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Integration of Arthrospira
platensis (spirulina) into the
brewing process to develop new
beers with unique sensory
properties

Nino Beisler and Michael Sandmann*

University of Applied Sciences Neubrandenburg, Neubrandenburg, Germany

Microalgae, and particularly the cyanobacterium Arthrospira platensis

(spirulina), have attracted much attention due to their wide range of uses.

The potential use of spirulina in food is mainly driven by its high content

of macro and micronutrients including proteins, γ-linolenic acid, sulfated

polysaccharides, minerals, vitamins, and the natural pigment phycocyanin.

Despite these potential benefits, spirulina is still not widely used in the food

industry due to numerous technological challenges during manufacturing

or specific sensory issues in the final product. This research deals with the

feasibility of integrating spirulina into the brewing process to create a tasty

beer with high consumer acceptance. In the novel recipes, 5% (w/w) of the

malt was replaced by spirulina powder. The first part of the study investigated

inclusion at di�erent time points throughout manufacturing of a reference

beer style (mild pale ale). Compared to the control, alcoholic fermentation

was slightly influenced by cyanobacterial biomass but resulted in a beer with a

typical beer-like character. Sensory evaluations including a simple descriptive

test, a popularity analysis, and Just-About-Right-Questions, indicated a

complex alteration in the sensory properties. This includes a dominant algal

taste that disturbs the character of the pale ale beers but also a deep blue color

of the beer, if spirulina was included during the wort cooling phase. Based on

these results, another set of beers with a higher original extract concentration

and increased hop dosages was produced. These beers had a high popularity

(6.0 original TESTSCORE; 7.12 and 6.64 optimized TESTSCORE), and also

exhibited a deep blue color due to the natural pigment phycocyanin from

spirulina. Further, bitterness and algal taste was rated by most of the panelists

to be “just right” and the simple descriptive test indicated “sweetness” as

important attribute which was not expected for this hoppy beer style.
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Introduction

Microalgae and cyanobacteria are ubiquitous aquatic

microorganisms, that grow in lakes, oceans, and even

wastewater. They can cope with unfavorable environmental

conditions such as high temperatures, high light intensities,

or nutrient depletion (Khan et al., 2018). The resultant stress

response usually leads to a concerted alteration of the algal

cell physiology and biomass composition, which is often

intended in biotechnological applications, such as creation of

renewable energy, sustainable food, and bioactive ingredients

(Sandmann et al., 2018, 2021; Arun et al., 2020; Levasseur et al.,

2020). The worldwide phototrophic production of microalgal

biomass in 2021 was around 50,000 tons, with demand

increasing (Verdelho et al., 2022). A broad overview of the

algae production industry in Europe was recently presented by

Araújo et al. (2021). The cyanobacterium Arthrospira platensis

(commercially known as spirulina) is consumed and processed

as human food. With up to 70% protein based on dry weight,

it is known as valuable source of microbial protein and also

includes minerals, γ-linolenic acid, and vitamins (Niccolai et al.,

2020). Spirulina is classified by the FDA as GRAS [Generally

Recognized As Safe (FDA, 2018)] and is authorized as a

food for the European Union market (Niccolai et al., 2019).

Additionally, cyanobacteria produce different biologically active

substances. Spirulina is known to synthetize a complex sulfated

polysaccharide, for example, that exhibits antiviral activity

against enveloped viruses (Lee et al., 2001, 2007; Rechter et al.,

2006). Another industrial application of spirulina biomass is

derived from its intrinsic light harvesting protein complexes

including the protein phycocyanin. Extracted phycocyanin

exhibits a brilliant blue color and can be used as a fluorescent

label in biomedical research or a natural food dye, for example

(Eriksen, 2008; Manirafasha et al., 2016). Phycocyanin also

exhibits a high antioxidant capacity, which seems to be

beneficial in oxidative stress-induced diseases and inflammatory

processes. These are major reasons for its common use as a

nutraceutical (Fernández-Rojas et al., 2014; Chentir et al., 2018).

Spirulina biomass is also increasingly incorporated as a food

ingredient in some products. This includes bakery products

(Batista et al., 2019), gluten-free pasta (Fradinho et al., 2020),

soft drinks, yogurt, and candies (Christaki et al., 2011; Niccolai

et al., 2019). Different authors have investigated the effect of

incorporated spirulina biomass on the fermentation process

based on lactic acid bacteria and the storage behavior of the

resultant products. Examples include yogurt, cheese, fermented

milk, and soybean drinks (Mazinani et al., 2016; Yamaguchi

et al., 2019; Martelli et al., 2020b; Niccolai et al., 2020). Despite

the clear potential of including spirulina as a food ingredient

to generate new products with higher nutritional quality for

athletes and the elderly (Lafarga, 2019), different obstacles

can arise. First, the level of spirulina included in most of the

products on the market is very low, ranging typically from

0.25 to 2% (Barkallah et al., 2017; Lafarga, 2019; Francezon

et al., 2021). One major reason for this is a complex change in

the sensory properties of common products after inclusion of

spirulina. This may include major changes in color and odor

which ultimately results in low consumer acceptance (Lafarga,

2019; Francezon et al., 2021). Other unfavorable factors may

also develop, such as an increased sensitivity of the product

to oxygen or a need to modify manufacturing technologies

(Lafarga, 2019; Francezon et al., 2021). Microalgae and spirulina

are also known to contain compounds with antimicrobial

properties (El-Sheekh et al., 2014; Martelli et al., 2020a; Hensel

et al., 2021; Tavakoli et al., 2021). This potentially interferes

with typical processing steps in food technology that are based

on fermentation and thus intended microbial growth processes

(Ozdemir et al., 2004; Abedin and Taha, 2008; Niccolai et al.,

2020).

One of these industrially important fermentation-driven

processes is the brewing of beer. The complex process typically

begins with barley seeds being malted using a process that

involves controlled partial germination (Stewart, 2013). Malting

facilitates the de novo synthesis and activation of intrinsic

enzymes in the barley seeds needed for enzymatic digestion of

storage compounds during germination. The malt is then milled

and mixed with water in a process called mashing. Mashing can

be described as enzymatic digestion of high-molecular weight

storage compounds from the malt to generate soluble sugars,

amino acids, and short peptides that act as resources for yeast

growth (Stewart, 2013; Kerr et al., 2021). A typical mashing

process consist of a defined temperature profile usually with

several temperature stages (Kerr et al., 2021). The product of

mashing is called wort, which corresponds to the soluble fraction

of the mash. Wort is finally boiled with hops to introduce

aromatic flavors and bitterness, stop enzymatic activity, and for

sterilization (Barth, 2013; Stewart, 2013). Fermentation is then

started by introducing yeast into the cooled wort (Figure 1).

Yeast cells then consume sugars, peptides, and amino acids,

while producing carbon dioxide, ethanol, and flavor compounds

such as higher alcohols and esters.

The aim of this study was to investigate the suitability of A.

platensis biomass as a substrate for yeast-driven fermentation

during the process of beer brewing to create a beer with high

consumer acceptance. This includes identification of possible

adverse effects that might alter the fermentation process itself

or the product properties of the final beer. Analyses based

on physicochemical characterization and sensory evaluations of

the brewed beers were performed. Phycocyanin was used as a

lead substance to monitor possible influences of the microbial

biomass on beer color. To the best of our knowledge, no work

has been published to date investigating the possible influences

of spirulina biomass on the beer brewing process, including any

necessary technological optimization to manage altered sensory
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FIGURE 1

Process scheme. (A) Addition of spirulina biomass in the reference recipe (mild pale ale). (B) Further product optimization within India pale ale

brew style.

properties of the final product. This also holds true for the three

commercial algal beers that were identified (Table 1).

Materials and methods

Recipes

Six different top-fermented beers were brewed. The first

four beers (brew 1 to brew 4) were based on a mild pale ale

(intended original extract: 12◦P, bitterness: 33 IBU). Brew 1

represents the control, with no spirulina biomass. The recipe

for the control consists of 20 L main cast with 4.74 kg “Pilsner

malt” (Weyermann GmbH & Co. KG, Bamberg, Germany).

Three different hops varieties (type 90 pellets) were used and

dosed at different time points during boiling: “Hallertau Blanc”

(α-acids: 8.8%, 20 g at the start of boiling), “Amarillo” (α-

acids: 9.4%, 10 g after 35min of boiling), and “Relax” (α-

acids: 0.8%, 8 g after 50min of boiling). The type of hops in

brews 1–4 have been chosen to create a slightly aromatic mild

pale ale as starting point for the evaluation of the influence

of spirulina. All hops were purchased from the online shop

Hopfen der Welt (Ellingen, Germany). In brews 2–4, 5%

(w/w) of the malt was replaced by spirulina powder (organic

spirulina powder, MySuperfoods, Kent, England). The recipe

thus consists of 20 L main cast with 4.503 kg “Pilsner malt”

and 0.237 kg spirulina powder. Spirulina powder was added

at different times in the brewing process (Figure 1): together

with the malt at the start of mashing (brew 2), with the first

hops addition (brew 3), and during wort cooling at <40◦C

(brew 4). This allows the influence of the algae powder to be

examined in all process steps and the optimal addition time to

be determined.

Based on the findings from the first four experiments,

brews 5 and 6 were produced differently. These two brews

corresponded to the characteristics of an India pale ale (IPA,

intended original extract: 13◦P, bitterness: 60 IBU). This

was intended to determine whether a more bitter and hop-

accentuated beer influences the dominant algal taste. The same

sort and quantity of malt was used for both (for 20 L main cast:

5.13 kg “Pilsner malt”) while the varieties and quantities of hops

differed. The time of additions was analogous to the first four

beers: brew 5—“El Dorado” (α-acids: 13.3%, 22 g at the start of

boiling), “Hallertauer Comet” (α-acids: 9.5%, 21 g after 35min

of boiling, 10 g after 50min of boiling); brew 6 “Magnum”

(α-acids: 12.7%, 29 g at the start of boiling), “Tradition” (α-

acids: 5.4%, 21 g after 35min of boiling, 10 g after 50min of

boiling). Additionally, whirlpool hopping was performed with

both brews: brew 5 (“Mistral”, α-acids: 5.1%, 25 g, and “Hüll

Melon” α-acids: 6.8%, 25 g,) to develop a highly fruity flavor and

brew 6 (“Relax” α-acids: 0.8%, 50 g) to develop an earthy-spicy

flavor in the beers. For brews 5 and 6, spirulina was dosed during

wort cooling identical to brew 4.

The same top-fermenting yeast “Safale US-05” (Fermentis,

Marcq-en-Barœul, France) was used in all beers (0.575 g (dry

weight)/L wort).
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TABLE 1 Specific properties of commercial algae beers.

Product name “Spirulina Bräu”a “D-AL-G”b “Real Ocean Blue”c

Further information No longer commercially available Commercially available Still in pre-commercial phase

Used algae Arthrospira platensis Chlorella vulgaris Purified phycocyanin from

Arthrospira platensis

Brewery Am Forsthaus Templin (Templin, Germany) De Koperen Kat (Delft, Netherlands) Project of the University of Applied

Science Anhalt (Köthen, Germany)

Time points of algae addition During mashing During mashing Unknown

Quantity of algae Unknown 5% (w/w) of malt Unknown

Original extract (◦P) Unknown Unknown Unknown

Alcohol content (% v/v) 4.8 5.5 4.8

Color Like a lager 8.0 EBC (like a wheat beer) Greenish-blue, bluish foam

Sensory properties Unknown Fresh and salty, light tingle on the tongue Off-dry, slight like a typical pale

ale/pilsner

aBierbasis (2013).
bDekoperenkat (2020).
cRadiobrocken (2020).

An overview about raw materials utilized to produce the

beers is given in Supplementary Table S2.

Manufacturing process

A general overview of the processing steps, including

mashing, boiling, cooling, and the addition of spirulina biomass,

is shown in Figure 1. Apart from the addition of algae,

all beers were produced in the same way using the same

micro brewing plant BRAXONIA (Rosoma GmbH, Rostock,

Germany). Ground malt was mixed with distilled water in

the mash tun and heated to 50◦C (Figure 1). In case of brew

2, ground malt (4.503 kg), spirulina powder (0.237 kg) and

20 L distilled water was used. A traditional three rest mashing

scheme was used (Kühbeck et al., 2005; Back and Narziß,

2009). The first rest was at 50◦C for 10min, second started at

62◦C for 45min, and third at 72◦C for 20min. For lautering

in the lauter tun, the mash temperature was raised to 78◦C

beforehand. After the first lautering, recast water (normal tap

water with a hardness of 17◦dH) was added to reach a volume

of 23 L. 0.5 L was taken from the first wort, autoclaved at

121◦C, and used to rehydrate dry yeast after cooling to pitch

temperature. Wort was then boiled for 60min. Hops (plus

spirulina powder for brew 3) were added according to the

recipes section Recipes (see also Supplementary Table S2). The

whirlpool process was then performed. For the brewed pale

ale beers, post-isomerization time was determined as time to

transfer into the whirlpool plus the stand time within the

whirlpool (Table 2). The IPAs were brewed utilizing whirlpool

hopping (Kaltner, 2000), in these cases wort was cooled until the

temperature reached to 80◦C, then additional hops were added

(see section Recipes) and whirlpool was started afterwards. For

the IPAs, post-isomerization time is decreased because it’s just

the timespan between end of boiling until cooling to 80◦C.

During cooling of the wort to pitch temperature (20◦C), the

original extract was adjusted to 12◦P (brews 1–4) or 13◦P (brews

5–6) by dosing demineralized water. For brews 4–6, spirulina

powder was added to wort below 40◦C.

Cornelius style fermentation tanks (19 L volume, Thielmann

Ucon GmbH, Hausach, Germany), equipped with spunging

valves (KOMET, Barby + Kühner GmbH, Untersiemau,

Germany) were used for fermentation. Yeast (Safale US-05)

was added to the wort at a pitch temperature of 20◦C and

an aliquot (250mL) was taken for lab-scale fermentation done

in parallel to the actual fermentation (Thesseling et al., 2019).

This lab-scale fermentation was done during first seven days

of fermentation at 18◦C. This avoids drawing of samples from

the 19 L fermentation tank and supported microbial safety

within the tank. After transfer to the fermentation tank, yeasts

were sparged with sterile compressed air for 10min and then

fermentation was carried out for 7 days at 18◦C. After 7 days,

the green beer was filled into a new 19 L tank with removal

of sedimented trub for post-fermentation and stored at the

same temperature. After seven more days, the beer was again

transferred into new tanks with a further removal of sedimented

trub and the beer wasmatured for additional 4 weeks at 4◦C. The

whole procedure, including fermentation and maturation, took

42 days.

Analytical methods

All chemicals used were supplied by Carl Roth GmbH

(Karlsruhe, Germany) and by Merck KGaA (Darmstadt,

Germany). pH value was determined with a WTW 330i
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TABLE 2 Results of important process parameters and characteristics of the beers.

Process parameter Brew 1 Brew 2 Brew 3 Brew 4 Brew 5 Brew 6

Time point of spirulina addition (5% (w/w) of malt) - (Control) During mashing During boiling During cooling During cooling During cooling

Main cast (L) 20.0 20.0 20.0 20.0 20.0 20.0

Volume cast wort (L) 19.0 19.5 19.5 19.5 18.0 19.5

Original extract wort (◦P) 12.0 11.8 11.8 12.0 12.8 13.2

Original extract beer (◦P) 2.5 2.7 2.5 3.0 3.2 3.4

pH value wort 5.6 6.0 6.2 6.3 6.3 6.3

pH value beer 4.5 4.9 5.1 5.5 5.0 4.9

Post-isomerization time (minutes) 28.0 28.0 21.0 23.0 9.0 7.0

Calculated bitternessa (IBU) 33.4 33.4 33.4 33.4 58.9 58.8

Alcohol content (% v/v) 5.40± 0.04 4.77± 0.08* 4.65± 0.11* 5.52± 0.08 5.62± 0.13 5.62± 0.19

Total sugar content wort (g/L) 81.76± 1.07 67.20± 1.72* 73.13± 3.71* 74.79± 0.99* 81.13± 0.18** 79.78± 0.72**

Total sugar content beer (g/L) 6.85± 0.16 6.63± 0.09 6.35± 0.0* 8.41± 0.05* 9.16± 0.26** 9.28± 0.17**

FAN wort (mg/L) 192.70± 3.10 197.17± 0.21* 206.55± 1.05* 226.52± 1.05* 184.30± 2.57** 206.60± 1.07**

FAN beer (mg/L) 60.00± 1.20 51.66± 0.69* 61.56± 0.80 67.90± 1.07* 76.15± 0.85** 72.89± 2.37**

Analyses were carried out in triplicate. Mean and standard deviation are shown.
*Significant difference to reference brew 1 (α = 0.050).
**Significant difference to brew 4 (α = 0.050.
aTinseth (1995).

pH meter (Weilheim, Germany) from wort and final beer.

Original extract was determined with a beer wort spindle

(MHV Brauhaushop, Borstendorf, Germany) also from wort

and final beer. Free amino nitrogen (FAN) was quantified

with the ninhydrin method B-400.11.111 (MEBAK, 2020a).

First, a color reagent consisting of disodium hydrophosphate

dodecahydrate (100 g/L), potassium dihydrogen phosphate (60

g/L), ninhydrin (5 g/L) and D(-)-Fructose (3 g/L) was prepared.

For this, all solid materials were dissolved in bi-distilled water

and pH-value of this solution was set between 6.6 and 6.8

with sodium hydroxide (4M). Second, a solution of potassium

iodate (2 g), dissolved in bi-distilled water (600mL) and 96 %

(v/v) Ethanol (400mL) was prepared. For the analysis, 2mL

of the samples (recommendation: wort 1:100 dilution; beer

1:50 dilution with bi-distilled water) was placed in a 10mL

test tube, mixed with 1mL of color reagent solution, and

heated for 16min at 100◦C. The tubes were then cooled in

a water bath at 20◦C for 20min and finally 5mL of the

potassium iodate solution was added to the mixture. Free amino

nitrogen was determined with a UV/VIS spectral photometer

ULC 1703008 (VWR International, Leuven, Belgium) at 570 nm

after 30min. Glycine (1.072 g/L) was dissolved in bi-distilled

water. One milliliters of this solution was taken and filled

up to 100ml with bi-distilled water to create the calibration

substance (2mg amino nitrogen/L). Total sugar was estimated

using a reducing-end method based on a reaction with

dinitrosalicylic acid (DNSA) (Miller, 1959): 3,5-Dinitrosalicylic

acid (10 g/L), sodium hydroxide (10 g/L), sodium sulfite (0.5

g/L), and potassium sodium tartrate (300 g/L) were dissolved

together in bi-distilled water and then filtered to create the

final reagent solution. For the analysis, 1mL of the samples

(recommendation: wort 1:100 dilution; beer 1:50 dilution with

bi-distilled water) was placed in a 20mL test tube, mixed with

2mL of reagent solution, and heated for 15min at 100◦C.

The tubes were then cooled in a water bath at 20◦C for

20min and finally 17mL bi-distilled water was added to the

mixture. The sugar content was determined with a UV/VIS

spectral photometer ULC 1703008 (VWR International, Leuven,

Belgium) at 505 nm. D(+)-Glucose was used as calibration

substance (1 g/L). Both analytics were performed from

wort and different samples along the fermentation process

(Figure 2). Alcohol content was determined in the final

beers with distillation and pycnometric determination using

methods B-590.07.902 and B-590.10.024 (MEBAK, 2020b,c).

After degassing and setting the pH-value to 7.0 with sodium

hydroxide (2M), 100mL of the prepared sample was transferred

to the distillation apparatus and slowly heated to 90◦C. Prior, 2–

3 boiling stones and a few drops of silicone-containing defoamer

were added. The evaporated alcohol flowed into a 100mL

volumetric flask. The volumetric flask was then filled up with

bi-distilled water, tempered to 20.0◦C and the liquid transferred

to an empty pycnometer. After further incubation for 5min

at 20.0◦C, the mass of the filled pycnometer was determined,

and the “dip weight ratio” (d20/20) was calculated according to

equation (1):

d 20
20

=
m3 −m1

m2 −m1
(1)

m1 =mass of the empty pycnometer (g)
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FIGURE 2

Development of main yeast substrates during fermentation until final beer. Total sugar content (A) and free amino nitrogen (B). Mean and

standard deviation shown for wort and final beer (n = 3).

m2 =mass of the water-filled pycnometer at 20.0◦C (g)

m3 =mass of the sample-filled pycnometer at 20.0◦C (g)

With d20/20 the alcohol content can be determined based

on the table collection of Rauscher et al. (1986). Color of

the final beers was characterized using a Color Flex EZ

spectral photometer (HunterLAB FMS Jansen GmbH & Co.

KG, Murnau, Germany) using the -L∗a∗b∗- color system.

To determine the phycocyanin content, the final beer was

degassed in an ultrasonic bath, centrifuged at 1,900 g-force

for 10min at room temperature, the liquid 10-times diluted

with bi-distilled water, filtered and finally the extinction at

the wavelengths of 620, 650, and 800 nm was determined

with an ULC 1703008 UV/VIS spectral photometer (VWR

International, Leuven, Belgium). The total phycocyanin content

calculated using equation (2) modified from Böcker et al. (2019)

whereas the original method was established from Yoshikawa

and Belay (2008). The extinction values of the two wavelengths

were corrected by the value at 800 nm to minimize disturbances

caused by the turbidity in the beer samples:

tPC(g/L) = 0.162∗(A620 − A800)− 0.098∗(A650 − A800)

+0.180∗(A650 − A800)− 0.042∗(A620 − A800)(2)

herein tPC is the total phycocyanin content (g/L), A620 is the

extinction at 620 nm; A650 is the extinction at 650 nm, and A800

is the extinction at 800 nm.

Statistical analysis

The statistical analysis was conducted with XLSTAT (version

2020.1.1.64431). To examine the statistical significance a one-

way analysis of variance (ANOVA) followed by a post-hoc test

(Tukey) was implemented (α = 0.050). This statistical analysis

was used to check the significant differences of reducing sugar,

FAN, alcohol-, phycocyanin content, and sensory results of the

popularity test and the Just-About-Right-Questions against the

reference brew. Brew 1was the reference for brews 2–4, and brew

4 was the reference for brews 5 and 6.

To determine significant differences between the L∗a∗b∗

color values, 1E∗ was used and calculated following Equation

(3) (Gierling, 2006):

E
∗

=

√

(

L
∗

2 − L
∗

1

)2
+

(

a
∗

2 − a
∗

1

)2
+ (b

∗

2 − b
∗

1) (3)

1E∗ is a measure of the perceived color distance between

two products in the color space. A 1E∗ value of larger than 5

means that the two colors are different.

Sensory evaluation

During sensory evaluation, all six beers were tasted across

two tastings (brews 1–4 and brews 5–6) with partially different

panelists due to the different production times of the beers.

The samples were prepared, and the tasting was implemented

according to Busch-Stockfisch (2014). The sensory laboratory

was equipped with 12 cabins according to the standard (DIN

10962:1997-10, 1997) under standardized conditions, including

fixed room temperature (20 ± 0.3◦C), a relative humidity

between 40 and 50%, and the drinking temperature of the

beers of 7◦C. This also includes sample preparation, and sample

presentation like e.g., giving the panelists the opportunity for

“neutralization” with still mineral water and crisp bread (Busch-

Stockfisch, 2014). Samples were tasted one by one without

retasting to measure the first impression. The tasting panel was
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able to see the color of the beers. The size of the panel was 19 for

brews 1–4, and 25 for brews 4–6.

First, a popularity test was carried out using a hedonic nine-

point scale, with nine symbolizing the highest (likes hugely)

and one the worst (displeased hugely) grading. The scale

is categorized into two ranges: 9–6 (like) and 4–1 (dislike),

with number 5 (neutral) symbolizing the turning point. The

evaluation was made with the help of the group protocol by

Fliedner and Wilhelmi (1993). Based on this, a beer can be

classified as popular if 80% of all panelists have evaluated a beer

in the range from 9 to 6.

Second, a simple descriptive test was done in which the

panelists have been asked to note the most characteristic

attributes (DIN 10964:2014-11, 2014).

Third, an evaluation with the aid of Just-About-Right-

Questions (JAR) was carried out. The intensity of pre-chosen

characteristics (“algal taste” and “bitterness”) was examined in

a five-point-scale with the criteria “much too much,” “little too

much,” “just right,” “little too little,” and “much too little.” The

intensity of the given product characteristics were examined for

all six beers and depicted in a bar chart (Stone et al., 2012).

Results

Over the last few decades, microalgae, and cyanobacteria

such as Arthrospira platensis have attracted much attention

due to their wide range of uses. This also includes

their use as a component of human food. Despite their

potential benefits, numerous difficulties such as disturbed

sensory properties of the final products may arise. The

antimicrobial properties of Arthrospira may also interfere

with subsequent microbial fermentation steps intended for

final product manufacturing. The aim of this study was

to investigate the suitability of A. platensis biomass as a

further substrate for yeast-driven fermentation during the

process of beer brewing to create a tasty beer with high

consumer acceptance. The biomass composition of the

spirulina powder is shown in Supplementary Table S1. The

major constituents are 64% protein, 9.1% carbohydrate, and

8.2% lipids.

Process parameters and general
characteristics of the beers

The first four beers (brews 1–4) were brewed to investigate

putative influences of spirulina biomass on the subsequent

fermentation process and the product properties of the final

beer. The beer style was a mild pale ale, with brew 1 acting as

the control with no spirulina biomass. Spirulina was added to

brews 2–4 to replace 5% (w/w) of the malt. The spirulina was

added at different processing steps during mashing, resulting

in different thermal stresses for the cyanobacterial constituents

(Figure 1). In brew 4 spirulina was added during wort cooling

(below 40◦C) which correlates to the lowest thermal stress.

Whereas, the original extract of the wort was very similar in

all four brews, the original extract in the final beer of brew 4

was increased by 25% compared to the control beer (Table 2).

The primary parameters of the final beers, the pH value, total

sugar content, and FAN, changed depending on when the

spirulina was added (Table 2). The pH value increased with

later inclusion of spirulina biomass by up to 1 pH unit for

brew 4. Compared to the control, the final beer for brew 4

exhibited an increase in the total sugar content and FAN of

around 25 and 13%, respectively. A more detailed analysis

of time-dependent changes for these major yeast substrates is

shown in Figure 2. Except for the first day of fermentation,

the general decrease in FAN and sugars was very similar in

the four brews. Approximately 90% of total sugars and 60%

of FAN were depleted over the course of fermentation in all

four beers (Figure 2). These results show that the general yeast-

driven fermentation is successful in all four brews but in more

detail, a slightly higher FAN and total sugar content is given

which is most pronounced in brew 4. This likely results from

extracted but unfermentable protein and sugar compounds of

the spirulina powder in the beer. This conclusion is based on

the increased pH and the increased original extract of the final

beers, which relate to the inclusion time of the spirulina biomass.

Additionally, the original extract of the final beer of brew 4 was

increased by 25%.

Color

In brew 4, the inclusion of spirulina resulted in a blue color

of the final beer. This was shown by significant changes in the

L∗a∗b∗ color scheme (Supplementary Table S3). Component a∗

shifted from slightly positive values to around −7. Component

b∗ shifted from around 30 to −11, which finally produces

a blue color with a slight cyan-blue touch. Quantification

of the phycocyanin (PC) content in brew 4 indicated a

concentration of 0.69 g PC/L beer, whereas brews 1–3 showed

no noticeable PC (Figure 3). The PC content of brews 5

and 6 was similarly high. The minor PC content in the

control could be related to chlorophyll-derived components

from the hops or may originate from light scattering due

to residual particles that are still in suspension. Please note

that the method was not optimized for PC quantification in

beer. It was established to quantify PC content in spirulina

supplements, like multivitamin tablets spiked with spirulina

(Yoshikawa and Belay, 2008) which represent also a complex

matrix. Nevertheless, observed differences in the PC content are

covered by L∗a∗b∗ measurements and by photos of the beers

(Figure 3B).
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FIGURE 3

Phycocyanin content of the beers. Brews 1–4: mild pale ale style. Brews 5 and 6: India pale ale style. Boxplot and data shown (circles, n = 3) (A).

Box plots compile the median and quartiles. In addition, standard deviation was added as error bar (thick line). Asterisk indicates significant

di�erence between brew 4 and brew 1 (reference for brew 4) (α = 0.050). Brews 5 and 6 have not been significantly di�erent from brew 4 (α =

0.050). Photographs of the final beers (B).

Sensory properties

For brews 1–4, the control (brew 1) with no algae was

rated highest by the panelists (Table 3). Ninety-five percentage

of the panelists liked the beer from the control brew 1 (range

9–6) (Table 3). Brews 2–4 shared a significant lower popularity

of around six with a higher standard deviation (Table 3). For

example, brew 4 was characterized with 63% (like) and 31%

(dislike) and 5% neutral. The decision was also justified by

the panelists with specific attributes derived from a simple

descriptive test. For brews 2–4 more negative attributes were

noted, including a unpleasant algal taste (Table 3). In addition,

these beers were characterized as being sweeter than the control.

The used Just-About-Right analysis was applied only for the

specific characteristics “algal taste” and “bitterness” (Figure 4).

Regardless of the popularity of the beer, the panelists should state

using a five-point-scale if the characteristic is present “much too

much,” “little too much,” “just right,” “little too little,” or “much

too little” in the beer. For brews 1–4, JAR analysis with a focus

on “algal taste” showed an increase of the algal taste with a later

inclusion time for the spirulina. In the control beer, a small

proportion of the panelists perceived an algal taste. In contrast,

95% of the panelists perceived the algal taste with at least “just

right” up to “much toomuch” in brew 4. In terms of the intensity

of the bitterness, brew 1 was classified primarily with “just

right” ratings. For brews 2–4, the heterogeneity in the ratings

becomes larger and the perceived bitterness is more pronounced

for the panelists with later inclusion times of the spirulina

biomass. Regarding “algal taste”, the means of brews 2–4 were

significantly different from brew 1. In case of the attribute

“bitterness”, no significant difference was found between brews

2–4 and the reference (brew 1).

In summary, the inclusion of spirulina in the mild pale ale

resulted in a relatively non-popular beer with an unpleasant algal

taste and a more intensively perceived bitterness. Nevertheless,

the blue color of brew 4 was perceived as an interesting feature.

The following parts of the work focus on the improvement of the

sensory properties.

Improvement of sensory properties

Based on the evaluation of brews 1–4, it was shown that

the production of the beers and explicitly the fermentation step

was not significantly disturbed. On the other hand, the inclusion

of spirulina at different times during the processing resulted in

greatly altered sensory properties for the final product (strong

color change and a dominant algal taste). The development of

the algal taste in particular compromises consumer acceptance.

In the following steps, a further evaluation was carried out

to determine how the dominant algal taste can be diminished

without decreasing the algal content of the recipe while

retaining the blue color of the beer. The additional two brews

corresponded to the general characteristics of an India pale

ale (IPA). With 60 IBU, this beer type is known to be more

bitter and very hoppy. Two different IPA styles were brewed

(Figure 1). The basic process parameters and characteristics

of the two different IPA are shown in Table 2. Inclusion of
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TABLE 3 Evaluation of the popularity of all beers with reference to the normalized grade area.

Grade Brew 1 Brew 2 Brew 3 Brew 4 Brew 5 Brew 6

Quantity % Quantity % Quantity % Quantity % Quantity % Quantity %

9–6 18 95 13 68 14 74 12 63 22 88 20 80

5 0 0 0 0 3 16 1 5 1 4 2 8

4–1 1 5 6 32 2 10 6 32 2 8 3 12

Average x 7.42± 0.99 6.00± 1.75* 6.11± 1.29* 6.00± 1.78 * 7.12± 1.31 6.64± 1.79

Most named attributesMild, bitter, great flavor Sweet, too watery,

pronounced algal taste,

stale

Sweet (caramel, honey),

too bitter, pronounced

algal taste, cooking taste

Sweet, nice coloring,

pronounced algal taste

Sweet, pleasant bitter,

pleasant algal taste,

intense blue color

Sweet, slightly bitter, too

mild, aromatic, algae too

dominant

Brews 1–4: n= 19. Brews 5 and 6: n= 25. Average and standard deviation are shown.
*Significant difference to reference brew 1 (α = 0.050). Averages of brews 5 and 6 have not been significantly different from brew 4.

FIGURE 4

Just-About-Right (JAR) frequencies for all brews for the attributes algal taste (A) and bitterness (B). Brews 1–4: n = 19. Brews 5 and 6: n = 25.

*Significant di�erence of averages to reference brew 1 (α = 0.050). **Significant di�erence of averages to reference brew 4 (α = 0.050).

spirulina in brews 5 and 6 resulted in a very similar blue

color to that of brew 4. The L∗a∗b∗ color analysis as well as

the PC content exhibited very similar values for the last three

brews (Supplementary Table S3; Figure 3). In contrast to this,

the sensory evaluation exhibited strongly different properties.

Brews 5 and 6 shared a similarly high popularity compared to

the control beer (Table 3). Eighty-eight and Eighty percentage

of the panelists rated the beer positively (between 9 and 6)

for brews 5 and 6, respectively. The attributes that were noted

to explain the decisions made by the panelists were much

more positive compared to the previous algae-containing beers

(brews 2–4). Listed attributes are sweetness, pleasant bitterness,

pleasant algal taste, and the positively evaluated blue color.

Compared to brew 4, the JAR analysis showed a less intense

algal taste in the altered brew variants (Figure 4). Nevertheless,

the difference of the means from the JAR distributions were not

significantly different for the attribute “algal taste”. Surprisingly,

the perceived bitterness of the new brews (5 and 6) was strongly

diminished and was not in proportion to the very high bitterness

of around 60 IBU of the IPA brew style (Figure 4). In case of the

attribute “bitterness”, the mean of the JAR distribution of brew

6 was significantly different in relation to the reference (brew

4) and for both IPAs, around 80% of the panelists rated the

bitterness with “just right”. Finally, the more hop-accentuated

beer with fruity hops (brew 5) was more compatible with the

introduced algal taste.

Discussion

Industrial utilization of microalgae and cyanobacteria is

a rather new business, which started just a few decades ago

(Khan et al., 2018). Nowadays, these microorganisms are

increasingly recognized as a sustainable source of protein-

rich foodstuffs, lipids, and antioxidants (Smetana et al., 2017;

Sandmann et al., 2018, 2021; Arun et al., 2020; Levasseur

et al., 2020; Verdelho et al., 2022). They exhibit much higher

growth rates than plant crops, which is a major reason driving

ongoing research. Additionally, algal cells and cyanobacteria

grow in suspension but need less water than terrestrial crops,

and their cultivation does not need pesticides or herbicides.

Despite numerous benefits, there are still different challenges for
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large-scale production of the biomasses. There is still a lack of

knowledge about how to transfer the high growth rates known

from lab experiments to large-scale production photobioreactors

(PBR) (Khan et al., 2018). For this reason, intense research

efforts have been made to improve either the understanding of

the complex interaction of cells within the PBR or to improve the

PBR performance itself (Enfors et al., 2001; Huang et al., 2017;

Wurm and Sandmann, 2021; Sandmann et al., 2022).

Despite open questions about PBR design, there are other

bottlenecks at the application level. First, inclusion of algal or

cyanobacterial biomasses in “classical” products often interferes

with the sensory properties of the known products and

ultimately results in lower consumer acceptance (Lafarga, 2019;

Francezon et al., 2021). An example would be the inclusion of

spirulina or Chlorella biomass into bread, which introduces a

strong color change and might look like moldy bread. Second,

other unfavorable factors might appear, such as the need to

modify manufacturing technologies or an increased sensitivity

of the product to oxygen (Lafarga, 2019; Francezon et al.,

2021). Third, microalgae and spirulina are also known to exhibit

antimicrobial properties (El-Sheekh et al., 2014; Martelli et al.,

2020a; Hensel et al., 2021; Tavakoli et al., 2021). This might

interfere with typical processing steps in food technology that

are based on fermentation and thus on intended microbial

growth processes (Ozdemir et al., 2004; Abedin and Taha, 2008;

Niccolai et al., 2020). The aim of this study was to investigate

the suitability of spirulina biomass as a substrate for yeast-driven

fermentation during the beer brewing process. Additionally,

putative adverse effects on sensory properties of the beer

should be optimized to create a tasty beer with high consumer

acceptance. The replacement of 5 % (w/w) malt by spirulina

was the same as in the commercially available Chlorella beer

(Table 1). Evaluation done by including spirulina at different

processing steps during the brewing process, which results in

different thermal stresses for the cyanobacterial constituents

(Figure 1). In brew 4 the spirulina was added during wort

cooling (below 40◦C) which correlates with the lowest thermal

stress for the cyanobacterial biomass. The recent study showed

that the parameters for yeast-driven fermentation were altered

but were still in the target range to create a beer with typical

properties. This can be shown by the alcohol content as the main

product of the fermentation and the general time-dependent

FAN and total sugar decrease during fermentation (Table 2;

Figure 2). A summary of the influence of spirulina biomass on

brew 4 (mild pale ale style and inclusion of spirulina during wort

cooling phase) is shown in Figure 5. These parameters include

an increased pH of the final beers, which was more pronounced

with later inclusion of spirulina biomass. Additionally, the

original extract in the final beer of brew 4, which corresponds

to the latest inclusion time, was increased by 25% relative to

the control beer. A similar and significant increase was also

observed in case of the sugar content of the final beer (brew

4). Brew 4 also showed significant changes in the color and

exhibited a deep blue color (Supplementary Table S3; Figure 3).

This temperature was chosen because it has been shown that PC

is comparatively stable below 40◦C and at pH values between

5.0 and 6.0 (Wu et al., 2016; Böcker et al., 2020). All spirulina-

containing beers had such a beneficial pH value, but the reason

remains unclear. Usually, the pH of beers is around 4.5 like in

the control (brew 1) which would likely cause an instability of

phycocyanin during storage. In brews 2 and 3, it is very likely

that PC was denatured and lost its spectral properties during

mashing and boiling of the wort. Additionally, inclusion of

spirulina at different times during the processing introduced a

dominant algal taste (Supplementary Table S3; Figure 3) which

compromised the popularity of the beers (Table 3). Despite the

algal taste, the panelists noticed a stronger sweetness and an

increased bitterness (Table 3; Figure 4). Brew 4 was the basis

for further changes in the brewing technology and the recipe

to cover the dominant algal taste. The alternative beer type

was an India pale ale style (IPA). With 60 IBU this beer

type is very hoppy which was expected to diminish the algal

taste. Furthermore, two different hop compositions were used

to evaluate better potential for covering the algal taste. First,

inclusion of spirulina in brews 5 and 6 also resulted in a

deep blue color with very similar color characteristics and PC

contents similar to brew 4. Second, the new beers exhibited a

much higher popularity than the other algae containing beers

and can be designated as popular (Fliedner and Wilhelmi,

1993). Third, spirulina seems to cover the bitter impression

in more bitter and more aromatic beers according to the

results of JAR. Fourth, a sweeter impression was described,

even for the very hoppy IPA beers. Such relationships between

inclusion of spirulina in beers and a coupling of the biomass

inclusion onto distinct sensory properties of the beers have not

been described before. The spirulina containing beers exhibited

higher FAN contents, resulting from the high protein content

of the cyanobacterial biomass (Supplementary Table S1). On one

hand, the residual FAN seems not to be fermentable. On the

other hand, the increased FAN had no pronounced adverse

effects on the brewing process itself, as the product was a

beer with high consumer acceptance and typical characteristics.

Addition of extracted phycocyanin to the brewing process could

diminish the increase of FAN and may also result in a blue

beer. Nevertheless, the costs of the beer will increase significantly

because the extraction and purification of the PC is a multistep

procedure which still must be optimized on industrial scale.

Technological modification and a change in the recipe of the

beers, including more hops, resulted in a unique beer with

high popularity (brews 5 and 6). For an industrial application,

stability of the flavor components and the blue color would

be of high importance. Stability tests should be carried out

in future studies, to ensure a stability over several months. In

addition, pasteurization on the product, which is routinely done

in the brewing industry, should be considered. Continuous high-

temperature short-time treatments of phycocyanin revealed a
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FIGURE 5

Summarized influence of spirulina biomass on a beer belonging to the mild pale ale style if biomass inclusion done during wort cooling (brew 4).

Photograph of the blue beer derived from brew 4.

high temperature sensitivity starting at 50◦C, which was also

supported by Wu et al. (2016) and Böcker et al. (2020). Flash

pasteurization (e.g., for 20 s at 72◦C) which is frequently used

in the brewing industry may minimizes the loss of spectral

properties of the PC. On the other side the inclusion of spirulina

biomass in beers will increase costs and may be suitable only

for small breweries with focus on specialty beers. These small

breweries often produce unpasteurized beer, which has only a

shelf life of 1 week with up to 2 months. In these unpasteurized

beers the blue color might be relatively stable, because the

created beers in this study still exhibited a deep blue color

even after the 6 weeks until full maturation. However, this

remains speculative and should be studied in future. Another

critical aspect that must be investigated in further studies is

the putative introduction of spoilage microorganisms from

spirulina biomass, affecting taste and shelf life of the beers. Three

aspects may support such potential microbial contaminations.

First, if spirulina is added during the wort cooling phase at

temperatures below 40◦C. Second, increased pH value in the

spirulina containing beers will likely not inhibit growth of

disturbing microorganisms as in classical beers. Third, if no

pasteurization is conducted to keep the blue color stable. On the

other hand, the high amount of hop in the used IPA beers will

help to inhibit microbial growth (Vaughan et al., 2005).

Finally, the question may arise about whether such a

blue spirulina-containing beer would be marketable. There

are at least two aspects. First, there is strongly growing

interest from consumers for “bio-functional foods” which

contain bioactive compounds such as polyphenols or

other antioxidant compounds that might be beneficial

for human health (Bagchi, 2006; Hafting et al., 2012).

On the other hand, the deep blue color can be used

as an outstanding marketing feature. Nevertheless, the

described blue beers would likely remain a niche product

in future.

Future directions

Any relation between the introduced spirulina biomass and

a possible slight inhibition of the fermentation step cannot

be explained without much deeper investigations. Even in

conventional beers, there are still numerous open questions

about exactly how the ingredients in the wort are consumed

by the yeast and interact with signaling pathways of the yeast

during fermentation. These questions can only be answered in

the future with modern analytical tools and techniques or even

systems biology approaches (Kerr et al., 2021). On the other

hand, more detailed biochemical analyses of the novel beers are

needed to investigate putatively introduced bioactive functions

due to the incorporated spirulina.

Over the last 5 years another strategy for utilizing single-cell

protein has appeared which is not focused on adding microbes

to “classical” products but aims instead to utilize such single-cell

proteins as a major constituent of new products. This includes

the use of isolated spirulina protein in high moisture extrusion

processing to create meat analogs (Palanisamy et al., 2019).

Depending on the distinct cultivation conditions, such algal or

cyanobacterial proteins could be one of the most sustainable

protein sources in future (Smetana et al., 2017).

Conclusion

It is possible to integrate spirulina biomass [5% (w/w) of

the malt] into the brewing process to create a tasty beer with

high consumer acceptance. The parameters for yeast-driven

Frontiers in Sustainable FoodSystems 11 frontiersin.org

https://doi.org/10.3389/fsufs.2022.918772
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Beisler and Sandmann 10.3389/fsufs.2022.918772

fermentation were slightly altered but in general resulted in a

beer with typical beer-like character. Depending on the time

of addition in the mild pale ale manufacturing process, the

beers exhibit a deep blue color that was caused by the microbial

protein phycocyanin. On the other hand, there were major

alterations in odor and taste which compromised consumer

acceptance. Technological modification and a change in the

recipe of the beers were necessary. The use of the India pale ale

brew style, with increased hop dosage, resulted in a unique beer

with high popularity.
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