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Abstract

Biofilms of uropathogenic bacteria, especially biofilms of Pseudomonas aeruginosa due to the appliance
of medical devices such as urinary catheters, cause complications in the treatment of urinary tract
infections (UTI). Therefore, the search for efficient control options for biofilms is of great medical
interest. This work aims to estimate the use of natural substances as an alternative to antibiotics to
mitigate the formation of biofilms also regarding the spreading resistance of uropathogenic bacteria
to antibiotics. In this work, due to the complexity of its biofilms, P. aeruginosa ATCC 27853 and P.
aeruginosa PAQ1 were chosen as test organisms. Various natural substances and alkyl glycosides were
investigated for their influence on biofilm formation by P. aeruginosa. Biofilm growth on catheter
surfaces was determined by the number of colony-forming units per mL(CFU/mL). N-undecyl-a/[3-
L-fucopyranoside inhibited biofilm formation in P. aeruginosa ATCC 27853, whereas a slight increase
in biofilm formation was observed in P. aeruginosa PAO1. Significant inhibition of P. aeruginosa biofilm
formation was observed with the detergents Soluplus®, Prontosan®, and the fungal metabolite
terrein.

Keywords: alkyl glycosides; antimicrobial; biofilm; catheter; natural substances; Pseudomonas
aeruginosa; urinary tract infection

1. Introduction

The biofilms of Pseudomonas aeruginosa pose a serious problem in urological practice. It affects 2
million people every year worldwide, of which 90 thousand die from P. aeruginosa infection [1]. In
this work, P. aeruginosa Strain ATCC 27853 serves as test organism, which forms tenacious biofilms
[2]. Biofilms in pathogens — such as P. aeruginosa — are a main cause of chronic infections that are
difficult to treat properly. This is also the case in the context of urinary tract infections. Urinary
catheters are in app. 75% the cause of nosocomial urinary tract infections [3-5]. Biofilm formation is
a complex process triggered by the nature of the surface, by the interaction of the individual bacterial
cells with each other, by Quorum Sensing [3,5,6], and by receptor molecules on biological surfaces
[7,8]. Formation of biofilms is a fast process. Within seconds, P. aeruginosa can increase the
concentration of the second messenger c-di-GMP. This leads to the activation of the P. aeruginosa- c-
di-GMP - receptor FimW followed by the adherence on surfaces and colonization as a biofilm. In
addition, asymmetrical cell divisions take place after surface colonization. This leads to the
emergence of “spreaders” which disseminate and “strikers” which cause tissue damage [9]. Biofilms
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formed by P. aeruginosa consist of a matrix of extracellular DNA and polysaccharides. Programmed
cell death and autolysis build up and remodel the matrix structures. This is reminiscent of apoptosis,
as it occurs in eucaryotes. Leading to polymer-free spaces in the matrix, free P. aeruginosa cells located
there can re-swarm and form further biofilms [10]. Biofilms act as a protective shield for the
pathogenic organism, so that neither the body's own defenses nor medically used antibiotics could
be effective in eradicating the pathogen. Once the biofilm is established, antibiotic treatment cannot
eradicate bacteria any more regardless of the susceptibility of biofilm-producing P. aeruginosa to a
certain antibiotic [11,12]. As described in the literature, the P. aeruginosa strain PAQ1 reacts to the
presence of aminoglycosides [13] in LB-medium with increased formation of alginate, an
exopolysaccharide or with increased biofilm formation. Several strategies exist already against
biofilms, such as antibiotic-treated surfaces, for example surfaces secreting silver ions to the medium,
or surfaces with anti-adhesive properties [6]. These strategies have, however, not proven clinical
relevance, up to date. Where antibacterial, biofilm-preventing strategies do not lead to therapeutic
success, biofilm-contaminated surfaces or tissues need to be removed physically. Literature describes
micelles and liposomes loaded with antibiotics (both hydrophilic and hydrophobic substances) used
against biofilms caused by pathogenic bacteria. Micelles and liposomes already used in medicine
have a quite complex structure, albeit with biocompatible components. Some stabilizing polymer
components such as polyethylene glycol (PEG) derivatives [3,14,15] are used in micellar systems,
however they can cause allergies [3,15]. Another amphiphilic detergent useable for stabilization of
micelles or liposomes is Solu-plus® [16] showing a better biocompatibility. Hydrophobic biostatics
contain already Soluplus® as a micelle-forming agent [17,18]. Saydam et al. mention Soluplus® as an
additive in vaccine mixtures [19]. Rhamnolipids as amphiphilic component in liposomes stimulate
the uptake of hydrophobic substances by bacteria, such as P. aeruginosa [20]. The high dosing of
classical antibiotics needed to treat biofilms can cause severe adverse events [21,22]. Another issue is
the emergence of antimicrobial resistances against antibiotics [23-25], where the microenvironment
of biofilms creates selective conditions for resistance formation. The concentrations of medically
applied antibiotics do not reach the inhibiting/bactericidal level inside a biofilm. In this manner,
locally selective concentrations below minimal inhibitory/bactericidal concentrations arise, and
resistances can evolve within hours until few days [24]. Due to that, science focuses on plant agents,
example given essential oils [26] or polyphenols as curcumin [27] and resveratrol [28]. Polyphenols
showed in various research projects unspecific reactions and ambiguous results [29,30], but for
curcumin an inhibition-potential of quorum sensing was shown in silico [31]. However in vitro no
effect was proven yet [32]. On the other hand, curcumin is recognized as safe by the Food and Drug
Administration (FDA) [32]. Under light irradiation with wavelength of 405 nm, curcumin showed an
increased inhibition of biofilm by P. aeruginosa. A smaller but still inhibiting effect without the
influence of light was also observed [33]. Monolaurin shows antibacterial effects, but only against
gram-positive bacteria [34,35]. Substrates for LecB of P. aeruginosa are L-fucose- and D-mannose
ligands enabling adhesion to the host tissue surface and consequently biofilm formation by P.
aeruginosa. Monovalent low molecular weight derivatives of D-mannose and L-fucose thus being
possible inhibitors for biofilm formation of P. aeruginosa [36,37]. The antibacterial agent terrein (4,5-
dihydroxy-3-(1-propen-1-yl)-2-cyclopenten-1-one) from Aspergillus terreus acts effectively against the
development of P. aeruginosa biofilms. It antagonizes quorum sensing of P. aeruginosa acting as dual
inhibitor of QS and c-di-GMP signaling [38]. However, terrein does not affect P. aeruginosa cell growth
[38]. The chemical synthesis of terrein is difficult and tedious [39—41]. The easiest access to it is the
synthesis from L-tartaric acid [42] or isolation from terrein producing A. terreus [43].

The aim of this work was to analyze the capacities of natural substances in prevention of growth
and removal of biofilms of uropathogenic bacteria in urinary catheters and thus find novel agents.
Our consideration was that detergents can shuttle poorly soluble substances through the outer
membrane of the gram-negative P. aeruginosa ATTC 27853. Due to that, the poorly soluble natural
substances curcumin, resveratrol, and monolaurin were investigated together with Soluplus® and in
the case of monolaurin additionally together with polyhexanide (Prontosan®) for their inhibitory
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effect against biofilm formation by P. aeruginosa. We have synthesized n-undecyl glycosides of D-
mannose and L-fucose according to the modified Fischer synthesis [44] and tested both as substrates
for LecB of P. aeruginosa. The fungal metabolite terrein showed the highest efficiency against biofilm
formation by P. aeruginosa alone and together with the detergent polyhexanide (Prontosan®).

2. Materials and Methods

2.1. Organisms

Pseudomonas aeruginosa ATCC 27853 was obtained from ATCC (American Type Culture
Collection; Manassas, VA, USA), P. aeruginosa PAOl from DSMZ (Deutsche Sammlung von
Mikroorganismen und Zellkulturen; Braunschweig, Niedersachsen, Germany).

2.2. Growth Media and Anti-Biofilm Substances

Artificial urine (AU) as medium for P. aeruginosa — test cultures were freshly prepared according
to the recipe mentioned in the literature [26,45]. Other media used for cultivation, storage, and testing
of P. aeruginosa were glycerol 299% (Merck Millipore # CAS 56-81-5), Lysogeny Broth-Medium (LBM)
(Serva Electrophoresis GmbH # Cat-No. 48501.01), Tryptone Soy Broth (TSB) (Oxoid # Code:
CMO129B). Dulbecco’s phosphate buffered saline (PBS) was purchased from Capricorn Scientific
GmbH (# Cat-No: PBS-1A). For chemical syntheses and their monitoring L-(-)-fucose (Carl Roth #
CAS No. 2438-80-4), pH-Indicator rod pH-Fix 0-14 (Carl Roth # Art. No. 0549.2), para-n-dodecyl
benzenesulfonic acid (Sigma-Aldrich # CAS No. 121-65-3), ethyl acetate (Sigma-Aldrich # CAS-No.
141-78-6), D-(+)-mannose (Sigma-Aldrich # CAS-No. 3458-28-4), n-undecanol (Sigma-Aldrich # CAS-
No. 112-42-5), ethanol 299,8% (Merck Millipore # CAS 64-17-5), phosphomolybdic acid monohydrate
(Merck Millipore # CAS 51429-74-4), sodium hydroxide (Merck Millipore # CAS-No.: 1310-73-2),
silicagel 60 (Merck Millipore # CAS No. 7631-86-9), TLC silicagel 60 Aluminum Sheets 5 x 10 cm
(Merck Millipore # Cat-No. 1.16835.0001) were used. Piperacillin (Sigma-Aldrich # CAS-No. 66258-
76-2) served as a comparison to assess efficacy.

As biofilm inhibiting substances curcumin (Merck Millipore # CAS 458-37-7), monolaurin (TCI
# CAS RN®: 142-18-7), resveratrol (TCI # CAS RN®: 501-36-0) were used. Other substances tested as
inhibitors were: Soluplus®, a polyvinyl caprolactam—polyvinyl acetate—polyethylene glycol graft
copolymer (BASF SE Ludwigshafen am Rhein Germany), polyhexanide (Prontosan®) (B. Braun
Melsungen AG, Melsungen, Germany), and terrein (AdipoGen # CAS-No. 582-46-7). For terrein and
n-undecyl glycosides, synthesized by us, dimethyl sulfoxide (DMSO) (Sigma-Aldrich # CAS-No. 67-
68-5) served as solvent (Table 1).

Table 1. Overview of substances tested for inhibition of biofilm formation by P. aeruginosa.

Substance Abbreviation Literature Vendor
Curcumin & Soluplus CURC & SOL
. Merck Millipore
Curcumin CURC Abdulrahman et al. 2020 [33] # CAS 458-37-7
Resveratrol & Soluplus RES & SOL
. TCI
Resveratrol RES Qi et al. 2022 [28] # CAS RN®: 501-36-0
Shamma and BASEF SE Ludwigshafen am Rhein
lupl L
Soluplus 50 Basha 2013 [18] Germany
. Oh and Marshall 1993 [34]; Kabara et TCI
Monolaurin ML al. 1972 [35] # CAS RN®: 142-18-7

Monolaurin & Soluplus ML & SOL

B. Braun Melsungen AG,
Melsungen, Germany
Terrein TER Kim et al. 2018 [38] AdipoGen

Prontosan PRT Loose et al. 2021[50]
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# CAS-No. 582-46-7

Terrein & Prontosan TER & PRT
n-Undecyl-a-D-

Nowicki et al. 2017 [44];

- 1 hesi
Mannopyranoside nU-Man Sommer et al. 2018 [37] aboratory synthesis
n-Undecyl-o/p-L- Nowicki et al. 2017 [44]; .
Fucopyranoside nU-Fuc Sommer et al. 2018 [37] laboratory synthesis
Piperacillin & Soluplus PIP & SOL
. —- Sigma-Aldrich
Piperacillin PIP EUCAST QC Tables [48]

# CAS-No. 66258-76-2

2.3. Chemical Syntheses
2.3.1. n-Undecyl-a-D-mannopyranoside (MW = 334.35g)

1.04g o/p-D-mannose (5.77 mmol), 11.98 mL n-undecanol (9.94g = 57.72 mmol), 889 uL (942 mg
= 2.89 mmol) para-n-dodecylbenzenesulfonic acid and 100 uL fully desalinated H2O were stirred in
a closed vessel at 60°C and 700 rpm for 24 h. After the end of the reaction, the initially white, cloudy
mixture becomes clear. To monitor the reaction process thin layer chromatography was performed
(eluent ethyl acetate/ethanol 70:30). Unreacted n-undecanol was removed via column
chromatography on silica gel eluting with ethyl acetate/ ethanol (70:30). To remove para-n-
dodecylbenzenesulfonic acid residues, the crude n-undecyl-a-D-mannopyranoside was dissolved in
10 mL of ethanol at 55°C and after cooling, addition of ice-cold ethyl acetate led to crystallization of
the desired product. The resulting crystal slurry was filtered off, washed with ice-cold ethyl acetate,
and the product was dried in the fume hood [44]. The product is a white crystalline solid. Yield: 35%
related to a/pB-D-mannose used, see 3.1.1. The identity of the product was confirmed by mass
spectrometry and nuclear magnetic resonance spectroscopy (NMR). 'H NMR-analysis showed
diastereomeric purity of for the a-anomer.

2.3.2. n-Undecyl-a/B-L-fucopyranoside (MW = 318.35 g)

1.96 g at/B-L-fucose (11.95 mmol), 24.69 mL n-undecanol (20.49 g =118.90 mmol), 1.832 mL (1,942
g =5.98 mmol) para-n-dodecylbenzenesulfonic acid and 190 pL fully desalinated H2O were stirred in
a closed vessel at 60°C and 700 rpm for 24 h. The initial yellowish white suspension was a slightly
cloudy mixture after the end of the reaction. To monitor the reaction process thin layer
chromatography was performed (eluent ethyl acetate/ethanol 90:10). Unreacted n-undecanol was
removed via column chromatography on silica gel eluting with ethyl acetate/ethanol (100:0 —> 90:10).
[44]. The product is a white crystalline solid. Yield: 60% related to o/p-L-fucose used, see 3.1.2. The
identity of the product was confirmed by mass spectrometry and nuclear magnetic resonance
spectroscopy (NMR). '"H NMR-analysis showed an anomeric ratio of = 2:1 in favor of the o -anomer.

2.4. Bacterial Incubation

For incubating bacterial cultures an IncuLine IL 112 Prime.390-0910 (VWR International GmbH
Darmstadt Germany) and a Shaking Incubator IKA® KS 4000 i Control (IKA-Werke GmbH & Co. KG
Staufen Germany) were used. To monitor bacterial growth a Laxco MicroSpek™ DSM-Series Cell
Density Meter (LAXCO Bothell, WA 98012 USA) and semi-micro-Cuvettes Polystyrene 45 * 12 mm
(Sarstedt AG & Co.KG Niimbrecht Germany) were used.

2.5. Determination of Minimal Inhibitory Concentration

Determination of minimal inhibitory concentration (MIC)-Values was performed with 96-Well-
Plates Checkerboard TC-Plate 96 Well flat bottom Standard (Sarstedt AG & Co.KG Niimbrecht
Germany) and a MultiScanGO (Thermo Fisher Scientific GmbH Langerwehe Germany). MIC-values
were determined according to EUCAST standards [46,47] of antibacterial agents by broth dilution.
From the agent to be tested a two-fold dilution series with a volume of 160 puL per well is made in
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AU. Then every well containing agent was inoculated with 10 uL of PBS-buffer diluted P. aeruginosa
ATCC 27853 -suspension (1:200 v/v). As positive control served medium without agent inoculated,
negative control served medium without bacteria and agent. After incubation overnight at 37°C
turbidity was measured at A = 600 nm. MIC means the lowest concentration where no additional
turbidity (corresponding to bacterial growth) compared to positive control can be detected.

2.6. Urinary Catheters and Processing

For catheter testing Riisch-Gold- Latex-Catheters (Teleflex Medical GmbH Fellbach Germany)
served as substrate for biofilm growth. An Ultrasonic device Bandelin SONOREX TK30 50 kHz
(BANDELIN electronic GmbH & Co. KG Berlin Germany) and a Vortex Scientific Industries Vortex-
Genie 2 G560 S/N 2-417489 (Thermo Fisher Scientific GmbH Langerwehe Germany) were used to
process the biofilms and subsequently determine the CFU count (see 2.8.).

2.7. Catheter Biofilm Experiments

Preparation of P. aeruginosa ATCC 27853 for catheter experiment: From the — 80°C glycerol stock
of P. aeruginosa ATCC 27853 a small inoculum was streaked on LB agar and incubated for 16 h at +
37°C. Subsequently, a single colony of the agar plate culture was incubated in 5 mL AU in a 100 mL
Erlenmeyer flask for 16 h at 37°C and at 180 rpm in the shaker incubator as primary culture (Figures
la-1c).

2.7.1. General Procedure Catheter Experiment

The primary culture of P. aeruginosa ATCC 27853 was diluted with sterile PBS-buffer to an
optical density (ODa=s00nm) = 0.02. To 8 mL of medium and three 1 cm long catheter segments as
technical replicates 100 uL of the PBS-buffer-diluted P. aeruginosa ATCC 27853 suspension was
added. Before adding P. aeruginosa ATCC 27853, the tested substance was added in appropriate
concentration into the medium. Thereafter incubation over 24 h to 36 h at 37°C was performed and
after processing of grown biofilms CFU were counted (see 2.8). Each test series with a specific
substance or combination of substances was biologically replicated three times, (Figures 1c — 1f).

- Experimental Setup
la by
1b o Y /,,{// = S, le
!
4
A |
1c 1d 1f -

Figure 1. Experimental Setup. 1a) -80C glycerol stock of P. aeruginosa ATCC 27853, 1b) spread on LB-Agar with
following 24h incubation, 1c) primary culture of P. aeruginosa ATCC 27853, 1d) secondary culture with three
catheter-pieces in medium, 1le) dilution row made from biofilm suspension obtained from processed catheter-

pieces, 1f) spread appropriate dilutions on LB agar with following 24h incubation for CFU determination.

2.7.2. Influence of the Culture Medium

Due to results shown for Proteus mirabilis [48], differences in growth behavior of P. aeruginosa
ATCC 27853 in AU and LB-Medium were estimated. To 8 mL of AU and LB medium without
additives and to three 1-cm-long latex catheter segments respectively, P. aeruginosa ATCC 27853 -
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suspension with an ODa=soonm = 0.02 in PBS-buffer was added. After incubation for 24 h at 37 °C colony
counting follows, (Figure 2a).

SOL& CURC SOL & RES
Media P R
1400~ *kkE NS
1600+ % ns | —
ns | | m— 16004
1200+ 14004 s
| . 1 « No Additve 14004
E sl 2 . . ; zgt & CURC 2
‘S good e ¢ AU £ 1000 £ 1000
- =] (=3 "
b + LBM T T R * No Additve
> 5 800 5 8004
& 600 5 5 = SOL
600+ 600 + SOL&RES
400+ o 400 |+
.
200 200 1=
2a 2b 20 2c i
0- 0
AU LBM
Ssl. Bov QQ'('
o?z, o° &
v
X Y
PRT & ML
*kkk
1000
460 * No Additve « No Additve
i = 48PRT 2 = 5120 SOL
E 600 + 16 PRT &ML E 4 128SOL&ML
=] v 32PRT&ML S v 256 SOL & ML
5 400 2
o + 48PRT &ML 5 + 512SOL&ML
= 200 o 1280 SOL & ML
= 5120 SOL& ML
2d o 2e
-200-

Figure 2. Influence of culture media and low molecular substances on the biofilm growth of P. aeruginosa ATCC
27853. Biofilms were determined via CFU-count, lcm latex-catheter-pieces served as substrate for biofilm
growth. Culture medium for tests was AU, incubation time 24 h at 37°C. 2a) different media chosen, left: artificial
urine (AU), right: Lysogeny Broth-Medium (LBM), 2b) 512 pg/mL curcumin (CURC) and 5120 pg/mL Soluplus®
(SOL), 2¢) 512 ug/mL resveratrol (RES) and 5120 ug/mL Soluplus® (SOL ), 2d) 256 pg/mL monolaurin (ML) and
48 pg/ml polyhexanide (Prontosan®; PRT), 2e) 512 pg/ml monolaurin (ML) and 5120 pg/mL Soluplus® (SOL),
degree of significance is shown using ** for p < 0.01 and ***p < 0.001, 2a: for statistical analysis a 2 tailed t-Test

was used instead of an ANOVA - analysis.

2.7.3. Curcumin, Monolaurin, Resveratrol, Each in Combination with Soluplus

To 8 mL AU and three 1 cm long catheter segments 512 ug/mL curcumin together with 5120
pg/mL Soluplus were added and incubated over 24 h at 37°C in the presence of P. aeruginosa ATCC
27853 according to the general procedure. As controls, three 1 cm long catheter segments and P.
aeruginosa ATCC 27853 were incubated without additive in AU and with 5120 pg/mL Soluplus
without further additive (Figure 2b). In the same manner 512 ug/mL AU resveratrol together with
5120 pg/mL AU Soluplus (Figure 2c) and 512 pg/mL AU monolaurin together with 48 pg/ml AU
Prontosan (Figure 2d) and together with 128 pg to 5120 ug/mL AU Soluplus (Figure 2e) are tested.
Controls with curcumin, resveratrol, and were not feasible due to their insolubility in AU.

2.7.4. n-Undecylglycosides

n-Undecyl-a-D-mannopyranoside was tested against biofilm forming by P. aeruginosa ATCC
27853 in concentrations of 32 ug/mL AU to 512 ug/mL AU following the general procedure (Figure
3a). n-Undecyl-a/B-L-fucopyranoside was tested in concentrations of 32 pg/mL AU to 512 ug/mL AU
following the general procedure, against biofilm forming by P. aeruginosa ATCC 27853 (Figure 3b)
and by P. aeruginosa PAO1 (Figure 3c).
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Figure 3. Glycomimetics as inhibitors of biofilm growth of P. aeruginosa ATCC 27853. Biofilms were determined
via CFU-count, 1 cm latex-catheter-pieces served as substrate for biofilm growth. Culture medium for tests was
AU, incubation time 24h at 37 °C. 3a) n-undecyl-a-D-mannopyranoside (nU-Man) in different amounts pg/mL,
3b) n-undecyl-o/p-L-fucopyranoside (nU-Fuc) in different amounts pg/mL, significance is shown using * for p <
0.05 and *** for p < 0.001, 3c) n-undecyl-a/p-L-fucopyranoside (nU-Fuc) in 32 — 512 ug/mL as inhibitor of biofilm
growth of P. aeruginosa PAOL.

2.7.5. Terrein

Terrein, an antimicrobial metabolite from the mould Aspergillus terreus, was tested in
concentrations of 32 pg/mL AU to 512 ug/mL AU following the general procedure (Figure 5a).

2.7.6. Co-Effects of Terrein and Polyhexanide

To estimate possible synergism, 256 ug/mL AU terrein together with 64 pg/mL AU
polyhexanide were tested on mitigation of biofilm formation by P. aeruginosa ATCC 27853. Because
keratinocytes tolerate polyhexanide well in concentrations up to 175 pg/mL [49] we have chosen
polyhexanide as co-agent instead of Soluplus®, (Figure 5b).

2.8. Estimation of Colony Forming Units

The 1 cm long biofilm-covered catheter was washed 3 times with sterile 1000 uL PBS buffer.
Then the application of 50 kHz ultrasound for 5 min to the catheter-piece, vortex-shaking for 2 min,
50 kHz ultrasound for 5 min again and vortex-shaking for 1 min followed the washing. After
discarding of the catheter piece, the obtained suspension was diluted in series of 10. Of suitable
concentrations (10# to 107), 100 uL of bacterial suspension was spread on LB agar plates and
incubated "overnight" at + 37°C. Then the colonies were counted [49,50]. It must be considered that
only one tenth of a mL is spread on agar.

2.9. Statistical Analysis

For statistical analyses served GraphPad Prism 10, version: GraphPad Prism 10.4.2.. Statistical
significance was set as p < 0.05, with ot = 0.05. The degree of significance is shown using * for p <0.05,
**p <0.01, **p <0.001 and ****p < 0.0001. For statistical comparison of two data sets with GraphPad
Prism 10.4.2 a 2-tailed t-test was used. One way ANOVA test served for analysis of more than three
data sets. ANOVA-Dunnet test served to compare multiple data sets with a single control. The Tukey
test was used to compare every data set with every other.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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3. Results
3.1. Chemical Syntheses
3.1.1. n-Undecyl-a-D-Mannopyranoside

The yield for anomerically pure n-undecyl-a-D-mannopyranoside was 0.68 g (2.02 mmol; 35%)
related to 1.04 g (5.77 mmol) a/p3-D-mannose used in the synthesis. HRMS (ESI): m/z calculated for
C17H3:06Na [M+Na]*: 357.2248; found: 357.2247. "H NMR (600 MHz, CDsOD): 8 4.73 (d, ] = 1.8 Hz,
1H, H-1), 3.82 (dd, ] =11.8, 2.4 Hz, 1H, H-6a), 3.78 (dd, ] =3.4, 1.7 Hz, 1H, H-2), 3.75 — 3.66 (m, 3H, H-
3/-OCH:CH:/H-6b), 3.61 (app t, ] = 9.6 Hz, 1H, H-4), 3.52 (ddd, ] = 9.8, 5.8, 2.4 Hz, 1H, H-5), 3.41 (dt,
J=9.6, 6.3 Hz, 1H, -OCH:CH2), 1.64 — 1.53 (m, 2H, -OCH2CH:), 1.43 — 1.20 (m, 16H, 8 CHz), 0.90 (t, ] =
6.9 Hz, 3H, CHs) ppm. B¥C{'H} NMR (150 MHz, CDsOD): 8 101.5 (C-1), 74.5 (C-5), 72.7 (C-3), 72.3 (C-
2), 68.6 (C-4), 68.6 (-OCH>), 62.9 (C-6), 33.1, 30.8, 30.7, 30.6, 30.6, 30.5, 27.4, 23.7, (9 CH2) 14.4 (CHs)
ppm (supplementary data).

3.1.2. n-Undecyl-a/p-L-Fucopyranoside

The yield for n-undecyl-a/B-L-fucopyranoside was 2.297 g (7.213 mmol; 60%) related to the 1.96
g (11.95 mmol) of a/P-L-fucose used, ot/B-ratio was = 2:1 according to 'H NMR analysis. HRMS (ESI):
m/z calculated for CizH34OsNa [M+Na]*: 341.2299; found: 341.2297. 'TH NMR (600 MHz, CDsOD): d
4.73 (d, ] =2.7 Hz, 1H, H-1a), 417 (d, ] = 7.5 Hz, 0.5H, H-1p), 3.97 - 3.91 (m, 1H, H-5«), 3.83 (dt, ] =
9.5, 6.8 Hz, 0.5H, p~OCH:CH2), 3.74 — 3.70 (m, 2H, H-2a/H-3a), 3.68 — 3.58 (m, 3H, a—OCH:CH:/H-
4a/H-6p), 3.51 (dt, ] = 9.5, 6.7 Hz, 0.5H, p-OCH:CH>), 3.47 — 3.41 (m, 2H, a—-OCH:CH, H-4f3, H-4p),
1.72 - 1.50 (m, 3H, a—-OCH:CH/p-OCH:CHz), 1.43 — 1.23 (m, 25.5H, a-CH:/p-CHz/H-6f3), 1.21 (d, | =
6.6 Hz, 3H, H-6a), 0.90 (t, ] = 6.9 Hz, 4.5H, a-CH;/B-CHs) ppm. ®C{'H} NMR (150 MHz, CDsOD): d
104.8 (C-1p), 100.5 (C-1av), 75.2 (C-5B), 73.6 (C-4«x), 73.1 (C-3pB), 72.3 (C-2p), 71.8 (C-4p), 71.7 (C-3a),
70.8 (B-OCHz), 70.0 (C-2a), 69.3 (a—OCH>), 67.5 (C-5a), 33.1, 30.9, 30.8, 30.7, 30.6, 30.6, 30.6, 30.5, 27.3,
27.1,23.7 (a-CH2/-CHz), 16.8 (C-6p3), 16.7 (C-6a1), 14.4 (a-CHs/p-CHs) ppm (supplementary data).

3.2. MIC-Values

MIC-Values are shown in Table 2. For Piperacillin the MIC Value of 2 — 4 pg/mL in iron-depleted
Mueller-Hinton broth according to EUCAST -standards was confirmed with our result of 4 pug/mL
AU as MIC for P. aeruginosa ATCC 27853. In combination with Soluplus® (polyvinyl caprolactam—
polyvinyl acetate-polyethylene glycol graft copolymer) the MIC for Piperacillin did not change.
Surprisingly the detergent Soluplus® did not show any bacteria inhibiting effect. Polyhexanide
(Prontosan®) showed an inhibitory effect against P. aeruginosa cells. The determined MIC value was
16/32 pg/mL AU and corresponds to the value reported in the literature. For the MIC value of terrein,
no comparative value could be found in the literature. When terrein and Prontosan were combined,
a reduction in the MIC was observed for terrein. Monolaurin showed no bacteria inhibiting effect.
The combination with Soluplus® also did not cause any bacteriostatic effect of monolaurin. The same
was observed when combining curcumin or resveratrol with Soluplus®. Since no bacteria inhibiting
effect was expected for n-undecyl-a-D-mannopyranoside, n-undecyl-a/B-L-fucopyranoside, and
curcumin, which is insoluble in aqueous media, no MIC determinations were carried out for these
four substances.

Table 2. MIC-Values P. aeruginosa.

Substance MIC in AU (P. aeruginosa ATCC 27853)
Curcumin & Soluplus >512 & > 5,120
Curcumin not determined
Resveratrol & Soluplus >512 & > 5,120
Resveratrol >512
Soluplus > 5120
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Monolaurin >512
Monolaurin & Soluplus
Prontosan 32/32
Terrein 512
Terrein & Prontosan 128 & 32/16
n-Undecyl-a-D-Mannopyranoside not determined
n-Undecyl-a/B-L-Fucopyranoside not determined
Piperacillin & Soluplus 4 & 40
Piperacillin 4

Note: Minimal inhibitory concentration (MIC)-Values of n-undecyl-a-D-mannopyranoside and n-

undecyl-a/B-L-fucopyranoside are not determined.

3.3. Dependence of Biofilm Formation on the Culture Medium

Primary culture of P. aeruginosa ATCC 27853 cultivated in AU and LBM showed in both cases
biofilm formation. There was no significant difference in the colony numbers obtained from these
biofilms. (Figure 2a).

3.4. Growth Inhibition of Pseudomonas aeruginosa-Biofilms
3.4.1. Curcumin, Monolaurin, Resveratrol Each with Detergent

Curcumin in combination with Soluplus® caused no change in the inhibitory effect of Soluplus
against biofilm forming by P. aeruginosa ATCC 27853, although Soluplus alone already showed a
strong inhibitory effect, this was not further enhanced by curcumin (Figure 2b). Addition of
resveratrol also did not significantly increase the strong Soluplus effect alone on biofilm formation
by P. aeruginosa ATCC 27853, (Figure 2c). Further tests with curcumin and resveratrol have therefore
not been carried out. Monolaurin showed in combination with Prontosan® no additional effect,
(Figure 2d), with Soluplus® additive inhibition against biofilm formation by P. aeruginosa ATCC
27853 proved to be non-significant, (Figure 2e).

3.4.2. n-Undecyl-a-D-mannopyranoside

n-Undecyl-a-D-mannopyranoside did not inhibit biofilm formation by P. aeruginosa ATCC
27853. At concentration of 256 ug/mL AU n-undecyl-a-D-mannopyranoside caused a significant
increase in biofilm formation of 80%, (Figure 3a).

3.4.3. n-Undecyl-a/p-L-fucopyranoside

n-Undecyl-a/-L-fucopyranoside showed 58.3% inhibition as an inhibitor of biofilm formation
by P. aeruginosa ATCC 27853 at concentration of 512 ug/mL, (Figure 3b). In contrast, n-undecyl-a/(3-
L-fucopyranoside did not inhibit biofilm formation of P. aeruginosa PA01, and at a concentration of
256 pg/mL it caused an increase in biofilm formation. Between n-undecyl-a/[3-L-fucopyranoside -
concentrations of 64 pg/mL to 256 pg/mL, an increase in biofilm formation of 87% occurred, (Figure
30).

3.4.4. Terrein

Terrein showed from a concentration of 256 mg/mL 55.6% significant inhibition of biofilm
formation by P. aeruginosa ATCC 27853, and at 512 pg/mL AU terrein caused a nearly complete
inhibition of biofilm formation, (Figure 4a).
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Figure 4. Influence of terrein on the biofilm growth of P. aeruginosa ATCC 27853. Biofilms were determined via
CFU-count, 1cm latex-catheter-pieces served as substrate for biofilm growth. Culture medium for tests was AU,
incubation time 24 h at 37°C. 4a) Terrein (TER) in different concentrations pg/mL, 4b) 256 pg/ml terrein and 64
pg/mL polyhexanide (Prontosan®; PRT), 4c) molecular structure of terrein with terrein producing Aspergillus
terreus SO22 (photo from Asfour et al., 2019), degree of significance is shown using * for p < 0.05, *** p < 0.001,
and ***p < 0.0001.

3.4.6. Co-Effects of Terrein and Polyhexanide

Together terrein and the disinfectant Polyhexanide (Prontosan®) tested against P. aeruginosa
ATCC 27853 -biofilm formation seem to have a synergistic effect against biofilm formation by P.
aeruginosa ATCC 27853, but significance is not confirmable statistically, (Figure 4b).

4. Discussion

We investigated the effect of various natural products regarding their inhibitory effect on the
biofilm formation of Pseudomonas aeruginosa ATCC 27853. The influence of the two media LBM and
AU on the growth of P. aeruginosa ATCC 27853 was not significant. We have shown that the
polyphenols curcumin and resveratrol showed a significant effect against biofilm formation by P.
aeruginosa ATCC 27853 in the presence of detergent. The working group of A. U. Khan has shown
that curcumin has an inhibitory effect against biofilm formation of P. aeruginosa MTCC 3541. This
effect was significant without light irradiation and additionally intensified by light irradiation [35].
Curcumin, resveratrol, and monolaurin are nearly insoluble in the culture media used. Therefore,
inhibition tests with curcumin, resveratrol, or monolaurin alone were not feasible. The effectiveness
in combination with the cleaning and disinfectant Soluplus® cannot be evaluated based on the results
obtained so far. The reason for this is that Soluplus® in the concentration necessary to dissolve
curcumin override any possible curcumin effect. So, criticism on the use of curcumin against the
biofilm formation of (uro-) pathogenic bacteria [29] was confirmed in our studies on P. aeruginosa
ATCC 27853. It should be emphasized that further studies with curcumin for targeted medical
applications - beyond the certainly justified use in folk medicine as an active ingredient in turmeric
roots [35] - have little chance of success, unless a simple method for permanent solution in aqueous
media can be established to demask effects, superimposed by the detergent Soluplus® used so far.
We observed similar results when using resveratrol. The idea that monolaurin could show an
additive effect in combination with Soluplus® enabling monolaurin to cross the outer membrane
from gram negative P. aeruginosa ATCC 27853 could not be confirmed. The effect of monolaurin in
combination with Soluplus® to inhibit biofilm formation by P. aeruginosa ATCC 27853 was not
statistically significant. Together with 48 pg/mL Prontosan, 256 pig/mL monolaurin did not increase
effectiveness compared to Prontosan alone. Tested as possible antilectins, n-undecyl-a-D-
mannopyranoside showed no inhibitory effect on biofilm formation, but n-undecyl-a/B-L-
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fucopyranoside showed significant medium effect to attenuate biofilm formation of P. aeruginosa
ATCC 27853. On the other hand, n-undecyl-a/p-L-fucopyranoside proved to be not effective against
P. aeruginosa PAO1. One reason for these results may be the fact that P. aeruginosa has a high genomic
diversity among different isolates [51]. Among natural substances tested, terrein considered nontoxic
[52] and therefore conceivable as a potential therapeutic agent, however, showed a significant
inhibitory effect against biofilm formation by P. aeruginosa ATCC 27853. Moreover polyhexanide
(Prontosan®) significantly increased the effect of terrein. It is possible that Prontosan® facilitates the
passage of terrein through the outer membrane of P. aeruginosa ATCC 27853. The detergents, for
example, may be applied locally in the urinary catheter balloon, as a slow-release device [49]. Terrein,
in addition to its inhibitory effect on P. aeruginosa biofilm formation, has been shown to inhibit the
migration of breast cancer cells and proved to be non-toxic in the in vitro experiments [53]. However,
toxicity studies with bladder epithelial cells are needed to assess possible adverse effects on healthy
eukaryotic cells, if clinical application in the urinary tract is envisioned.

5. Conclusions

The screening of natural substances on effectiveness against formation of biofilm is a promising
approach to circumvent the development of resistances and adverse effects emerging with antibiotics
used. However, some authors are critical on the chances of success in research with apparently
multifactorial natural substances. Testing curcumin, resveratrol, and monolaurin without further
additives is not feasible, due to problems to dissolve these substances in aqueous media completely.
Both biocompatible detergents Soluplus® and polyhexanide (Prontosan®) used by us to circumvent
this issue, mask in the necessarily used concentrations possible anti-bacterial effects in case of
curcumin, resveratrol, and monolaurin. This may be due to the strong effectiveness of the cleaning
agents themselves or to the weak effect of these three substances against P. aeruginosa biofilm
formation. Therefore, further efforts to circumvent the main problem of their lack of solubility more
efficiently in aqueous media should be performed. Subsequently, further tests can be carried out. The
possible antilectin n-undecyl-a/p-L-fucopyranoside is yet to be tested with polyhexanide
(Prontosan®) to investigate possible enhancement of effectiveness against biofilm formation of P.
aeruginosa ATCC 27853. Another approach is to test the chemically pure anomers of n-undecyl-a/[3-
L-fucopyranoside against biofilm formation by P. aeruginosa. Due to its strong effectiveness against
biofilm formation the fungal metabolite terrein should also be tested against established biofilms,
with and without polyhexanide and Soluplus. A further interest is to investigate the effect of terrein
against biofilm formation by P. aeruginosa PAO1 on catheter surfaces. Another question is to what
extent a possible synergism of terrein and n-undecyl-a/p-L-fucopyranoside could mitigate the
formation of biofilms. The significant effect that terrein has shown in inhibiting biofilms on latex
catheter material is reason enough to investigate other bacteriostatic or bactericidal agents for biofilm
inhibition on latex and other catheter materials.
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