid. These samples were weighed at intervals of 10 s for 7 h at 24°C and 45 % relative humidity (RH) (P330 temperature-humidity measuring instrument, Dostmann electronic GmbH, Wertheim-Reicholzheim, Germany). Three samples, each consisting of three propolis spheres, were weighed separately.



Adhesion of Propolis

Adhesion of propolis was tested on a clean, smooth glass surface. Just before each adhesion experiment, a small amount of homogenized propolis powder was defrosted and kneaded into a homogeneous mass. Cone-shaped propolis samples with a spherical tip were subsequently formed by hand wearing ethanol-cleaned gloves (Figure 1C and Supplementary Figure 2A). The topography of the sample was analyzed using a fast scanning 3D measurement microscope (Keyence VR 3100; Keyence Corporation, Osaka, Japan). The profile of the sample was measured in five positions arranged in a star shape through the highest point of the tip. To estimate the radius at the sample tip, a circle was fitted to the sample's profiles in five different orientations (Figure 2C). The circle's radii were measured and then averaged.


[image: Figure 2]
FIGURE 2. Adhesion experiments. (A) Experimental set-up for adhesion testing with Basalt-01 mechanical tester (Tetra GmbH). (B) Propolis contact in presence of fluid and without fluid. (C) 3D-profile of the propolis sample. The circle was used to measure the tip radius. The small subimage depicts the sample's topography, with darker areas depicted higher than lighter areas. (D) Typical force-distance curve obtained from adhesion experiments. FL, fluid droplet; FOS, fiber optical sensor; GC, glass capillary; MM, 2D-micro-manipulators; MR, mirror; MS, metal spring; PS, propolis sample; SU, substrate.


The effective elastic modulus and the pull-off force of propolis were measured with a microforce measurement device [Basalt-BT01; Tetra GmbH, Ilmenau, Germany (Gorb and Scherge, 2000; Jiao et al., 2000; Gorb et al., 2004)]. The device consists of micromanipulators as a platform holding the substrate material, a metal spring (springs with spring constants of 618 and 539 N/m were used) and a fiber-optical sensor (Figure 2A). The piezo-drive moves the sensor with the spring down for loading and up for unloading the sample. A shortened glass capillary (5 μl micropipette Blaubrand® Intra END, BRAND GMBH + CO KG, Wertheim, Germany) was attached to the metal spring with cyanoacrylate glue.

The freshly formed, cone-shaped sample of propolis was then mounted on the tip of the capillary without any additional glue. A glass slide (Standard microscopy slides (soda lime glass); Carl Roth GmbH + Co. KG, Karlsruhe, Germany) was cleaned with ethanol and distilled water. After drying out, the glass slide was fixed to the micromanipulator platform with double-sided adhesive tape to be used as substrate for subsequent adhesion tests (Article number 05338-00000-01, Tesa®, Norderstedt, Germany). The propolis sample was brought into contact with the substrate and retracted from the surface as soon as the load force reached 5 mN. The load was chosen to resemble the load applied by bees when handling propolis. As no studies exist on mandibular forces and pressures of honeybees, pressures previously measured at the tip of mandibles of predacious Coleoptera (Wheater and Evans, 1989) were used as a reference for the load applied to the propolis sample. Tip pressures were calculated as suggested by Wheater and Evans (1989):

[image: image]

where Fa is the applied force and A is the contact area obtained from the contact radius.


Reference Measurements on Glass

On each propolis sample a set of 11 single measurements was performed, each on a different spot of the reference glass surface (N = 8 propolis samples, n = 11 measurements per sample). The last measurement of each set was carried out with a 60 s contact delay after loading and before unloading the sample to test the viscous properties of propolis. Experiments were carried out at room temperature (24.00 ± 0.53°C) and a relative humidity of 36.80 ± 9.01%. After the adhesion experiments, the substrate material was examined under a binocular microscope (Leica M205 A) in order to find possible propolis residues/prints in the contact area. Additional abbreviated reference measurements on glass (five repetitions) were performed with propolis samples used for tests on various other substrates described below.



Adhesion Under Different Tests Conditions

Some of the test conditions, described above for the reference measurements, were varied to prove whether they have an effect on propolis adhesion. First, repeated measurements were performed on the same spot. Second, measurements without prolonged contact time were performed to estimate the deformation of the sample tip after short contact measurements. Third, several measurements were carried out in fluid conditions, with a drop of distilled water (H2O) or oil (Mineral oil, light, Sigma-Aldrich, St. Louis, USA) being placed on the substrate (Figure 2B). Fourth, to study the influence of temperature on propolis adhesion, measurements were conducted at a higher room temperature, i.e., of 26°C. For each condition, 50–60 single measurements were performed (N = 5–6 propolis samples, n = 10 measurements per sample). Last, the experiments with an extended contact time of 60 s were performed to study the effect of contact time on adhesion. These experiments were performed in the last step of reference measurements on glass (N = 50 propolis samples, n = 1 measurement per sample).



Adhesion on Different Substrates

Various technical materials were used as substrates for subsequent adhesion experiments. A polytetrafluoroethylene (PTFE) plate (Technische Materialien Katarzyna Kowalewska, Görlitz, Germany) and a steel plate (EN 1.4016, Abrams Premium Stahl®, Osnabrück, Germany) were polished using a polishing machine (Minitech 233; Presi, Eybens, France) with alumina oxide suspensions using polishing papers with descending particle sizes (12, 3, 1, and 0.3 μm) to achieve similar and minimal surface roughness for all substrates (Supplementary Figure 1). They were cleaned with ethanol and distilled water and dried prior to usage in the experiments. A resin replica of a smooth, clean glass surface was prepared by a two-step molding method (Gorb, 2007; Koch et al., 2008). The negative template of the glass slide was produced using a two-component dental wax (Affinis light body, ISO 4823, polyvinylsiloxane, Coltène Whaledent AG, Altstätten, Switzerland) and filled with resin (Spurr's low viscosity kit, Plano, Wetzlar, Germany) that was subsequently polymerized at 70°C for 48 h. This resin substrate will be further referred to as ”Spurr.”

Tests on these technical substrate materials were performed as described for the reference glass substrate. After 10 measurements on the substrate material, five additional reference measurements were carried out on glass. For each technical substrate material, 50–60 single measurements on different sites were performed (N = 5–6 propolis samples, n = 10 measurements on substrate per sample).




Examination of Surfaces

The contact angles of water, diiodomethane, and ethylene glycol on the reference glass surface, as well as of the PTFE, steel and Spurr substrates were measured according to the sessile drop method (2 μl drop volume) using an optical contact angle measuring system (OCAH200, DataPhysics Instruments GmbH, Filderstadt, Germany). For each substrate, 5–10 contact angle measurements were conducted for each liquid. The substrate's surface free energy and its dispersive and polar components were calculated according to the method by Owens and Wendt (1969).

The substrate's surface roughness was measured by a confocal 3D laser scanning microscope (Keyence VK-X250; Keyence Corporation, Osaka, Japan). The corresponding Multi File Analyzer software (Version 1.2.6.106, Keyence Corporation, Osaka, Japan) was used to obtain the following roughness parameters: arithmetical mean height of the surface (Sa), maximum height of the surface (Sz), texture aspect ratio of the surface (Str), arithmetic mean peak curvature (Spc), and developed area ratio (Sdr).

Additionally, for surface examination, standard light microscopy (Leica M205 A, Leica Microsystems Inc., Wetzlar, Germany) and 3D surface profilometry (Keyence VR 3100, Neu-Isenburg, Germany) were used.



Data Analysis

Adhesion experiments were evaluated using Matlab (version R2015b, The MathWorks, Inc., Natick, USA). The unloading part of force-distance curves (Figure 2D) acquired from adhesion experiments was fitted according to the JKR theory (Johnson et al., 1971) (Supplementary Figure 2B).
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where a is the contact radius, Fa is the applied load, R is the tip radius, E and Δγ are the effective elastic modulus and the work of adhesion, respectively.

The work of adhesion Δγ is the energy per unit of area needed to separate two bodies in contact. It was chosen as a measure of adhesion, because it is independent of the contact area. Work of adhesion (Δγ) was estimated from the unloading curve:

[image: image]

where F is the pull-off force and R is the tip radius.

To characterize viscoelastic properties of propolis, a generalized Maxwell model was used (Christensen, 1982). The sample's viscosity was estimated from experimental force curves using the following equation (Cheng et al., 2005; Kovalev et al., 2018):

[image: image]

where d is the displacement, t is the time under load, E∞/E1/E2 and η1/η2 are the Young's moduli and viscosities of the static and two dynamic components, correspondingly ν is the Poisson ratio assumed to be equal to 0.49 (Kovalev et al., 2018).



Statistics

The data were statistically analyzed using the software R, version 3.6.1 (The R Foundation for Statistical Computing, 2019). Data was tested for normal distribution and variance homogeneity using Kolmogorov-Smirnov and Levene's tests, respectively. The comparison of propolis adhesion under different conditions and on different substrates was performed with a one-way ANOVA and a pairwise multiple comparison procedure (Tukey test). An unpaired two-sample t-test was performed to compare the mean Young's modulus of propolis at 24 and 26°C. Correlation analysis of Young's modulus and work of adhesion obtained from adhesion experiments was performed by calculating the Pearson's correlation coefficient.




RESULTS


Density of Propolis

Homogenized and kneaded pieces of propolis were weighed. Subsequently, the volume of weighed pieces was determined by measuring the volume of water it displaced. The propolis sample did not dissolve or absorb water during the experiment. The density of propolis was calculated to be 0.953 ± 0.001 g/cm3 (N = 3).



Thermal Behavior of Propolis


Melting of Propolis

When heating propolis in a water bath to 60–70°C, its separation into two phases was observed (N = 3). A phase resembling beeswax melted and turned into a transparent fluid with a yellow tint, while the other phase remained more viscous and dark brown. After once being heated to between 50 and 60°C, cooled down propolis components turned hard at room temperature and did not return to their original malleable state.



Differential Scanning Calorimetry

A DSC analysis of raw, unhomogenized propolis harvested in spring and autumn was performed to further investigate thermal properties of propolis. During the heating cycles, the variation of the heat flow as a function of the temperature revealed endothermic phase transitions at 54–55°C and 64°C (Figure 3A). No distinct differences between the samples from different harvests were found.


[image: Figure 3]
FIGURE 3. Thermal properties of propolis. (A) DSC analysis of propolis. (B) Stress-strain curves obtained from compression tests with propolis at different temperatures.




Compression Tests at Different Temperatures

The hardness of propolis changed depending on temperature. It is hard and brittle at temperatures below 10°C, allowing it to be broken or ground to a fine powder. At room temperature, propolisis is malleable and tacky. When the temperature rises above room temperature, propolis becomes increasingly softer and tackier. These changes were reflected in stress-strain curves obtained from compression tests (Figure 3B, N = 3). Compared to tests performed at 23°C, ~4 times higher stresses were necessary at 4°C to achieve the same strain. Furthermore, at 40°C for the same strain the stresses were roughly 10 times lower than that at 23°C. In compression tests, performed at 20–800 kPa stress and temperature 4–40°C, visco-plastic deformation of propolis was observed.




Weighing Experiment

A hardened outer layer formed on propolis samples stored at room temperature for several hours, though the inside of the propolis samples remained softer. To characterize the process of volatile components evaporations, the weight of the propolis samples was measured over time. On average, the samples lost 0.9 ± 0.3% (N = 3) in mass over a period of seven hours at room temperature of 24°C (Figure 4).


[image: Figure 4]
FIGURE 4. Display of weighing experiments performed on propolis. The curve shows the mean weight of the samples (N = 3) over time. The gray area represents standard deviations at corresponding time points of measurement.




Adhesion of Propolis

Cone-shaped propolis samples that were used for adhesion experiments had a mean tip radius of 182.08 ± 55.18 μm (N = 135) (Figure 2C). The samples were brought into contact with different substrates at a mean applied normal force of 5.2 ± 0.7 mN. The contact radius at maximum load was calculated to be 36.06 ± 17.14 μm, using Equation (3). Mean pressure at the propolis sample was calculated to be 1.85 MPa. At a room temperature of 24°C, propolis samples had a mean Young's modulus of 11.23 ± 6.77 MPa (N = 45). Compared to measurements at 24°C, a 2°C increase in temperature resulted in a significantly lower elastic modulus of 6.55 ± 4.89 MPa (N = 10, P = 0.044). In adhesion experiments, performed with propolis on a glass surface, the mean pull-off force was 2.12 ± 0.77 mN and the mean work of adhesion was calculated to be 2.96 ± 1.27 J/m2 using Equation (3). According to Pearson's correlation test, Young's modulus and work of adhesion of propolis are anti-correlated (r = −0.999, p < 0.01). The mode of failure during experiments was adhesive, since examination of the substrate surfaces after adhesion experiments using light microscope showed no propolis residues in the contact area. 3D surface profilometry of the sample's tip before and after the experiment also showed no shape change and therefore no plastic deformation occurred during testing at short contact times. However, at a contact time of 60 s, samples clearly exhibited viscoplastic deformation, since the tip area was considerably flattened.


Propolis Adhesion Under Different Conditions

Propolis adhesion was subsequently measured on a glass surface under different conditions and compared by performing a one-way ANOVA (Figure 5A, Table 1). The P-value was found to be smaller than the significance level of 0.01. Therefore, a post-hoc Tukey test was conducted to find pairwise differences. P-values smaller than 0.05 were considered significant. The work of adhesion of propolis did not depend (1) on the contact area and (2) on whether the measurements were repeatedly done at the same location or each measurement was done at new location (3.08 ± 0.79 J/m2, P = 0.9998).


[image: Figure 5]
FIGURE 5. Propolis adhesion. (A) Adhesion of propolis on glass under various conditions. (B) Adhesion of propolis on different substrates. Experiments were conducted using Basalt-1 mechanical tester (Tetra GmbH, Ilmenau, Germany). If not stated differently, tests were carried out at room temperature (24°C) with a set loading force of 5 mN and with every individual measurement performed on a different location on the substrate (N = 5–6 propolis samples per condition or substrate, n = 10 individual measurements per sample). Box plots show the median value (line), the ends of the boxes define the 25 and 75th percentiles, and the error bars the 10 and 90th percentiles. The outliers are shown as black dots. Conditions and substrates marked with different letters differ significantly from each other (one-way ANOVA, P < 0.001 and Tukey test, P < 0.05).



Table 1. Propolis adhesion in different conditions.

[image: Table 1]

Propolis adhesion in oil and water was measured. Propolis adhered to glass, even underwater and in oil, however, the work of adhesion measured (0.86 ± 0.47 J/m2) was significantly lower than that in the dry condition (P < 0.0001). No significant difference between the work of adhesion in water and in oil was found (P= 1.0). Raising the temperature from 24 to 26°C, the work of adhesion of propolis increased significantly to 4.67 ± 1.36 J/m2 (P < 0.0001). Some experiments performed at 26°C were abandoned due to cohesive failure and plastic deformation of the propolis sample after a few single measurements. Significantly higher work of adhesion of 6.72 ± 1.75 J/m2 also occurred, when increasing the contact time at maximum load to 60 s (P < 0.0001).



Viscoelastic Behavior

As stated above, elongated contact times led to plastic deformation of the propolis samples and to a decrease of the load force overtime due to material relaxation (N = 50). The force-time curve was fitted with the exponential function (Bankova et al., 2000) with either one or two exponents in the 60 s contact regime (Figure 6A). Table 2 shows the fit parameters for one representative force-time curve. For all measurements a better fit was achieved with two exponents. In compression tests, propolis behaved differently depending on the velocity the load was applied with. At higher velocities, higher stresses had to be applied to achieve the same strain (Figure 6B). No elastic deformation occurred in compression tests performed using a universal testing machine.


[image: Figure 6]
FIGURE 6. Viscoelasticity of propolis. (A) Typical force-time curve obtained from adhesion tests with propolis on glass with a 60 s delay between loading and unloading. (B) Stress-strain curves obtained from compression tests with propolis at different velocities (1, 2, and 4 mm/min).



Table 2. Fit parameters to estimate the viscoelasticity of a representative propolis sample using the Equation (4).

[image: Table 2]



Adhesion to Different Substrates

To test the effect of substrate materials on propolis adhesion, adhesion tests were performed with several substrates: PTFE, steel, and Spurr's resin with different surface free energies. All tested substrates were smooth with an arithmetical mean height of the surface (Sa) between 0.034 and 0.042 μm (Supplementary Table 1), though their surface energies differed (Supplementary Table 2). PTFE had the lowest surface energy of 16.7 mJ/m2, then Spurr with 28.08 mJ/m2, and steel with 37.92 mJ/m2, while glass had the highest surface energy of 58.25 mJ/m2 among the tested materials. Despite the different surface energies, the work of adhesion obtained from adhesion experiments with propolis was similar for all tested substrate materials and ranged between 2.29 and 3.61 J/m2 (Figure 5B, Table 3). The highest work of adhesion was measured for Spurr epoxy resin, the lowest on steel. Statistically significant differences were only revealed for work of adhesion between glass and Spurr (P = 0.0049), as well as between steel and Spurr (P = 0.0004).


Table 3. Propolis adhesion on different substrates.
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DISCUSSION

Chemical composition and medicinal use of propolis have previously been studied (Burdock, 1998; Anjum et al., 2018), but no in-depth analysis of adhesive and other physical material properties of propolis have been conducted so far. To be able to better understand how bees handle this sticky material, propolis was characterized as a biological adhesive in this paper. Accordingly, thermal properties, viscosity, elastic modulus and density mattered as important parameters in this study in addition to propolis adhesion itself (Kellar, 2011). From the density measurements, we can conclude that the density of propolis (0.953 g/cm3) is very close to the density of beeswax 0.957 g/cm3 reported in (Bernal et al., 2005). Such a density match might simplify the manufacture and handling of propolis by honeybees.


Thermal Properties of Propolis

Propolis has previously been described to melt at temperatures between 60 and 70°C (Krell, 1996; Wagh, 2013). When heated in a water bath in our experiments, the beeswax component of propolis melted at 60–70°C. The resin component of propolis only softened, but did not become fluid. In our DSC analysis, propolis demonstrated a phase transition at 63°C. This corresponds to the melting temperature of beeswax at 62–66°C depending on its origin (Morgan et al., 2002; Gaillard et al., 2011). During the heating process, another phase transition occurred at about 55°C. Three polymorphic transitions during the heating of beeswax have previously been identified, one corresponding to the peak at 55°C (Gaillard et al., 2011). The other two transitions were not visible in our DSC results, probably due to a higher heating speed of 20 K/min compared to 1 K/min used by Gaillard et al. (2011). Previous DSC studies performed on beeswax/rosin mixtures also showed that a higher resin content leads to a decrease in the total heat flow and less pronounced or lacking secondary peaks corresponding to phase transitions (Gaillard et al., 2011). Amorphous resins, like rosin gum, often do not exhibit a clear melting point, but soften over a wide temperature range until they become liquid (Gaillard et al., 2011), while volatile essential oils usually have low melting points (−0.79°C for essential oil of cassia) (Ghodki and Goswami, 2016). This could explain why no additional peaks are present in the DSC thermograms apart from those corresponding to the beeswax component of propolis. Propolis has been reported to be hard and brittle when cold (under 15°C) (Krell, 1996; Wagh, 2013) and increasingly soft and sticky, when heated above 45°C (Krell, 1996; Wagh, 2013). This was confirmed by our adhesion and compression tests. Propolis behaved distinctly different in compression tests conducted at 0, 23, and 40°C and with 67 μm/s compression speed. Compared to tests performed at lower temperatures, a considerably lower force was needed at 40°C, to achieve the same level of compression. Both propolis elasticity modulus and viscosity decrease with an increasing temperature. Compression tests with beeswax at 3, 24, and 34°C revealed similar behavior (Morgan et al., 2002).



Young's Modulus of Propolis

At 24°C, propolis has an elastic modulus of 11.2 MPa, which resembles elastic modulus of rubber (Smith, 2016). The Young's modulus, however, was very variable between samples, although all were formed from the same batch of homogenized propolis. Presumably, small changes in temperature, humidity, or/and kneading procedure had an influence on the modulus. Additionally, local inhomogeneities within the material might influence the modulus, since homogenized propolis consists of many heterogeneous microparticles, the size of which is comparable to the size of the tip (contact area). A small increase in temperature of 2°C decreased the Young's modulus of propolis significantly from 11.2 to 6.6 MPa. This also supports the observation made during compression tests at 40°C and when handling propolis that propolis becomes softer at higher temperatures. The elastic modulus of beeswax at room temperature was reported to be 39 MPa (Hossain et al., 2009). The addition of plant bud resins, oils, and other components, thus results in a softer and more pliable material compared to the pure beeswax (at room temperature).



Viscoelastic Behavior of Propolis

Viscoelastic materials show combined elastic and viscous responses under mechanical stress (Ferry, 1980). We found that propolis exhibited viscoelastic behavior. Deformation and relaxation of viscoelastic materials is time-dependent (Kellar, 2011). This became clear, as propolis deformed elastically during adhesion experiments with short contact times, but viscoelastically, when contact times were extended to 60 s. Elastic contact could be distinguished from plastic contact, as the distance of the sample tip to the substrate and the tip profile did not change between single measurements. The multiple components of propolis also affect its viscoelastic behavior. During extended contact time, the measured loading force gradually decreased over time as the material relaxed. The relaxation curve of propolis was best fitted with an exponential function with two exponents, which is indicative of a composite material with at least two components (Xie et al., 2011). This result is not surprising, since propolis mainly composed of resin (50%) and wax (30%) (Burdock, 1998).

Compression tests at different velocities showed that the material behaved stiffer at higher velocities and more force had to be applied in order to deform it. This rate dependence due to non-Newtonian properties is typical for viscoelastic materials (Smith, 2016).



Hardening of Propolis

After heating propolis over 50–60°C and cooling down, it hardened considerably, and when exposed to the room temperature a hardened layer formed on the outside of the sample over the course of a day. It has previously been reported that propolis hardens over time, becoming brittle and darker in color (Teslenko et al., 2014). A possible reason for hardening could be the evaporation of water or/and volatile components (Kellar, 2011), as weighing propolis over 7 h showed that samples lost ~0.9% in weight over that period of time. Volatile propolis components, such as mono- and sesquiterpenoids, represent about 10% of propolis constituents and their loss could be responsible for propolis hardening (Bankova et al., 2000; Huang et al., 2014). Some resins also harden over time due to polymerization of diterpenoids initiated by light and oxidation (Langenheim, 1990). While beeswax has not been reported to harden, it is therefore likely that the resin component is responsible for the hardening of propolis.



Adhesion of Propolis

The work of adhesion calculated from the pull-off force was chosen as the measure for propolis adhesion, as it provides comparable values that do not depend on the sample radius. This made it possible to compare the results of adhesion tests conducted with propolis at different conditions and on various substrates. Propolis adhesion on glass served as a reference and was measured to be ~3 J/m2. In a previous study, work of adhesion of 3.56 J/m2 was reported for a blend of 75% rosin and 25% beeswax (Girard et al., 2014). This material resembles propolis, as it is also a mixture of beeswax and resinous substances in a comparable ratio, and it exhibits similar work of adhesion. The mode of failure of propolis during adhesion experiments was rather adhesive than cohesive, as no visible propolis residues were found in the contact area with the substrate.


Adhesion at Various Conditions

Experiments that were conducted repeatedly on the same spot of the substrate further confirmed the assumption that adhesive failure occurs. There was no difference in adhesion between reference measurements and measurements on the same spot, as could be expected if cohesive failure occurs and material residues accumulate in the contact area and tip geometry changes.

Furthermore, propolis also adhered to a glass surface in presence of fluid (oil or water), although here adhesion was significantly lower than that in dry conditions. Most industrial adhesives are not able to adhere in flooded conditions (von Byern and Grunwald, 2010). However, biocompatible glues able to adhere in wet conditions are needed for many biomedical applications (von Byern and Grunwald, 2010). The ability of propolis to adhere under water could therefore be an interesting property worth investigating further.

Significantly higher propolis adhesion was observed when the temperature was increased by only 2°C from to 24 to 26°C. It has been previously described that propolis becomes increasingly soft and sticky, when heated above 45°C (Krell, 1996; Wagh, 2013), but it seems that this process starts at even lower temperatures. At higher temperatures, the Young's modulus of propolis decreased and the material became softer. Adhesion energy is theoretically independent on Youngs' modulus. However, an elastically soft material can adapt to the substrate surface and thereby increase the real contact area and adhesion (Lorenz et al., 2013). Further experiments are necessary to study propolis adhesion at even higher temperatures and further extend our knowledge about this material, since bees handle propolis in the hive at temperatures usually ranging between 32 and 36°C (Jones, 2004). Higher adhesion of propolis was also measured in experiments with longer contact times, because this viscoelastic material had time to flow and adapt to the substrate surface profile, increasing therefore both the contact area and work of adhesion. This effect of time-dependent deformations has previously been reported (Reitsma et al., 2000). The viscoelastic deformation was also visible in the profile of propolis samples after experiments with prolonged contact times.



Adhesion on Various Substrates

Substrate surface energy usually has a strong effect on adhesion (Gorb and Heepe, 2017). In our adhesion experiments, conducted on various smooth substrates with different surface energies [glass: 64 mJ/m2 (Weng et al., 2016), PTFE: 19 mJ/m2 (Kinloch, 1987), steel: 40 mJ/m2 (Mantel and Wightman, 1994)], the differences in adhesion forces were lower as expected. Substrates with low surface energy, such as PTFE, have low Hamaker constant and polarizability, and affect the strength of van der Waals interactions, which is why lower adhesion would usually be expected on these surfaces (Gorb and Heepe, 2017). However, propolis adhered more or less similarly to all tested substrates. There was no significant difference between adhesion on a polar glass surface and an unpolar PTFE substrate. Low dependence on substrate chemistry is often a characteristic of biological adhesives (Richter et al., 2018). We assume that some fluid components (e.g., mono- and sesquiterpenoids) of propolis may alter the interface between propolis sample and substrate and make adhesion almost independent of the substrate. These fluids might also be responsible for enlarged real contact area. Chemical characteristics of propolis should be further investigated to better understand their influence on propolis adhesion.





GENERAL CONCLUSIONS AND OUTLOOK

Exact composition of propolis can vary immensely depending on environmental conditions, resin sources, bee colony, season, etc. (Bankova, 2005; Mello and Hubinger, 2012). One can expect that the variability of propolis also extends to its physical and adhesive properties. The presented results are therefore a starting point for further experiments with different propolis types, as well as on propolis components, such as bud resins and different bee waxes.

The results of this work show that the composite nature of propolis is reflected in many of its physical properties, such as viscoelasticity, Young's modulus, and adhesion. Different components of propolis, mainly plant resins and beeswax, have long been used in various adhesives due to their characteristic properties. Resin is a good adhesive that can be added to adhesive mixtures, to provide tack and peel (Richter et al., 2018). In contrast, beeswax does not have initial tack, but it can act as a softener for adhesive formulations (Richter et al., 2018). Combinations of a resin (rosin) and beeswax have been used as adhesives since the Mesolithic period and have also previously been studied for their thermal and mechanical properties (Gaillard et al., 2011; Girard et al., 2014).

As propolis was found to adhere to a wide range of substrates and even in underwater and flooded oil conditions, it might be interesting for numerous adhesive applications in the future. Recently, the interest in bio-inspired adhesives has strongly increased due to the growing need for sustainable or environment-friendly adhesive solutions (Richter et al., 2018). For example, adhesives used for medical applications often have to serve different purposes, such as high tack, moisture resistance, durability, biocompatibility, and removability (von Byern and Grunwald, 2010), which all could at least partly be fulfilled by propolis. The antimicrobial effect of propolis might also be an advantageous additional property for future medical adhesives.
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Substrate N'n Work of adhesion [J/m®] Pull-off force [mN]

Mean X Mean s.d.
Glass 80 2.98 1.28 212 0.77
PTFE 50 291 071 1.43 072
Steel 50 229 0.82 1.98 051
Spurr 50 3.61 0.95 335 0.87

Work of adhesion and pul-off forces obtained from adhesion experiments condlucted using Basalt-01 mechanical tester (Tetra GmbH, limenau, Germany). Tests were carried out at
room temperature (24°C) with a set loading force of 5 mN and no delay between loeding and unloading (N = 58 propolis samples per substrate, n = 10 indivicual measurements per
sample). Mean values and standard deviations (5.d.) are given.
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Condition N'n Work of adhesion [J/m’] Pull-off force [mN]

Mean s.d. Mean sd.
Reference 80 2.96 1.27 212 0.77
Same spot 50 3.08 0,79 2.79 0.39
Water 50 0.80 0.36 0.51 0.13
Oil 60 0.90 0.55 0.74 0.36
26°C 60 4.67 1.36 3.78 117
60s 60 6.72 1.75 596 1.65

Work of adhesion and pull-off forces obtained from adhesion experiments conducted using Basalt-01 mechanical tester (Tetra GmbH, limenau, Germany). If not stated differently, tests
were carried out at room temperature (24°C) with a loading force of 5 mN and no delay between loading and unloading (N = 5-8 propolis samples per condition or substrate, n = 10
individual measurements per sample). Mean values and standard deviations (s.d.) are given.
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Ex [MPa] E; [MPa] ¢ [MPa's] Ez[MPa] »2 [MPa*s]

1exponent  8.860642 7.139368 292.319869
2exponents  6.662493 3.208526 68.960462 6.128982 709.443329

The force-time curve in the 60 contact period was fitted with one and two exponents.
Ex/Ev/Ez and mi/nz are the Young's modul and viscosities of the static and two
dynamic components.
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