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Abstract 

 The development of antibiotic resistance in recent decades is a major concern that 

has urged natural product researchers to investigate new biological sources of 

antimicrobial compounds. Fungi isolated from marine environments have proven to be a 

potent source of bioactive molecules. The crude extract of an unidentified seafoam-

derived fungus, SC1-077G, demonstrated strong inhibition of Staphylococcus aureus in 

an antimicrobial activity screening in 2016. The objective of this research was to isolate 

the compound(s) responsible for the bioactivity of the crude extract using immersion 

bioautography guided fractionation. Flash chromatography and high-performance liquid 

chromatography generated an impure sample containing two putatively new natural 

products, which demonstrated strong inhibition of S. aureus, that could not be further 

purified chromatographically. Acetylation of the impure sample facilitated the isolation 

of two acetylated, putatively new natural product derivatives. Immersion bioautography 

proved to be an efficient method for directing the fractionation of bioactive natural 

products. 
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Introduction 

Compounds produced by living organisms can be classified as either primary or 

secondary metabolites (Croteau et al., 2000; Fernie & Pichersky, 2015; Drew & Demain, 

1977). Primary metabolites have essential roles in metabolism, making them requisite for 

the existence and development of life as we know it (Croteau et al., 2000; Fernie & 

Pichersky, 2015; Drew & Demain, 1977). Conversely, biological compounds that are not 

required for the existence of life, but instead provide their producer some form of fitness 

advantage, are classified as secondary metabolites (Demain & Fang, 2000; Pavarini et al., 

2012; Croteau et al., 2000; Drew & Demain, 1977). These compounds, often serving 

ambiguous or unknown roles for their producer (Croteau et al., 2000), are evolutionary 

products that emerged in response to environmental challenges (Verdine, 1996; 

Maplestone et al., 1992), and are characterized by their vast chemical diversity and potent 

biological properties (Atanasov et al., 2021).  

Humans have been using secondary metabolites, also known as natural products, 

as chemical tools for centuries, mainly as spices, dyes, waxes, and medicinal agents 

(Croteau et al., 2000; Dias et al., 2012). Over the years, the list of human-centred 

applications of natural products has only grown with their continuous discovery, and their 

impacts are felt world-wide in modern society (Atanasov et al., 2021; Dias et al., 2012). 

For example, the natural product caffeine (Figure 1a) has been estimated to be the second 

most heavily traded commodity in the world, providing jobs to over seventy-five million 

people globally (Pendergrast, 2009). Another example of an industry that has been 

heavily influenced by natural products is the agricultural industry; from the years 1997 to 
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2010, natural product research was responsible for nearly 70% of all new active 

ingredients added to western commercial pesticides (Cantrell et al., 2012).  

      

 

 

 

 

 

  

 

 

 

Figure 1. The chemical structures of (a) caffeine, (b) morphine, (c) quinine, and (d) 
penicillin G. 

 

However, it can be argued that the greatest impact had by natural products on 

humanity has been through their medicinal applications. Historically, natural products 

have been administered to treat a wide variety of ailments through the use of medicinal 

plants (Dias et al., 2012). The development of a more empirical approach to chemistry in 

the 19th century facilitated rigorous investigation of the therapeutic potential of plants 

(Beutler, 2009), leading to the discovery of various natural product drugs such as 

morphine (Figure 1b), an analgesic (Lockermann, 1951), and quinine (Figure 1c), an 

antimalarial (Borchardt, 1996). Additionally, fungi became organisms of interest for 
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natural product research during this time, with various macromycetes found to produce 

bioactive compounds (Stadler & Hoffmeister, 2015). In 1928, the investigation of fungal 

natural products was intensified with Flemming’s discovery of the antibiotic natural 

product penicillin G (Figure 1d), produced by fungi of the Penicillium genus, which 

launched humanity into a new medicinal age: the age of antibiotics (Lobanovska & Pilla, 

2017; Marek & Timmons, 2019).  

Antibiotics have revolutionized the landscape of healthcare and are largely 

responsible for the 40% increase in life expectancy seen from the 19th century to present 

day (Adedeji, 2016). To date, there have been over 200 different antibiotics and 

antifungals approved for prescription by the FDA (Newman & Cragg, 2020), and during 

the period of 1981 to 2020, 49% of all approved antibacterials and antifungals were 

natural products, natural product derivatives, or synthetics inspired by natural product 

structures (Newman & Cragg, 2020).  

However, the injudicious prescription of antibiotics is a prevalent issue in society 

(Belongia & Schwartz, 1998; Nyquist et al., 1998; Schwartz et al., 1998). Over a fifth of 

all antibiotic prescriptions in the US are written for upper respiratory tract illnesses, the 

vast majority of which are viral infections and therefore cannot be successfully treated 

with antibiotics (Nyquist et al., 1998). These findings are consistent with more recent 

studies, which found that 25% of antibiotic prescriptions in developed countries are 

written to treat illnesses that will not benefit from the prescribed treatment (Meropol & 

Votruba, 2015; Hicks et al., 2015; Vaz et al., 2014).  

A concerning increase in the prevalence of antibiotic resistance has resulted from 

the overprescription of antibiotics (Schwartz et al., 1998; Hersh et al., 2013; Institute of 
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Medicine, 2010). In the early 1940s, penicillin prescriptions were remarkably successful 

in treating staphylococcal infections (Lobanovska & Pilla, 2017; Ligon, 2004), but 

penicillin-resistant strains were identified in communities within two years of the public 

introduction of the drug (Rammelkamp & Maxon, 1942). By 1970, over 80% of all 

staphylococcal infections were resistant to treatment by penicillin (Lowy, 2003).  

Presently, the planet is described as entering a global antibiotic-resistance crisis 

(Aslam et al., 2023; Podolsky, 2018; Shallcross et al., 2015), and mortality rates caused 

by infections have been projected to reach levels similar to those before antibiotics were 

ever mass produced (Shallcross et al., 2015). Select developing countries have taken 

initiatives to curb this threat, such as designing comprehensive plans to contain the 

national spread of antibiotic resistant pathogens (Aslam et al., 2023; Landers & 

Kavanagh, 2016) and investing in research for therapeutic alternatives (Mitea et al., 

2023; Luepke & Mohr, 2017), but antibiotic resistance is a worldwide problem, and 

action on a global scale has yet to be taken (Aslam et al., 2023). 

Various research strategies have emerged with the common goal of boosting drug 

discovery and development. Modern synthetic techniques include computational and 

combinatorial chemistries, which have produced more drug leads in a time and cost-

efficient manner than ever before (Leelananda & Lindert, 2016; Liu et al., 2017). 

Alternatively, natural product chemists are largely focusing on investigating new 

ecological niches that foster a rich diversity of bioactive natural products (Che, 2011; 

Sanchez et al., 2012; Sasso et al., 2012; Swift et al., 2021; Debbab et al., 2011; Shang et 

al., 2012). Among these natural reservoirs of therapeutic leads are endophytic and 

marine-derived fungi (Che, 2011; Debbab et al., 2011; Shang et al., 2012; Bugni & 
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Ireland, 2003). Endophytes are organisms that spend at least part of their life cycle within 

the tissues of plants (Stone et al., 2004), while marine-derived fungi are those that have 

been isolated from a marine environment (Bugni & Ireland, 2003).  

Endophytic and marine-derived fungi have proven to be promising sources of 

bioactive natural products. (Luo et al., 2017; Bhardwaj et al., 2023; Che, 2011; Debbab et 

al., 2011; Shang et al., 2012; Bugni & Ireland, 2003). As such, the Natural Products 

Research Group (NPRG) has been investigating endophytic and marine-derived fungal 

extracts for the production of new natural products (Clark, 2019; Morehouse et al., 

2023a; Morehouse et al., 2023b). Using nuclear magnetic resonance (NMR) and high-

resolution electrospray ionization mass spectrometry (HRESIMS) prioritization and 

fractionation techniques, numerous new natural products have been discovered (Clark, 

2019; Morehouse et al., 2023a; Morehouse et al., 2023b; Morehouse et al., 2023c). 

Extracts produced from the NPRG’s fungal library have also been subjected to bioactivity 

screening assays against a suite of infectious microorganisms in order to gauge the 

therapeutic capabilities of the extracts (Cox, 2016; Ellsworth et al., 2013), and bioassay-

guided fractionation techniques have led to the isolation of new natural products with 

potent bioactivities (Morehouse et al., 2023d; Morehouse et al., 2020; Flewelling et al., 

2015). 

In 2016, 72 distinct fungi were isolated from sea foam from the Bay of Fundy 

(Cox, 2016). Various studies have demonstrated the rich diversity of sea foam-derived 

fungi (Hyde & Jones, 1989; Koehn, 1982; Nakagiri, 1989; Kirk, 1983), but few have 

investigated the therapeutic potential of their natural products (Oppong-Danquah et al., 

2020; Cox, 2016; Overy et al., 2014). Of the 72 extracts generated from these isolates, 14 
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demonstrated antimicrobial properties (Cox, 2016), and further investigation of one of 

these extracts led to the isolation of a new antimicrobial phenalenone derivative, 2,4,6,9-

tetrahydroxy-7-methyl-2-prenyl-1H-phenalene-1,3(2H)-dione (Figure 2) (Morehouse et 

al., 2023d). 

 

 

 

 

 

 
Figure 2. The chemical structure of 2,4,6,9-tetrahydroxy-7-methyl-2-prenyl-1H-
phenalene-1,3(2H)-dione.  
 

The crude extract of SC1-077G, another fungus isolated from sea foam (Cox, 

2016), demonstrated strong inhibition of Staphylococcus aureus in thin-layer 

chromatography (TLC) immersion bioautography. Bioautography is an antimicrobial 

activity detection technique that can be used to rapidly screen for the presence of 

bioactive compounds in an extract (Dewanjee et al., 2015; Choma & Grzelak, 2011). 

TLC immersion bioautography works by submerging a TLC plate spotted with a sample 

into an agar that has been inoculated with a microorganism. If there are compounds 

present in the sample that are bioactive against the microorganism, then zones of 

inhibition will form where the bioactive compounds are located on the TLC plate. 

Bioautography is less commonly used than microplate bioassays to assess the bioactivity 

of natural extracts (Sun et al., 2018). However, its rapid, simple, and inexpensive nature 
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(Dewanjee et al., 2015; Choma & Grzelak, 2011) makes it an ideal antimicrobial analysis 

technique to direct the isolation steps of biologically active natural products. 

Therefore, the objective of this research was to isolate the compound(s) 

responsible for the S. aureus bioactivity of the crude extract of SC1-077G using TLC 

immersion bioautography guided fractionation. 
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Experimental 

General experimental procedures 

Solvents used for fractionation and purification procedures were ACS certified or 

high-performance liquid chromatography (HPLC) grade and were purchased from Fisher 

Scientific (Ottawa, Ontario, Canada). Deuterated solvents used for nuclear magnetic 

resonance (NMR) were purchased from Sigma-Aldrich® (Oakville, Ontario, Canada). 

NMR spectra were recorded using a Bruker AVII 400 instrument and processed using 

MNova® 14 software (Mestrelab Research® S.L.). Chemical shifts are expressed as ppm 

and referenced to residual protonated solvent resonances (DMSO-d6: 1H, 2.500 ppm; 13C, 

39.52 ppm). Normal-phase thin-layer chromatography (TLC) was performed using Ultra-

Pure Silica Gel on aluminium backing (Silicycle Chemical Division, Quebec City, 

Quebec, Canada). Reversed-phase flash column chromatography (RPFC) was conducted 

by eluting acetonitrile and H2O through a Biotage Flash+ chromatography system with a 

C18 Silicycle cartridge (40-60 um, 60 Å, 25 g; Silicycle, Quebec). Reversed-phase high 

performance liquid chromatography (RP-HPLC) was performed using a Waters 600 

pump, a Waters 2487 dual wavelength absorbance detector (measuring absorbance at 190 

and 254 nm), and a Phenomenex Luna C18 column (10 μm, 10-0 Å, 250 x 10 mm). 

Acetonitrile (CH3CN) and H2O were eluted at a flow rate of 4 mL/min. Reagent grade 

acetic anhydride purchased from Sigma-Aldrich® was used in acetylation reactions. 

High-resolution electrospray ionization mass spectrometry (HRESIMS) data of samples 

was acquired using a Thermo LTQ Exactive instrument and processed using Thermo 

Scientific™ Xcalibur™ software. 
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Liquid culture fermentation and extraction 

 Segments of a culture of SC1-077G (5 mm x 5 mm) were placed in flasks 

containing 1.2% DifcoTM potato dextrose broth (VWR, Mississauga, Ontario, Canada) 

(100 mL per flask, 50 flasks total). The flasks were shaken at 150 rpm in the dark for two 

weeks in a temperature-controlled room (21°C ± 2°C). Following the fermentation 

period, the flasks were sonicated for 30 seconds, and the spent broth and cellular debris 

were then filtered through cotton wool, combining the filtrate (5 L). The filtrate was 

extracted with three washes of ethyl acetate (EtOAc; 1.6 L EtOAc per wash), and the 

ethyl acetate washes were combined and concentrated in vacuo to produce a crude extract 

(CN2-001-01; 388 mg). 1H NMR and HRESIMS data were obtained for the extract.  

Four 5 L fermentations were conducted in total, giving extracts of 388 mg, 322 

mg, 273 mg, and 306 mg (CN2-001-01, CN2-001-01.2, CN2-001-01.3, and CN2-001-

01.4, respectively). The extract (CN2-001-01) was tested against Staphylococcus aureus 

(ATCC 29213) using immersion bioautography to verify its bioactivity as originally 

discovered.  

Fractionation of extracts 

 The crude extract (CN2-001-01) was loaded onto C18 silica (2.0 g) and subjected 

to reversed-phase flash chromatography (RPFC) employing a stepwise gradient of 100% 

water (H2O) to 100% acetonitrile (CH3CN) (10% increments, 150 mL elutions) to 

separate the extract into eleven fractions. The column was then washed with methanol 

(MeOH) followed by EtOAc (150 mL elutions), generating 13 fractions in total that were 

concentrated in vacuo. Reversed-phase flash chromatography was performed under the 

same conditions for all four extracts (CN2-001-01, CN2-001-01.2, CN2-001-01.3, and 
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CN2-001-01.4). Staphylococcus aureus immersion bioautography was conducted for 

each fraction generated by RPFC in addition to 1H NMR and HRESIMS acquisition. 

Fraction seven (60 CH3CN: 40 H2O, 655 mg total) demonstrated the largest zone of 

inhibition in immersion bioautography (see Appendix A, Figure A1). A portion of 

fraction seven (47 mg) was purified using isocratic reversed-phase HPLC (50 CH3CN: 50 

H2O), producing five fractions. 1H NMR spectra and HRESIMS data were acquired for 

each fraction. Immersion bioautography against S. aureus was also conducted for each 

fraction. Fraction two (CN2-025-02; 31 mg) produced the largest zone of inhibition in S. 

aureus immersion bioautography (see Appendix A, Figure A2).  

The 1H NMR spectrum of CN2-025-02 indicated that the sample was impure. To 

purify CN2-025-02, various HPLC test injections were attempted at the following 

conditions: reversed-phase (RP), isocratic, 85 H2O: 15 CH3CN; RP, isocratic, 50 H2O: 50 

MeOH; RP, isocratic, 85 H2O: 15 MeOH; RP, isocratic, 50 H2O: 50 CH3CN (0.05% 

trifluoroacetic acid [TFA]); RP, isocratic, 50 H2O: 50 MeOH (0.05% TFA); RP, gradient, 

90 H2O: 10 CH3CN to 100% CH3CN (linear slope), 25 mins; RP, gradient, 90 H2O: 10 

CH3CN to 100% CH3CN (linear slope), 40 mins; RP, gradient, 90 H2O: 10 CH3CN to 

100% CH3CN (linear slope), 65 mins; normal-phase (NP), isocratic, 50 EtOAc: 50 

hexanes (Hex); NP, isocratic, 25 EtOAc: 75 Hex. However, all traces showed insufficient 

peak separation, meaning the sample could not be purified chromatographically. 

A final attempt to purify a portion (10 mg) of CN2-025-02 was conducted by 

acetylating the sample. The reaction mixture underwent reversed-phase column 

chromatography, generating three fractions. Fraction 2 (CN2-033-02; 8 mg) was then 

subjected to isocratic RP-HPLC (50 H2O: 50 CH3CN), producing sixteen fractions that 
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were concentrated in vacuo. 1H NMR spectra and HRESIMS data were obtained for all 

fractions. Immersion bioautography against S. aureus was also conducted for all 

fractions. 

Acetylation of CN2-025-02 

 CN2-025-02 (10 mg) was dissolved in pyridine (250 μL) and treated with acetic 

anhydride (36 μL, [0.38 mmol]) for six hours at 20°C with stirring before MeOH (100 

μL) was added and the mixture stirred for a further 30 minutes. The reaction mixture was 

subjected to reversed-phase column chromatography (1.0 g of C18 silica), which 

employed a stepwise solvent gradient from 100% H2O to 100% CH3CN (50% 

increments, 2 mL elutions), followed by a MeOH wash (2 mL elution), collecting the 

fractions in separate vials. Fraction 2 (50 H2O: 50 CH3CN) and fraction 3 (100% 

CH3CN) were then combined based on TLC profiles and concentrated in vacuo (CN2-

033-02; 8 mg). 

Immersion bioautography 

 Antimicrobial activity of the crude extract (CN2-001-01), as well as subsequent 

RPFC and RP-HPLC fractions, were qualitatively assessed against Staphylococcus 

aureus (ATCC 29213) using thin-layer chromatography (TLC) immersion 

bioautography. To prepare for immersion bioautography, samples (5 mg/mL) were 

spotted on a normal-phase TLC plate (2 cm x 8 cm; spots were 1 cm from bottom of 

plates), which was then developed in a closed solvent chamber (90 MeOH: 10 H2O). 

After air-drying, a stock solution of positive control gentamicin (1.0 mg/mL; Sigma-

Aldrich®, Oakville, Ontario, Canada) was spotted on the bottom left corner of the 

developed TLC plate. The TLC plate was then placed face-up in a sterile square Petri 
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dish (10 cm x 10 cm). 83 µL of a 1.0 McFarland standard of S. aureus was transferred to 

an Erlenmeyer flask containing liquefied 2.2% DifcoTM Mueller Hinton II cation adjusted 

(CAMH) agar (25 mL) and swirled. The inoculated agar was then poured onto the TLC 

plate in the Petri dish. Once the agar solidified, the Petri dish was sealed with Parafilm 

M® and incubated for 24 hours (37oC). Following the incubation period, the surface of 

the agar was sprayed with a light, even coating of 3-(4.5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) solution (5 mg/mL). The plate was then incubated 

for an additional four hours. The yellow MTT solution turns purple in the presence of 

metabolizing cells during incubation, allowing areas of dead or inhibited cells (i.e., zones 

of inhibition) to be observed visually (Dewanjee et al., 2015) (Figure 3). Following the 4-

hour incubation period of the MTT-coated plate, zones of inhibition were observed and 

recorded. 

 

Figure 3. Normal-phase thin-layer chromatography (TLC) immersion bioautography 
plate of the crude extract (CN2-001-01; 5 mg/mL) against Staphylococcus aureus (ATCC 
29213) with positive control gentamicin (1.0 mg/mL). Purple regions on the plate 
indicate the presence of metabolizing cells, while yellow regions indicate the presence of 
metabolically inhibited cells (i.e., zones of inhibition).  
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Results and Discussion 

 The crude extract of the unidentified fungus SC1-077G underwent reversed-phase 

flash chromatography (RPFC) to isolate the compounds responsible for the bioactivity 

against Staphylococcus aureus, which generated thirteen fractions that were then tested 

against S. aureus using thin-layer chromatography (TLC) immersion bioautography (see 

appendix A; Figure A1). Fraction seven (CN2-019-07; 60 CH3CN: 40 H2O; 655 mg) 

demonstrated the largest zone of inhibition against S. aureus (Figure A1). Reversed-

phase high performance liquid chromatography (RP-HPLC) of CN2-019-07 produced 

five fractions. The second fraction (CN2-025-02; 31 mg) demonstrated the largest zone 

of inhibition against S. aureus (see Appendix A; Figure A2).  

The 1H NMR spectrum of CN2-025-02 contained several low intensity proton 

resonances (δH 1.45, 1.57, 1.75, 1.90, 2.08, 2.26, 3.17, 3.51, 4.75, 5.17, 6.16, 6.28, 6.57, 

6.98, 7.11, 7.24, and 9.17 ppm), suggesting the sample was impure (Figure 4a). High 

resolution electrospray ionization mass spectrometry (HRESIMS) data revealed more 

than one molecular ion peak, with M+H+ peaks at 517.1155 and 519.1289 m/z being the 

most abundant components of the sample. This provides further evidence of the impurity 

of the sample.  

The 13C NMR spectrum of CN2-025-02 (Figure 4b) contained fourteen carbon 

resonances. This data, coupled with the HRESIMS data, informed the non-protonated 

chemical formulas of the most abundant molecular ions to be C14H12N16O7 and 

C14H14N16O7. These are putatively new natural products, returning zero results when 

either chemical formula was searched in the Natural Products Atlas database (van Santen 

et al., 2022), CAS Scifindern or Google Scholar.  
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Figure 4. (a) 1H NMR spectrum (400 MHz, DMSO-d6) of CN2-025-02 and (b) 13C NMR 
spectrum (400 MHz, DMSO-d6) of CN2-025-02. Peaks in red boxes indicate proton 
resonances of low intensity, meaning there are impurities present in the sample. 
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Various attempts were made to purify CN2-02-025-02 using HPLC. First, the 

sample was injected into a reverse-phase column with a more polar solvent system 

(isocratic, 85 H2O: 15 CH3CN), as an increased polarity of the mobile phase in RP-HPLC 

will generally slow down the elution of the compounds in the sample, increasing their 

separation. However, this yielded a trace very similar to that produced by the original 

HPLC conditions used when injecting CN2-019-07 (50 H2O: 50 CH3CN), meaning it 

would not suffice to isolate the constituents of the sample.  

Next, two isocratic injections were attempted using the reversed-phase column 

and H2O and MeOH as the solvents (50 H2O: 50 MeOH and 85 H2O: 15 MeOH). By 

replacing CH3CN with a more polar solvent (i.e., MeOH), the polarity of the solvent 

system is thereby increased, which may alter the interactions of the compounds in the 

sample with the column, changing their elution times. Both injections, however, 

produced traces with insufficient separation of peaks.  

Injections were then attempted on the reversed-phase column using H2O and 

CH3CN or MeOH with 0.05% trifluoroacetic acid (TFA). The addition of TFA to the 

solvent systems functions to protonate any basic and acidic functional groups of the 

compounds in the sample, which may alter their interactions with the column. However, 

these injections yielded similar results. Reversed-phase gradient injections of varying 

durations were then attempted (90 H2O: 10 CH3CN to 100% CH3CN [linear slope] over 

25 minutes, 40 minutes, and 65 minutes), as gradient solvent systems can be useful in 

isolating compounds that do not demonstrate sufficient separation in isocratic conditions, 

but insufficient traces were produced once again. 
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Lastly, injections of CN2-025-02 were attempted on a normal-phase column using 

EtOAc and Hex as the solvents (50 EtOAc: 50 Hex and 25 EtOAc: 75 Hex). Normal-

phase HPLC, unlike reversed-phase HPLC, employs a polar chromatography column and 

a non-polar solvent system, and therefore can be successful in isolating compounds that 

cannot be isolated using reversed-phase methods. However, the traces from these 

injections again demonstrated poor peak separation. 

An acetylation reaction was then attempted on a portion (10 mg) of CN2-025-02 

as a last resort to isolate the compounds in the sample. The 1H NMR spectrum of CN2-

025-02 displayed proton resonances (δH 9.71 and 9.88 ppm) characteristic of de-shielded 

hydroxyl groups (e.g., phenolic hydroxyl groups; Figure 4a). Reacting the hydroxyl 

groups with acetic anhydride would form acetate groups. These acetate groups were 

hypothesized to change the polarity of the compound(s) containing the hydroxyl groups 

and/or replace chromatographically labile protons, altering how the compounds interact 

with the chromatography column. These changes would in turn allow for the 

chromatographic isolation of the compounds in the sample. The acetylated sample was 

injected into the HPLC at the same conditions (isocratic, 50 CH3CN: 50 H2O) as the non-

acetylated starting material, and the stark difference in the chromatographic separation of 

the two samples can be observed in Figure 5. 
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Figure 5. Reversed-phase high performance liquid chromatography trace of (a) CN2-
025-02 pre-acetylation, and (b) CN2-025-02 post-acetylation. The peaks overlapping in 
the 23-to-35-minute range of (a) indicated a poor separation of the sample, meaning the 
compounds in the sample could not be isolated chromatographically. Following 
acetylation of the sample, the peaks demonstrated far greater separation (b) than observed 
in (a), suggesting that acetylation of the impure sample allowed for the successful 
chromatographic isolation of its constituents. Solvent system for both injections was 50 
CH3CN: 50 H2O with an elution rate of 4 mL/min. Ultraviolet absorption was measured 
at 190 nm (traced in black) and 254 nm (traced in red). 
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 The peaks in Figure 5b were collected and concentrated in vacuo, giving sixteen 

fractions. Fraction 9 (CN2-037-09; 1 mg) and fraction 12 (CN2-037-12; 1 mg) contained 

the most material and exhibited 1H NMR spectra with similar proton resonances to that of 

CN2-025-02 (CN2-025-02: δH 1.28, 2.67, 2.82, 4.45, 5.63, 6.43 ppm; CN2-037-09: δH 

1.31, 3.51, 4.59, 6.31, and 7.37 ppm; CN2-037-12: δH 1.31, 2.70, 2.95, 3.50, 4.61, 6.36, 

and 7.34 ppm; Figure 6). However, the hydroxyl resonances apparent in the 1H NMR 

spectrum of CN2-025-02 (δH 9.71 and 9.88 ppm) are notably absent in the 1H NMR 

spectra of CN2-037-09 and CN2-037-12 (Figure 6b, 6c). There are also two additional 

proton resonances present in the spectra of CN2-037-09 and CN2-037-12 (CN2-037-09: 

δH 1.93 and 2.45 ppm; CN2-037-12: 1.92 and 2.45 ppm) that are characteristic of acetyl 

methyl groups (Figure 6b, 6c). This suggests that the hydroxyl groups of the compounds 

in CN2-025-02 were successfully acetylated. Moreover, the presence of similar proton 

resonances between 0 ppm and 5 ppm in the spectra of CN2-037-09 and CN2-037-12 

suggest that these are two compounds with similar chemical structures. In other words, 

CN2-037-09 and CN2-037-12 are likely two natural products derived from the same 

metabolic precursor. This makes sense considering both compounds eluted at the same 

time in the HPLC of CN2-025-02 (t = 21 mins, Figure 5a), and were not able to be 

separated chromatographically through the other various HPLC methods attempted. 

Compounds with very similar chemical structures can have nearly identical 

chromatographic properties, meaning they cannot be isolated chromatographically. By 

acetylating both compounds, the changes in their chemical structures generated a change 

in their polarities and/or possession of chromatographically labile protons that then 

allowed for their chromatographic isolation by HPLC. 
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Figure 6. 1H NMR spectrum (400 MHz, DMSO-d6) of (a) CN2-025-02 (pre-acetylation 
sample), (b) CN2-037-09 (post-acetylation fraction), and (c) CN2-037-12 (post-
acetylation fraction). 
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The sixteen fractions generated by the HPLC of the acetylated sample were tested 

against S. aureus in immersion bioautography (see Appendix A, Figure A3). The first 

fraction (CN2-037-01; 0.2 mg) was the only fraction to produce a zone of inhibition 

(Figure A3). The hydroxyl groups of the primary constituents of CN2-025-02 may have 

been part of the pharmacophore that caused the bioactivity against S. aureus, in which 

case acetylating these groups would have changed the chemical structure of the 

pharmacophore, possibly rendering the compound(s) inactive against S. aureus; this 

would explain why CN2-037-09 and CN2-037-12 did not demonstrate bioactivity against 

S. aureus (Figure A3). The acetylation reaction may have also generated side products 

and/or introduced leftover reagents into the sample that are bioactive against S. aureus, 

which would explain the bioactivity demonstrated by CN2-037-01 (Figure A3).  

Alternatively, the bioactivity of CN2-025-02 against S. aureus may not have been 

caused by the primary constituents of the sample (i.e., the non-acetylated structures of 

CN2-037-09 and CN2-037-12), but rather one of the more scarce constituents responsible 

for the impurity peaks seen in Figure 6a. Acetylating the sample allowed for the 

chromatographic separation of the scarce constituents of CN2-025-02 from the primary 

constituents, thus isolating the bioactive component from the non-bioactive components. 

However, the chemical composition of CN2-037-01 was not possible to determine using 

NMR spectroscopy due to the sub-milligram quantity of the sample; further acetylation of 

CN2-025-02 followed by HPLC is required to determine the chemical structure of CN2-

037-01.  
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Conclusion 

Immersion bioautography is a bioassay technique that is typically used as a quick 

and simple alternative to microplate bioassays when screening complex natural product 

extracts for the presence of bioactive compounds (Dewanjee et al., 2015; Choma & 

Grzelak, 2011). The use of TLC-immersion bioautography as the guide for the isolation 

of natural products in this project led to the purification of two putatively new natural 

products, as well as a compound bioactive against S. aureus. This research demonstrates 

that bioautography techniques, though historically less common than microplate bioassay 

techniques (Sun et al., 2018), can facilitate an efficient fractionation of bioactive natural 

products. Furthermore, while several studies using TLC-bioautography to screen their 

extracts have been met with success in detecting the presence of bioactive natural 

products (Sun et al., 2018; Grzelak et al., 2016; Jesionek et al., 2015; Móricz et al., 2017; 

Legerská et al., 2022; Móricz et al., 2012; Galindo-Cuspinera & Rankin, 2005), this 

project is among the first to use TLC immersion bioautography to inform each 

purification step of natural product isolation (Xu et al., 2024). 

Immersion bioautography also proved to be a rapid and effective means of 

analyzing the bioactivity profiles of the acetylation reaction products. Though commonly 

used in natural product isolation, the use of TLC-bioautography in synthetic chemistry 

has only been reported once (Yüce & Morlock, 2021). The successful use of TLC-

bioautography to analyze reaction results in this project is indicative of the pivotal role 

that TLC-bioautography could play in synthetic drug development.  

Future work following this project should focus on: elucidating the structures of 

CN2-037-09 and CN2-037-12 using two-dimensional (2D) NMR spectroscopy and 
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HRESIMS; elucidating the structure of CN2-037-01 using 2D NMR spectroscopy and 

HRESIMS to help inform the source of the bioactivity demonstrated by CN2-025-02; and 

developing a reaction method to hydrolyze the acetyl groups of CN2-037-09 and CN2-

037-12 and screening their bioactivities against S. aureus. 
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Appendix A: Immersion Bioautography Guided Fractionation 

  

 

 

 

 

 

 

 

 

 
 
Figure A 1. Normal-phase thin-layer chromatography (TLC) immersion bioautography 
of the reversed-phase flash column fractions of the crude extract (CN2-001-01; 5 mg/mL) 
against Staphylococcus aureus (ATCC 29213) with positive control gentamicin (1.0 
mg/mL). The seventh fraction (CN2-019-07; 60 CH3CN: 40 H2O) demonstrated the 
largest zone of inhibition of S. aureus (encircled). 
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Figure A 2. Normal-phase thin-layer chromatography (TLC) immersion bioautography 
of the reversed-phase high performance liquid chromatography fractions of CN2-019-07 
(5 mg/mL) against Staphylococcus aureus (ATCC 29213) with positive control 
gentamicin (1.0 mg/mL). The second fraction (CN2-025-02) demonstrated the largest 
zone of inhibition of S. aureus (encircled). 
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Figure A 3. Normal-phase thin-layer chromatography (TLC) immersion bioautography 
of the reversed-phase high performance liquid chromatography fractions of the 
acetylation reaction products of CN2-025-02 (5 mg/mL) against Staphylococcus aureus 
(ATCC 29213) with positive control gentamicin (1.0 mg/mL). The first fraction (CN2-
037-01) demonstrated the only zone of inhibition of S. aureus (encircled). 

 


