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Harvested Laminaria hyperborea contributes to approximately 3.3 million tonnes of epiphytes discarded as waste despite containing organisms such as red algae and bryozoa, known to produce a range of high-value and bioactive compounds. Our research aim is to valorize epiphyte biomass by exploring the cytotoxic and antimicrobial potential in various extracts and optimized fractionation by flash chromatography. All extracts and fractions were tested for cytotoxicity towards cell lines derived from Acute Myeloid Leukemia (AML), prostate cancer (PC-3), and breast cancer (MCF-7), as well as non-tumorigenic cell lines from the kidney and heart using metabolic activity as a read-out. Antimicrobial activity was assessed using microplate based Alamar Blue assay and minimum inhibitory concentration (MIC) to determine the MIC against various human pathogens. Six extracts demonstrated significant cytotoxicity across all five cell lines (EC50 values below 46 µg/mL), while hexane extract selectively targeted AML cells with EC50 of 1.1 µg/mL. The hexane and ethyl acetate extracts displayed antimycobacterial and antifungal activity (MIC 100 µg/mL). A multistep flash fractionation of the methanolic extract revealed several cytotoxic and antimicrobial activities. The flash fractions displayed a selective activity pattern depending on the elution solvent. Nine fractions were cytotoxic towards all cell lines (EC50 below 72 µg/mL), and four were highly cytotoxic (EC50 below 5.4 µg/mL). Two non-polar fractions were selective for the AML cell line. These results highlight the potential for discovering anticancer and antimicrobial compounds in epiphytes from Laminaria, necessitating further research on their active compounds. Overall, this work underscores the environmental and scientific value of converting marine by-products into a valuable resource, aligning with sustainability and ethical goals.
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1 Introduction

Throughout human history, natural products (NPs) have been pivotal in treating various diseases and serving as the foundation for drug development. Newman and Cragg’s 2020 study demonstrated that two-thirds of all new small drugs approved by the US FDA from 1981 to 2019 were derived from natural sources (Newman and Cragg, 2020). This underscores the enduring importance of natural products as a rich source of novel compounds in drug discovery. In recent years the interest in NPs from marine environment has increased, partly driven by the blue bioeconomy and the need for the discovery of new sustainable bioresources. However, the vast biodiversity of the less researched marine ecosystems are believed to harbor unique bioactive compounds due to the complex ecological pressures of a harsh and competitive environment (Hay, 1996; Hay and Fenical, 1996; Fogg, 2001); (Kiuru et al., 2014; Liang et al., 2019; Carroll et al., 2023). Every year, new marine molecules with therapeutic potential are discovered (Alves et al., 2018). These discoveries are not only promising for pharmaceutical applications but also pave the way for innovative cosmeceuticals (Pereira, 2018a), nutraceuticals, and functional foods (Plaza et al., 2008; Pereira, 2018b; Ghosh et al., 2022).

While the potential of marine resources for drug discovery is significant, only a few examples have reached the industrial sector (Murray et al., 2013). Traditional bioprospecting methods, which rely on the collection of organisms, present their own set of challenges. These include inconsistent or insufficient yields, which in turn affect the availability of bioactive compounds. This scarcity further hinders chemical characterization and biological screening. In addition to these technical challenges, ethical concerns have emerged regarding the direct harvesting of marine organisms. The absence of regulation and the prevalence of unsustainable practices pose a significant threat to marine ecosystems, disrupting biodiversity and the overall ecological balance. Furthermore, discussions concerning the intellectual property rights over marine resources has become increasingly significant. These issues are relevant not only in the context of fair share of resources and benefits (Atanasov et al., 2021), but also in relation to sample collection in international waters, where a legal framework for the protection of marine life was only recently established (Kachelriess, 2023).

Mariculture has emerged as a promising solution to address bioresource challenges and promote sustainable practices. The escalating interest in harvesting and cultivating algae for food production and other valuable commodities has led to a global production volume of 36 million tonnes (wet weight) of algae in 2020 (The State of World Fisheries and Aquaculture 2022, 2022). Norway has a particular tradition of harvesting and using seaweed (Rudovica et al., 2021), being one of the first countries to enter the seaweed market and explore a coastline of about 100,000 kilometers and an estimated 60 million tonnes of standing kelp biomass (Huse and Bakketeig, 2018). The kelp industry primarily concentrates on extracting alginate and producing agricultural products. Annually, around 150,000 wet tonnes of Laminaria hyperborea are harvested from regulated seaweed fields (World Bank, 2023). This regulated harvesting of Laminaria hyperborea ensures a sustainable and reliable biomass source, consistently supplying valuable natural products for industrial applications and pharmaceutical research.

The epiphytic biomass associated with Laminaria hyperborea represents a distinct macro- and micro-environment containing different red algae and invertebrates, mainly bryozoa and hydrozoa, potentially harboring novel compounds with pharmaceutical potential (Rocha et al., 2011; Tian et al., 2018; Figuerola and Avila, 2019; D’Ambra and Lauritano, 2020; Behera et al., 2022). Despite their prospect, epiphytes are considered byproducts and are typically discarded during seaweed processing. It is estimated that approximately 7,500 tonnes of epiphytic mass are currently disposed of as waste on an annual basis in Norway alone. Previous studies on the epiphytes of Laminaria have primarily focused on their variable colonization under different conditions, such as trawling (Christie et al., 1998), seasons (Christie et al., 2003; Andersen, 2007; Pedersen et al., 2014), wave exposure (Andersen, 2007), farming effluents (Haugland et al., 2021), or canopy light and depth (Whittick, 1983; Vigander, 2007; Pedersen et al., 2014). By investigating the bioactive compounds present in the epiphytic biomass, one can transform this underutilized resource into a valuable asset for marine bioprospecting, offering a zero-waste and sustainable alternative solution adhering to responsible bioprospecting and environmental preservation principles.

In this study, we therefore explore the bioactivity of different extracts of the epiphytic biomass of commercially harvested Laminaria hyperborea’s to evaluate the anti-cancer and anti-microbial potential of its secondary metabolites.




2 Materials and methods


2.1 Materials

All chemicals used were of analytical grade. Hexane, Chloroform, Ethyl acetate, Acetone, Isopropanol, Methanol (≥99.9%), Ethanol, and DMSO (D5879) were acquired from Sigma-Aldrich Inc. (Sigma-Aldrich, St. Louis, MO, USA). Ultrapure water was either deionized at the University of Bergen or produced by a Millipore Milli-Q Direct 8 water purification system. Hoechst 33342 fluorescent DNA staining reagent was purchased from Thermo Fisher Scientific (Waltham, MA, USA). DMEM (D6429) and RPMI medium (R5886), penicillin/streptomycin (P0781), glutamine (G7513), fetal bovine serum (F7524), formaldehyde, phosphate buffered saline tablets (PBS) were purchased from Sigma-Aldrich (St. Louis, MO, US). WST-1 cell proliferation reagent from Roche Diagnostics GmbH (Mannheim, Germany) and MycoAlert™ was obtained from BioNordika AS (Oslo, Norway).




2.2 Sample collection

The epiphyte biomass was acquired from Alginor ASA (Haugesund, Norway). Laminaria and its epiphytes samples were harvested from the coast of Haugesund, Norway (Rogaland field 55E; N 59°11’ E 005°06’) in February 2022. The epiphyte biomass had been collected by the industrial partner through gentle mechanical scraping directly after harvest (within 3 hours) and frozen immediately after separation. After receiving the biomass, the collected epiphyte material was washed thoroughly with water, and the species were identified. Next, the epiphyte mass was immersed in liquid nitrogen, freeze-dried, and milled with a kitchen-type blender. The dried material was stored at −20°C when not used.




2.3 Species identification

The algae and fauna in the epiphytic biomass were carefully examined at macroscopic and microscopic levels using a magnifying glass and a light microscope. The percentage of bryozoan cover on the epiphytic algae was visually estimated. Species identification of the minor constituents of the biomass was challenging due to the preponderance of small, fragmented, or otherwise damaged individuals and the absence of reproductive structures. However, 16 species were found on the stipe of Laminaria hyperborea, dominated by red algae in terms of biomass. Four species, Ptilota gunneri, Palmaria palmata, Membranoptera alata, and Rhodomela lycopodioides, covered by the bryozoa Membranipora membranacea and Electra pilosa, made up approximately 90% of the epiphyte biomass. A list of the present species and their frequency can be found in Supplementary Material Table S1.




2.4 Preparation of extracts

Fifteen grams of freeze-dried epiphytic biomass was extracted separately by maceration at room temperature (20°C) with 500mL of each solvent; hexane, chloroform, ethyl acetate, acetone, isopropanol, methanol, aqueous ethanol (70:30 v/v) and deionized water. The extraction was repeated thrice, each for 24 hours, under constant stirring. All the filtrates were collected, filtered again with Whatman No. 1 filter paper and glass wool through a Buchner funnel, and concentrated with a rotary evaporator under reduced pressure at 20–25°C and dried under nitrogen stream or freeze-dried to obtain the crude yields. The resulting pasty extracts were conserved and stored at -20 or 4°C until future use. Stocks of 10 mg/mL were prepared by dissolving the compounds in DMSO (D5879, Sigma-Aldrich) or miliQ water for bioactivity tests.




2.5 Flash fractionation

Fractionation by flash chromatography was performed using a Interchim puriFlash® with a Biotage Sfär C18D column. The fractionation was performed using three solvents, (A) super distilled water, (B) methanol, and (C) ethyl acetate, in a stepwise gradient: 0-6 min: 95% A +5% B, 6-12 min: 75% A + 25% B, 12-18 min: 50% A + 50% B, 18-24 min: 25% A + 75% B, 24-36 min: 0% A + 100% B, 36-42 min: 50% B + 50% C, 42-48 min: 0% B + 100% C. The flow rate was 12 mL/min, and an aliquot of the methanolic extract (1,5 g) was applied. Chromatograms were collected at 220, 280, 330, 450, and 560 nm using a spectral scan between 200 and 800 nm. In total, 24 fractions were collected and regrouped into 21 fractions. To obtain the yields, they were evaporated as described for the crude extracts. The dry fractions were dissolved in DMSO (D5879, Sigma-Aldrich) or miliQ water to a concentration of 10-80 mg/mL and stored at -20°C until further use.




2.6 Cell culture

Epiphyte extracts and the flash fractions were tested for their capacity to induce cell death in the human acute myeloid leukemia (AML) cell line MOLM-13 (DSMZ, ACC-554) (Matsuo et al., 1997), the human prostate cancer (PC) cell line PC-3 (ATCC, CRL-1435), and the human breast cancer line MCF-7 (ATCC, HTB-22). They were also tested against the non-cancerous cell lines, normal epithelial rat kidney cell line NRK (ATCC, CRL-6509), and normal rat cardiomyoblast line H9c2 (ATCC, CRL-1446). Further description of the cells is shown in Table 1.


Table 1 | Description of cell lines used in this study.



MOLM-13 cells were cultured in RPMI medium, and NRK, H9c2, PC-3, and MCF-7 were cultured in Dulbecco’s modified Eagle’s medium (DMEM), both supplemented with 10% (v/v) fetal bovine serum (FBS), 0.2 mM L-glutamine and 100 IU/mL penicillin and 0.1 mg/L streptomycin. The MOLM-13 cells were suspended and cultured to a density between 10 to 80 × 104 cells/mL and diluted by adding fresh medium. The adherent cells (NRK, H9c2, PC-3, and MCF-7) were cultured until reaching 90% confluence. They were then detached by mild trypsinization, centrifuged at 120 x G for 4 minutes, and reseeded in fresh medium at around 30% confluence. Cells were incubated at 37°C in a humidified atmosphere with 5% CO2. Adherent cells that had undergone more than 14 passages were not used. The cells were tested for mycoplasma infection using MycoAlert™ every two months. No infection was detected during this study.




2.7 Cell viability assay

For cytotoxic testing, MOLM-13 cells were seeded as 20,000 cells/well in 96-well microplates with 100 μL medium/well on the day of the experiment. The adherent cells were seeded the day before the experiment to allow the cells to attach to the substratum. NRK cells were seeded as 1,000 cells/well, H9c2 as 1,500 cells/well, MCF-7 as 2,500-3,000 cells/well, and PC-3 as 2,000 cells/well in 96-well microplates with 100 μL medium/well. The cells were exposed to various concentrations of crude extracts or flash fractions for 72 hours and incubated at the same conditions as described in the section 2.6. The same volume of DMSO was used as solvent control. The cell viability was assessed by WST-1 reagent, following the manufacturer’s instructions. The assay is based on the ability of the mitochondria of the viable cells to convert the WST-1 reagent into a soluble formazan dye, which can be measured spectrophotometrically. This degree of conversion is proportional to the number of viable cells. The plates were further incubated for 2 hours before the signal was recorded at 450 nm with reference at 620 nm using a Wallac EnVision™ _2103 Multilabel reader. The cells were next fixed by adding 100 μL 4% buffered formaldehyde (pH 7.4) containing 0.01 mg/mL of the DNA-specific fluorescent dye, Hoechst 33342 (Polysciences Inc.), and the morphology of the nuclei was visualized by fluorescence microscopy (Nikon Diaphot 300 fitted with a 40× Flu-Phase contrast lens and a DS-Fi3 camera). A minimum of 100 cells from each sample of interest were used to determine cell death microscopically. The combination of WST-1 assay and microscopic evaluation has previously been shown to give reliable results and complement each other, especially if working with colored extracts (Myhren et al., 2014).

Percent growth inhibition of cells exposed to treatments was calculated as follows:

	

where A is the absorbance of the treated well with the sample; AC is the absorbance of control. Control wells were prepared under the same experimental conditions by adding only the cells under investigation; Ab is the absorbance of the blank medium. In cases where the extracts had color which could interfere with the WST-1 signal, the absorbance of medium and extract was used as blank subtraction (Ab) instead.

Four-parameter non-linear regression analysis was used to calculate EC50 values from the WST-1 data.

To determine the cytotoxic selectivity of the extracts and fractions tested, the selectivity index (SI) was calculated according to the following equation:

	

where the EC50 is the concentration that reduces the viability of cells to 50% compared to untreated cells.




2.8 Anti-tuberculosis screening

Mycobacterium tuberculosis (reference strain H37Rv) was streaked onto 7H10+OADC agar plates and incubated at 37 °C. In OADC-enriched liquid 7H9 medium, pure colonies from agar plates were grown to the middle of the log phase. Subsequently, cultures were exponentially grown and inoculated into 7H9 medium on 96-well plates at progressively higher concentrations of the testing chemicals, with approximately 4 × 105 CFU/mL in 200 µL of each well. Before receiving 32.5 µL of a resazurin-tween mixture (8:5 ratio of 0.6 mM Resazurin in 1× PBS to 20% Tween 80), plates were incubated at 37 °C for one week. The production of fluorescent resorufin assists in determining the minimum inhibitory concentration (MIC) of the compounds tested (Krishna et al., 2019; Koçak Aslan et al., 2022; Sarkar et al., 2023).




2.9 Anti-bacterial screening

Utilizing a broth microdilution technique, susceptibility testing was completed in accordance with the Clinical and Laboratories Institute’s (CLSI) suggested procedure. In order to achieve the final target inoculum of 5x105 colony-forming units (CFU)/mL, fresh overnight Staphylococcus aureus colony growth was resuspended in sterile saline, corrected to a 0.5 McFarland turbidity standard using a spectrophotometer, and then diluted 1:200 into Mueller-Hinton Broth. With a 800 µg/mL in the first well of a microtiter plate, two-fold serial dilutions of the compounds were made. They were then inoculated with 100 µL of bacterial inoculum, sealed in a plastic bag to avoid moisture loss, and incubated for 24 hours at 35 °C. Following incubation, bacterial growth on assay plates was observed visually, and the MIC of the test compounds was reported (Schumacher et al., 2018; Özcan et al., 2023).




2.10 Anti-fungal screening

The samples were tested for their antifungal activity against Candida albicans (Ca, CCUG32723), Candida glabrata (Cg, ATCC15545), Candida tropicalis (Ct, ATCC13803), Candida krusei (Ck, CCUG35869), Candida parapsilosis (Cp, CCUG32995), Trichosporon mucoides (Tm, ATCC204305). In general, a microtiter plate is employed, which includes an RPMI medium, a 2-fold serial dilution of a test drug, and a preset quantity of test organism inoculum. For the preparation of the inoculum, subculture all organisms at 35°C using an antimicrobial-free medium, such as Sabouraud’s dextrose agar, to ensure purity and organism viability. Approximately five colonies at least 1 mm in diameter should be picked and suspended in sterile saline or water, vortexed, and adjusted using a spectrophotometer to a transmittance that equals a 0.5 McFarland standard at a wavelength of 530 nm. This stock solution is used to make a working solution by preparing a 1:100 dilution, followed by a 1:20 dilution, with RPMI 1640 culture medium. The final resulting inoculum in each well should correspond to be approximately 1.5 X 103 cells per mL. After drug plates are inoculated, they are incubated without agitation at 35 °C for 24 hours before reading. The growth control well is inspected for the presence or absence of growth. Plates for which there is insufficient growth in the control well to make an accurate reading are held for 48 hours. The plates were observed for visual growth (turbidity) in the wells, and MIC values were recorded (Berkow et al., 2020; Wiederhold, 2021).




2.11 Statistical analysis

All data were derived from multiple experiments conducted at least in triplicate for crude extracts, always in independent experiments, and duplicate or triplicate for the flash fractions. Data analysis was performed using GraphPad Prism v9 (GraphPad Software Inc., San Diego, CA, USA) and Office Excel 365 (Microsoft, Redmond, WA, USA). To determine differences between the extracts and between the fractions, one-way ANOVA and Tukey’s test with multiple comparisons, p = 0.01, was performed using GraphPad Prism (GraphPad 10.1.0 Software).





3 Results


3.1 Epiphytic crudes yield

The extraction of epiphytic biomass was carried out using a series of eight solvents, ranging in polarity from hexane to water (Table 2). The extraction yields varied across the solvents, with the highest yields observed for the aqueous extracts (18.5% and 19.3%). Conversely, the non-polar hexane yielded the lowest at 0.44%. It was generally noted that the non-polar solvents (hexane, chloroform) and those ranging from weak polar to polar aprotic (ethyl acetate, acetone) resulted in lower yields (< 1%).


Table 2 | Extraction yield percentages of epiphyte extracts.






3.2 Fractionation of the methanolic extract

The methanol extraction gave the highest extraction yield among the cytotoxic active crudes and was further fractionated. A multistep purification scheme was followed, including a reversed-phase C-18 silica column and stepwise gradient elution with water, methanol, and ethyl acetate. Twenty-four fractions of a volume of 24 mL were initially collected and regrouped into twenty-one fractions based on DAD-HPLC analysis. Fractions 2 and 15 exhibited phase differentiations evident by a distinct coloration and were thus further divided accordingly (a, lower phase and b, upper phase). All fractions were dried, each redissolved in the same volume of DMSO, and analyzed for their cytotoxic and antimicrobial activity.




3.3 Cytotoxic effect on cancer and non-tumorigenic cells lines


3.3.1 Crude extracts

The crude extracts of the epiphytes (hexane, chloroform, ethyl acetate, acetone, isopropanol, methanol, aqueous-ethanol, and water) were tested for cytotoxic activity towards three cancerous cell lines (MOLM-13 acute myeloid leukemia, MCF-7 breast cancer, and PC-3 prostate cancer) and two non-cancerous cell lines (NRK kidney epithelial cells, and H9c2 cardiomyoblasts) and the viability was assessed by metabolic conversion of the reporter molecule WST-1. The results are summarized in Table 3.


Table 3 | Cytotoxic activity, EC50 in µg/mL of epiphyte crude extracts against cancerous and non-tumorigenic cell lines.



From the EC50 values listed in Table 3, it is evident that the chloroform, ethyl acetate, and acetone extracts were the most potent towards all three cancerous cell lines. Of the cell lines tested, the leukemia MOLM-13 line was the most sensitive, and PC-3 was the most resilient toward the cytotoxic activity in the extracts. The chloroform extract was the most active with EC50 values against MOLM-13, MCF-7, and PC-3, respectively of 1.1 ± 0.34, 8.3 ± 0.94, and ≥ 25 μg/mL, following the ethyl acetate with EC50 1.2 ± 0.37, 9.0 ± 1.1, and ≥ 25 μg/mL. No significant difference in activity was observed between chloroform, ethyl acetate, acetone, and isopropanol extracts (Table 3). The methanolic extract was active towards MOLM-13 (EC50 5.6 ± 0.99 μg/mL) but less efficient against breast and prostate cancer cell lines with EC50 23.6 ± 1.79 μg/mL for MCF-7 and 46.2 ± 5.87 for PC-3. The most hydrophobic extract, the hexane, exhibited AML cell selectivity, with very high activity for the MOLM-13 cells (EC50: 1.9 ± 0.80 μg/mL), but it was non-active towards the other cell lines. The aqueous extract showed weak cytotoxicity towards MOLM-13 and none towards MCF7 or PC-3 cell lines.

To verify that the reduced metabolic activity was due to cell death, and not antiproliferative effect, we studied the nuclear morphology of the cells. Indeed, the cells treated with extracts which reduced metabolic activity (i.e. WST-1 signal) had nuclei with typical apoptotic features, such as hypercondensed and fragmented nuclei, and sometimes pyknotic nuclei (Figure 1), in line with what has been observed for other bioactive extracts (Oftedal et al., 2010). The presence of apoptotic cells occurred at the same concentrations where we noted a drop in the metabolic activity (data not shown).




Figure 1 | Nuclear morphology of cells treated with various crude extracts. The cells were treated with the given extracts after 24 h of incubation and then fixed and stained with the DNA-dye Hoechst 33342 to visualize the nuclei. Images were acquired by fluorescence microscopy. The arrowheads indicate typical apoptotic nuclei, with hypercondensed chromatin, shrinkage, and in the case of MOLM-13 cells treated with hexane extract, pyknosis. The bars represent 20 µm in all images.



The chloroform, ethyl acetate, and acetone extracts demonstrated high activity towards H9c2 and NRK, while the isopropanol and methanol extracts showed moderate activity. The aqueous, 70% ethanol, and hexane extract showed low or no toxicity against the normal cell line.

The selectivity index (SI, Equation 2) was calculated to reveal which extract contained activity that could be further investigated for anti-cancer purposes. The SI was highest for the MOLM-13 cells for all extracts (Table 4). For the two other cancerous cell lines, the SI indices were lower. The hexane extract exhibited the highest SI for MOLM-13 cells (SI>53) compared with either of the non-cancerous cells. The chloroform, ethyl-acetate, acetone, and methanolic crudes exhibited intermediate selectivity, with SI ranging from 2.2 to 2.8 for NRK and 3.0 to 4.4 for H9c2, respectively.


Table 4 | Selectivity index (SI) of epiphyte extracts.






3.3.2 Flash fractionated methanol extract

A total of 21 fractions from the methanol extract were prepared and screened for anticancer activity (Table 5). In the first ten fractions, eluted with a higher water content (95 to 50% water), only fraction 2B exhibited high activity against all tested cell lines, with EC50 values at or below 5 μg/mL (Table 5, Figure 2). Fraction 8 showed moderate but selective activity against MOLM-13 (EC50 > 25 μg/mL). The cytotoxicity of the remaining fractions was significantly higher with increasing proportions of methanol in the gradient, and the fractions eluted with 100% methanol (fractions 11-18) were potent against all tested cell lines (Figure 2). Fraction 15B and fraction 16 exhibited the highest toxicity against leukemia cells, with EC50 values at 0.07 ± 0.02 μg/mL and 0.09 ± 0.02 μg/mL, respectively (Table 5). Fraction 16 was also efficient against MCF-7 and PC-3 cell lines, with EC50 values below 1 μg/mL, while fraction 15B displayed strong toxicity against MCF-7 cells but lower toxicity against PC-3 cells. A change of the solvent gradient to methanol and ethyl acetate (50:50) resulted in active fractions toward all three cancer cell lines (Figure 2). Fraction 23, eluted with 100% ethyl acetate, displayed selective toxicity exclusively toward leukemia cells (EC50 18.2 ± 2.14 μg/mL for MOLM-13 and >100 for the rest cell lines).


Table 5 | Cytotoxic activity, EC50 in µg/mL of flash fractions against cancerous and non-tumorigenic cell lines.






Figure 2 | Distribution of the cytotoxic activity across the fractionation. EC50 of flash fractions of the methanolic extract towards all three cancer lines MOLM-13, MCF-7, and PC-3 after 72h treatment. Values are presented as logEC50 values, reversed y-axis, mean ± SEM, n=3 or 4 for active fractions and n=2 for inactive fractions, independent experiments.



In line with our observations from the tests on the crude extracts, the fractions from the methanolic extract that were active toward cancer cells were also, to some extent, active toward non-cancerous cells (Table 5). In addition, the fractions containing cytotoxic activity showed the highest SI for MOLM-13 cells compared with non-cancerous cells (Table 6). Fraction 2b, the most polar active fraction, had high activity towards the NRK and H9c2 cell lines. Fractions 15 to 20 were also cytotoxic against the normal cell lines, holding moderate selectivity towards MOLM-13 with a maximum SI of around 3. Fractions 21 to 24 exhibited no detectable cytotoxicity towards either NRK or H9c2 cells, and fraction 23, which was eluted using ethyl acetate, displayed high selectivity towards MOLM-13 compared to non-cancerous cell lines.


Table 6 | Selectivity index (SI) of flash fractions.







3.4 In vitro inhibitory activity against microbial pathogens


3.4.1 Crude extracts

The epiphyte extracts under study were evaluated for effects against eight common human microbial pathogens using the Microplate Alamar Blue Assay (MABA) or E-test to define the Minimum inhibitory concentration (MIC). MIC values of the algal extracts against Mycobacterium tuberculosis, Staphylococcus aureus, Candida albicans, Candida glabrata, Candida tropicalis, Candida krusei, Candida parapsilosis, Trichosporon mucoides are presented in Table 7. The most susceptible strain tested was M. tuberculosis, while the most resistant microorganisms assessed were S. aureus, C. albicans, C. tropicalis, C. krusei, and C. parapsilosis, which all were unaffected by the highest concentration tested (MIC values > 200 μg/mL). The hexane, ethyl acetate, chloroform, and aqueous extracts exhibited moderate to good antimycobacterial activity with MIC values ranging between 100 to 200 μg/mL. The hexane extract was the most active against the fungal strains showing activity against C. glabrata and T. mucoides at concentrations of 100 μg/mL and 200 μg/mL, respectively. In addition, the ethyl acetate extract inhibited the T. mucoides with a MIC of 100 μg/mL. At the same time, the ethanol extract, despite being inactive to most of the microorganisms tested, exhibited moderate action against T. mucoides (MIC = 200 μg/mL). The methanol extract showed no inhibitory effects against any of microorganisms tested.


Table 7 | Minimum inhibitory concentration (MIC) in µg/mL of the epiphytic extracts. Mt (Mycobacterium tuberculosis), Sa (Staphylococcus aureus), Ca (Candida albicans), Cg (Candida glabrata), Ct (Candida tropicalis), Ck (Candida krusei), Cp (Candida parapsilosis), Tm (Trichosporon mucoides).






3.4.2 Flash fractionated methanol extract

The 21 flash fractions were also screened for their antimicrobial activity. The MIC values against the two pathogenic bacteria, M. tuberculosis and S. aureus, and one fungal strain, C. albicans, are presented in Table 8. The fractions eluted with higher water content (95% to 50% A) did not exhibit any antimicrobial activity. The antimicrobial effect was then significantly improved by decreasing the water content of the mobile phase (75% to 100% methanol). The fractions obtained with 100% methanol (fractions 11 to 18) demonstrated potent activity against M. tuberculosis with MIC values ranging from 50 to 200 μg/mL. Fractions 16 and 17 displayed the highest anti-tuberculosis activity (MIC = 50 μg/mL). As the hydrophobicity of the elution solvent was increased by using a mixture of 50% methanol and 50% ethyl acetate, the anti-microbial activity disappeared, and fractions 19-24 had no detectable activity towards either of the microorganisms tested.


Table 8 | Minimum inhibitory concentration (MIC) in µg/mL for the flash fractions. Mt (Mycobacterium tuberculosis), Sa (Staphylococcus aureus), Ca (Candida albicans).








4 Discussion

Numerous studies have focused on the potential of macroalgae as a source of new anticancer and antimicrobial compounds, with multiple crude extracts screened over the past four decades to discover new compounds (Noda et al., 1990; Harada and Kamei, 1997; Harada et al., 1997; Shoeib et al., 2004; Xu et al., 2004; Zubia et al., 2009; Allmendinger et al., 2010; Spavieri et al., 2010a; Martins et al., 2018, 2010b). However, to the best of our knowledge, there are no reports on the presence of bioactivities in epiphytes from Laminaria hyperborea. As such, the present study represents the first systematic investigation of this epiphytic biomasses’ potential in producing bioactive secondary metabolites with cytotoxic and antimicrobial potential.

We found a high degree of both cytotoxic and antibacterial activity in several of our extracts. In general, despite giving the highest yield (Table 2), the two aqueous extracts had the lowest cytotoxic potential (Table 3). At the same time, no such trend related to the extraction solvent used was found for the antimicrobial activity (Table 7). An explanation for the low activity in our aqueous extracts could be that they mostly contain polysaccharides and proteins - as generally observed for aqueous alga extracts (Galland-Irmouli et al., 1999; Lafarga et al., 2020; Olsson et al., 2020; Castejón et al., 2021). The organic extracts, however, were more potent, in line with other reports (Sastry and Rao, 1994; Val et al., 2001; El-Shaibany et al., 2020). The chloroform and ethyl acetate extracts displayed the highest overall cytotoxicity in cancer and non-tumorigenic cell lines (Table 3) while the hexane and ethyl acetate were most potent towards the sensitive microbial strains (Table 7).

Due to the high activity in the organic extracts, we further fractionated the methanolic extract with a high extraction yield. Methanol has a broad extraction capacity, and by purifying the crude extract with flash chromatography with a decreasing polarity gradient, the activity of this extract could be further investigated. A similar activity pattern as seen for the crude extracts, was observed: the highly polar flash fractions had no significant activity, whereas the organic fractions revealed high cytotoxicity (Figure 2). An exception was fraction 2A, which, despite its high polarity, exhibited potent cytotoxicity against all the cell lines, indicating the presence of highly active polar compounds different from the following fractions (Table 4). An important finding was that some of the purified flash fractions showed an improvement in the cytotoxic potency (EC50 ranging from 0.07 μg/ml) (Table 6), possibly due to increased concentrations of active compound(s), or removal of substances that mask cytotoxic effects.

In the potent fractions (15-17, eluted with methanol), fucoxanthin was identified with DAD-HPLC analysis compared with a commercial standard (data not shown), which could be responsible for the activities (Mumu et al., 2022). Fucoxanthin and its metabolites, fucoxanthinol, amarouciaxanthin (Asai et al., 2004), and isomers such as 13-cis or 13’-cis fucoxanthin (Nakazawa et al., 2009), are found to reduce cell viability when tested on prostate cancer cell lines DU145, PC-3, and LNCaP (Kotake-Nara et al., 2001, 2005; Satomi and Nishino, 2009; Satomi, 2012). However, pure fucoxanthin was tested on the cell lines in our study - but did not produce substantial cytotoxicity (Table S2). This suggests that the observed bioactivity in fractions 15-17 might not be related to the presence of fucoxanthin – even though synergistic effects between fucoxanthin and other bioactive constituents cannot be ruled out. The type of constituents and their relative contributions to the observed activities are yet to be elucidated, but it is likely that the vast array of halogenated terpenoids (Cabrita et al., 2010; Jesus et al., 2019), phenolic compounds (Cotas et al., 2020), mycosporine-like amino acids (Yuan et al., 2009; Athukorala et al., 2016; Lalegerie et al., 2019; Nishida et al., 2020), carotenoids and pigments (Schubert et al., 2006; Lalegerie et al., 2020) found in red algae could be involved. Particularly halogenated compounds such as bromophenols found in this type of extracts have proved to be characteristic compounds in red seaweeds and have diverse biological effects, including antibacterial, antifungal, anti-inflammatory, and cytotoxic effects (Shoeib et al., 2004; Jesus et al., 2019). However, we cannot exclude the presence of bioactive compounds produced by other species like invertebrates present in our samples.

This study aimed partly to investigate whether the epiphytic biomass contained compounds that could be promising leads in cancer treatment or infections. For cancer therapy, a certain selectivity towards cancer cells compared to non-tumorigenic cells is needed, whereas a low MIC must be fulfilled for anti-microbial compounds. For our cytotoxicity data, we calculated the selectivity index (SI) from the difference in EC50 values between the cancer and non-tumorigenic cells. It is proposed that the SI needs to be higher than at least 3 (Mahavorasirikul et al., 2010; Weerapreeyakul et al., 2012) or even 10 (Peña-Morán et al., 2016) for a sample to be eligible for further investigation. In several of our extracts and fractions we found an SI higher than 3 (Table 4 and 6). For instance, the hexane crude exhibited high activity towards MOLM-13 cells exclusively with SI greater than 53 compared to the non-carcinogenic cell lines and merits further investigations to find if there are novel leads for cancer therapy. Although our extracts were tested on a small panel of cells (two non-tumorigenic and three cancer cell lines), the results are promising in light of the high potency and selectivity. As further fractionation and isolation of this biomass progress, tests on more cell lines should be performed to identify their selectivity toward certain cancer types. However, from the data presented herein, it appears that the leukemia cell line MOLM-13 is particularly susceptible, especially in the activities present in the hexane extracts or the most organic flash fractions from the methanolic extract (Tables 3, 4, 5, and 6). The lowest MIC value in our experiments with the crude extracts was 100 μg/mL, which was achieved with the strongest organic solvents (Table 7). However, after fractionation of the methanolic extract, we achieved MIC-values of 50 μg/mL against Mycobacterium tuberculosis (Table 8), again demonstrating the importance of purification to evaluate the activity potential of complex samples.

Overall, this study provides valuable insights into the potential of epiphyte crudes and the subsequential fractionation as a novel source of new anticancer and antimicrobial agents. The observed cytotoxic and antimicrobial activities suggest the presence of compounds with the potential to selectively target cancer cells and inhibit human pathogens. Further research is needed to isolate and identify the specific compounds responsible for these effects and to elucidate the underlying mechanisms of action. Thus, in line with the challenges and ethical concerns of bioprospecting, epiphytes represent a great opportunity for valorization, transforming an abundant waste material into a major opportunity.
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