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Abstract 

This work intended to optimise the antioxidant activity (AA) of two strains of Ulva 

lacinulata (Portuguese and Greek) used for food packaging. The enhancement of AA was 

attempted through the application of hyposaline stress on Ulva for 10 days in one 

experiment and stress caused by a high light intensity for 5 days in another. The AA was 

measured using the ABTS radical decolourisation assay. During the light experiment 

rapid light curves were conducted with help of a Pulse Amplitude Modulated (PAM) 

fluorometer (Imaging PAM, Heinz Walz GmbH, Germany) to assess the seaweed’s 

adaptation to a higher light intensity. The Fv/Fm values, initial slope, maximum electron 

transport rate and light saturation point of the samples were established and compared 

with the control group. Hyposaline conditions did not enhance AA of the Greek seaweed 

significantly. The Greek strain was found to have a significantly higher AA regardless of 

treatment after five days. An exposure to hyposaline conditions of 10 PSU for ten days 

resulted in a significant increase in AA of the Portuguese algae. A high light intensity 

resulted in significantly higher AA after five days of exposure in the Portuguese strain, 

whereas the seaweed of the Greek strain reached maximum AA after 48 hours 

regardless of treatment. The analysis of the rapid light curves and Fv/Fm values 

concluded, that the photosynthetic apparatus was not damaged by the high light 

intensity.    
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Zusammenfassung 

Ziel dieser Arbeit war die Optimierung der antioxidativen Aktivität (AA) von zwei 

Stämmen von Ulva lacinulata (portugiesisch und griechisch), die für die Herstellung von 

Lebensmittelverpackungen verwendet werden sollen. Eine Steigerung der AA sollte 

durch hyposalinen Stress auf Ulva für zehn Tage in einem Experiment und Stress durch 

eine hohe Lichtintensität für fünf Tage in einem anderen Experiment erreicht werden. 

Die AA wurde mit dem ABTS-Radikal-Entfärbungsassay gemessen. Während des 

Lichtexperiments wurden mit Hilfe eines pulsamplitudenmodulierten (PAM) 

Fluorometers (Imaging PAM, Heinz Walz GmbH, Deutschland) Lichtkurven erstellt, um 

zu beurteilen, ob sich die Algen an eine höhere Lichtintensität anpassen. Die Fv/Fm 

Werte, die anfängliche Steigung der Kurve, die maximale Elektronentransportrate und 

der Lichtsättigungspunkt der Proben wurden ermittelt und mit der Kontrollgruppe 

verglichen. Hyposaline Bedingungen führten nicht zu einer höheren AA als in der 

Kontrollgruppe der griechischen Algen. Der griechische Stamm wies unabhängig von den 

verschiedenen Salinitäten nach fünf Tagen eine signifikant höhere AA auf. Hyposaline 

Bedingungen von 10 PSU führten zu einem signifikanten Anstieg der AA der 

portugiesischen Algen nach zehn Tagen. Eine hohe Lichtintensität führte bei dem 

portugiesischen Stamm zu einer signifikant höheren AA nach fünf Tagen, während die 

Algen des griechischen Stammes unabhängig von der Lichtintensität nach 48 Stunden 

maximale AA erreichten. Die Analyse der Lichtkurven und Fv/Fm-Werte ergab, dass der 

Photosyntheseapparat der Proben durch die hohe Lichtintensität nicht geschädigt 

wurde. 
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1.0 Introduction 

1.1 The Plastic Problem 

Annually, more than 300 million tons of plastic are produced globally (Xanthos and 

Walker, 2017) while single-use plastics make up about 50 % of that amount (Mathalon 

and Hill, 2014). The biggest share of single-use plastics in Europe is made up by 

packaging (Barnes et al., 2009), due to its flexibility and durability (Geyer et al., 2017). 

Since plastic is not bio-degradable it will accumulate in landfills or pollute oceans and 

rivers causing severe environmental damage and a threat to human health (Geyer et al., 

2017; Li et al., 2020; Xanthos and Walker, 2017). Once the plastic has reached the ocean 

or has broken down into microplastics (1 mm – 1 µm), it becomes nearly impossible to 

dispose of it since it can be found anywhere from the coastlines and open water until 

the bottom of the sea (Andrady, 2017; Mathalon and Hill, 2014). Bans of single-use 

plastics, such as the ban on straws and plastic bags (European Parliament, 2019; Xanthos 

and Walker, 2017), may be a step in the right direction away from further pollution of 

the environment. Nonetheless, there is a high demand to find cheap, sustainable and 

biodegradable packaging materials that will make the use of plastic, e.g. as food 

packaging, unnecessary.  

1.2 The Mak-Pak Project 

One of many projects to find a sustainable alternative for the use of plastic as food 

packaging is the “Mak-Pak Scale-Up” project at the Alfred-Wegener-Institute (AWI) in 

Bremerhaven, Germany (AWI, 2021). The aim of the project funded by the German 

Federal Office for Agriculture and Food is the production of sustainable and 

biodegradable packaging material such as food containers or disposable packaging 

made from different types of macroalgae, including those of the genus Ulva (AWI, 2021). 

In contrast to the idea of extracting the biopolymer cellulose to use as a basis for the 

packaging alternative (Qasim et al., 2020), the Mak-Pak project’s approach is to use the 

whole algal material which is then processed into the desired form (BLE, 2020a; Reimold, 

2020). Since the project is a collaboration between different firms, each partner is in 

charge of a different step in development: The AWI is doing the groundwork on strain 

selection, reproduction and finding out the optimal growth conditions for the seaweed 

so those results can then be used to grow Ulva on a larger scale in recirculating 
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aquaculture systems at “ROVAL GbR” (Rockstedt, Germany) (BLE, 2020a; Reimold, 

2020). Growing the seaweed in artificial seawater is beneficial for the quality of the 

product since the toxins and heavy metals found in the natural seawater (Zhang et al., 

2017) are absent, and therefore will not be taken up and stored by the algae. In addition 

to that, ingredients or methods that are enhancing the useful characteristics of the 

seaweed, such as antioxidant traits (Prasedya et al., 2019), can be applied at any given 

time (BLE, 2020b). The production and processing of the algae into the final product are 

studied at “Hochschule Bremerhaven” (Bremerhaven, Germany) and the results are 

given to the factories “FGW Fasergusswerk Polenz GmbH & Co. KG” (Neustadt, 

Germany) and “Hengstenberg GmbH & Co. KG” (Esslingen, Germany) to fabricate the 

packaging. The fast-food chain “NORDSEE” then sells and markets the final product 

(Reimold, 2020).  

1.3 The Genus Ulva as a Base for Food Packaging 

Providing habitat for a wide range of marine flora and fauna macrophytes are an 

important element in marine ecosystems (Christie et al., 2009). Besides their important 

role as ecosystem engineers, macroalgae are also used economically in both the food 

and cosmetics industry, due to valuable and nutritious components such as vitamins, 

antioxidants or hydrocolloids (Ito and Hori, 1989; Bixler and Porse, 2011; Couteau and 

Coiffard, 2016).  

With its high growth rate and widespread distribution, seaweed is ideal for production 

on a large scale. Due to their ability to accumulate excess nutrients and heavy metals 

and thereby functioning as bio remediators (Nielsen et al., 2012; Sode et al., 2013), 

macroalgae of the genus Ulva (Chlorophyta) are known for causing “green tides”. This 

expression denotes algal blooms of green seaweed due to eutrophication (Hernández 

et al., 1997; Buapet et al., 2008). Those algal bloom events are economically and 

ecologically harmful to the affected areas (Buapet et al., 2008). Thus, to avoid damaging 

coastal ecosystems and to minimize carbon emissions due to transport, the seaweed 

used for the packaging will be grown in an indoor algae farm (Reimold, 2020).  

Furthermore, indoor farming enables the producer to have full control over the quality 

and the characteristics of the material since the abundance of heavy metals in the open 

water would make the seaweed unsafe to use in the food sector (Ibrahim et al., 2016; 
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BLE, 2020b). Not being dependent on environmental conditions and seasons that 

influence the growth of the cultivated seaweed, indoor farming provides a bigger 

harvest since optimal growth conditions can be applied all year.  

While being very robust and adaptive due to their harsh and challenging habitat in the 

littoral intertidal zone (Braune, 2008), another reason for the use of green macroalgae, 

specifically those of the genus Ulva, as base of a biodegradable food packaging material 

is, that they contain a polysaccharide called ulvan (Lahaye and Robic, 2007). This 

polysaccharide is known to be the cause of a range of biological activities in Ulva such 

as antioxidant and antibacterial properties (Cindana Mo’o et al., 2020). Those 

characteristics of the genus are of good use in the food industry prolonging the shelf life 

of fresh groceries (Perera et al., 2021). In addition to that, the seaweed is edible which 

allows the development of edible packaging to minimize waste in future projects (BLE, 

2020b).  

1.4 Antioxidants and oxidative stress 

While being crucial for life on earth, oxygen can also cause destruction of tissue and cells 

due to formation of reactive oxygen species (ROS) (Sies, 1986; Valko et al., 2004). 

Reactive oxygen species such as superoxide anion radical (•O2
−), hydrogen peroxide 

(H2O2) and the hydroxyl radical oxygen (•OH) are formed as a part of usual cell 

metabolism and photosynthesis (Valko et al., 2004; Rautenberger and Bischof, 2012). 

They even serve a purpose in cell-signalling (e.g. H2O2) and antimicrobial immunity 

(Rhee, 2006, p. 2; Finkel, 2011; Herb and Schramm, 2021). Due to their unpaired 

electrons ROS are highly reactive, making them capable of altering DNA strands, lipids 

and proteins (Sies, 1986; Devasagayam et al., 2004; Valko et al., 2004). This ability is 

linked to causing a variety of illnesses such as cancer or cardio-vascular diseases 

(Devasagayam et al., 2004; Valko et al., 2004).  

While a balanced concentration of ROS is not harmful to an organism, oxidative stress 

caused by an increase of ROS due to abiotic factors or pathogens can be greatly 

damaging (Sies, 1997; Halliwell and Gutteridge, 2015). Radical changes in the 

surrounding conditions such as desiccation, a high irradiation or hyper- and hyposaline 

conditions are known causes for oxidative stress in Ulva (Kakinuma et al., 2006; Luo and 

Liu, 2011; Hanelt and Figueroa, 2012; Rautenberger and Bischof, 2012).  
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To prevent cell damage by free radicals, organisms have developed an elaborate system 

of chemicals and enzymes with antioxidant characteristics that are able to detoxify ROS 

(Sies, 1986; Halliwell and Gutteridge, 2015; Herb and Schramm, 2021). Antioxidants like 

vitamin C act as an electron donor for ROS, making them innocuous in a hydrophilic 

environment, whereas the lipophilic vitamin E is scavenging radical ROS in biological 

membranes (Sies, 1986; Herb and Schramm, 2021). In addition to that, Chlorophyll a and 

b, as well as carotenoids and polyphenolic compounds are molecules with antioxidant 

characteristics found in Ulva spp. (Shiu and Lee, 2005; Yildiz et al., 2012; Fernando et al., 

2016).  

To help the purpose of disabling ROS, there is also a variety of enzymes detoxifying 

harmful radicals. Superoxide dismutase (SOD) for instance, is capable of quenching •O2
− 

into O2 and H2O2, whereas catalase (CAT) and ascorbate peroxidase (APX) split the 

harmful H2O2 into water and oxygen (CAT) or water and dehydroascorbate (APX) (Noctor 

and Foyer, 1998; Rautenberger and Bischof, 2012). The regeneration of ascorbate that 

acted as an electron donor for H2O2 in the APX reaction, is a part of the glutathione-

ascorbate cycle (Noctor and Foyer, 1998). Ulva was also found to be capable of excretion 

of H2O2 (Collén et al., 1995). The aforementioned cell wall polysaccharide ulvan also has 

antioxidant properties, making the genus Ulva a useful source of natural antioxidants 

(Lahaye and Robic, 2007; Mezghani et al., 2013; Cindana Mo’o et al., 2020). 

1.5 Aims and Hypothesis 

The goal of this work was to find an easy and cost-effective way to enhance the 

antioxidant activity of two strains of Ulva lacinulata (one from Greece and one from 

Portugal) used for food packaging. This was attempted by conducting two different 

experiments: In the first experiment the impact of hyposaline stress was investigated, 

whereas the second experiment focussed on the influence of high light stress. Since 

hyposaline conditions are linked to causing oxidative stress in green macroalgae 

(Kakinuma et al., 2006; Luo and Liu, 2011), it is to be expected that the seaweed grown 

at the lowest salinity will show the highest antioxidant activity whereas the antioxidant 

activity in the control group should stay the same. As this project is taking place within 

the Mak-Pak project and aims to benefit their cause, studying the influence of 

hypersaline stress was ignored, due to the high cost of salt. High light intensities also 
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cause the formation of ROS and thus the increase of antioxidant activity in plants and 

algae (Collén and Pedersén, 1996; Rautenberger and Bischof, 2012). Hence, the seaweed 

grown under a high light intensity is expected to have a higher antioxidant activity than 

the control group. The daily light integral (DLI) was kept the same for both groups, since 

the impact of light intensity and not light quantity should be examined. This would also 

save energy costs as a high light intensity is emitted for only a short period of the day.  

Beyond looking at the antioxidant activity of the samples, the adaptation of the 

photosynthetic activity of the seaweed to high light intensities will be looked at 

throughout the light experiment. With help of a Pulse Amplitude Modulated (PAM) 

fluorometer (Imaging PAM, Heinz Walz GmbH, Germany) rapid light curves will be 

conducted and interpreted. The usual parameters of a rapid light curve such as the initial 

slope (alpha-value), the maximum electron transport rate (ETRmax) and the light 

saturation point (Ik) will be established. In addition to that, the maximum 

photosynthetic efficiency (Fv/Fm values) of the samples will be measured.  

It is to be expected that the seaweed put under high light stress will adapt to the high 

light intensity which is expressed through a decrease in the initial slope of the light curve 

and therefore an increase in Ik (Foy and Gibson, 1982). The higher light intensity could 

also lead to an increase in ETRmax, since the light intensity of the control group might 

not be high enough to fully saturate the photosystems of the seaweed. Oxidative stress 

due to high light stress can lead to photoinhibition, so a decrease of Fv/Fm over the 

course of the experiment is likely to occur in the seaweed put under high light stress, 

since Fv/Fm expresses the quantum efficiency of photosystems II of a sample (Maxwell 

and Johnson, 2000). The control group is expected to maintain the same values 

throughout the experiment.       
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2.0 Material and Methods 

2.1 Cultivation Conditions 

Ulva lacinulata was collected in Lagoa de Óbidos on the Atlantic shore in Portugal in 

January 2020 and cleaned by rinsing the seaweed through running seawater several 

times to eliminate epiphytes and small organisms on the surface of the blades. The 

Greek strain of the same species originates from Thessaloniki Bay in the Mediterranean 

Sea and arrived as a clean monoculture (isolated in 2017, culture #1290 from Sotiris 

Orfanidis, Hellenic Agricultural Organisation - Demeter, Greece). The species was 

identified by Sophie Steinhagen (University of Gothenburg, Sweden) via molecular 

analysis using the tufA marker. The material used for the two experiments was grown in 

5 L glass cultivation bottles which were filled with artificial seawater at 30  PSU (Greek 

strain) and 20 PSU (Portuguese strain). The different salinities for the strains were 

selected because earlier experiments of the working group showed that those salinities 

lead to the most effective growth. The bottles were placed in a climate-controlled 

chamber set to 15°C and were illuminated 16 h a day at a light intensity of ~ 70 µmol 

photons m−2 s−1 (~ 100 µmol photons m−2 s−1 in water), resulting in a diurnal light cycle 

(Lamps: Aquarius 90 LED, Aqua Medic, Bissendorf, Germany). Nutrient supply was 

provided by 56 µL/L Blaukorn garden fertilizer (COMPO GmbH, Münster, Germany) 

twice a week and the seaweed received fresh artificial seawater once a week. All bottles 

were aerated with compressed air via tubes. 

2.2 Experimental Setup:  Salinity Experiment 

The experimental setup for both experiments was modelled after former experiments 

by Belter (2021), Schwoerbel (2019) and Tretiak et al. (2021). For the salinity experiment 

1.8 g fresh weight of Ulva per replicate was cut into six 0.3 g pieces and placed in each 

one of 24 1 L beakers (12 beakers per strain). The beakers were filled with artificial 

seawater of the salinities 10 PSU, 15 PSU, 20 PSU and 30 PSU with three replicates per 

treatment. Besides the salinity, the abiotic conditions remained the same as during 

cultivation. The experiment ran for ten days. At hours 0, 3, 24, 120 (day 5), 192 (day 8) 

and at hour 240 (day 10) 0.3 ± 0.05 g of the seaweed were taken out of the beaker, 

rinsed in deionized water and then dried in an oven at 30°C for 48 hours to prepare them 

for measurements. Former studies have shown an increase in antioxidant activity in Ulva 
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after four to six days of exposure to hyposaline conditions (Kakinuma et al., 2006; Lu et 

al., 2006; Luo and Liu, 2011). More measures were taken in the beginning of the 

experiment to examine the immediate reaction of the seaweed to the treatments, as 

Ulva adapts quickly to environmental conditions (Rai and Gaur, 2001). By rinsing and 

drying the seaweed, the production process of the food packaging was mimicked. The 

dried samples were then used to create an extract necessary for measurement of the 

antioxidant activity (see 2.4). The extracts of the Portuguese strain taken on hour 0 had 

to be discarded, because they could not be measured directly due to unforeseeable 

problems with the lab the measurements took place in. Seaweed of the same strain was 

acclimated to the same conditions as before for a week and taken as a substitute hour 

0 sample.    

2.3 Experimental Setup: Light Experiment 

Similar to the salinity experiment 1.5 g of Ulva was cut into five 0.3 g pieces and placed 

in each one of 12 1 L beakers (six per strain) filled with artificial seawater at 30 PSU. The 

Portuguese seaweed was acclimated to a salinity of 30 PSU prior to the start of the 

experiment, since by then the algae grown at this salinity showed less contamination 

than those cultivated in 20 PSU. Besides the light intensity, the abiotic conditions stayed 

the same as described in the cultivation conditions.  

For this light stress experiment, three beakers of each strain were placed under a lamp 

emitting light at an intensity of 185 µmol photons m-2 s-1. This part of the cooling 

chamber was completely covered with dark cloth to prevent cross contamination of light 

from other lamps. To achieve this high light intensity with the lamp used, it was 

necessary to combine light of different colours such as white, blue and red light. The 

same quality of light was used for the control group setup at a light intensity of 70 µmol 

photons m-2 s-1. Prior to the start of the experiment the seaweed was acclimated to the 

colourful light for one week. The light intensity was defined with a spherical light meter 

measuring the light intensity on the surface of the table where the experiment was going 

to be set up. At the start of the experiment the light intensity was measured again, this 

time the light meter was placed in the beakers only filled with artificial seawater. The 

light intensity in water was found to be 100 µmol m-2 s-1 in the control group (named low 

light treatment: LL) and 300 µmol m-2 s-1 in the high light (HL) treatment.  
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To keep the daily light integral of both treatments similar (Appendix A.2), the HL 

replicates were illuminated six hours a day while the LL treatment was kept at the usual 

16h:8h day:night cycle. The experiment lasted for five days and 0.3 ± 0.05 g of seaweed 

of each treatment were taken out of the beakers to measure the antioxidant activity in 

hour 0, 3, 24, 48 and on the last day of the experiment in hour 120 (day 5). Those times 

were chosen based on previous experiments of the working group which had found an 

increase in antioxidant activity in Agarophyton vermiculophyllum after three days of 

exposure to a high light intensity (Tretiak et al., 2021). Since Ulva adapts quickly to 

environmental conditions such as illumination, more measuring points were set up in 

the beginning of the experiment (Cruces et al., 2019). The samples were rinsed and dried 

as in the salinity experiment. In addition to measuring the antioxidant activity, the 

photosynthetic activity of the different treatments was defined using a Pulse Amplitude 

Modulated (PAM) fluorometer (Imaging PAM, Heinz Walz GmbH, Germany) every two 

days. 

2.4 Determination of Antioxidant Activity: ABTS Radical Cation Decolourisation 

Assay 

To determine the antioxidant activity of the dried seaweed, the ABTS (2,2'-azino-bis (3-

ethylbenzothiazoline-6-sulfonic acid) radical cation decolourisation assay was carried 

out (Re et al., 1999). After diluting ABTS (Hoffmann - LaRoche AG, Basel, Switzerland) in 

distilled water to a concentration of 7 mM and preparing a 2.45 mM Potassium 

Persulfate (K2S2O8 Honeywell International Inc., Charlotte, NC, USA) solution in the same 

way, the two solutions were mixed and incubated at room temperature in the dark for 

16 hours producing the radical cation ABTS•+. The approach of the ABTS•+ radical cation 

decolourisation assay is based on the ABTS•+ having a dark blue-green colour that 

decolourises when in contact with antioxidants. Since antioxidants reduce the ABTS 

radical cation to ABTS, the extent of decolourization can be measured with help of a 

spectrophotometer measuring the absorption of the sample at 734 nm wavelength (Re 

et al., 1999). This setting was chosen due to the ABTS•+ having an absorption maximum 

at this wavelength (Miller and Rice-Evans, 1996).  

To create the extract to be measured with help of the ABTS•+, 0.06 ± 0.005 g of the 

dried seaweed and 0.3 g of sand (SiO2 Merck KGaA, Darmstadt, Germany) were ground 
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in a mortar on ice into a fine paste while adding 600 µL 70 % ethanol (EtOH). Another 

600 µL was used washing the paste into a 15 mL centrifugation tube. The tubes 

containing the extract (1.2 mL final volume) were then incubated in a shaking water bath 

set to 45°C and 130 rpm for six hours and afterwards centrifuged at 4°C and 2500 g for 

10 minutes. Subsequently, the supernatant was transferred to a new centrifugation tube 

and the remaining pellet was mixed with 1.2 mL EtOH. All of the samples were then 

incubated for another hour in the water bath as described before. After centrifuging the 

tubes a second time, using the same settings, the supernatants of the replicates were 

mixed and the pellets discarded to obtain one extract per replicate.  

 A          B     C     D 

        

 

 

 

Figure 1: Preparation of the extracts needed for the ABTS decolourization assay: A) The dried sample and 

sand ground into powder in a mortar B) After addition of EtOH a fine paste is formed C) The paste in a 

Falcon tube before centrifugation D) The tube after centrifugation: The dark green supernatant can be 

seen above the lighter pellet. 

To measure antioxidant activity, 20 µL of each extract was added to a 96 well-plate along 

with the same amount of Trolox solution (100 µg/mL in ethanol) as a positive control 

and ethanol as a negative control. After diluting the ABTS•+ solution with ethanol to an 

absorption of 0.7 at 734 nm, 280 µL of that dilution were added to the wells containing 

samples and those with the controls. Following 8 minutes of incubation in the dark at 

room temperature, the absorption of the samples at 734 nm was measured with a 

microplate reader (Infinite 200 Microplate Reader, Tecan Trading AG, Männedorf, 

Switzerland). To eliminate the absorption of the plate, blank wells were measured with 

each plate reading. Those values were subtracted from the measured absorption of the 

wells filled. By measuring the absorption of different Trolox concentrations (0 - 100 

µg/mL) in ethanol after reacting with ABTS•+, a Trolox standard curve was created as a 

reference for the antioxidant activity in the samples. The water-soluble vitamin E 
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derivate Trolox was chosen for this purpose, due to its highly antioxidant properties 

(Barclay et al., 1984; Forrest et al., 1994). In order to calculate the antioxidant activity of 

the samples, a formula based on the Trolox calibration curve (Figure 2) was created 

(Equation 1). The antioxidant activity of the samples was thus indicated in Trolox 

equivalents TE in µg/mL (Equation 2).   

 

 

 

 

 

 

 

Figure 2: In the graph above the absorption of different Trolox dilutions (0-100 µg/mL) is shown (blue 

dots). The Trolox concentration in µg/mL is depicted on the x-axis, the absorption on the y-axis. The blue 

dotted line shows a linear regression line, which was created using the datapoints. The formula for this 

trend line can be found on the right. The R value of the trend line is 0.9332.  

Equation 1: 

𝑦 = 𝑎𝑥 + 𝑏   

𝑦 = −0.0037𝑥 + 0.3425 

The values for a and b were obtained from the Trolox standard curve. 

Equation 2: 

𝑥 =
𝑦 − 𝑏

𝑎
 

𝑇𝐸 =
𝐴734 𝑛𝑚 − 0.3425

−0.0037
 

A734 nm indicates the measured absorption at 734 nm, the values of the two 

coefficients were obtained from the Trolox standard curve. 

y = -0.0037x + 0.3425
R² = 0.9332
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2.5 Determination of Photosynthetic Activity: Imaging PAM 

To find out if the seaweed would adapt to the high light intensity, the photosynthetic 

activity of samples of all replicates was defined in the beginning, middle and end of the 

light stress experiment. This was conducted by measuring the chlorophyll a fluorescence 

with a pulse amplitude modulated (PAM) fluorometer (Imaging PAM, Heinz Walz GmbH, 

Germany).  

Once the reaction centers of the photosystems II in the chloroplasts are in a reduced 

state and thus light saturated, the excess light energy will be reemitted as either heat or 

light (Krause and Weis, 1984; Maxwell and Johnson, 2000). Photosynthesis, heat 

dissipation and chlorophyll fluorescence compensate each other (Maxwell and Johnson, 

2000). If photochemical quenching (photosynthesis) occurs at a minimum due to light 

saturation, the amount of heat dissipation (non-photochemical quenching) and 

fluorescence will increase. To keep photochemical and non-photochemical quenching 

at a minimum, the samples were kept in the dark for five to ten minutes prior to 

measurements.  

With the aim to assess the photosynthetic response of the sample to increasing light 

intensities (0 - 700 nm), a rapid light curve was conducted, subsequently. Light curves 

can be used as an indicator of the photosynthetic efficiency of a plant or algae. The initial 

slope of a light curve determines the point of light saturation, the point at which 

maximum photosynthetic activity is reached (Herron and Mauzerall, 1970; Rivera-

Méndez and Romero, 2017). When the initial slope of a light curve is steep, the light 

saturation point is reached at a lower light intensity, whereas a lower slope indicates a 

light saturation point at a higher light intensity. Thus, a steep slope shows for a better 

photosynthetic efficiency at a low light intensity and vice versa. After reaching the light 

saturation point, an increase in light intensity does not heighten the rate of 

photosynthesis (de Lobo et al., 2013). As an indicator for the photosynthetic activity, the 

electron transport rate (ETR) was measured and calculated using the following equation 

(Heinz Walz GmbH, 2019): 

Equation 3: 

ETR =  Yield x PAR x 0.5 x Absorptivity 
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While “Yield” indicates the fluorescent yield of the photosystems II and PAR is the light 

intensity, the factor 0.5 considers, that only half of light quanta absorbed reach the 

photosystems II (Ritchie, 2008; Heinz Walz GmbH, 2019). The absorptivity coefficient 

accounts for the amount of incoming light that is absorbed by the seaweed. In this case 

the value of 0.84 was used as the absorptivity coefficient. This value is normally used for 

determining the absorptivity of land plants, so the established ETR in this work should 

be seen as relative values since the absorptivity can differ remarkably even in different 

parts of the same sample (Higo et al., 2017; Heinz Walz GmbH, 2019).  

 With the obtained values of the relative electron transport rate, the initial slope of the 

light curves was calculated (alpha-value). In addition to that, the point of maximum ETR 

(ETRmax) and the point of light saturation (Ik) were determined.  

Additionally to the ETR, the Fv/Fm values of the same samples were established. Fv/Fm 

accounts for the maximal quantum yield of photosystem II after dark adaptation and is 

calculated via the following formula (Maxwell and Johnson, 2000; Heinz Walz GmbH, 

2019): 

Equation 4: 

𝐹𝑣 𝐹𝑚 =  
𝐹𝑚 − 𝐹𝑜

𝐹𝑚
⁄  

After adapting the sample to the dark for five to ten minutes, the reaction centers of 

photosystems II are open, which leads to minimal heat dissipation or fluorescence (Fo). 

After a light pulse, saturating the photosystems II, the maximum fluorescent yield is 

established (Fm). The Fv/Fm values function as an indicator for the potential stress 

induced damage of the photosynthetic apparatus of a sample (Masojídek et al., 2010). 

Since Fv/Fm describes the ratio of light that is used for photosynthesis of the algae 

(Fv/Fm = 1 is the equivalent of 100% of light allocated to photochemistry), a high Fv/Fm 

value accounts for a healthy photosynthetic apparatus (Higo et al., 2017). 

2.6 Data Analysis 

The data was processed in Excel, which was also used to produce graphs. The statistical 

significance of the obtained data for both experiments and the light curves was analysed 

through two-way ANOVAs in R, investigating the effect of experiment duration and 
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treatment on the antioxidant activity of the seaweed (R version 4.1.2 (R Core Team, 

2022)). A significance was assumed whenever the p-value was below 0.05. Shapiro-Wilk 

test was conducted to assess normal distribution of the data. Levene’s test was 

performed to analyse equal variance between groups. Post-hoc Tukey HSD tests were 

conducted for pairwise comparison whenever a statistical significance occurred.    

3.0 Results 

Since the aim of the experiments conducted is to find a method to optimise the 

antioxidant activity of Ulva lacinulata, the graphs below are showing the average 

percentual change of the antioxidant activity during the experiment. The average 

antioxidant activity of all treatments in hour 0 was set as 100% antioxidant activity of 

the seaweed when grown in the usual conditions. When looking at the percentual 

change, an increase in antioxidants (y-value above 100%) can be seen more easily. This 

form of data display was chosen to provide a better visualisation of the change in 

antioxidant content in TE that can be found in the appendix (A.1). The statistical analysis 

of the antioxidant activity was carried out with the TE values. Levene’s test of equality 

of variances was carried out for all analysed parameters separately and met the 

assumptions. 

3.1 Salinity Experiment 

As can be seen in the graph below (Fig. 3), the average antioxidant activity (AA) of the 

Portuguese strain in all salinity treatments dropped in the first three hours before it 

started rising until hour 120 (day 5) in all treatments besides in the 15 PSU treatment. 

The AA of the seaweed grown in 15 PSU water continued to drop until hour 192 (day 8) 

before it began to rise until the end of the experiment (hour 240, day 10). It also has to 

be noted, that the AA of the treatments with a higher salinity (20 PSU and 30 PSU) 

dropped lower in the first three hours than the AA of the treatments with lower salinity 

(10 PSU and 15 PSU). However, this difference was not significant. After hour 120, a 

decrease in AA in all treatments was followed by an increase of AA in all treatments 

except the control group at 20 PSU from hour 192 on. The highest AA was found after 

240 hours in the 10 PSU treatment (121,96 %), followed by another peak in hour 120 

(108,61 %). The treatment with the second highest AA (106,17 %) in hour 120 is the 

salinity of 30 PSU.  Both the control group (20 PSU) and the 15 PSU treatment stayed 
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below the 100 % mark for the duration of the experiment. By the end of the experiment, 

data on the AA of one replicate of the 10 PSU treatment could not be assessed due to 

heavy decay. The same applies to one replicate of the 15 PSU treatment, here the decay 

of the material was so severe no data on AA could be collected for the last two 

measuring points.    

 

Figure 3: The graph shows the average change of antioxidant activity of the Portuguese strain of U. 

lacinulata treated with different salinities: 10 PSU (blue), 15 PSU (orange), 20 PSU (grey, control group) 

and 30 PSU (yellow). The black error bars indicate the standard error. The time in hours is displayed on 

the x-axis, while the percentage can be seen on the y-axis. The black line highlights the 100 % mark. 

Both the duration of the experiment (F5,43 = 6.267, p < 0.001) and salinity (F3,43 = 6.255, 

p ≈ 0.0013) had a significant effect on the AA of the Portuguese strain. The interaction 

term was not significant (F15,43 = 1.815, p ≈ 0.064). The samples grown in water at 10 PSU 

showed significantly higher AA in comparison to the control group at 20 PSU (p < 0.001) 

throughout the course of the experiment. The 15 PSU and 30 PSU treatments did not 

differ significantly from the control group (p > 0.05) over time. Analysis of the AA 

comparing the beginning (hour 0) and end (hour 240) of the experiment showed that 

the interaction between duration and treatment is significant when examining only 

those two points in time (F3,12 = 7.088, p ≈ 0.005). The decrease of AA in the control 

group from the beginning to the end of the experiment was proven to be significant (p 
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≈ 0.005). All other treatments did not show significant differences when comparing the 

AA in hour 0 of the experiment with the AA in hour 240. The AA of the seaweed grown 

in the 10 PSU treatment was significantly higher in the end of the experiment than the 

AA of the control group in hour 240 (p < 0.001), though it did not differ significantly from 

the AA of the 15 PSU (p ≈ 0.168) and 30 PSU (p ≈ 0.098) treatments at the same time. 

The change in average AA in the Greek strain can be seen in the following graph (Fig. 4). 

Similarly to the Portuguese strain, the AA of the Greek strain of U. lacinulata dropped in 

the first three hours before it rises to above 100% in all treatments until hour 120 (day 

5). This was followed by a decrease of AA until hour 192 (day 8) in all treatments with a 

subsequent increase of AA until the end of the experiment. The highest AA was found 

in the 15 PSU treatment in hour 120 (145,58 %), followed closely by the 30 PSU treatment 

(control group) in the same hour (140,76 %). The AA of the 10 PSU (134,01 %) and 20 

PSU (133,61 %) treatment were also close to the maximum AA at that time. By the end 

of the experiment, the only treatment showing an AA above 100% was the control group 

(30 PSU) with 130,14 %. Due to decay, no data could be assessed for one replicate of the 

20 PSU treatment in hour 240. 

Figure 4: The graph shows the average change of antioxidant activity of the Greek strain of U. lacinulata 

treated with different salinities: 10 PSU (blue), 15 PSU (orange), 20 PSU (grey) and 30 PSU (yellow, control 

group). The black error bars indicate the standard error. The time in hours is displayed on the x-axis, while 

the percentage can be seen on the y-axis. The black line highlights the 100 % mark. 
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Statistical analysis showed, that both duration of the experiment (F5,47 = 22.251, p < 

0.001) and different salinities (F3,47 = 5.852, p ≈ 0.002) significantly influenced the AA of 

the samples throughout the experiment, though the interaction term of duration and 

salinity was not significant (F15,47 = 1.375, p ≈ 0.199). Throughout the experiment both 

the samples grown in the 10 PSU (p ≈ 0.001) and 20 PSU (p ≈ 0.036) treatment showed 

significantly lower AA than the samples of the control group (30 PSU). Due to the peak 

in AA in hour 120 this datapoint was specifically analysed in comparison with the AA in 

the beginning of the experiment. Statistical analysis showed a significant relation of AA 

and time (F1,16 = 63.3, p < 0.001) and AA and salinity (F3,16 = 3.826, p ≈ 0.031) between 

those two datapoints, the interaction term was not significant (F3,16 = 2.359, p ≈ 0.133). 

A post-hoc Tukey HSD test revealed, that the AA of the seaweed grown in the 10 PSU 

and 15 PSU treatments significantly differed when looking at those two datapoints (p ≈ 

0.038). Analysis of hour 120 alone showed, that the different salinities did not lead to 

significantly different AA of the samples at this specific datapoint (F3,8 = 1.313, p ≈ 0.336). 

No significant differences in AA were discovered when comparing the AA of the samples 

in hour 0 of the experiment with the AA in hour 240 of the experiment (F3,16 = 2.451, p 

≈ 0.104). The AA of the different groups did not differ significantly from each other in 

hour 240 (F3,7 = 2.491, p ≈ 0.144).  

In order to identify differences that might have occurred between the two strains, the 

initial AA of the samples was compared to the final AA and analysed for each salinity. A 

significant difference between strains was found in the 10 PSU treatment (F1,6 =20.817, 

p ≈ 0.004) but not in the other treatments. The samples of the 10 PSU treatment of the 

Portuguese strain thus showed a significantly higher AA by the end of the experiment 

than the same group of the Greek strain. No significant differences between strains were 

detected in hour 0 of the experiment (F1,20 = 1.33, p ≈ 0.262). In hour 120 of the 

experiment, the Greek strain, regardless of salinity, showed significantly higher values 

of AA when looking at percentages as well as the absolute AA in TE (F1,16 = 19.65, p < 

0,001): The maximum AA of the Greek strain accounts for 85.23 TE in µg/mL (15 PSU) 

whereas the highest AA of the Portuguese strain at this time makes up for 68.6 TE in 

µg/mL (10 PSU) (see Appendix A.1.1 and A.1.2). The maximum AA of the Portuguese 

strain found in hour 240 in the 10 PSU treatment accounts for 77.04 TE in µg/mL (A.1.1). 
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3.2 Light Experiment: Antioxidant Activity 

As can be seen in the graph below (Fig. 5), the average AA of samples of the Portuguese 

strain in both the high light treatment and the control group decreased during the first 

three hours before it started to rise until the end of the experiment. After 24 hours the 

AA of the samples of the high light treatment was at 96.65 % whereas the AA of the 

samples of the control group reached 62.75 % of the AA in hour 0. The AA of both 

treatments was close to 100 % after 48 hours (high light intensity: 97.38 %; control 

group: 99.71 %). This was followed by an increase of AA in both groups which continued 

until the end of the experiment. The maximum AA of 164.58 % occured on the last day 

of the experiment (hour 120) in the samples of the high light treatment. The AA of the 

seaweed of the control group accounts for 133.95 % at the same time.     

 

Figure 5: The graph depicts the average change of antioxidant activity of the Portuguese strain of U. 

lacinulata under different light settings: High light intensity (HL, blue) and the control group (LL, orange). 

The black error bars indicate the standard error. The time in hours is displayed on the x-axis, while the 

percentage can be seen on the y-axis. The black line highlights the 100 % mark. 

In the samples of the Portuguese strain a significant difference in AA between 

treatments could not be detected throughout the experiment (F1,20 = 0.865, p ≈ 0,363). 

The duration of exposure of the seaweed to the different light intensities significantly 

influenced the AA (F4,20 = 15.163, p < 0.001). When comparing the AA of the samples in 

only the beginning (hour 0) and the end (hour 120) of the experiment, the interaction 

term of time and treatment is significant (F1,8 = 21.037, p ≈ 0.002). The samples of the 
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high light treatment differ significantly from the control group in hour 120 (p ≈ 0.034). 

The increase of AA in the control group is not significant (p ≈ 0.162), whereas the AA of 

the samples under high light increased significantly (p < 0.001). 

The average AA of both treatments of the Greek strain also decreased in the first three 

hours, before it started to rise again until hour 48 (Fig. 6). After that, the AA continued 

to increase in the high light treatment, reaching a maximum of 129,13 % after 120 hours. 

Contrary to that, the AA of the seaweed in the control group decreased from a maximum 

of 131,2 % in hour 48 to 123,85 % in the end of the experiment.   

 

Figure 6: The graph depicts the average change of antioxidant activity of the Greek strain of U. lacinulata 

under different light settings: High light intensity (HL, blue) and the control group (LL, orange). The black 

error bars indicate the standard error. The time in hours is displayed on the x-axis, while the percentage 

can be seen on the y-axis. The black line highlights the 100 % mark. 

The duration of the experiment lead to significant differences in AA in the samples of 

the Greek strain (F4,20 = 26.001, p < 0.001). Significant differences between treatments 

could not be detected (F1,20 = 0.44, p ≈ 0.515). A post hoc Tukey HSD test revealed that 

the AA did not change significantly from hour 48 on (p = 1). Though the AA significantly 

increased in both treatments from hour 0 to hour 48 (F1,8 = 14.43, p ≈ 0.005), no 

significant difference in AA between treatments was found in hour 48 (F1,4 = 1.093, p ≈ 

0.355) or by the end of the experiment in hour 120 (F1,4 = 2.169, p ≈ 0.215). 
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When looking at the percentual change of AA, the Portuguese seaweed accounted for a 

bigger increase of AA compared to the Greek strain. However, the total AA measured in 

TE is significantly higher in the Greek strain in hour 0 of the experiment (F1,10 = 21.833, 

p < 0.001) and in the end of the experiment (F1,56 = 26.953, p < 0.001). The maximum AA 

of the Portuguese seaweed under high light (59,01 TE in µg/mL) is lower than the 

maximum AA of the control group of the Greek strain (69,11 TE in µg/mL) and under 

high light (68,02 TE in µg/mL) (see Appendix A.1.3 and A.1.4). 

3.3 Photosynthetic Activity: Rapid Light Curves 

As an indicator for photosynthetic activity, the ETR of samples of the light experiment 

was measured by means of rapid light curves. With the obtained values of the ETR at 

different light intensities the initial slope (alpha-values), point of maximum ETR 

(ETRmax) and the light saturation point (Ik) were determined. The values referred to as 

“Day 1” were obtained prior to exposure to the treatments.  

Table 1: The table shows the average initial slope (alpha), maximum ETR (ETRmax) and light saturation 

points (Ik in µmol quanta m-2 s-1) with associated standard errors (n = 3) of the different treatments on 

day 1, day 3 and day 5 of the experiment. HL stands for the high light treatment, the low light treatment 

(control group) is labelled LL. The letters P and G identify the strain (P = Portuguese strain, G = Greek 

strain). 

 

 HLP LLP 

 Day 1 Day 3 Day 5 Day 1 Day 3 Day 5 

alpha 
0.17 ± 
0.007 

0.15 ± 
0.010 

0.15 ± 
0.009 

0.18 ± 
0.004 

0.15 ± 
0.003 

0.14 ± 
0.008 

ETRmax 
26.39 ± 
1.266 

32.19 ± 
1.459 

32.84 ± 
0.507 

28.41 ± 
0.648 

22.96 ± 
0.506 

27.32 ± 
1.060 

Ik 
145.99 ± 
6.326 

203.62 ± 
3.966 

210.20 ± 
16.405 

154.08 ± 
5.214 

144.12 ± 
3.134 

180.28 ± 
2.256 

       

 HLG LLG 

 Day 1 Day 3 Day 5 Day1 Day 3 Day 5 

alpha 
0.20 ± 
0.000 

0.17 ± 
0.003 

0.16 ± 
0.008 

0.17 ± 
0.001 

0.19 ± 
0.004 

0.19 ± 
0.011 

ETRmax 
28.28 ± 
0.685 

31.39 ± 
0.968 

35.76 ± 
1.429 

22.56 ± 
0.572 

31.72 ± 
1.652 

32.39 ± 
3.662 

Ik 
140.15 ± 
3.717 

182.86 ± 
2.932 

213.74 ± 
0.902 

126.87 ± 
3.847 

164.73 ± 
11.052 

168.38 ± 
10.358 
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As can be seen in the table above (Table 1), the alpha values of the samples of the 

Portuguese strain decreased throughout the experiment. Duration of the experiment 

had a significant effect on the alpha values of both treatments (F3,12 = 11.328, p ≈ 0.002), 

but no significant difference between the high light treatment and the control group 

was detected in the Portuguese strain over time (F1,12 = 0.066, p ≈ 0.802). The alpha 

values of the Portuguese samples did not change significantly from day 3 onwards (p ≈ 

0.885). 

Contrary to the samples of the Portuguese strain, the interaction between time and 

treatment had a significant effect on the alpha values of the Greek seaweed (F2,12 = 

10.287, p ≈ 0.002). A significant decrease was detected in the high light treatment (p ≈ 

0.019) but no significant change occurred in the control group (p ≈ 0.568). Similar to the 

alpha values of the Portuguese seaweed, the alpha values of the Greek seaweed did not 

change significantly from day 3 to day 5 in the high light treatment (p ≈ 0.996). 

The maximum ETR was significantly influenced by the interaction between time and 

treatment in the samples of the Portuguese strain (F2,12 = 17.05, p < 0.001). The 

maximum ETR of the samples of the high light treatment increased significantly 

throughout the experiment (p ≈ 0.006), but did not change significantly from day 3 

onwards (p ≈ 0.996). The changes of the maximum ETR, that occurred in the control 

group of the Portuguese strain, were not significant when comparing the values of the 

beginning and the end of the experiment (p ≈ 0.965). By the end of the experiment, the 

maximum ETR of the high light treatment was significantly higher than the maximum 

ETR of the control group (p ≈ 0.018). 

In the samples of the Greek strain only the time of exposure to the different treatments 

lead to an increase of maximum ETR (F2,12 = 11.946, p ≈ 0.001). No significant difference 

was detected from day 3 onwards (p ≈ 0.381). No significant difference occurred 

between treatments (F1,12 = 3.85, p ≈ 0.073), the interaction between time and 

treatment also did not have a significant impact on the samples (F2,12 = 1.404, p ≈ 0.283). 

The interaction term of time and treatment lead to significant differences concerning 

the light saturation point of the samples of the Portuguese strain (F2,12 = 9.385, p ≈ 

0.004). The light saturation points of the samples of the high light treatment increased 
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significantly throughout the experiment (p < 0.001), whereas no significant changes 

could be detected within the control group (p ≈ 0.241). From day 3 onwards the light 

saturation points of the samples under the high light intensity did not change 

significantly (p ≈ 0.989). By the end of the experiment there were no significant 

differences between the light saturation points of the two groups (p ≈ 0.145). 

Both time (F2,12 = 39.127, p < 0.001) and treatment (F1,12 = 22.035, p < 0.001) lead to 

significant changes of the light saturation point of the Greek seaweed. The interaction 

term was not significant (F2,12 = 3.356, p ≈ 0.07). The light saturation points of both 

groups significantly increased throughout the experiment, but no significant increase 

occured from day 3 onwards (p ≈ 0.058). The light saturation points of the samples 

exposed to high light intensity were significantly higher than the light saturation points 

of the control group on day 5 of the experiment (F1,4 = 19.04, p ≈ 0.012). 

3.4 Photosynthetic Activity: Fv/Fm 

As another indicator for photosynthetic activity, Fv/Fm values were established (Table 

2). Regardless of treatment, the Fv/Fm values of the samples of the Portuguese strain 

differed significantly over time (F2,12 = 15.879, p < 0.001). From day 3 onwards, the Fv/Fm 

values did not change significantly (p ≈ 0.292). No significant difference was detected 

between treatments (F1,12 = 0.651, p ≈ 0.436), the interaction term was not significant 

either (F2,12 = 2.913, p ≈ 0.093). 

Similar to the Portuguese strain, the duration of the experiment had a significant impact 

on the Fv/Fm values of the Greek seaweed (F2,12 = 23.439, p < 0.001). Fv/Fm values did 

not differ significantly between day 3 and the end of the experiment (p ≈ 0.376). Neither 

treatment (F1,12 = 3.698, p ≈ 0.079), nor the interaction term lead to significant 

differences (F2,12 = 0.312, p ≈ 0.738).  

No significant difference between strains could be detected at the start of the 

experiment (F1,8 = 1.668, p ≈ 0.233). In the end of the experiment no difference between 

strains occurred either (F1,8 = 0.005, p ≈ 0.944) 
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Table 2: The table below shows the Fv/Fm values and associated standard errors of samples of the light 

experiment measured on day 1, 3 and 5 of the experiment. HL stands for the high light treatment, the low 

light treatment (control group) is labelled LL. The letters P and G identify the strain (P = Portuguese strain, 

G = Greek strain). 

 

 Day 1 Day 3 Day 5 

HLP 0.693 ± 0.008 0.727 ± 0.007 0.722 ± 0.006 

LLP 0.687 ± 0.005 0.707 ± 0.008 0.734 ± 0.007 

HLG 0.695 ± 0.009 0.734 ± 0.007 0.722 ± 0.006 

LLG 0.704 ± 0.005 0.738 ± 0.004 0.735 ± 0.001 

 

4.0 Discussion 

Before discussing the results of the experiments, it has to be stated that the aim of this 

work was not to examine physiological aspects of Ulva lacinulata, but to benefit the 

course of the Mak-Pak project by optimising antioxidant activity of the material that is 

to be used for food packaging.  

Confirming the expectation that exposure to hyposaline conditions would lead to an 

increase in AA, cultivating U. lacinulata of the Portuguese strain in water with a salinity 

of 10 PSU enhanced AA after ten days. Contrary to that, the AA of samples of the Greek 

strain were significantly influenced by the time of exposure and not the hyposaline 

conditions. Maximum AA was reached after five days regardless of treatment. The Greek 

seaweed showed a higher AA in general in comparison to the Portuguese strain even 

though both the seaweed of strains had similar antioxidant contents at the start of the 

salinity experiment.  

As expected, exposure to a high light intensity lead to an increased AA in the samples of 

the Portuguese strain after five days. Even though the changes in AA of the control group 

of the Portuguese strain were not significant, both groups showed very similar trends 

concerning the development of AA throughout the experiment. Similar to the results of 

the salinity experiment, the different cultivation conditions did not have an impact on 

the AA of the Greek seaweed. An increase in AA was found in the samples of both the 

control group and the high light treatment after two days. This suggests, that the DLI 

might have had a bigger impact on the AA of the Greek U. lacinulata than the light 

intensity alone, since both groups received the same number of photons throughout the 
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day. Although the percentual increase in AA was greater in the Portuguese strain, the 

Greek seaweed exhibited a higher AA (TE in µg/mL) in general. As this was the case for 

both experiments, using the Greek strain for food packaging with high antioxidant 

properties would be most efficient.  

To examine how the photosynthetic activity of the seaweed acclimated to the different 

light intensities, rapid light curves were conducted and Fv/Fm values were obtained over 

the course of the experiment. The evaluation of this data showed, that the measured 

parameters (initial slope, maximum ETR, light saturation point and Fv/Fm values) did not 

change significantly from the third day of the experiment onwards in most groups. This 

suggests, that the samples acclimated to experiment conditions within three days of 

exposure. Fv/Fm values showed no decline and slightly increased over the course of the 

experiment in all groups which indicates good health and an effective photosynthesis 

(Masojídek et al., 2010; Higo et al., 2017). Healthy green algae usually show Fv/Fm 

values of 0.5 to 0.8 (Masojídek et al., 2010; Ünal et al., 2010). The Fv/Fm values 

measured ranged from ~ 0.69 to 0.74, the high light intensity thus did not cause 

photodamage.  

The alpha values of the Portuguese strain were not influenced by the higher light 

intensity but a decrease was detected in both groups. Contrary to that, the alpha values 

of the Greek seaweed were found to be lower in the samples exposed to the higher light 

intensity. The absence of significant differences from the third day onwards suggest, 

that the samples acclimated within three days to the experiment conditions. A decrease 

of the initial slope in the high light treatments would suggest that the seaweed adapted 

to the higher light intensity and would reach the maximum ETR at a higher light 

saturation point (Foy and Gibson, 1982). 

In contrast to the alpha values, the maximum ETR of the samples of the high light 

treatment was higher than the maximum ETR of the control group in the Portuguese 

strain. The maximum ETR of the samples of the Greek strain increased, regardless of 

treatment. As mentioned before, no relevant changes were detected after the third day 

of the experiment. Maximum ETR did not decrease in the samples of the high light 

treatment, which indicates, that the photosynthetic apparatus was not damaged by the 

light intensity applied (Cruces et al., 2019). Only relative ETR, which does not account 
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for the specific absorptivity of each sample, was measured. Due to that, possible 

changes in the pigment content of the seaweed influencing the absorptivity, had to be 

neglected. This has to be kept in mind when interpreting the maximum ETR of the 

samples in this study.  

Similarly to the maximum ETR, the light saturation point of the Greek samples increased 

in both groups for three days. However, the high light intensity lead to a higher light 

saturation point than found in the control group after five days. An increase of the light 

saturation points over three days also occurred in the Portuguese samples, that were 

put under the high light intensity. In contrast to the Greek samples, no difference 

occurred between groups by the end of the experiment. This also indicates that the 

samples adapted to the light intensity. A decrease of the light saturation point would be 

a sign of photodamage (Cruces et al., 2019).    

Changes of the light curve parameters and Fv/Fm values within the control groups of 

both strains occurred, contrary to the expectations. This and the initial light saturation 

point of all treatments prior to exposure to the treatments, imply, that the 

photosystems of the seaweed might have already been saturated by the light intensity 

applied in the control group. Protecting themselves from photodamage caused by 

excess light energy supply, the seaweed has to acclimate to the stressing conditions to 

avoid chronic photoinhibition (Hanelt and Figueroa, 2012). This is done by adjustments 

of the pigment content or the xantophyll cycle to avoid formation of ROS (Ralph et al., 

2002; Hanelt and Figueroa, 2012). Such adjustments will be reflected in the outcome of 

rapid light curves as well as in measurements of the AA when AA has to be increased to 

prevent damage by ROS.  

The unexpected results of the salinity experiment and the changes in the AA of the 

control groups could also be the consequence of the transition of the seaweed from the 

5 L bottles in which they were acclimated, to the 1 L beakers in which they were kept 

during the experiment. The greater density of material in the big bottles promotes self-

shading of the seaweed, they are not as exposed to light as in the smaller vessels. Hence, 

the transition from lower light, due to self-shading, to a suddenly higher light intensity 

might have overshadowed the impact the different salinities had on the material. The 

same applies for the group under lower light conditions in the light experiment, since 
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the intention for that group was to form a control group, that would not be put under 

light stress. The data of the light experiment suggests otherwise, the samples of the 

control group do not differ greatly from the samples put under light stress.  This would 

also explain the changes in Fv/Fm values, initial slope, maximum ETR and light saturation 

points that occurred according to the rapid light curve measurements of samples of the 

control groups. 

Since only a few results were proven to be significant, a closer look at potential sources 

of errors has to be taken. The significance of the results may increase if there had been 

a bigger number of replicates (e.g. six replicates instead of three). Due to a limited 

amount of material and time this was not possible to be carried out.  

Additionally, a higher number of sampling points throughout the experiments may 

enhance the results. As the drop in AA that occurs in hour 3 in all different treatments 

suggests, there might be changes in AA throughout the day. This daily change of AA was 

also found in brown seaweeds (Abdala-Díaz et al., 2006; Connan et al., 2007). Taking 

samples periodically in shorter intervals would be useful to collect more accurate data 

on daily changes in AA and for better comparison of changes from one day to another.  

A further explanation for insignificant results may be, that the amount of antioxidants 

in seaweed depends on the part of the thallus that is measured. Studies have shown 

that concentrations of compounds with antioxidant properties are highest in basal tissue 

near the holdfast and lower in the distal meristematic region (Connan et al., 2006; Van 

Alstyne et al., 2007). For a more accurate measurement it would have been beneficial 

to conduct the experiments with only the same part of the thallus. Due to material 

shortage this was unfeasible. However, the different thallus parts were distributed 

randomly to the different treatments, so the effect of morphological differences on the 

obtained data would be minimal. 

Ulva lacinulata of the Portuguese strain showed an increased amount of contamination 

by microalgae and cyanobacteria specified by thorough visual examination, due to the 

material having been collected in the wild. This might have had an impact on the 

physiology of the seaweed, causing oxidative stress or decay and may have altered the 

results. Toxins such as nodularin and microcystin released by cyanobacteria are known 

to cause oxidative stress and thus, an antioxidant response in red and brown seaweeds 
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and green microalgae (Pflugmacher et al., 2007; Mohamed, 2008; Pflugmacher et al., 

2010). A photograph of the contaminated algae can be found in the appendix (Fig. A.3).  

Since the original samples of hour 0 of the Portuguese strain in the salinity experiment 

could not be measured right away, another group of hour 0 samples had to be taken 

later, after a week of acclimation, to form a control group. This has to be kept in mind 

when looking at the data and significance of the experiment, as it may have altered the 

results.  

Other than that, human failure such as mistakes being made while pipetting, mixing the 

diluted ABTS reagent not thoroughly enough or not being able to keep the exact same 

amount of incubation time of the extracts may have influenced the results.   

Furthermore, studies have shown that using different methods to measure AA of the 

same extract such as DPPH, FRAP or the ABTS assay results in different outcomes 

regarding antioxidant properties (Chakraborty and Paulraj, 2010; Magnusson et al., 

2015). It is also important, whether the extracts used for measurements are different 

alcoholic or aqueous solutions (Heo et al., 2005; Chakraborty and Paulraj, 2010; 

Mezghani et al., 2013; Srikong et al., 2017). This determines the kind of antioxidants 

extracted from the dried sample. To get an overview of the total antioxidant content, 

both types of extract should be examined.  

The unexpected results in the experiments could also suggest, that the antioxidants of 

green seaweed of the genus Ulva (Ulvaceae), that are measured with the ABTS radical 

scavenging assay, may not respond dramatically to the stress applied in the 

experiments. A study on the AA of the genus Umbraulva (Ulvaceae) using the ABTS 

assay, did not lead to significant results concerning the light intensity (Belter, 2021). In 

contrast, in the red seaweed Agarophyton vermiculophyllum, Tretiak et al. (2021) found 

a significantly higher AA after four days under a high light intensity. An explanation might 

be, that green algae contain a high amount of hydrophilic antioxidants such as 

glutathione or ascorbic acid (Yildiz et al., 2012), that might be more heavily influenced 

by changes in salinity or light intensity. It was found that hyposaline stress (10 PSU) 

increases the amount of ascorbate, glutathione and β-carotene in Ulva prolifera and 

additionally enhances antioxidant enzymatic activity (Luo and Liu, 2011). Since 

measuring AA using the ABTS assay does not distinguish between various antioxidant 
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compounds, it would be interesting to examine changes in the different groups of 

antioxidants in U. lacinulata. It is known, that different strains and species of Ulva react 

differently to hyposaline stress. Among other things, the cultivation conditions, nutrient 

concentration and composition influence the kind of antioxidant activity that is 

enhanced (Eismann et al., 2020). Contrary to U. prolifera, U. australis responds to 

hyposaline stress by increasing enzymatic antioxidants instead of antioxidant pigments 

such as carotenoids and chlorophyll a (Samanta et al., 2019). In a study on U. fasciata it 

was also found that the antioxidant composition changes even in between different 

hyposaline conditions (Lu et al., 2006). Hence, testing different methods to measure AA 

in U. lacinulata such as the DPPH (2,2’-diphenyl-1-picrylhydrazyl radical) assay or 

different assays to measure enzymatic activity, as it was done in the aforementioned 

study on U. prolifera (Luo and Liu, 2011), would be helpful to enhance accuracy of the 

antioxidant potential of the seaweed. Only thereafter it will be clear if the applied 

treatments prove to be an effective method to optimise AA in U. lacinulata. 

5.0 Conclusion 

Based on the results of this study, an exposure to hyposaline stress of 10 PSU for ten 

days increases the antioxidant activity of U. lacinulata of the Portuguese strain by 22.15 

%. Antioxidant activity of the Greek seaweed increased by 45.58 % after five days 

regardless of salinity treatment. A high light intensity did not have a significant impact 

on the AA of the Greek Ulva. Since both groups showed an increase in antioxidant 

activity of ~ 20 - 30 % after 48 hours of exposure, it was assumed that the light intensity 

alone did not have as strong as an effect as the DLI. The short-term exposure to high 

light intensity was chosen to investigate an energy saving method to enhance AA. 

Unfortunately, combining a high light intensity with a short day did not prove to be a 

successful method to increase AA. Exposure to high light intensity for five days increased 

AA in the Portuguese samples by 64.58 %. Due to the shorter period of time needed to 

enhance AA and the greater AA in general, the results of both experiments suggest, that 

the Greek strain seems to be most beneficial to use in packaging with the highest 

possible antioxidant properties. The results of the light curve parameters and Fv/Fm 

values did not imply that the photosynthetic apparatus of both U. lacinulata strains was 

damaged by photooxidative stress due to the high light intensity. 
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It would be helpful to examine changes in AA throughout the day to get a better 

understanding of the right time for harvesting in future projects. Shorter intervals in 

between sampling points would then be beneficial to determine the optimal amount of 

time for exposure to abiotic stress to increase AA. In addition to that, more replicates 

would benefit the significance of the experiments. Acclimating the samples in smaller 

beakers to eliminate the impact of self-shading before exposing the seaweed to abiotic 

stress as well as cultivating both strains in the same salinity would lead to more valuable 

results. Since exposure of Ulva sp. to blue light was found to increase AA within 44 days 

(Schwoerbel, 2019) it would be interesting to examine the effect of light colour under 

the aspect of large-scale cultivation (shorter time of exposure should lead to the highest 

possible AA) in the future. In addition to that, it would be helpful to only work with clean 

monocultures, as it was the case for the Greek strain, to get more exact results. 

Moreover, it should be explored if different methods to measure AA lead to different 

results. To minimize errors, that occur during the execution of the ABTS assay, more 

measurements of the same extract should be conducted.  

Keeping the aforementioned improvements and sources of error in mind, further 

research on the enhancement of AA has to be made, since optimising AA in seaweed 

used for food packaging is of great importance concerning forward-thinking and 

sustainable solutions to fight plastic pollution and food waste by prolonging the shelf-

life of food. Nevertheless, experiments such as those conducted represent an important 

step towards the development of a more sustainable industry. 
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Appendix 

A.1 Antioxidant Activity in Trolox Equivalents 

A.1.1 Salinity Experiment 

Fig. A.1.1: The graph displays the antioxidant activity of the Portuguese strain of U. lacinulata throughout 

the salinity experiment. The x-axis depicts the time in hours, whereas the y-axis shows the antioxidant 

activity in Trolox Equivalents (TE in µg/mL). The different salinities are distinguishable by colour: 10 PSU 

(light blue), 15 PSU (green), 20 PSU (control group, dark blue) and 30 PSU (brown). The black bars indicate 

the standard error.   

 

 

 

 

 

 

 

Fig. A.1.2: The graph displays the antioxidant activity of the Greek strain of U. lacinulata throughout the 

salinity experiment. The x-axis depicts the time in hours, whereas the y-axis shows the antioxidant activity 

in Trolox Equivalents (TE in µg/mL). The different salinities are distinguishable by colour: 10 PSU (light 

blue), 15 PSU (green), 20 PSU (dark blue) and 30 PSU (control group, brown). The black bars indicate the 

standard error.   
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A.1.2 Light Experiment 

 

 

 

 

 

 

 

 

Fig. A.1.3: The graph displays the antioxidant activity of the Portuguese strain of U. lacinulata throughout 

the light experiment. The x-axis depicts the time in hours, whereas the y-axis shows the antioxidant 

activity in Trolox Equivalents (TE in µg/mL). The different light intensities are distinguishable by colour: 

high light intensity (HLP, blue) and the control group (LLP, orange). The black bars indicate the standard 

error.   

 

 

 

 

 

 

 

Fig. A.1.4: The graph displays the antioxidant activity of the Greek strain of U. lacinulata throughout the 

light experiment. The x-axis depicts the time in hours, whereas the y-axis shows the antioxidant activity 

in Trolox Equivalents (TE in µg/mL). The different light intensities are distinguishable by colour: high light 

intensity (HLG, blue) and the control group (LLG, orange). The black bars indicate the standard error.   
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A.2 Calculation of Daily Light Integral (DLI) 

The daily light integral (DLI) describes the amount of photons illuminating an area of one 

square meter throughout one day (Faust and Logan, 2018). Since the light intensities 

measured in air and in water differed, the DLI was calculated for both treatments in air 

and in water. The aim was to keep the DLI similar in the control group and the group 

under high light, so only the light intensity and not the number of photons throughout 

the day would have influence on the results. The following formula was used to calculate 

the DLI: 

Equation A.1: 

𝐷𝐿𝐼 = 𝑃𝑃𝐹𝐷 ∗ 𝑡𝑖𝑚𝑒 𝑜𝑓 𝑖𝑙𝑙𝑢𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 (ℎ 𝑑⁄ ) ∗ (3600 1.000.000)⁄  

With PPFD describing the photosynthetic photon flux density (µmol photons m-2 s-1). The 

factor 0,0036 was obtained through the conversion of µmol in mol and the conversion 

of one hour into seconds (Faust and Logan, 2018). 

A.2.1 DLI in Air 

The DLI of the control group in air will therefore be: 

𝐷𝐿𝐼𝐿𝐿 = 70 µ𝑚𝑜𝑙 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑚−2𝑠−1 ∗ 16 ℎ 𝑑⁄ ∗ 0,0036 

= 𝟒, 𝟎𝟑 𝐦𝐨𝐥 𝐩𝐡𝐨𝐭𝐨𝐧𝐬 𝒎−𝟐𝒅−𝟏 

The DLI of the high light treatment in air is: 

𝐷𝐿𝐼𝐻𝐿 = 185 µ𝑚𝑜𝑙 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑚−2𝑠−1 ∗ 6 ℎ 𝑑⁄ ∗ 0,0036 

= 𝟒 𝐦𝐨𝐥 𝐩𝐡𝐨𝐭𝐨𝐧𝐬 𝒎−𝟐𝒅−𝟏 

A.2.2 DLI in Water 

The DLI of the control group in water is:  

𝐷𝐿𝐼𝐿𝐿 = 100 µ𝑚𝑜𝑙 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑚−2𝑠−1 ∗ 16 ℎ 𝑑⁄ ∗ 0,0036 

= 𝟓, 𝟕𝟔 𝐦𝐨𝐥 𝐩𝐡𝐨𝐭𝐨𝐧𝐬 𝒎−𝟐𝒅−𝟏 

The DLI of the high light treatment in water is: 

𝐷𝐿𝐼𝐻𝐿 = 300 µ𝑚𝑜𝑙 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑚−2𝑠−1 ∗ 6 ℎ 𝑑⁄ ∗ 0,0036 

= 𝟔, 𝟒𝟖 𝐦𝐨𝐥 𝐩𝐡𝐨𝐭𝐨𝐧𝐬 𝒎−𝟐𝒅−𝟏 
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A.3 Contamination 

The material used for the Portuguese strain of U. lacinulata was collected in the wild 

and was therefore susceptible to contamination by microalgae and cyanobacteria.  

 

 

 

 

 

 

 

Fig. A.2: The photo shows a blade of U. lacinulata of the Portuguese strain. Contamination of the seaweed 

is visible in the upper part (reddish brown colour).  

A.4 Original Data 

The original data can be accessed through this link:  

https://docs.google.com/spreadsheets/d/1wV5fX2RPmwLA_-ptu2WRL0XX-

pnXFQjB/edit?usp=sharing&ouid=100442605415885949003&rtpof=true&sd=true 
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