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Abstract 

A good head of beer gives nice texture and prevents releasing of aroma. The beer 

foam stability depends on numerous parameters. In this study, it was focused on the 

interfacial rheological properties such as surface tension and dilational modulus in 

relation the film formation by isohumulones and beer proteins at the air-water 

interfaces. The isohumulones and beer protein samples were prepared individually 

from polaris pellet and barley malt. Both isohumulones and proteins are surface 

active and the combination of them have even more enhanced properties. The 

adsorbed layer formed by only isohumulone, pre-mixed solution of proteins and 

isohumulones and proteins with the sequential addition of isohumulones. Thus, it 

can be concluded that the properties of the surface film depends on the composition 

and of the addition sequence of the components. The simultaneously mixed solution 

forms a layer with evenly distributed components over the surface and it accounts 

for the exceptionally high surface activity and rigidity
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1. Introduction 

 Background and Aim 

Beer foam quality is of great interest for consumers because they regard a beer with 

a good head as a sign of freshness. The quality of beer foam can be divided into 

stability, lacing and creaminess (Bamforth, 1985). The main quality addressed in 

this work is the beer foam stability. It is well known that proteins and isohumulone 

play an important role for the foam stability by foam analysis methods such as the 

cylinder pour test (Evans et al., 2008). It is generally suggested that foam stability 

is obtained through the creation of an interfacial film with firm rheology (Dickinson, 

1992).  

 

The aim of the study is to describe the properties of the surface films formed 

by beer proteins and hop acids. It is assumed that the properties of the films are 

reflected in the surface tension, surface rheology and in the surface morphology. 

Thus, it was investigated how beer proteins and isohumulones influence these 

properties independently and collectively using drop tensiometry and Brewster 

Angle Microscopy (BAM). It is advantageous to use BAM for studying adsorbed 

layers at interfaces because the microscopic observations of monolayers could be 

performed in situ (Moore et al., 1986).  
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2.  Theory 

 Surface active molecules in Beer 

Beer contains various components such as ethanol, proteins, hop acids, 

polysaccharides, polyphenols, lipids and divalent metal cations. Among these the 

interactions of hop acids, proteins and divalent metal cations promote the foam 

stability with minor help of polysaccharides and polyphenols (Evans and Bamforth, 

2008; Steiner et al., 2011).  

2.1.1 Beer proteins 

 

 
Figure 1. The structure of Serpin-Z4 (left) and LTP1 (right) from barley. Each colour of 

protein structure denotes properties of strand such as blue; Hydrophobic amino acid, red; 

Positively charged amino acids, green; Polar amino acids (Haas et al., 2013; Lampl et al., 

2010; Lascombe et al., 2009). 

 

Proteins are classified as albumins (water-soluble), globulins (salt-soluble), 

prolamins (alcohol-soluble) and glutelins (alkali-soluble). Here, only albumins 

involving -amylase, protein Z and lipid transfer proteins (LTP) and prolamins 

which is called hordeins in barley are considered since they influence foam 

formation and stabilization (Steiner et al., 2011). The structure of proteins can be 

seen in Figure 1. However, the structure of proteins does not reflect modification 

during beer processing and Z4-serpin structure has identified only 49% (Haas et al., 

2013).  

Beer contains about 500 mg/L of proteinaceous components including various 

polypeptides with molecular weight ranging from less than 5 to over 100 kDa 

(Steiner et al., 2011). These polypeptides are emanating from barley, barley malt, 

and yeast in beer, however, yeast proteins are only minor constituents. Proteins are 
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modified by glycation, acylation and structural unfolding and become surface-

active during beer brewing process such as mashing, wort boiling, fermentation and 

maturation. Only one-third of the total protein content left after these processes. 

Among them, all proteins related to foam formation were found to be glycosylated 

in different level. The size of the polypeptides forming glycoproteins was from 10 

to 46kDa. These proteins in beer can be divided into three major groups; proline-

rich polypeptides from hordein (15 to 32 kDa), LTP1 (9.7 kDa in pure form) and 

protein Z (40 kDa) (Steiner et al., 2011). 

There are two contrasting theories concerning the foaming properties of 

polypeptides in beer. The first side is called the discrete protein hypothesis, and it 

claims that certain proteins, protein Z and LTP1, influence foam stability. The other 

side, which is termed as the generalised amphipathic polypeptide hypothesis, claims 

that diverse polypeptides (including protein Z and LTP) stabilize foam and the more 

hydrophobic their characteristics, the more foam promoting they are. For example, 

hordeins that are abundant in proline, glutamine and a hydrophobic β-turn. 

However, the foam from both albumins and hordeins are even more stabilized by 

hop acids (Bamforth and Kanauchi, 2003; Steiner et al., 2011). 

2.1.2 Hop acids 

Hops are prominent ingredients for brewing beer even though only a fraction of the 

significant amount of malt used is needed. The most important attribute of hops is 

the bitter taste and another feature is beer foam-stabilising effect. These are due to 

the hydrophobicity of isohumulones originating from hops. Isohumulones are 

converted from humulones by isomerisation during the wort boiling and it can be 

seen in Figure 2 (De Keukeleire, 2000). 

 

 
Figure 2. Structural change of humulones to isohumulones during the wort boiling (De 

Keukeleire, 2000). 
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The chemical structure of isohumulone shows hydrophobic characteristics due 

to the three side chains. This plays an important role in beer foam stability via 

hydrophobic interactions with amphiphilic polypeptides (Hughes, 2000). 

Isohumulones are deprotonated and become anionic in beer due to its low pKa 

(~3.1) compared to the pH (~4) of beer (Bamforth and Kanauchi, 2003). The anionic 

charge due to the deprotonation is delocalized over a cyclic β, β-triketone moiety 

and this enables to chelate metal cations producing an uncharged complex 

Especially, hop acids are able to form complexes with Cu2+ and Fe2+ ions (Hughes, 

2000; Wietstock et al., 2016). The structure of hop acid-Fe3+ complexes is presented 

in Figure 3. 

 

 
Figure 3. Schematic structure of humulone-Fe3+ complexes at pH 4.3 (humulone : Fe3+, 3:1) 

(Wietstock et al., 2016) 

 

A study revealed that pre-adsorbed hop acids at the vacuum-water interfaces 

reduce the free energy of protein adsorption and elevate it. Moreover, hop acid can 

self-associate themselves and then bind to the surface of LTP by hydrophobic 

interaction and this acts as a bridge exerting cross-linking of adsorbed proteins 

(Euston et al., 2008). The conformational structure of hop acid aggregates and 

protein-hop acid complex can be seen in Figure 4.  
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Figure 4. (a) Conformation of 24 cis-isocohumulone molecules in water system after 20 ns 

of molecular dynamics (MD) simulation at 300 K. The conformation apparently displays self-

association of hop acid molecules in solution. (b) A complex of one LTP molecule with 24 

cis-isocohumulone molecules simulated by PatchDock server. A-D represent each helix in 

LTP (Euston et al., 2008). 

2.1.3 Hop acids-beer protein interactions 

It has been suggested that hop acids can bind to the surface of LTP via hydrophobic 

interaction and possibly promote cross-linking of proteins in the adsorbed layer 

(Euston et al., 2008). The binding of hop onto the surface of LTP alters the tertiary 

structure of the protein, but not the secondary structure of it. It was also figured out 

that hop acids are greatly surface active and adsorb promptly to the vapor-water 

interfaces. In addition, the LTP seems to be highly attracted to the hop acid adsorbed 

layer and favourably adsorbs to such a layer compared to a clean vapor-water 

interfaces. As a result, hop acids promote beer foam stability by enhanced 

adsorption of LTPs at the interface (surface coverage by protein) and cross-linking 

of adsorbed LTPs with bridge formation between hydrophobic part on the LTP 

surface leading to increased mechanical strength in the adsorbed layer. This results 

in an enhanced interfacial viscosity and a decreased foam drainage rate (Euston et 

al., 2008).  

 

b

B

b

b 

a b 
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 Surface tension and Dilational modulus 

Foams are dispersions of gas bubbles in liquid phase. In order to make foam, a 

certain amount of energy against the surface tension is required to counteract 

increase of the surface area (Bamforth, 1985). 

The surface tension,  is defined as (Dickinson, 1992): 

 

 = (
∂G

∂A
)𝑝,𝑇,𝑛  [Eq. 1] 

where G is the Gibbs free energy, A is the surface area, p is the pressure, T is the 

temperature, and n is the overall amount of material in the system (Dickinson, 

1992). The surface dilational modulus, Ed is determined by (Dickinson, 1992): 

 

𝐸𝑑 =
𝑑

𝑑 ln 𝐴
 [Eq. 2] 

 

The dilational modulus measures the change of surface tension compared to 

the surface area of adsorbed layer at the air-liquid interface. It shows the ability to 

resist compression and expansion of the layer (Aserin, 2008). The surface energy 

and tension are greatly reduced by surface active molecules modifying the 

properties of interface between air and liquid. Interactions between these molecules 

contribute to the surface rigidity of the foam (Bamforth, 1985). It was proposed that 

rigid proteins form more elastic adsorbed layers than flexible proteins do (Figure 

5). This was because of its structural hardness within the protein network under 

compression and/or expansion (Cascão Pereira et al., 2003). 
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Figure 5. Dilational modulus of globular and rigid bovine serum albumin (BSA) and coil-

like and flexible β-casein (left) and schematic of protein adsorbed layer under dilational 

deformation such as an interfacial area compression (Cascão Pereira et al., 2003).  

 Monolayer isotherm 

Monolayer isotherm is a plot of surface pressure versus surface pressure  the area 

per molecule of a surfactant. Upon compression, the states of the surfactant are 

changed. In gaseous state (G), the surfactants move independently but still they are 

anchored to the surface. In the liquid state, there are liquid expanded (LE) and 

condensed (C) states. The C state is more closely packed than LE state (Wigman, 

2000).  A typical monolayer isotherm can be seen in Figure 6. 

 

 
Figure 6. An illustration of the typical monolayer structures observed when a surface is 

compressed. (Modified from Hazell, 2014)  

 

Typical structures of protein adsorbed layer are known as homogeneous at low 

surface pressure. Upon compression, it undergoes structural changes such as coiled 

state (loops) and further monolayer collapse (Figure 7). Certain proteins showed 

clear structural changes upon compression such as grouping in rows of circular 

domains for loops, stripes for phase transition from liquid expanded (LE) to liquid 
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condensed (C) and bright fringes or bright and dark islands for monolayer collapse 

(Bolaños-García et al., 2001; Toimil et al., 2012). 

 

 
Figure 7. Scheme of the changes of BSA conformations during the process of adsorption 

(Noskov et al., 2010). 

 

The adsorbed structures of surfactant domains exhibit various shapes at 

different condition. The stage from 0 to 1’ in Figure 8 shows the formation of black 

domain and growth of it in area. At a certain point, the circular domains become 

unstable and change into symmetry-breaking shape such as an ellipse (2’) and 

stripes (3’). The phase transition between stripes and hexagonal phase which is 

densely packed phase of circular domains (McConnell, 1991).  

 

 
Figure 8. Theoretical explanation of surfactant domain structures and shape transitions that 

occur on the compression of a surfactant monolayer (McConnell, 1991). 
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3.  Materials and Methods 

 Materials 

3.1.1 Beer Proteins 

Pale ale malt (Weyermann, Bamberg, Germany), was mashed in distilled water (4 

kg/25 L) at 65℃ for 60 minutes and 75℃ for 10 minutes and it turned out pH 5.7 

wort. This was boiled at 100℃ for 60 minutes and became boiled wort having pH 

5.74. Protein content was measured by a nitrogen analyzer (Elemental Flash A 

1112N, Thermo Fischer Scientific, Netherland). 100μL wort was burned in a sealed 

furnace at 950℃ and nitrogen content was quantified after GC separation and 

analysed by a thermal conductivity detector. The total protein percentage was 

determined by multiplying total nitrogen content with conversion factor of 6.25. 

Aspartic acid was utilized as the standard. Total carbohydrate was quantified using 

sulfuric acid and phenol digestion and measured by spectrophotometer under the 

wavelength of 490nm, as recommended by ASBC (beer-41). Total carbohydrate 

and protein content were confirmed as 0.1g/mL and 0.01g/mL respectively.  

3.1.2 Isohumulone 

Polaris pellet, 500 g (16.9% α acid, HHV, Mainburg, German) was boiled in 5 L of 

pH 4 acetate buffer (ionic strength 40 mmol/L), and it was centrifuged at 10.2k rpm 

(Allegra X-15R, Beckman Coulter Life Science, Indianapolis, Indiana) to eliminate 

precipitate. Supernatant, 100 mL was mixed with 2 mL of 85% H3PO4 in order to 

obtain pH 2 and 20 mL of isooctane was added to the supernatant. The mixture was 

kept in a rotary shaker overnight. After that the upper isooctane part was taken and 

removed. The solvent was evaporated under reduced pressure at room temperature. 

The glass was washed with acidified methanol (0.1 mL 85% H3PO4 in 100mL 

MeOH). The amount of iso-α acid was quantified by HPLC-DAD (Agilent 

Technologies 1260 Infinity, Santa Clara, US). ICS-I3 (total iso- 62.3 %, Labor 

Veritas, Zürich, Switzerland) was used as a standard. An isocratic elution was 

performed with 70% mobile phase A (MeOH), 30% B (0.1M EDTA solution with 

pH 2 modified by 85% H3PO4) at 0.5mL/min using a C18 reversed phase column 

(HALO C18, 4.6*150mm, 2.7μm, Berkshire, UK) at 275nm. 
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 Methods 

3.2.1 Measurement by Drop tensiometer 

The surface tension and the dilational modulus were characterized using 

axisymmetrical drop shape analysis (ADSA) using a tracker from IT-concept, 

France. 

 

The equipment needed to be calibrated before measurement. The calibration 

included things such as focus, uniformity of the illumination of the drop, verticality 

of the syringe needle and volumetric calibration. The calibration was confirmed by 

measurement of the surface tension of water. A surface tension of Milli-Q water 

was measured as 72±1 mN/m to ensure that the calibrations were properly 

conducted and reliability of further measurement. The setting for sinusoidal 

oscillation was amplitude 4mm2, period 3 seconds with 6 active cycles and 8 blank 

cycles. The temperature of cuvette containing sample was kept at 25 oC using water 

bath. Each measurement started after discharging two drops of sample. All the 

measurements were performed in duplicated, and a new sample was injected into 

the syringe every time a new measurement was made, even for the same 

concentration, to avoid sedimentation of isohumulone. The surface tension and 

dilational modulus were calculated from active cycle (with large increment, 10000) 

in order to exclude noise from blank cycle. Detailed descriptions on measurement 

set-up are given below with Figure 9. 

 
Figure 9. Schematic set-up for (a) single or simultaneous mixture and (b) sequential mixture 

Single component and simultaneous mixture 

An isohumulone sample (prepared from the Polaris hop), 4000 mg/L was diluted 

with pH 4 acetate buffer to 10, 25, 50, 75 and 100 mg/L. A protein sample (prepared 

from the pale ale malt), 0.6 % (w/w) was diluted to 0.1, 0.3 and 0.5%. For the 

simultaneous mixture, 0.3% proteins with varied isohumulone concentration was 

measured (Table 1). Every sample was mixed with a vortex for 30 seconds and the 
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density was measured. Straight needle was used for pendant method with 2.5 ml 

micro syringe. The syringe was attached to the equipment and the needle tip was 

placed inside cuvette to reduce the influence of the air flow. The initial droplet 

volume was 8 µl. It was measured/observed for 50 minutes. The last ten cycles were 

chosen for calculating surface tension and dilational modulus and the average was 

used for data analysis.  

 

Table 1. Concentrations of pre-mixed protein and iso-alpha acid sample for simultaneous 

adsorption measurement with drop tensiometer 

Protein (%) Isohumulone (mg/L) 

0.3 0 

0.3 10 

0.3 25 

0.3 50 

0.3 75 

0.3 100 

Sequential mixture 

For the sequential mixture, cuvette was filled with 5 ml of 0.3% protein sample. The 

same but empty syringe connected to j-shaped needle was hanging to the equipment 

and immersed in protein solution. A bubble, 3.5 µl in volume was created and 

measurement had started from protein solution. After 10 minutes elapsed from 

measuring protein sample, 20 µl of Isohumulones (4000 mg/L) was added to the 

bottom of the cuvette using 100 µl micro syringe to prevent forming aggregate on 

top. The mixture of proteins and isohumulones was stirred and homogenized below 

the needle using magnetic stirring bar with moderate stirring speed. The addition of 

isohumulone was repeated every 10 minutes until the bulk concentration of 

isohumulone reached around 100 mg/L. The bulk concentration was calculated as 

Table 2. The first cycle and active cycle around every 100 seconds were calculated 

for surface tension and dilational modulus (data not shown). The last cycle for each 

concentration was used for data analysis. 

 

Table 2. Protein and isohumulone concentrations of sequential mixture for drop tensiometer 

Proteins (%) Isohumulones (mg/L) 

0.3 0 

0.3 16 

0.3 32 

0.3 47 

0.3 63 
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0.3 78 

0.3 94 

3.2.2 Observation by BAM 

Procedure before observation 

A calibration scale was utilized for focusing check. A filter paper was placed on a 

stand and height was adjusted to find the right image. A knob for focusing was 

changed to be focused on middle point of image with calibration scale. The polarizer 

and analyzer were adjusted by manually and “Measure in ROI” function, which 

optimizes the setting of polarizer and analyzer towards minimum light intensity was 

performed (Figure 10). 

   
  (a)                   (b) 

Figure 10. An image of software programme “Multi” for Brewster angle microscopy. The 

alignment of polarizer and analyzer needed to be optimized for every sample. The incident 

angle (Phi) of laser is always set as 53o. Two graphs on the right in the programme show 

intensity of light versus the angles for polarizer and analyzer. (a) The setting was optimized 

for middle focusing with calibration scale (b)The setting was optimized for MiliQ water and 

it gave totally black image. 

 

A glass pillar, black glass and petri dish were immersed in diluted Hellmanex 

(a strong alkaline detergent provided by Hellma Analytics, Müllheim, Germany) 

and washed out thoroughly with MiliQ water more than 15 times. They were placed 

on a stand as Figure 11-a. 40 ml of MiliQ water was poured onto the petri dish to 

ensure that the water level was more than 3 mm. To keep the same liquid level, that 

point was marked. The height of stand was adjusted to find the right condition for 

Brewster angle at air-water interfaces. A clean pipette attached to the water jet 

vacuum pump was used to remove impurities on the surface. The cleaning 

procedure was repeated until the surface had almost nothing (Figure 11-b). 
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(a)   (b)  

Figure 11. (a) Apparatus for Brewster angle microscopy. A glass pillar helped to add sample 

gently to the surface. A black glass with slope was used to inhibit reflection from the glass 

material. (b) Cleaned surface of MiliQ water without optimization of light setting. This 

interference ring shape can be seen in all the images. This was not able to control, and it 

should be considered as optical phenomenon, not as difference in thickness. 

Observation of adsorbed layer 

 

Isohumulone adsorbed layer 

Isohumulone, 1000 mg/L was subjected under observation with no further addition 

of other sample. 

 

Sequential adsorption layer 

0.3% protein solution was used as subphase it was poured onto the petri-dish using 

measuring cylinder and observation continued for 10 minutes. Isohumulone sample, 

1000 mg/L was added gradually from 50 to 300 µl. The concentration was 

calculated as Table 3. 

 

Table 3. Summary of sequential adsorption layer and calculated concentration. 

Subphase 

0.3% protein 

Concentration 

(mg/L) volume (ul) 

Surface 

concentration  

(mg/m2)1 

Bulk  

concentration 

(mg/L)2 

Sample 

Isohumulone 
1000 

50 7 1 

100 14 2 

150 21 4 

200 28 5 

250 35 6 

300 41 7 

1. Assuming that all material is distributed at the surface of the petri-dish. 

2. Assuming that all material is distributed in the bulk of the liquid in the petri-dish 
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Simultaneous adsorption layer 

pH 4 acetate buffer was used as subphase and protein/isohumulone mixture was 

added to the surface from 200 to 1000ul. The concentration was calculated as Table 

4. 

 

Table 4. Summary of simultaneous adsorption layer and concentration calculation. 

3.  Assuming that all material is distributed at the surface of the petri-dish. 

4. Assuming that all material is distributed in the bulk of the liquid in the petri-dish 

 

 

 

 

 

 

Subphase 

pH 4 buffer Concentration  

volume 

(ul) 

Protein 

concentration 

Isohumulone 

concentration 

Surface3 

(mg/m2) 

Bulk4 

(%) 

Surface3 

(mg/m2) 

Bulk4 

(mg/L) 

Mixture of 

protein and 

isohumulone 

Protein (%) 200 58 0.001 16 3 

0.21 400 116 0.002 32 6 

Isohumulone 

(mg/L) 

600 174 0.003 47 8 

800 232 0.004 63 11 

571 1000 290 0.005 79 14 
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4.  Results and Discussion 

 Surface tension and dilational modulus 

 
Figure 12. Surface tension of isohumulone in buffer solution (blue square), mixed sample of 

0.3% protein and isohumulone in a simultaneous (red circle) and sequential way (black 

triangle). The lines between data were given as guideline for eyes. The gray dotted line was 

the surface tension of 0.3% protein and it was displayed for comparison. The measurement 

was duplicated, and the standard deviation of the data is presented with error bars. 

 

The surface tension of each sample as a function of isohumulone and addition order 

is shown in Figure 12. The isohumulone shows surface activity and reduces the 

surface tension to about 40 mN/m at 50 mg/L. Also, the heat resistant water-soluble 

barley proteins [HRSBP] display surface activity and decrease the surface tension 

to 40 mN/m at 0.3 % protein. The surface tension in the presence of both 

isohumulones and proteins depends on the way of addition.  

Sequential addition of isohumulone to a protein solution with a stabilized air-

water interfaces exhibits a synergistic reduction of the surface tension above 50 

mg/L of isohumulone concentration. However, the mixture of isohumulones and 

proteins allowed to equilibrate before the interface is formed shows a synergistic 

reduction of the surface tension at 10 mg/L of isohumulone concentration. 
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Figure 13. Dilational modulus of isohumulone (blue square), mixed sample of 0.3% protein 

and isohumulone in a simultaneous (red circle) and sequential way (black triangle). The lines 

between data were given as guideline for eyes. The gray dotted line was the dilational 

modulus of 0.3% protein and it was displayed for comparison. The measurement was 

duplicated, and the standard deviation of the data is presented with error bars. Simultaneous 

and sequential mixture had different moduli at 0 mg/L isohumulone which means containing 

only protein sample. This was because the time duration for the experiment was not the same 

(Simultaneous; 50 minutes and Sequential; 10 minutes). It was hard to prolong measurement 

time for sequential adsorption since a bubble hanging to the needle was easy to be released. 

However, overall trend of results did not change even though the measurement time of all 

the data was changed into 10 minutes. Hence, isohumulone containing samples were not 

influence above 25mg/L and protein line would be decreased to 25 mN/m. Thus, the data 

were not modified regarding measurement time.  

 

The dilational modulus of each sample as a function of isohumulone and 

addition order is shown in Figure 13.The dilational modulus of isohumulone in the 

buffer solution increased continuously and reached 20mN/m at concentration 

100mg/L. 0.3% protein reached 30mN/m which was even higher than that of 

isohumulone at quite high concentration. For sequentially added samples, the 

modulus decreased by little to 17mN/m by the addition of isohumulone and 

increased up to 30mN/m with more isohumulones. However, the modulus of pre-

mixed sample went up to 50mN/m with rather small amount of isohumulone. It was 

noticeable that there was huge gap in modulus between simultaneously and 

sequentially prepared samples.  
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Pre-mixed sample was more effective in lowering surface tension compared to 

sequentially added sample and the modulus of pre-mixed one was exceptionally 

high compared to any other samples. Thus, a possible explanation for simultaneous 

sample was that beer protein-isohumulone complex was formed when they were 

mixed, and it is more surface active and changes into more rigid structure. It was 

suggested that interfacial dilational modulus is more affected by the adsorbed 

molecular structure than the adsorbed amount (Cascão Pereira et al., 2003). Indeed, 

there was a conformational change of LTP induced by formation of protein-hop 

acids complex although it was limited to a small change considering a significant 

amount of hop acids (24 molecules for a protein) bound to it (Euston et al., 2008). 

There is another contribution to the high modulus of adsorbed proteins that is 

interprotein network arising from their conformational rearrangement or unfolding 

at the air-water interface (Cascão Pereira et al., 2003). However, this does not play 

an important role in beer sample. The reason is that the protein-hop acids complex 

showed little conformational change at air-water interface as mentioned earlier. 

Instead, isohumulones enhance the rigidity of the protein network by cross-linking 

or cementing proteins in the adsorbed layers (Bamforth and Kanauchi, 2003; Euston 

et al., 2008). 

The tension and modulus of sequential mixture differed from those of 

simultaneous one, but they were somewhat correlated with data from isohumulone.  

The surface tension of isohumulone was decreased greatly at the concentration of 

50mg/L and it was not changed by further addition of isohumulones up to 250 mg/L 

(data not shown). Above that concentration, the surface tension was retained which 

means the surface was fully saturated with isohumulones. For the modulus of 

isohumulone, it also increased drastically at 50mg/L and kept increasing gradually 

up to 28 mN/m at 250 mg/L (data not shown). Therefore, it was concluded that the 

isohumulones formed multilayer above a certain point as they were kept 

accumulating at the air-water interface providing continuous increase of dilational 

modulus. This result was in agreement with the continuous adsorption of 

isohumulones at hydrophobized solid-aqueous interfaces confirmed by ellipsometry 

performed by Yi Lu.  

The surface tension and dilational modulus of sequential mixture slightly 

changed when there was not enough isohumulone (below 60 mg/L) and they were 

similar to the value of protein adsorbed layer from the beginning (0 mg/L). Above 

60 mg/L of isohumulones, both properties demonstrated greater changes and were 

enhanced in terms of foam-positive effect compared to those of individual 

components. Consequently, it seemed that the sequentially adsorbed layers were 

dominated by proteins at first and by protein-isohumulone complex at the end.  
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Shallow minima of dilational modulus between 30 to 50 mg/L can be interpreted as 

disturbance of adsorbed protein layers caused by adding isohumulones. This 

behaviour can be explained as orogenic displacement which shows displacement of 

adsorbed protein layer at the air-water interface by increasing surfactant 

concentration (Morris and Groves, 2013). This interpretation is probable but there 

is no direct data showing any structural change of the adsorbed layers. Thus, these 

data need to be combined with BAM images of adsorbed layers at the air-water 

interfaces. 

 BAM image 

All the BAM images were qualitatively analysed by comparing with BAM images 

from other literatures. This is because no other complementary equipment such as 

Langmuir trough was used to obtain monolayer isotherm. However, it was claimed 

that experiments conducted with the density change of surfactant by consecutive 

addition at interfaces were more reproducible and reliable than using mechanical 

apparatus allowing compression and expansion of adsorbed film (Moore et al., 

1986). The mobility of domains on the adsorbed layer was calculated based on the 

processed images over a short period of time using a function (image calculator) 

from a software, Image J. A certain condition from each system was chosen which 

had domains that can be tracked. The mobility of different system is presented in 

Figure 17. 

4.3.1 Isohumulone adsorbed layer 

There were variety of adsorbed structures with the addition of isohumulone by 

spreading over the air-water interfaces of the buffer surface. Isohumulone was 

readily adsorbed at the interfaces and showed these structures immediately. All 

these structures were distributed over the whole surface and existed at the same 

time. The surface appeared fluid-like and observed objects were moving over the 

surface. The structures of isohumulone adsorbed layers are shown in Figure 14. The 

adsorbed layer was highly heterogeneous.  
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Figure 14. BAM image of Isohumulone adsorption layer. (a) Large bright domains with dark 

holes, (b) Large bright domains with dark holes and dispersed bright circular domains, (c) 

Small circular domains with dark holes, (d) 2D foam-like circular domain, (e) Large 2D 

foam-like domain, (f) Highly condensed small circular domains with small 2D foam-like 

domain (white arrow), (g and h) Highly bright circular and irregular domains and (i) regions 

with less domains. All images are 100 µm× 75 µm. The images provided are chosen from 

over 1000 taken of the same surface and are intended to represent what was observed. The 

images were compared with other BAM images and they are presented in Appendices 1 to 6.  

4.3.2 Sequential adsorption layer 

0.3% protein solution was allowed to adsorb at the interfaces and 1000 mg/L of 

isohumulone was gradually spread over the surface and remained for adsorption as 

well (1 to 7 mg/L calculated as bulk concentration). The BAM images of sequential 

addition of isohumulones onto protein adsorbed layer are presented in Figure 15. 

The adsorbed layer appeared firm as it was hardly moving at all and mostly the same 

stripes were seen out of entire surface of petri dish (Figure 15-f to l). Therefore, 

when the bulk concentration of isohumulone reached 7 mg/L, the structure of 

adsorbed layer was checked at different observation point by moving petri dish very 

gently and other structures can be seen (Figure 15-m to s).  

 

(a)  (b)  (c)   

(d)  (e)  (f)  

(g)  (h)  (i)  
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  Composition 

0.3 % protein subphase + 2 mg/L isohumulone  

(a)

 

(b)

 

(c)

 
+ 4 mg/L isohumulone  + 5 mg/L isohumulone 

(d)

 

(e)

 

(f)

 
+ 6 mg/L isohumulone 

(g)

 

(h)

 

(i)

 
+ 7 mg/L isohumulone 

(j)

 

(k)

 

(l)

 
(m)

 

(o)

 

(p) 
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(q)

 

(r)  

 

(s)

 
Figure 15. BAM images of sequential adsorption layer. (a) dark circular domains and bright 

irregular domains, (b) grouping of circular domains in rows, (c and d) bright irregular 

domains, (e) bands with different brightness, (f to l) stripes with or without bright circular 

domains, (m and o) large bright island with bright circular and irregular domains, (p and q) 

mixed regions with different brightness and bright circular domains and (r and s) large dark 

domains with or without bright circular domains. All images are 100 µm× 75 µm. The images 

provided are chosen from over 300 taken of the same surface and are intended to represent 

what was observed. The images were compared with other BAM images and they were 

presented in Appendices 7 to 13. 

4.3.3 Simultaneous adsorption layer 

0.6 % Proteins and 1000 mg/L isohumulone solution were mixed and allowed to 

equilibrate. This mixture was spread over the surface of the buffer subphase. The 

structure of simultaneous adsorption layer of proteins and isohumulones are 

presented in Figure 16. As more sample was added, the more circular domains were 

observed. 

 

Composition 

0.001 % proteins +  

3 mg/L isohumulones 

0.002 % proteins + 6 mg/L isohumulones 

(a) 

 

(c) 

 

(d) 
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(b)

 

(e)

 

(f) 

 
0.003 % proteins + 

8 mg/L isohumulones 

0.004 % proteins + 

11 mg/L isohumulones 

(g) 

 

(h) 

 

(i) 

 
0.005 % proteins + 14 mg/L isohumulones 

(j) 

 

(k) 

 

(l) 

 
Figure 16. BAM image of simultaneous adsorption layer. All the images possessed circular 

domains. (a) circular and bright irregular domains, (b) cluster of circular domains, (c and 

d) densely packed circular domains and bright irregular domains, (e) grouping of circular 

domains in rows, (f) large cluster of circular domains and frontier between two different 

regions, (g and h) dark regions with or without bright spot, (i) bright region, (j) grey region, 

(k) highly condensed circular domains and (l) frontier between two different regions and 

bright circular domain. All images are 100 µm× 75 µm. The images provided are chosen 

from over 500 taken of the same surface and are intended to represent what was observed. 

 

The adsorbed layer of each system was clearly distinct from each other.  

 

The layers appeared semi-fluid. Hence, a tentative evaluation of the mobility 

of domains was made and it can be seen in Figure 17. From the results, it is clear 

that the obtained fluidity varies significantly over time. The mobility of domains of 

all the system was rather similar at the beginning after 1 minute had passed. 

Domains of the isohumulone adsorbed layer continued to move fast regardless of 
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time. However, the mobility of domains drastically slowed down by factor of 10 in 

sequential adsorption after 16 minutes compared to that of 1 minute. The mobility 

of domains decreased after 20 minutes passed in simultaneous adsorption. Thus, the 

isohumulone adsorbed layer was highly movable independent of time passed. 

Adsorbed layer of sequential mixture was extremely firm after 16 minutes had 

passed and hardly moved. The adsorbed layer formed in a simultaneous way became 

stabilized after 20 minutes passed and the mobility decreased slightly. 

 
Time 

(min) 
Image 1 Image 2 Processed image Rate 

(μm/s) Isohumulone 1000 mg/L 
t=1 

   

4.0 

t=20 

   

6.9 

 Sequential 0.3 % protein + 7 mg/L isohumulone 
t=1 

   

4.5 

t=16 

   

0.4 

 Simultaneous 0.001 % protein + 3 mg/L isohumulone 
t=1 

   

5.5 
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t=20 

   

2.0 

Figure 17. BAM image analysis regarding the rate of domains at different conditions such 

as isohumulone, sequential and simultaneous mixture. A specific domain was chosen and 

tracked to calculate the rate of it at the interface. All images are 100 µm× 75 µm. 

 

Figure 14-a obtained from pure isohumulone shows large liquid condensed (C) 

domains (bright domains) with dispersed gas (G) or liquid expanded (LE) phases 

(dark holes). In Figure 14-b, it shows similar structure to Figure 14-a but it holds 

much larger dispersed G or LE phases containing small C domains. Figure 14-c and 

d display increased number of dispersed G or LE phases in circular C domains. 

These dispersed G or LE phases in Figure 14-d seem much bigger and the areas or 

lines between the holes (C phase) are smaller or thinner. This presents 2D foam-like 

structure [Appendix 1 to 5]. The foam-like structure is spread over a large area and 

the shape of dispersed G or LE phases is irregular rather than circular. In Figure 14-

f, it demonstrates highly condensed small circular C domains with small foam-like 

domain. This is regarded as under the phase transition from the C to the LE phase. 

In this situation, the network structure “melted away” within a few minutes (Hönig, 

Overbeck and Mobius, 1992). Figure 14-g and h exhibit aggregates of isohumulones 

because they give much brighter and larger domains compared to C domains. Hop 

acids are able to associate themselves and form aggregates (Figure 4-a). Hence, the 

BAM image of these structures are very similar to that of a non-conventional 

surfactant, which is macrocyclic surfactant, para-tert-butylcalix[6]arene (Calix6) 

(de Lara et al, 2016). It was suggested that Calix6 aggregates as dimer at the air-

water interfaces [Appendix 6]. Figure 14-i shows G or LE phase with some C 

domains and aggregates. These images can be further divided into a network 

consisted of C domain and G or LE phases (Figure 14-a to f), isohumulone 

aggregates (Figure 14-g and h) and G or LE phases with C domains and aggregates 

(Figure 14-i). 2D foam structure is ubiquitous in monolayer either as G/LE 

coexistence or reverse LE/LC phase transition. The images (Figure 14-a to f) seem 

to be the latter one because the bulk concentration of isohumulone is fairly high, 

1000 mg/L. Consequently, the morphology of isohumulone adsorbed layer is highly 

heterogeneous and this may be because of its tendency to self-association causing 

formation of isohumulone aggregates. 
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The adsorbed layer of beer proteins showed circular domains when there was 

no or little isohumulone (Figure 15-a) [Appendix 7 to 9]. When more isohumulones 

were added, grouping of circular domains can be seen which implies structural 

changes or rearrange of adsorbed proteins (Figure 15-b) [Appendix 9]. More 

pronounced changes can be seen such as bands with different brightness and stripes 

with some bright aggregates, indicating coexistence of phases or phase transition 

(Figure 15-e to l) [Appendix 7, 9, 10 and 11]. Other structures were observed at 

different observation point such as collapsed protein island (Figure 15-m and o) 

[Appendix 7, 8, 10 and 12], bright protein-rich region and dark isohumulone-rich 

region with its aggregates (Figure 15-p and q) [Appendix 10 and 11] and highly 

condensed isohumulone C domains with its aggregates (Figure 15-r and s) 

[Appendix 11]. Overall, these structures can be divided into protein-dominant 

regions (Figure 15-a to l), mixed regions of protein-rich including collapsed protein 

island and isohumulone-rich including isohumulone aggregates and C domains of 

isohumulones (Figure 15-m to s). Thus, the adsorbed layer formed in a sequential 

way displayed separate regions rich in either isohumulone or proteins. 

 

The adsorbed layer of simultaneous mixture displayed circular domains in all 

the images. At low concentration, circular domains were distributed sparsely over 

the surface (Figure 16-a and b). As the concentration of the sample increased, the 

number of circular domains increased and the domain shape changed from sparsely 

distributed circular domains to hexagonal lattice phase. As the size of domain 

increases, it becomes unstable and is subjected to the transition to an ellipse and 

further to the stripes. The hexagonal and stripes phases are able to coexist 

(McConnell, 1991). Thus, simultaneous adsorption forms an adsorbed layer mainly 

consists of two different phases, which are dispersed circular domains and a 

continuous phase.  
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5.  Discussion 

The surface rheology by the tensiometric experiments shows that both the beer 

protein fractions and the isohumulone fractions are surface active. The mixture of 

isohumulones and beer proteins exhibit synergistic effects on interfacial rheology. 

However, rheological properties were influence by the sequence of addition and the 

concentration of isohumulones.  

BAM images of isohumulones and mixtures display clearly different structures 

from each other. The adsorbed layer with isohumulones is fluid-like and with 

mixture is rather solid-like. The sequentially adsorbed layer has less mobility over 

time compared to the simultaneously adsorbed one. It seems contradictory to the 

results from tensiometry. However, the obtained mobility does not represent the 

properties of a certain system and the concentration should be also considered. This 

is because the condition of mobility in sequential adsorption is in the range of 

protein-rich region, containing 0.3 % proteins and in simultaneous adsorption, it has 

further lower concentration of proteins and higher amount of isohumulones, 0.001 

% and 3 mg/L.  

 

The different dilational modulus of the different surface layers can partly be 

understood from the Takayanagi theory of mechanical properties of dispersions, 

Figure 18 (Quiroga and Bergenståhl, 2008).  
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Figure 18. Takayanagi theory of mechanical properties of dispersions. Depending on if the 

continuous phase is firm or soft, the properties of the dispersion will follow different curves.  

If the continuous material is the firm component of the dispersion the mechanical properties 

will follow the isostrain curve (both the soft and the firm objects are deformed equally). If 

the continuous material is the soft component of the dispersion the mechanical properties 

will follow the isostress curve (both the soft and the firm objects are exposed to equal stress).  

 

A single component surface layer is expected to pass through a sequence of 

phase transitions when the concentration at the surface is gradually increased. See 

Figure 6. Two components, isohumulones and beer proteins, were evenly 

distributed over the surface in simultaneous adsorption with a few isolations of 

proteins or isohumulones. The sequentially adsorbed layer displayed a variety of 

separated domains such as isohumulone-rich regions and protein-rich regions. 
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6.  Conclusion 

Both the soluble protein fraction in beer and the isohumulone display surface 

activity and contribute to the formation of the air water interfacial layer. 

 

The properties of the surface film depends on the composition and of the 

addition sequence of the components. If added together as a pre-mixed solution the 

components form a firm surface layer. The surface layers display partial lateral 

phase separation. However, the continuous layer is firm, thus, most likely consisting 

of proteins or complexes of proteins and isohumulone. 

 

If isohumulone is added to a protein surface, the dilatational data suggests that 

a partial depletion of protein can be obtained with reduced firmness. However, this 

effect may depend on time and concentrations.   
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8.  Appendices 

 
[Appendix 1] Pentadecanoic Acid monolayer visualized by BAM. Left: A network 

structure was formed with small holes and this seems to be comparable to the foam 

structure which can be observed in the gas/LE coexistence region Right: This 

network structure was observed below the surface pressure of phase transition from 

C state to LE, and it melted away in a few minutes (Hönig, Overbeck and Möbius, 

1992) 

  

 
[Appendix 2] BAM image of a liquid-gas phase transition for a film of cryptophane 

3. The dark domains correspond to water or to a gas phase, the gray areas seem to 

be a liquid phase. The 2D-foam formation was observed (Gambut et al., 1996). 

 



33 

 

 
[Appendix 3] Epifluorescence microscope images of 2D-foam structure from 

prepared phospholipids monolayers extracted from bovine milk at different 

processing stage, raw cream (RC), processed milk (PM) and raw milk (RM). A 

gaseous phase is dark due to the low density of phospholipids regardless of labelling 

(Gallier et al., 2010). 

 

 
[Appendix 4] BAM image taken from a 2 mmol N-n-alkyl-4’-(dimethylamino)-

stilbazium bromides (HC7) solution. The inhomogeneities in the form of 2D-foams 

at the air-water interface. This is because of the solubility limit in this solution. 

(Andersen, 2005). 

 

 
[Appendix 5] Images of a myristic acid monolayer obtained by fluorescence 

microscopy. Gaseous phase is immersed in a liquid expanded phase a) wet foams, 

b) and c) dry foams obtained by expansion (Heinig, 2003).  
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[Appendix 6] BAM images of para-tert-butylcalix[6]arene (Calix6) films at 

different surface pressures. Image size: 460 mm width (Markowitz, Bielski and 

Regen, 1989).  

[Appendix 7] BAM images of apolipoproteins AII monolayer. Left: Just before 

LE/C transition, middle: LE/C coexistence and right: collapsed monolayer 

(Bolaños-García et al., 2001)  

 

 
[Appendix 8] BAM images of pure protein (left) and protein and surfactant mixed 

film (right). Left: a homogeneous G or LE structure at all the surface pressure. 
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Right: the islands of collapsed protein in the mixed film at a high surface pressure 

(Rodrı́guez Patino, Rodrı́guez Niño and Sánchez, 2003). 

[Appendix 9] BAM images of human serum albumin (HSA) at different surface 

pressure. The scale bar is 20 µm. A: very small bright circular domains begin to be 

formed at low surface pressure when compressed. B: They grow in number because 

of the compression. C: The circular domains are grouping in rows when the 

monolayer becomes close to the coiled state (“loops”). D and E: The domains merge 

together to create thick bright fringes, which are attributed to the packing of the 

“loops”, along the pseudoplateu of monolayer isotherm (Toimil et al, 2012).  
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[Appendix 10] BAM images of pure 1,2-dipalmitoyl-sn-glycero-3-phosphocholine 

(DPPC) and of HSA/DPPC mixture monolayer with different fraction of DPPC at 

different surface pressure. Zone A: G/LE phase transition of lipids; Zone B: between 

the LE/C phase transition of DPPC monolayer and the formation of protein “loops” 

at the interface; Zone C: the exclusion of proteins; Zone D: the collapse of 

monolayer. Image 1B: a homogeneous protein monolayer in the unfolded state; 2B; 

“bands” of different reflectivity when the protein changes into “loops” 

conformation at the interface; 1C and 3C: thick fringes because of protein packed 

“loops” separated from homogeneous C phase of lipid monolayer (immiscibility) ; 

2C and 2D: large domains of collapsed protein, which is separated by lipid 

condensed state (Toimil et al, 2012). 

 

[Appendix 11] BAM images of DPPC/b-casein mixture monolayer at surface 

pressure below that for b-casein collapse. These BAM images display two distinct 

regions (a homogeneous bright region – protein and irregular liquid condensed 

domains – lipid). A1 and B1: both regions are miscible at pH 5 and 7 each; C1: Two 

regions are clearly separated and immiscible (Caro et al., 2005). 

 

[Appendix 12] BAM images of monopalmitin/whey protein isolate (WPI) mixture 

monolayer. A Collapsed WPI region at highest pressure. The images are 630 µm× 

470 µm (Rodríguez Patino et al., 2001). 


