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Abstract 

Antibacterial screenings are most commonly targeted at planktonic bacteria but less effort 

is dedicated to the exploration of agents acting on biofilms. Here, a natural compounds 

library was screened against Staphylococcus aureus using a 384-well plate platform to 

identify compounds preventing biofilm formation. Five structurally diverse hits were 

selected for follow-up studies: honokiol, tschimganidin, ferutinin, oridonin and 

deoxyshikonin. The compounds were evaluated against different bacterial species for their 

capacity to prevent and disrupt biofilms. The development of resistance and cytotoxicity 

were also investigated. Ferutinin displayed the best antibacterial activity, with a minimum 

inhibitory, bactericidal and biofilm preventive concentration of 25 µM against S. aureus. 

It efficiently disrupted pre-formed biofilms (over 5-log reduction of viable cells) and 

reduced biofilm formation on a catheter in presence of neutrophils. This work provided 

new information on the antibacterial activity of five natural compounds and identified 

ferutinin as a promising candidate against S. aureus biofilms. 
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Introduction 

One of the most important challenges of modern medicine is the increasing number of 

pathogenic multi-drug resistant bacteria, which are becoming a major threat to patients in 

healthcare worldwide (Ferri et al. 2017; Mantravadi et al. 2019; Breijyeh et al. 2020). The 

remarkable capacity of some bacterial species to develop resistance, the overuse of 

antibiotics and the lack of research for new antibiotics by large pharmaceutical companies 

in the last decades have led to an urgent need of new antibacterial drugs and therapeutic 

options (Hug et al. 2018; Mantravadi et al. 2019; Wang et al. 2019). In addition to this 

multifaceted problem, bacterial infections can be intrinsically very difficult to treat once 

a biofilm is formed (Uruén et al. 2020). Biofilms are estimated to be responsible for over 

80% of all microbial infections and are particularly prevalent in chronic wound infections 

and medical device-related infections that are tolerant to antimicrobial therapy (Omar et 

al. 2017; Del Pozo 2018; Penesyan et al. 2019). A biofilm-related infection of a medical 

device can typically only be treated by the surgical replacement of the device and 

recurrence of infection tends to be high (Arciola et al. 2012; Zimmerli and Moser 2012; 

Davidson et al. 2019). Despite the high prevalence of biofilms in infections, antibiotics 



have conventionally been developed to treat planktonic cells and susceptibility of bacteria 

in discovery programs for new antibacterial compounds is still often measured using only 

planktonic cells (Omar et al. 2017). The exploration of antimicrobials from natural 

sources has been a traditionally successful discovery strategy, given the obvious role that 

secondary metabolites play in the natural defence of organisms, especially in the case of 

microorganisms. Natural compounds are regarded as a significant source of unique and 

diverse chemical structures with untapped biological activities. Many of the antibiotics 

currently in clinical use were derived or originally discovered from natural sources (Silver 

2011). In hope to discover new ones, the last 20 years have seen a great increase in 

antibacterial research on natural compounds as technological improvements have been 

made in culture and screening methods (Mantravadi et al. 2019; Castronovo et al. 2021). 

Given the widespread presence of bacterial biofilms in nature, it can also be expected that 

anti-biofilm compounds can be successfully found from natural sources. To that end, 

efforts on the field of anti-biofilm screening utilizing chemical libraries of natural 

compounds can hold real promise. 

Here, in order to identify compounds not only with antibacterial activity, but also 

anti-biofilm effects, a chemical library containing 500 natural compounds was screened 

against Staphylococcus aureus using a biofilm-based platform previously optimized in 

384-well plates (Gilbert-Girard et al. 2020a). Five structurally different natural 

compounds: honokiol, tschimganidin, ferutinin, oridonin and deoxyshikonin, were 

initially identified as hits, and follow-up studies were carried out to characterize the 

antibacterial and anti-biofilm effects of these compounds. 

Material and Methods 

Bacterial strains and culture conditions 

S. aureus ATCC 25923 and Staphylococcus epidermidis RP62A (ATCC 35984) were 

provided by the Faculty of Pharmacy of the University of Helsinki (Helsinki, Finland) 

and Escherichia coli K12 by the Faculty of Agriculture and Forestry (HAMBI collection) 

of the University of Helsinki (Helsinki, Finland). Acinetobacter baumannii NCTC 13423 

was bought from the National Collection of Type Culture (NCTC) (Salisbury, UK). Both 

Pseudomonas aeruginosa strains (ATCC 15442 and ATCC 9027) were purchased from 

the American Type Culture Collection (ATCC; Wesel, Germany). P. aeruginosa was 



grown in Lennox broth (LB; Lab M Ltd., Heywood, UK) while the other species were 

grown in tryptic soy broth (TSB; Lab M Ltd., Heywood, UK). Prior to all experiments, 

bacteria were plated on tryptic soy agar (TSA; Lab M Ltd., Heywood, UK), or LB agar 

(Lab M Ltd., Heywood, UK) for P. aeruginosa, from a frozen glycerol stock and grown 

overnight at 37 °C. Colonies were added to 5 ml of liquid media and grown to exponential 

phase at 37 °C with shaking (220 rpm). S. aureus was diluted to a concentration of 7 × 

104 CFU ml-1 for the screening and prior to all other experiments, bacteria cultures were 

diluted to 1 × 106 CFU ml-1. 

Chemical library and compounds 

The chemical library screened was the Screen-Well Natural Product Library Version 7.1 

(ENZO Life Sciences, Helsinki, Finland), which contains 500 isolated natural compounds 

and derivatives, belonging to different structurally diverse classes such as alkaloids, 

coumarins, flavones, macrolides, peptolides and terpenoids. According to the 

manufacturer claims, all compounds have a purity of at least 85% (above 90% for most 

compounds). Prior to screening, all compounds (provided in 2 mg ml-1 DMSO stock 

solutions) were diluted in DMSO ≥ 99.9% (34943, Sigma–Aldrich, St. Louis, MO, USA) 

to a concentration of 2 mM. The antibiotics used for cell culture (penicillin and 

streptomycin) were bought from Sigma-Aldrich (St. Louis, MO, USA). For follow-up 

studies, honokiol was purchased from Sigma-Aldrich (St. Louis, MO, USA), oridonin 

and deoxyshikonin were acquired from Carbosynth (Compton, UK) while tschimganidin 

and ferutinin were bought from Latoxan (Portes-lès-Valence, France). All compounds 

used in follow-up studies had a purity of at least 95%. 

Screening of the chemical library 

The screening was performed against S. aureus in flat-bottom transparent 384-well plates 

(242757, Thermo Scientific, Waltham, MA, USA) in a volume of 40 µl per well using a 

platform based on the combined viability and biomass measurements of the biofilms 

within one same plate that has been optimized in our previous study (Gilbert-Girard et al. 

2020a). Planktonic cells were separated from the biofilms and their turbidity and viability 

were measured as well. At the start of the experiment, 1 µl of each compound (2 mM) 

was added per well for a final concentration of 50 µM (2.5% DMSO final concentration), 

along with 39 µl of the bacterial suspension at 7 × 104 CFU ml-1. The plates were 



incubated for 18 h at 37 °C with shaking (220 rpm). The planktonic cells were then 

transferred to a new plate and their optical density (OD) was measured at 595 nm using 

a Varioskan LUX Multimode microplate reader (Thermo Scientific, Waltham, MA, 

USA). After this, 2 µl of a 400 µM resazurin solution (Sigma-Aldrich, St. Louis, MO, 

USA), diluted in phosphate-buffered saline (PBS) (Thermo Scientific, Waltham, MA, 

USA), was added to the wells (final concentration of 20 µM). The planktonic plate was 

incubated for a maximum of 5 min at room temperature (RT) in darkness. Fluorescence 

of the plates was measured λexcitation = 560 nm and λemission = 590 nm using the top optics 

of the Varioskan LUX Multimode microplate reader. The planktonic plate was then 

discarded. The biofilms in the original plates were washed once in PBS and 40 µl of a 20 

µM resazurin solution (in PBS) were added to the wells. After a 40-min incubation in 

darkness at RT with shaking (220 rpm), fluorescence was measured as with the planktonic 

cells. The resazurin solution was then removed and the biofilms were fixed with ethanol 

100% for 15 min. After removing the ethanol, the biofilms were left to completely air-

dry and were then stained for 5 min with 40 µl of crystal violet 0.023% (commercial stock 

solution diluted 1:100 in deionized water; Sigma-Aldrich, St. Louis, MO, USA). Next, 

the biofilms were washed twice with 50 µl of deionized water and left to dry for 10 min 

before the crystal violet dye was solubilized with 40 µl of ethanol 100% for 1 h. 

Absorbance was measured at 595 nm using a Multiskan Sky microplate 

spectrophotometer (Thermo Scientific, Waltham, MA, USA). 

Pre-exposure experiments (antibacterial and biofilm inhibitory activity)  

The following pre-exposure experiments were carried out to investigate the inhibitory 

activity of the compounds against planktonic cells and biofilms of staphylococci and 

Gram-negative bacteria (E. coli, A. baumannii and P. aeruginosa) using the same 

platform as for the screening, with a few variations. Like previously, compounds were 

added directly with the bacteria and their activity was measured after 18 h. However, the 

bacterial suspension was adjusted to a concentration of 1 × 106 CFU ml-1 and added to 

flat-bottom transparent 96-well plates (161093, Thermo Scientific, Waltham, MA, USA) 

in a volume of 198 µl per well with 2 µl of compounds solubilized in DMSO at 

concentrations ranging from 12.5-200 µM (final concentration of 1% DMSO in the 

wells). The activity of the compounds was measured using the same procedures as for the 

screening, but in a working volume of 200 µl, rather than 40 µl. The conditions of the 



resazurin staining of the biofilms were adapted to each species as the Gram-negative 

bacteria used here require longer incubation times and a different temperature to reach an 

optimal fluorescence signal, as previously described (Gilbert-Girard et al. 2020a, 2020b). 

The incubation time of the resazurin with the biofilms was 30 min with the staphylococci 

at RT, 1 h with A. baumannii at 37 °C or 1 h 30 min with E. coli and P. aeruginosa at 37 

°C. The minimum inhibitory concentration (MIC) of each compound was determined 

from these experiments as the lowest concentration where no growth was visible. Of note, 

throughout all experiments, an inhibitory or disruptive activity lower or equal to 20% was 

not considered of consequence as the solvent (DMSO) control often reached that value. 

The minimum bactericidal concentration (MBC) and the biofilm prevention 

concentration (BPC) were assessed using viable colony-forming-units (CFUs) counts, 

after following the same protocol (bacteria incubated with compounds for 18 h). MBC 

and BPC are defined here as the lowest concentration where a reduction of at least 99.9% 

of the number of CFU was observed in either the planktonic solution (MBC) or on the 

bacteria attached to the wells (BPC). For the MBC, in wells where no growth (planktonic 

or adherent) was visible, 50 µl of planktonic solution was transferred onto TSA. After 

removal of the 50 µl for MBC assessment, the wells were emptied and washed once with 

PBS. A volume of 50 µl of PBS was added to the wells and the cells potentially adhered 

to the bottom of the wells were scrapped with a pipette tip, after what the 50 µl were 

transferred onto TSA. Viable cells were counted after an overnight incubation at 37 °C. 

Post-exposure experiments (biofilm-eradication) 

For post-exposure experiments, a similar procedure was used as for the pre-exposure 

experiments, but with the compounds being tested on pre-formed biofilms. The bacteria 

(1 × 106 CFU ml-1 in 200 µl per well) were first incubated at 37 °C in 96-well plates with 

shaking (220 rpm) without compounds for 18 h to allow the formation of biofilms. 

Afterwards, the media was carefully refreshed (198 µl), and 2 µl of compounds (for 1% 

DMSO in the wells) were added to the biofilms for an additional incubation period of 24 

h in the same conditions. To assess the compounds’ capacity to eradicate the pre-formed 

biofilms, the planktonic solution was removed and the same combination of assays 

(resazurin and crystal violet staining) was used on the biofilms, as described for the 

inhibition experiments. 



The effect of the compounds on pre-formed biofilms was further quantified using 

viable plate count (CFU counts). The experiments were started in the same way as the 

previous post-exposure experiments. After the 24-h incubation of the 18 h-old biofilms 

with the compounds, the planktonic solution was removed from the wells and the biofilms 

were washed once with 200 µl of PBS before being scraped in 100 µl of PBS. The bacteria 

were then diluted serially and 10 µl drops were plated on TSA. Colonies were counted 

after an overnight incubation at 37 °C. 

Resistance development study 

Resistance development was investigated as previously described (de Breij et al. 2018; 

Gilbert-Girard et al. 2020b). S. aureus was grown in TSB overnight and then diluted to 1 

× 106 CFU ml-1 and 200 µl were added per well in a 96-well plate containing the 

compounds at their MIC or 0.5  MIC. After a 24-h incubation at 37 °C with shaking 

(220 rpm), bacterial growth was assessed visually. A volume of 10 µl was transferred 

from the well with visible growth with the highest concentration of each compound 

(either 0.5  MIC or the MIC, if resistance was developed) into two wells containing 190 

µl of fresh TSB. Fresh compounds were also added at the same concentrations as 

previously or 2 folds higher if the MIC had increased. The procedure was repeated 

sequentially in the same manner until 20 days were reached. 

Cell lines and culture conditions 

All cell lines were maintained in a humidified incubator at 37 °C in 5% CO2. The human 

lung adenocarcinoma epithelial cells A549 (CCL-185, ATCC, Wesel, Germany) were 

grown in Dulbecco's Modified Eagle Medium (DMEM; Lonza, Basel, Switzerland) 

supplemented with 10% heat-inactivated fetal bovine serum (FBS; Sigma-Aldrich, St. 

Louis, MO, USA), 2 mM glutamine (Sigma-Aldrich, St. Louis, MO, USA) and 20 µg ml-

1 gentamycin (Sigma-Aldrich, St. Louis, MO, USA). The cervical adenocarcinoma HeLa-

derived human epithelial type 2 (HEp-2) cells (CCL-223, ATCC, Wesel, Germany) were 

grown in DMEM (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10 % (v/v) 

heat-inactivated FBS and 20 µg ml-1 gentamycin. HL-60 (ATCC CCL-240) cells were 

grown and maintained in Roswell Park Memorial Institute (RPMI) 1640 Medium (Sigma-

Aldrich, St. Louis, MO, USA), supplemented with 20% (v/v) heat-inactivated FBS and 

1% (v/v) penicillin/streptomycin. Before each experiment, HL-60 cells were 



differentiated into neutrophil-like cells by 6 days of incubation in the maintenance 

medium supplemented with 100 mM of N,N–dimethylformamide (DMF; Sigma-Aldrich, 

St. Louis, MO, USA) (Collins et al. 1978). The success of the differentiation was assessed 

visually after Giemsa staining using a Leica DMLS microscope (Leica, Wetzlar, 

Germany). 

Cytotoxicity studies 

For the cytotoxicity assessment of the identified hit compounds, the two epithelial cell 

lines (A549 and HEp-2) were first seeded in 96-well plates at a density of 1 × 104 cells 

per well in a volume of 200 µL per well and were allowed to attach to the wells for 24 h. 

The media was changed and the compounds were added at final concentrations of 3.125 

to 50 µM (final concentration of 0.25% DMSO). Simultaneously, the HL-60 were also 

seeded in the 96-well plates at a density of 1 × 104 cells per well in 200 µl with the 

compounds. Untreated cells were used as negative controls and cells treated with 1% 

TritonX-100 (Sigma-Aldrich, St. Louis, MO, USA) were used as positive controls for 

cytotoxicity. All cells were then incubated with the compounds for 22 h. For the adherent 

cells, the media was removed, and the cells were washed once with PBS. Then, 200 µl of 

20 µM resazurin were added per well and cells were incubated for 2 h more before 

measurement of the fluorescence as mentioned earlier. For the HL-60, 10 µl of 400 µM 

resazurin were added directly to the wells (final concentration of 20 µM resazurin) and 

the cells were incubated for 4 h more before measurement of the fluorescence. The half-

maximal inhibitory concentration (IC50), corresponding to a 50% inhibition of the 

viability, was calculated for the A549 and HEp-2 cells from the results of 4 experiments, 

each with 2 replicates, and for and HL-60 from 2 experiments, each with 2 replicates. 

Biofilm prevention in a co-culture of bacteria and neutrophils  

The compounds were tested in a S. aureus and HL-60 cells co-culture system as 

previously described (Reigada et al. 2020). Briefly, the media of the differentiated HL-

60 cells was first refreshed with RPMI 1640 (10% FBS) the day before the experiment to 

remove possible traces of antibiotics. The next day, the bacteria were prepared as 

described above in TSB before being centrifuged at 4500 × g for 10 min, washed twice 

in PBS and diluted to a concentration of 2 × 107 CFU ml-1 in RPMI 1640. The HL-60 

cells were counted and adjusted to a concentration of 2 × 105 cells ml-1 in RPMI 1640 



(10% FBS). The bacteria culture and the HL-60 cells (500 µl of each) were added on 

sections of 1 cm of a sterilized fine bore low-density polyethylene (LDPE) tubing (Smiths 

Medical ASD, Minneapolis, MN, USA) in flat-bottom transparent 24-well plates 

(Thermo Scientific, Waltham, MA, USA). A volume of 2.5 µl of the compounds 

(tschimganidin and ferutinin), diluted in DMSO, was added to the wells for final 

concentrations of 25 and 50 µM (0.25% DMSO). Co-culture controls and bacteria mono-

culture controls with no added compound were included as well. After a 24-h incubation 

in the same conditions as for cell maintenance, the media was removed and the LDPE 

tubes were gently washed with 1 ml of TSB and transferred to Eppendorf tubes containing 

1 ml of 0.5% (w/v) Tween 20 - TSB solution. The tubes were vortexed for 20 s, sonicated 

at RT for 5 min using a Branson 3800 ultrasonic bath (Cleanosonic, Richmond, VA, 

USA) at 35 kHz and vortexed again. The bacterial suspensions from each tube were 

serially diluted in PBS and plated on TSA plates for CFU count after an overnight 

incubation at 37 °C. 

Statistical analysis 

The performance of the screening assay was monitored by the calculation of the screening 

window coefficient (Z’) as described in (Zhang JH et al. 1999). For multiple comparisons, 

one-way ANOVA with the Welch correction (in case of unequal variance) and a post-hoc 

Dunnet test were used. In other cases, unpaired Student’s t-tests were used. The IC50 on 

human cell lines were calculated as the concentration inhibiting 50% of the cell’s viability 

using GraphPad Prism v. 8.00 with a 95% confidence interval. 

Results 

Screening of a natural compounds library 

The 500 natural compounds were screened at 50 µM for their capacity to prevent S. 

aureus planktonic growth and biofilm formation using a 384-well plate platform 

optimized in our previous work (Gilbert-Girard et al. 2020a). Two different parameters 

were measured for both planktonic cells (turbidity and viability) and biofilms (viability 

and total biomass). All compounds were tested twice with a single replicate in each case. 

The natural compounds that inhibited by at least 70% the growth of planktonic cells (both 

turbidity and viability) and the biofilm formation (both viability and biomass) were 



considered active hits. Compounds displaying conflicting replicate results, as well as the 

identified positive hits were retested a third time. Figure 1 shows the averaged inhibition 

results of the two or three independent experiments. Screening results for all compounds 

are available as supplementary information (Supplementary Table 1). 

Figure 1. Screening of a natural compounds library (500 compounds) at 50 μM 

against S. aureus ATCC 25923. (a) Inhibition percentage (%) of the planktonic cells 

turbidity and viability (metabolic activity); (b) inhibition percentage (%) of the 

biofilm’s total biomass formation and viability (metabolic activity). Compounds 

inhibiting > 70% of each parameter measured (green areas) were considered 

positive hits. Each compound was tested two to three times. 

 

In total, 45 compounds were identified as active against planktonic cells and 26 of them 

were also active against biofilms. Of those 26 hits, 15 were compounds with a known 

antibiotic activity (actinomycin D, antibiotic A-23187, chelerythrine, chromomycin A3, 

coumermycin A1, lincomycin, mithramycin A, neomycin, nigericin, rifampicin, 

troleandomycin, narasin, streptonigrin, echinomycin and lasalocid A) and were therefore 

discarded. Five compounds (doxorubicin, ellipticine, etoposide, gliotoxin and gossypol) 

with well-reported cytotoxic effects, or low biocompatibility indices, were also discarded. 

Six hit compounds remained: honokiol, tschimganin, tschimganidin, ferutinin, oridonin 

and deoxyshikonin. Tschimganin (bornyl vanillate) has limited supply options and it did 

not seem to be cost-friendly (prices can be up to 100€ per mg, although they can of course 

vary between regions), which made it a less interesting option for further developments 

as a potential antibacterial compound. Moreover, a more affordable and structurally 



related compound was identified (tschimganidin), and thus tschimganin was not studied 

further. The structures of the five selected hit compounds are presented in Figure 2. 

Figure 2. Structures of the five selected hits. 

 

Antibacterial and biofilm-inhibitory activity against staphylococci  

The compounds were first tested at various concentrations within the range 12.5-100 µM 

against staphylococci (S. aureus and S. epidermidis) in pre-exposure. Supplementary 

Figure S1 shows the inhibitory activity of the five compounds against planktonic cells 

(turbidity and viability) and biofilms (viability and total biomass). The MIC values 

obtained against S. aureus are presented in Table 1. 

Table 1. MIC, MBC and BPC (μM) of the natural compounds against S. aureus 

ATCC 25923 (from two experiments with two replicates each). 

 MIC MBC BPC 

Honokiol 75 75 75 

Tschimganidin 25 50 > 100 

Ferutinin 25 25 25 

Oridonin 75 75 > 200 

Deoxyshikonin 25 100 > 100 

MBC and BPC determined as a reduction of at least 99.9% of the number of CFU in the planktonic 

solution and on the surface of the wells respectively. 

All five compounds showed a clear activity against staphylococci. Honokiol had a MIC 

of 75 µM (20 µg ml-1) against S. aureus and 50 µM (13.3 µg ml-1) against S. epidermidis, 



at which concentrations it also prevented biofilm growth. Oridonin had an MIC of 75 µM 

(27.3 µg ml-1) against both strains but did not fully prevent biofilm formation even at 100 

µM (below 90% inhibition). Unlike the other compounds, deoxyshikonin was slightly 

more effective against S. aureus than against S. epidermidis, with an MIC of 25 µM (6.8 

µg ml-1) against the former and 50 µM (13.6 µg ml-1) against the latter. Additionally, 

deoxyshikonin inhibited biofilm formation of both staphylococci. Both tschimganidin 

and ferutinin performed better than the other compounds, with an MIC of 25 µM (9.7 and 

9.0 µg ml-1 respectively) and they prevented biofilm formation at their MIC against both 

staphylococci.  

To confirm whether or not the observed anti-staphylococcal activity of the 

compounds was bactericidal, the planktonic solution and the scraped adhered S. aureus 

cells were plated on agar after the 18-h exposure to the compounds, from all wells where 

no growth (planktonic or adherent) was visible. Honokiol and oridonin, having a higher 

MIC than the other compounds, were tested at concentrations up to 200 µM. Table 1 

shows the minimal bactericidal concentration (MBC, killing > 99.9% cells in the 

planktonic solution) and the biofilm preventing concentration (BPC, killing > 99.9% cells 

adhered to the bottom of the wells) obtained against S. aureus.  

Honokiol’s activity was confirmed to be bactericidal and to prevent adhesion and 

survival of cells on the surface of the wells at its MIC. Oridonin had an MBC equal to its 

MIC as well, but it did not kill adhered cells at any of the tested concentrations. 

Deoxyshikonin seemed to be bacteriostatic at its MIC as its MBC was only reached at 

100 µM (27.2 µg ml-1), and this compound also did not kill all adhered cells at any of the 

tested concentrations. Of the two compounds isolated from Ferula genus plants (ferutinin 

and tschimganidin), the first one showed the most potent bactericidal activity, killing over 

99.9% of the planktonic and adhered cells at its MIC and leaving no viable cells in the 

well from 50 µM (17.9 µg ml-1). On the other hand, tschimganidin also had a bactericidal 

activity with an MBC of 50 µM (19.4 µg ml-1) but did not kill adhered cells at any 

concentration. According to Mogana et al. (Mogana et al. 2020), compounds with an 

MBC/MIC ratio ≤ 4 are considered bactericidal, which is the case for all our selected 

compounds, although it is important to note that deoxyshikonin was bactericidal at a 

higher concentration than its MIC. 



Antibacterial and biofilm-inhibitory activity against Gram-negative species 

The five selected hit compounds were tested in the pre-exposure assay for their 

antibacterial and biofilm-inhibitory activities, at concentrations within the range of 12.5-

200 µM, against A. baumannii, E. coli and two strains of P. aeruginosa. Figure 3 shows 

the inhibition of the viability (metabolic activity) of the planktonic cells and biofilms, 

measured by resazurin staining, of each bacterial species by the compounds at the highest 

concentrations tested. Inhibition of the turbidity of the planktonic cells and total biomass 

of the biofilms is presented in Supplementary Figure S2. 

Figure 3. Inhibiton of bacterial viability (metabolic activity) by the five natural 

compounds: honokiol (HONO), tschimganidin (TSCHIM), ferutinin (FERU), 

oridonin (ORI) and deoxyshikonin (DEOSHI) at 50, 100 and 200 μM, after a 18 h-

long exposure on (a) A . baumannii NCTC 13423, (b) E. coli K12, (c) P. aeruginosa 

ATCC 15442 and (d) P. aeruginosa ATCC 9027. In the control (Ctrl) wells, bacteria 

were exposed to the solvent (DMSO 1%). The results are expressed as averages of 

the percentage of inhibition ± SD. The experiment was repeated twice. 

 



Honokiol had limited effects on all tested species (MIC > 200 µM; 53 µg ml-1). It reduced 

the planktonic and biofilm growth of A. baumannii by almost 50% at 200 µM. Although 

it did not highly inhibit the planktonic growth of E. coli, it did reduce its biofilm formation 

by over 50% from 50 µM. Honokiol had a better activity against planktonic P. aeruginosa 

ATCC 9027, but it did not affect the biofilm formation of either strains of P. aeruginosa. 

Oridonin showed no activity against A. baumannii and a limited activity against E. coli 

and P. aeruginosa (mostly ATCC 9027) planktonic cells and biofilms. Deoxyshikonin 

inhibited the biofilm formation of A. baumannii much more so than its planktonic growth 

and was by far the most effective compound at inhibiting this species’ biofilms. It was 

however one of the least effective against E. coli and it did not display a particularly 

noteworthy activity against either strains of P. aeruginosa, with a maximal 40% inhibition 

of the planktonic cells. Tschimganidin and ferutinin both displayed a limited activity 

against A. baumannii (tschimganidin being slightly better than ferutinin) and a biofilm-

specific inhibition of E. coli. Beside honokiol, they were the most effective at inhibiting 

E. coli biofilm biomass formation (50-60% inhibition). While both compounds similarly 

inhibited planktonic P. aeruginosa ATCC 9027, ferutinin was the most effective 

compound against ATCC 15442, with over 50% reduction of the planktonic cells from 

100 µM.  

Biofilm-eradication activity on pre-formed biofilms 

The ability of the compounds to disrupt pre-formed biofilms (‘post-exposure’ assay), was 

next investigated. The five compounds were tested against S. aureus, S. epidermidis, A. 

baumannii and E. coli as they had biofilm prevention activities against those species. 

Figure 4 shows the activity of the compounds against S. aureus and E. coli. The activity 

of the compounds against S. epidermidis and A. baumannii is available as supplementary 

material (Figure S3). 

Figure 4. Disruption of biofilm viability (metabolic activity) and total biomass by 

the five natural compounds: (honokiol (HONO), tschimganidin (TSCHIM), 

ferutinin (FERU), oridonin (ORI) and deoxyshikonin (DEOSHI) at 25, 50, 100 and 

200 μM after a 24 h-long exposure of 18 h-old preformed biofilms of (a) S. aureus 

ATCC 25923 and (b) E. coli K12. In the control (Ctrl) wells, bacteria were exposed 

to the solvent (DMSO 1%). The results are expressed as averages of the percentage 

of inhibition ± SD. The experiment was repeated twice. 



 

No compound disrupted A. baumannii pre-formed biofilms (inhibition mostly below 20-

30%). Honokiol reduced the total biomass of E. coli biofilms by at least 40%. It was more 

active against the staphylococci however and reduced the viability (metabolic activity) of 

their biofilms by 100% and their total biomass by 60% at 200 µM (53 µg ml-1). On the 

other hand, oridonin and deoxyshikonin did not disrupt the pre-formed biofilms of any 

species (inhibition mostly below 20%). Tschimganidin and ferutinin, like honokiol, 

slightly reduced the total biomass of pre-formed E. coli biofilms (over 40% at 50 µM), 

but they also performed best against staphylococci. Tschimganidin reduced the viability 

of the biofilm cells by over 60% from 50 µM (S. aureus) or 25 µM (S. epidermidis), 

although it did not strongly reduce the total biomass. The compound with the best biofilm-



disrupting activity was ferutinin, which reduced both the pre-formed biofilms’ viability 

and biomass by at least 80% and 60% respectively from concentrations of 50 µM. While 

it had a more potent activity at 25 µM against S. epidermidis, it reached a higher disruptive 

effect against S. aureus with over 70% reduction of the total biomass. 

Resazurin staining allows the measurement of the metabolic activity of the cells, therefore 

when measuring the effects on pre-grown biofilms, it is possible that viable but dormant 

cells are not detected using this method (Sandberg et al. 2009). On the other hand, crystal 

violet also stains dead cells and matrix and does not inform on the potential viability of 

the remaining cells in the biofilm. To confirm whether the disruption observed in S. 

aureus pre-formed biofilms translated into a reduced number of viable cells within the 

pre-formed biofilms, the biofilms were scraped after the 24-h treatment and colony-

forming-units (CFUs) were counted (Figure 5).  

Figure 5. Viable cells expressed as a function of the well area (Log10 CFU cm-2 + 

SD) of 18 h-old S. aureus ATCC 25923 biofilms exposed for 24 h to 50, 100, 150 and 

200 μM honokiol (HONO), tschimganidin (TSCHIM), ferutinin (FERU), oridonin 

(ORI) and deoxyshikonin (DEOSHI), in comparison with untreated biofilm controls 

(BFC) and solvent controls where bacteria were exposed to 1% DMSO. The 

experiment was repeated four times, with two biofilm replicates each time. *p < 0.05, 

**p < 0.01, ***p < 0.001. 

 

Honokiol displayed a significant concentration-dependent reduction of the viable cells 

consistent with the viability and biomass staining. The highest effect at 200 µM was a 4-



log reduction of the viable counts. As expected, deoxyshikonin did not reduce the number 

of live cells within the biofilms. On the other hand, despite its limited disruptive effect 

observed in Figure 4a, oridonin did reduce the number of CFUs in the pre-formed 

biofilms by 1 log. Tschimganidin significantly reduced the number of viable cells in the 

mature biofilms from a concentration as low as 50 µM, but by no more than 1.5-2 logs, 

regardless of the concentration used. Again, the most effective compound at eradicating 

biofilms was ferutinin, causing more than a 5-log reduction in average at 150 and 200 

µM. Of note, among the biofilms treated with 150-200 µM, 38-50% were found to have 

no remaining viable cells (8-log reduction), while the other replicates displayed a 3-log 

reduction compared to the controls (for an average of a 5-log reduction). 

Resistance development 

To evaluate whether resistance could be rapidly built against the five compounds, S. 

aureus was exposed to a sub-inhibitory concentration of each compound for 20 days 

(Figure 6). In a previous study, using this resistance development protocol, resistance was 

shown to develop against a few model antibiotics, with an increase of the MIC by 4-fold 

for doxycycline, almost 100-fold for oxacillin and over 1000-fold for penicillin G after 

20 days (Gilbert-Girard et al. 2020b). 

  



 

Figure 6. Evolution of MIC changes measured at 0.5 x MIC for each compound 

(honokiol, tschimganidin ferutinin, oridonin and deoxyshikonin) during exposure 

for 20 days on S. aureus ATCC 25923. The experiment was repeated with three 

biological replicates. 

 

Interestingly, no resistance was developed to any of the compounds, except 

tschimganidin, over the course of the experiment duration. Resistance was very quickly 

built against tschimganidin and the experiment was brought to an end for this compound 

after 10 days as it was clear that S. aureus cultures were fully resistant, and the 

concentration used was too high to allow full solubilisation of the compound. To the best 

of our knowledge, this is the first report investigating any possible resistance development 

for all five compounds. 

Cytotoxicity 

A key aspect to consider when evaluating drug candidates is their potential cytotoxicity. 

Three human cell lines were exposed to the compounds at concentrations ranging from 

3.125 to 50 µM. The IC50 for each compound were calculated from viability 

measurements after a 24-h incubation (Table 2).  



Table 2. Cytotoxic effects of the compounds tested (IC50) measured on the three 

different human cell lines A549, HEp-2 and HL-60. 

IC50 (µM) and (confidence interval) 

 A549 HEp-2 HL-60 

Honokiol 32.0 (24.5 – 47.7) > 50 > 50 

Tschimganidin > 50 > 50 > 50 

Ferutinin 14.6 (10.6 – 21.2) 45.6 (40.3 – 50.3) 40.7 (30.1 – 66.3) 

Oridonin > 50 > 50 14.7 (10.5 – 23.3) 

Deoxyshikonin 14.3 (9.9 – 22.0) 24.2 (19.2 – 31.7) < 3.125 

Honokiol expressed some cytotoxicity against all cell lines with an IC50 of 32 µM (8.52 

µg ml-1) and ˃ 50 µM (˃ 13.3 µg ml-1) against A549 and HEp-2 respectively. 

Deoxyshikonin was the most cytotoxic compound with an IC50 of 14.3-24.2 µM (3.9 – 

6.6 µg ml-1) on the epithelial cells and < 3.125 µM (< 0.85 µg ml-1) on the HL-60 cells. 

Oridonin did not show important cytotoxic effects against the epithelial cell lines (IC50 > 

50 µM; 18.2 µg ml-1) but did affect the HL-60 cells with an IC50 of 14.7 µM (5.4 µg ml-

1). Tschimganidin was the least cytotoxic compound with IC50 consistently above 50 µM 

(19.4 µg ml-1), a higher concentration than its MIC against S. aureus (25µM). Ferutinin 

was slightly more cytotoxic, especially above 50 µM and particularly affected the A549 

cells with an IC50 as low as 14.6 µM (5.2 µg ml-1), which is below its MIC against S. 

aureus (25 µM).  

Biofilm prevention on an LDPE catheter model, in presence and absence of 

immune cells 

As some of the compounds showed a good capacity to prevent biofilm formation, they 

were tested in a co-culture model that resembles more closely an infection occurring in a 

medical device in vivo. Factors that are not found in vitro, such as cellular products and 

proteins, affect the dynamic of a potential infection in vivo (Del Pozo 2018). In addition, 

insertion of a device produces an immune response and, following tissue injury caused 

by intubation with an endotracheal catheter for instance, neutrophils are recruited to the 

device (Puyo and Dahms 2012; Puyo et al. 2017). To simulate that, a model system has 

been previously developed in our group involving the co-culture of S. aureus and 

differentiated HL-60 cells (neutrophils-like) on the surface of LDPE tubes (Reigada et al. 

2020). 

Tschimganidin and ferutinin were selected for this study, as they displayed the 

best MIC and had limited cytotoxicity against HL-60 cells. They were added in the co-



culture media for 24 h, and their effects on the growth of S. aureus on the surface of the 

tubes were measured in presence and absence of HL-60 cells (Figure 7).  

Figure 7. Biofilm formation by S. aureus ATCC 25923 on LDPE tubes exposed to 

different compounds (tested at 50 and 25 μM). The first half of the histogram shows 

S. aureus biofilm formation when exposed to the compounds alone, while the second 

half shows the results when the bacteria were co-cultured with HL-60 cells 

differentiated with DMF. The results are expressed as means ± SD of three technical 

replicates in experiments repeated three times. ‘*’ indicates statistical differences 

with the untreated bacteria control in monoculture, while ‘#’ represents statistical 

differences with the untreated control in co-culture (* p < 0.05; ** p < 0.01; ***p < 

0.001), (## p < 0.01; ### p < 0.001). 

 

In this model, both tschimganidin and ferutinin significantly reduced S. aureus biofilm 

formation on the catheters either in the absence or in the presence of the HL-60 cells. 

When S. aureus was cultured alone, the compounds reduced the amount of viable 

bacterial cells colonizing the surface of the tubes by ~ 1.5 log. When S. aureus was 

cultured with HL-60 cells, the immune cells on their own reduced the number of viable 

bacteria by nearly as much, and the compounds both caused a significant additional 

reduction of the biofilm formation. No difference in the antibacterial activity was visible 

for tschimganidin between 25 and 50 µM and, in the case of ferutinin, only a little 

difference was observed. Both compounds reduced S. aureus biofilm formation slightly 

more so (albeit not significantly) in presence of the human cells than alone, suggesting 

that cells were still alive and having some activity against the bacteria. 

Discussion 

The screening of the natural compounds library led to the identification of 15 known 



antibiotics as active hits. The identification of these agents was a reliable indication that 

the screening campaign was successful at identifying compounds with an antibacterial 

activity. Most other known antibacterial compounds present in the library also displayed 

some activity in the screening, but they either inhibited only planktonic cells or had a 

lower activity below the limit threshold, so that they were not selected as hits. No 

antibacterial known to be highly active against staphylococci gave a negative result in 

this screening, further supporting the ability of the screening platform to accurately 

discriminate active from non-active molecules. The five compounds selected for follow-

up studies (honokiol, tschimganidin, ferutinin, oridonin and deoxyshikonin) displayed a 

potent inhibitory activity (over 70% inhibition) of the planktonic cells and biofilm 

formation of S. aureus during the screening. With the exception of honokiol, the effects 

of these selected hit compounds on biofilms have not been studied, and only limited 

information has been gathered on their antibacterial activity. It was decided to continue 

performing follow-up studies with all five compounds, including honokiol, as the results 

with honokiol could be used for reference and comparison purposes. 

Honokiol is a polyphenolic compound (lignan) found in Magnolia plants, which 

are known to contain bioactive compounds with antibacterial activity (Zeb et al. 2017; 

Lee et al. 2018; Lovecká et al. 2020). Honokiol, as well as its regioisomer magnolol, are 

not novel antibacterial compounds. Their potential has been explored in very recent years 

and many derivatives have been synthesized to improve their activity against various 

strains (Solinski et al. 2018; Wu et al. 2018; Ochoa et al. 2020). Honokiol and magnolol 

have been tested against a large variety of strains, including Staphylococcus spp., 

Streptococcus mutans, Bacillus subtilis, E. coli, Enterococcus faecalis, Klebsiella 

pneumoniae, P. aeruginosa, and generally showed to display a greater efficacy against 

Gram-positive bacteria (Kim YS et al. 2010; Choi et al. 2015; Kim SY et al. 2015; Li WL 

et al. 2016; Sakaue et al. 2016; Lee et al. 2018; Wu et al. 2018; Chiu et al. 2020). The 

MIC and MBC values (75 µM; 20 µg ml-1) and biofilm preventive activity reported here 

for honokiol against S. aureus are consistent with the literature (MIC: 10-30 µg ml-1, 

MBC: 16-32 µg ml-1) (Syu et al. 2004; Kim YS et al. 2010; Choi et al. 2015; Zuo et al. 

2015; Li WL et al. 2016; Lee et al. 2018; Wu et al. 2018; Chiu et al. 2020). Honokiol has 

been found to be inactive against Gram-negative bacteria such as E. coli and P. 

aeruginosa (Ho et al. 2001; Kim YS et al. 2010; Lee et al. 2018; Wu et al. 2018). 

Accordingly, no MIC was found here for honokiol against these species, nor against A. 

baumannii. The compound did not affect the biofilm formation of either strains of P. 



aeruginosa or A. baumannii but did inhibit the biofilm formation of E. coli. This could 

suggest a biofilm-specific mechanism of action against this species. Honokiol was also 

shown to causes a significant eradication of pre-formed S. aureus biofilms from 100 to 

200 µM, which also is aligned with the literature as honokiol has been reported to display 

an important disruptive activity against S. aureus and S. mutans mature biofilms (Li WL 

et al. 2016; Sakaue et al. 2016; Chiu et al. 2020). The same is true for our cytotoxicity 

results as previous observations of cytotoxic effects by honokiol have obtained similar 

IC50 values against A549 cells (IC50 33-35.4 µM) as well as HeLa and HEp-G2 cells (IC50 

45 µM) (Syu et al. 2004; Luo et al. 2009; Lin et al. 2019; Ren et al. 2020). Despite this in 

vitro cytotoxicity, in vivo studies have indicated that honokiol is safe and does not cause 

toxicity (Banik et al. 2019), suggesting that honokiol could potentially be used as an 

antibacterial compound despite its IC50 being lower than its MIC against S. aureus. 

Honokiol was selected here as reference as it was extensively studied and, overall, our 

results are consistent with previous findings and further contributes to suggest honokiol 

as a potential antibacterial compound active against biofilms, although only at high 

concentrations, which limits its potential. 

On the other hand, oridonin is a diterpenoid found in the plants of the Labiatae 

family (Isodon species) which have been used in Chinese folk medicine. Numerous 

derivatives of oridonin have been synthesized and mainly evaluated as anticancer agents 

in the last decades (reviewed in (Xu J et al. 2018)), but very little attention has been given 

to oridonin’s antibacterial activity. It has been found active against mycobacteria, S. 

aureus (including methicillin-resistance S. aureus; MRSA) and B. subtilis, but it was 

inactive against E. coli (Xu S, Li, et al. 2014; Xu S, Pei, et al. 2014; Li D et al. 2016; 

Yuan et al. 2019). Oridonin’s activity has not been reported on S. epidermidis before, but 

our results against S. aureus are consistent with the reported MIC of 31.2 µg ml-1 (Li D 

et al. 2016). While oridonin inhibited planktonic staphylococcal strains (MIC and MBC 

of 75 µM; 27.3 µg ml-1), its inability to fully prevent biofilm formation could indicate a 

slower mechanism of action or a lower activity against adhered cells. Additionally, 

oridonin did not disrupt pre-formed S. aureus biofilms. In agreement with a previous 

report (Li D et al. 2016), oridonin displayed a very limited activity against E. coli and it 

was further shown to be inactive or poorly active against A. baumannii and P. aeruginosa. 

In our study, oridonin only showed important cytotoxic effects against the HL-60 cells, 

but previous studies have also reported a wide range of IC50 values ranging from 5.9 to 

50.3 µM (2.2 to 18.3 µg ml-1) on different cell lines (Bai et al. 2010; Li et al. 2019; He et 



al. 2020). Since oridonin has a limited antibacterial activity, and as this compound showed 

toxicity in vivo at high concentrations (Xu L et al. 2020), its potential as an antibacterial 

compound is limited. 

Deoxyshikonin has not been extensively studied as an antibacterial compound and 

even less as an anti-biofilm. Shikonins are naturally occurring naphthoquinones found in 

plants of the Boraginaceae family and are known to possess various biological activities, 

including antimicrobial functions (Haghbeen et al. 2011; Andújar et al. 2013; Zhang S et 

al. 2015; Durán et al. 2017). Like many other natural products, shikonin derivatives have 

gathered more interest in the last decades and a few studies have explored their 

antibacterial potential against Gram-negative and especially against Gram-positive 

strains (Brigham et al. 1999; Shen et al. 2002; Rajbhandari et al. 2007; Vukic et al. 2017). 

Of note, shikonin was also part of the screened library, but it fell below the activity 

threshold established for this study, and thus it was not considered a hit. Deoxyshikonin 

itself, and its S enantiomer deoxyalkannin, have been tested in a few studies against 

various strains such as S. aureus, streptococci, B. subtilis, K. pneumoniae, P. aeruginosa 

and E. coli (Brigham et al. 1999; Rajbhandari et al. 2007; Damianakos et al. 2012; Zhang 

S et al. 2015; Tufa et al. 2017). Here, it was shown to inhibit planktonic staphylococcal 

growth at 25-50 µM (7-14 µg ml-1), but it only completely killed S. aureus at a higher 

concentration and did not kill all adherent cells at 100 µM. Deoxyshikonin did not affect 

pre-formed S. aureus biofilms either. When tested against Gram-negative species, the 

compound was not very effective against E. coli nor P. aeruginosa, but it inhibited the 

biofilm formation of A. baumannii more than its planktonic growth. While this could 

suggest an anti-biofilm activity specific to A. baumannii, it did not translate into 

disruption of pre-existing biofilms of that species and might rather reflect a bacteriostatic 

activity. Overall, our results are in agreement with studies that have found deoxyshikonin 

(and other shikonins) to be generally more active against Gram-positive than Gram-

negative species (Brigham et al. 1999; Naz et al. 2006; Rajbhandari et al. 2007; Andújar 

et al. 2013; Zhang S et al. 2015). Deoxyshikonin was the most cytotoxic compound tested 

here, which is in line with various other reports of deoxyshikonin’s cytotoxic effects 

(Rajbhandari et al. 2007; Damianakos et al. 2012; Rajasekar et al. 2012; Zhu et al. 2019). 

Similarly to oridonin, deoxyshikonin did not display a significant antibacterial or anti-

biofilm activity and its cytotoxicity reduces its applicability for treatment of bacterial 

infections.  



Tschimganidin, is a sesquiterpene found in Ferula plants. Although the 

antibacterial activity of similar compounds has been studied (Trusheva et al. 2010), 

tschimganidin has not been specifically investigated and, to our knowledge, no report 

exists on its antimicrobial potential. It has been only reported, along with ferutinin, as an 

agonist of the estrogen receptors (Ikeda et al. 2002). Tschimganidin was confirmed here 

to be active against S. aureus and S. epidermidis (MIC 25 µM: 9.7 µg ml-1) but it had a 

limited activity against A. baumannii and planktonic P. aeruginosa. It slightly inhibited 

the biofilm formation of E. coli as well. Tschimganidin showed some activity against the 

pre-formed biofilms of S. aureus and, to a lesser extent, E. coli. Interestingly, in the case 

of S. aureus biofilms, tschimganidin caused a constant reduction (nearly 70% inhibition 

of the viability and a 2-log reduction of the CFUs) at all concentrations from 50 to 200 

µM. That could be due to the compound only killing the outer population of the biofilm 

regardless of the concentration, either because of a reduced penetration into the biofilm 

or because of a mechanism of action targeting metabolically active cells. Additionally, 

tschimganidin did not display cytotoxic effects and reduced S. aureus biofilm formation 

in presence of serum and neutrophils. However, it was no more effective in doing so at 

50 µM than at 25 µM. Cytotoxicity probably did not affect the dynamic of the co-culture 

system, but this could be due to the poor solubility of the compound or a strong binding 

to proteins in the media, trumping the effect of an increased concentration. While 

tschimganidin was quite effective against staphylococci and does not appear cytotoxic, S. 

aureus quickly developed resistance against it. Taken together, our results do not suggest 

this compound as a good anti-biofilm candidate and should not be used alone as an 

antibacterial drug, but it could be interesting to explore its potential in a combination 

therapy. 

Ferutinin (jaeschkeanadiol p-hydroxybenzoate) is a daucane sesquiterpene ester 

extracted from Ferula plants. The Apiaceae (or Umbelliferae) family, and especially the 

genus Ferula, contain over 150 species of plants rich in bioactive compounds, including 

antibacterial ones (Nazari and Iranshahi 2011; Liu et al. 2015; Dastan et al. 2016; Zhou 

et al. 2017; Znati et al. 2017; Utegenova et al. 2018). Ferutinin has been reported to be 

active against Gram-positive strains such as S. aureus, S. epidermidis, E. faecalis and B. 

subtilis, while no activity against Gram-negative bacteria has been detected with this 

compound (Galal et al. 2001; Tamemoto et al. 2001; Trusheva et al. 2010; Ibraheim et al. 

2012; Kuete et al. 2012). Of the five hit compounds identified here, ferutinin displayed 

the highest activity against staphylococci, with an MIC, MBC and BPC of 25 µM (9 µg 



ml-1) against S. aureus. This is consistent with previously reported MIC values between 

6.25-16 µg ml-1 against various S. aureus strains (Galal et al. 2001; Tamemoto et al. 

2001). Ferutinin was slightly more effective than tschimganidin against P. aeruginosa 

but otherwise expressed a similarly limited activity against Gram-negative species, which 

is aligned with earlier reports (Tamemoto et al. 2001; Trusheva et al. 2010; Ibraheim et 

al. 2012; Kuete et al. 2012). Ferutinin was also the most effective compound against pre-

formed S. aureus biofilms, causing a reduction of the viable cells from over 2 to 5-log 

between 50 to 200 µM. The compound displayed cytotoxic effects against one of the 

tested cell lines at a concentration below its MIC. The literature has reported a very wide 

and variable range of IC50 (6.9 to 138 µM; 2.5 to 49.5 µg ml-1) on different cell lines, 

making it challenging to draw clear conclusions on the cytotoxicity of ferutinin (Kuete et 

al. 2012; Matin et al. 2014; Iranshahi et al. 2018; Soltani et al. 2019; Macrì et al. 2020). 

However, ferutinin has been reported to be selectively cytotoxic against cancer cell lines 

and to cause no toxicity in vivo (Arghiani et al. 2014; Matin et al. 2014; Naji Reyhani 

Garmroudi et al. 2021). Considering its high potency on bacteria, particularly against pre-

formed biofilms, more research, particularly in vivo studies, would be worthwhile in order 

to evaluate the safety and potential of this compound. Using a co-culture model, ferutinin 

was shown to still possess an antibacterial activity against S. aureus in presence of human 

cells and serum. It was not significantly more effective at 50 µM, in comparison to 25 

µM, and its cytotoxic effects, reducing the neutrophils’ activity against bacteria, could be 

responsible for this. Similar to the case of tschimganidin, this could also result from low 

solubility or binding to proteins in the serum. Overall, our results indicate a good potential 

for ferutinin for the treatment of biofilm-related infections. No resistance was observed 

at any point against ferutinin by S. aureus, further supporting its potential as a promising 

antibacterial compound. 

Conclusions 

Research around new natural antibacterial compounds is more intense than ever, but anti-

biofilm activity is often overlooked despite the high prevalence of biofilms in infections. 

Here, bacterial biofilms were not eliminated by compounds at concentrations that are 

bactericidal to planktonic cells, which highlights the urgent need for investigating the 

activity of new antibacterial compounds against biofilms. Five natural compounds were 

identified, one with a well-reported antibacterial potential (honokiol) and four with 



previously unknown anti-biofilm activity (tschimganidin, ferutinin, oridonin and 

deoxyshikonin), with potent antibacterial activity against S. aureus using a biofilm-based 

screening platform as well as follow-up assays to estimate their MIC, MBC and BPC. 

This is the first report of tschimganidin’s antibacterial activity (MIC and MBC of 25 and 

50 µM). The compounds were also evaluated against other clinically relevant bacterial 

species and their activity on mature biofilms was additionally investigated. The potential 

resistance development in S. aureus to each of the compounds was assessed over 20 days 

and they were tested on human cell lines to measure their cytotoxicity. In addition, the 

most potent compounds, tshimganidin and ferutinin, were evaluated for their capacity to 

prevent biofilm formation on a catheter in a more complex S. aureus and human cells co-

culture model. Ferutinin displayed a potent bactericidal activity against staphylococci 

(MIC/MBC/BPC = 25 µM) with a notable ability to disrupt also pre-formed biofilms. Our 

results indicate that ferutinin is a promising antibacterial and anti-biofilm compound on 

its own and provides scaffolds for potential medicinal chemistry optimization efforts to 

reduce their cytotoxicity. 
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