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Abstract

Food contamination by Escherichia coli (. coli) is an increasing public health concern. Screening for natural plant pre-
servatives has received increasing attention. In this study, dandelion flower phenolic extract (DFPE), with the strong-
est bacterial inhibition and the highest polyphenol level from various organs, was identified using HPLC and FTIR.
The results showed a significant increase in extracellular ATP levels due to cellular membrane leakage in E. coli

and decreased Na*-K* ATPase activity. These behaviors were caused by representative phenolic compounds such

as caffeic acid in DFPE. Molecular docking simulations were performed to reveal the mechanism of interaction
between caffeic acid and Na*-K* ATPase. This indicated that conventional hydrogen bonds, pi-anions, and pi-alky!
were involved in the interaction between them. Molecular dynamic equilibrium of the liganded ATPase complex

was achieved after 20 ns. The lower values of Rg and SASA demonstrated that the liganded ATPase structure changed
from a relatively loose to a tight state in the presence of caffeic acid. Overall, these findings are meaningful for screen-
ing bioactive compounds from various food-derived plant tissues using a combination of practical experimentation
and molecular simulations.
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Introduction

Epidemiological studies have indicated that the leading
pathogenic bacteria causing infectious diseases are prin-
cipally Escherichia coli (E. coli), which is responsible for
food contamination and health risks worldwide (Pool-
man & Anderson 2018). They can easily cause a wide
variety of illnesses, including nausea, vomiting, stomach
cramping, and diarrhea (Manges et al. 2019). Approxi-
mately 550 million people fall ill and 230,000 deaths are
caused every year due to the consumption of contami-
nated food. Studies on the precautions for bacterial con-
tamination have received a lot of attention. Currently,
antibiotics from chemical synthesis are still used as effec-
tive antibacterial agents. However, increasing numbers
of consumers are paying more attention to its potential
side effects, such as initiating drug-resistant pathogens
and destroying the gut microbiota. Screening a safe and
effective natural antimicrobial product is one of the most
promising ways against pathogenic microorganisms and
is increasingly urgent.

Dandelion (Taraxacum mongolicum Weber ex E H.
Wigg.) belongs to the Asteraceae family with the Chinese
name Pugongying (Hu 2018). As a medicinal and edible
plant, thousands of dandelion species are found in the
warmer temperature zones of the Northern Hemisphere
worldwide, and about seventy species of them are rooted
in China in terms of their taxonomy and morphology
(Munoz et al. 2015). The medicinal use of Taraxacum
mongolicum has been demonstrated for over one thou-
sand years since the Tang dynasty (618-907 AD) in
China. Currently, raw materials and extracts from the
whole dandelion plant or its partial organs (e.g., roots,

leaves, stems, or flowers) are marketed as health-promot-
ing products (Li et al. 2022). In particular, the whole or
each part of the dandelion phenolic extract from different
organs showed good antibacterial potential. For instance,
flavonoids (luteolin and its glycosides) and phenolic acids
(caffeic acid and chlorogenic acid) in dandelions display
outstanding antimicrobial functions (Lopez-Garcia et al.
2013; Sengul et al. 2009). Dandelion root extract showed
exceptional antimicrobial properties owing to the pres-
ence of vanillin and caffeic acid derivatives (Kenny et al.
2015). The whole dandelion extract, containing chloro-
genic acid, luteolin, and caffeic acid, demonstrated bac-
tericidal activity owing to its cellular membrane-breaking
efficacy (Xu et al. 2021). Our previous results also implied
that these phenols were enriched in dandelion leaves or
stems (Xie et al. 2018). Similar phenolic compositions
have also been found in dandelion flowers (Jedrejek et al.
2017). In addition, Na*-K* ATPase, first discovered in
1957, is an electrogenic transmembrane ATPase that
plays a key role in transporting ions across the plasma
membrane of living cells (Kou 1957). This enables the
transport of Nat out and K into the cell, thereby main-
taining their concentration gradients and electrolyte and
fluid balance across the cell membrane (Xie & Askari
et al. 2002; Fedosova et al. 2021). Therefore, Na™-K™
ATPase could potentially be used as an antibacterial tar-
get. Natural phenols with multiple hydroxyl groups, such
as epigallocatechin-3-gallate, are excellent inhibitors of
Nat-K* ATPase (Ochiai et al. 2009). Nevertheless, to the
best of our knowledge, comparative studies on the anti-
bacterial effect of phenolic extracts from different dan-
delion organs (flowers, stems, leaves, and roots) are still
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insufficient. In addition, further details related to the cell
membrane Nat-K* ATPase for their antibacterial mecha-
nism are indistinct. Therefore, this study aimed to: (I)
screen the key phenols with the best antibacterial efficacy
of the extract from the flower, stem, leaf, and root of dan-
delion, as well as (II) uncover the anti-bacterial mecha-
nism regarding the interaction of representative phenols
from dandelion extract with Na*-K* ATPase from the
bacterial membrane. All findings will provide a discern-
ing knowledge of the application of dandelion extracts as
natural antimicrobial agents to achieve valorization. This
study also highlights an effective strategy for screening
bioactive compounds from plants.

Materials and methods

Raw materials, bacterial strain and chemicals

Fresh dandelions (Taraxacum mongolicum) were har-
vested during spring blooms from Shuyang County in
eastern China. They were dried at 50 °C for 48 h until
a constant weight was obtained, and then artificially
detached into flowers, stems, leves and roots. They were
pulverized to a dry powder within 0.42 mm for subse-
quent use. The water used in this study was distilled in
duplicate. Ethanol was purchased from Nanjing Chemi-
cal Reagents Inc. (Nanjing, China). Caffeic acid, luteolin,
chlorogenic acid, p-coumaric acid, ferulic acid, rutin,
quercetin, and luteolin-7-O-glycoside were purchased
from Sigma-Aldrich, Inc. (St. Louis, MO, USA). Escheri-
chia coli 1.4520 (E. coli) were purchased from China
General Microbiological Culture Collection Center for
assessment in vitro.

Strain activation of culture

The strains stored in glycerol tubes in MRS liquid
medium at 4% (v/v) were inoculated and cultured in an
incubator at 30 °C for 18—24 h. The streak plate method
was used to select a single colony for purification and cul-
ture. The resulting strain was further cultured at 37 °C for
72 h and used as a working solution after subculturing for
three generations.

Preparation of dandelion phenolic extracts

The dried dandelion organ powder (12.0 g) mixed with
75% ethanol-water (360 mL) was extracted for 30 min
under ultrasound-assisted extraction at 25 °C and 720
W. Then, the extracted solution was obtained by vac-
uum filtration and evaporation at 55 ‘C for removing
ethanol. The final dried powder of dandelion extracts
was obtained by lyophilization for 48 h at -50 °C and
0.01 mbar by vacuum freezing drier device (VirTis Wiz-
ard 2.0, America).
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Analysis and identification of phenolic compounds

in dandelion extracts by HPLC and FT-IR

The phenolic compounds in various dandelion extracts
derived from different organs (flower, stem, leaf and
root) were quantified by an HPLC system (an automatic
sampler, a binary pump and a vacuum degasser; Agilent
Series 1260, Agilent Corporation, California, USA) cou-
pled with a C,4 analytical reversed column of Hyper-
sil gold ODS2 (200 mm x 4.6 mm, i.d., 5 mm; Thermo
Fisher, Waltham, MA, USA), which was executed at
30 °C according to the previous report (Xie et al. 2018).
In detail, 2.0 mg/mL of dandelion extract powder dis-
solved in methanol was prepared for HPLC-UV-vis
(Shimadzu Prominence LC-20A, Japan) equipped with
a binary solvent manager and autosampler. The sta-
tionary phase was a C18 Hypersil gold ODS2 analytical
column (250X 4.6 mm i.d.) with a particle size of 5 mm
(Thermo Fisher, USA), thermostated at 30 °C. The flow
rate was 1.0 mL / min with 20 uL of injection level from
samples, and the absorbance was detected at 280 nm.
A linear gradient consisted of mobile phase B methanol
and mobile phase A acetic acid (2%). The manipulated
conditions for HPLC showed: keeping 5% B for 2 min;
then a varied ranging from 5 to 20% for a duration of
10 min; a following varied ranging from 20 to 60% for
a duration of 15 min; a further varied ranging from
60 to 70% for a duration of 5 min; lastly returning to
initial status 5% B for a duration of 10 min. The phe-
nolic compound content in the various dandelion sam-
ples identified in Table 2 was calculated using the peak
area of their relevant standards. According to the pre-
vious protocol (Al-Hakkani 2019), the limit of detec-
tion (LOD) and the limit of quantification (LOQ) were
obtained by the linearity of the calibration curve and its
standard error as indicated in the following equations:

LOD = 3.36/S (1)

LOQ = 100/S (2)

where o indicates a standard error and S indicates a slope
of the linearity calibration curve.

ATR-FT-IR spectra of various dandelion sam-
ples were obtained using a Thermo ScientificNicolet
6700FT-IR spectrometer. ATR-FT-IR spectra were
recorded in the range from 4000 to 500 cm™'. The
spectrometer parameters were set and a spectrum was
obtained at a resolution of 4 cm™!, 32 accumulated
scans, and room temperature. The sample was shelved
directly on the ATR crystal, pressed against the ATR
crystal, and then scanned using the ATR-FT-IR spec-
trum. Thermo Electron’s OMNIC software for FT-IR
spectrometry was used to acquire the IR spectra.
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Effect of dandelion phenolic extract on the inhibition of E.
coli

The dandelion phenolic extracts (S1, flower; S2, stem; S3,
leaf; and S4, root) at a mass ratio of 10% were added to
MRS medium to obtain final concentrations of 0.05, 0.1,
0.5, and 1.0 mg / mL. The E. coli strain, with a 3% inocu-
lation amount, was inoculated into the culture medium
containing the extract. After culturing in a biochemical
chamber at 30 °C for 24 h, the bacterial density OD600
was measured to evaluate the antibacterial effect of the
extracts. Each sample was tested in triplicate. To further
confirm the minimum inhibitory concentration (MIC)
and minimum bactericidal concentration (MBC), the
tested bacterial suspension (10° cfu / mL) was cultured
with the dandelion extracts in the range of 0.05 to 1.0 mg
/ mL in broth at a shaking time of 48 h. The minimum
concentration of dandelion extract that inhibits vis-
ible bacterial growth was defined as the MIC. Moreover,
invisible bacterial growth in the tested sample was sub-
cultured on nutrient agar, and the minimal concentration
of dandelion extract that resulted in zero cfu / mL was
defined as MBC.

Scanning electron microscopy analysis

The effect of dandelion flower phenolic extract (DFPE)
on the cellular microstructure of E. coli was studied by
scanning electron microscopy (SEM). The bacteria in the
logarithmic growth phase used for the SEM test were
first treated with DFPE (1.0 mg / mL for 24 h, and the test
groups without DFPE for 24 h were used as controls. The
treated bacterial suspension was centrifuged at 6000 g
for 8 min and the precipitated bacteria were washed with
0.05 M PBS (pH 7.20) and subsequently resuspended in
6.0 mL PBS (10® cfu / mL). The bacterial samples were
installed on stainless steel and sprayed with a thin layer of
gold (Au), and their microstructures were observed using
SEM (Zeiss EVO LS10, Carl Zeiss NTS, Oberkochen,
Germany) at an accelerating voltage of 20 kV.

Measurement of leakage intracellular ingredients

Intracellular ingredient release was measured using prior
protocols (Wang et al. 2022; Zhao et al. 2015). Nucleic
acid loss was determined using a microplate reader
(MD iX3, MA, USA) at 260 nm. Dandelion extracts (S1,
flower; S2, stem; S3, leaf; and S4, root) at a concentration
of 1.0 mg / mL were added to test tubes containing E. coli,
and the resulting bacteria were cultivated at 37 °C for 3 h.
The bacterial suspension was centrifuged at 6000 X g for
8 min, and the supernatant was collected. After micro-
filtration through the filter membrane, the absorbance at
260 nm was recorded. The sample in the test tube with-
out the dandelion extract was used as a control.
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Laser Scanning Confocal Microscopy (LSCM) analysis

E. coli cells assayed in the logarithmic phase were
selected to study the permeability changes in the cellu-
lar membrane treated with DFPE. They were assessed
by LIVE/DEAD viability assay using confocal laser scan-
ning microscopy (CLSM). Briefly, bacterial cells were
suspended in 0.85% NaCl buffer to a concentration of
approximately 10% cfu / mL. 0.1 mL DFPE / caffeic acid
/ luteolin solution at MIC were blended with 1.0 mL
bacterial suspensions. After 4 h of incubation, the bac-
terial cells were obtained by centrifugation at 4500xg
for 9 min at 4 °C, resuspended in 0.85% NaCl buffer,
and dyed using the fluorescent probes of the viability kit
(BBcellProbe® NO1/PI) as stated in the instructions. The
probe-treated cells were monitored using LSCM (Perkin
Elmer, Waltham, Mass, USA) with laser light at 480 nm.

Detection of extracellular ATP level

The ATP level in E. coli treated with dandelion extracts
(S1, flower; S2, stem; S3, leaf; and S4, root) was meas-
ured using an ATP assay kit (Jiancheng Bioengineering
Institute, Nanjing, China). First, strain samples of E. coli
were prepared. The bacterial suspension was separated
into different test tubes, and added with 1.0 mg / mL of
dandelion phenolic extracts, respectively. Subsequently,
each test group was cultured at 37 °C for 4 h and then
centrifuged at 3000x g for 5 min to obtain a bacterial
pellet. These bacterial samples were washed twice with
phosphate buffered saline (PBS), resuspended in 0.5 mL
muramidase (10 g / L) and 0.5 mL Tris—EDTA buffer
solution (5.0 mM Tris—HCI, 0.5 mM EDTA, pH 8.0), and
incubated at 37 °C for 20 min. The resulting samples were
diluted with PBS (5.0 mL), placed in an ice bath for 6 min,
and then centrifuged. The supernatant was then collected
for further testing. A bacterial suspension without dan-
delion extract served as a control.

Detection of cellular Na*-K* adenosine triphosphatase
(Na*-K* ATPase) activity assay

The Na™-K* ATP enzyme is present in the membranes of
cells and organelles. It is a protease on biofilms and plays
an important role in cellular volume regulation, mate-
rial transport, energy conversion, and information trans-
mission. Enzyme activity undergoes a series of changes
when the breaking cell is related to enzyme activity. The
assay principle is that ATPase decomposes ATP to gen-
erate ADP and inorganic phosphorus. Therefore, ATPase
activity can be determined by the amount of inorganic
phosphorus. One unit (1 U) of ATPase activity is defined
as the amount of ATPase in one milliliter cell homogeni-
zation solution can produce 1.0 umol inorganic phospho-
rus per hour.
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The inhibition of ATPase by dandelion extracts (S1,
flower; S2, stem; S3, leaf; and S4, root) from E. coli was
measured using an ATPase assay kit (Jiancheng Bioengi-
neering Institute, Nanjing, China). The absorbance of the
treated bacterial cells at 636 nm was measured using an
ultraviolet spectrophotometer (SPECORD 210, Analytik
Jena, Germany) according to the kit instructions.

Molecular docking analysis

Nat-K* ATPase is widely distributed in the membrane
of E. coli and facilitates the maintenance of the resting
potential, availability of transport, and cellular morphol-
ogy. To study the inhibitory mechanism in E. coli, the
key phenolic compounds docked with Na™-K* ATPase
from its membrane proteins were investigated. The pro-
tein structure (PDB ID: 7nnl) of E. coli was obtained
from the RCSB Protein Data Bank (http://www.rcsb.org)
and was marked as a protein receptor. The water in the
protein was removed and hydrogen atoms were added
before executing the docking procedure. After energy
minimization for structural optimization, the key repre-
sentative phenolic compounds in the dandelion extract
were successfully docked with the treated protein using
Autodock Tools 1.5.7, and their docking interactions in a
two-dimensional diagram were displayed using Accelrys
Discovery Studio v 4.0.

Molecular Dynamics (MD) simulation
To further investigate the intention of the primary bind-
ing mode confirmation and to obtain an overall impres-
sion of the caffeic acid and luteolin represented from
dandelion extracts in the binding site of Nat-K* ATPase
from E. coli, a molecular dynamics simulation was imple-
mented with some modifications according to a previous
protocol (Lu et al. 2022). The lowest docking energy was
selected as the initial conformation for MD analysis.
Specifically, MD simulations were executed using
the GROMACS (v. 2022.2) software package with the
Amber99sb-ildn force field. A periodic cubic box was
used to fix the phenol-ATPase complexes, in which a
TIP3P water model was inserted for solvation. To neu-
tralize the protein charge, an appropriate quantity of Na™
was added. Next, the resulting energy-minimization sim-
ulation was performed. The Particle Mesh Ewald model
was employed to assess long-range interactions. A 10 A
cut-off was used to treat the van der Waals interactions.
All the hydrogen-associated bonds were constrained
using the LINCS algorithm. The temperature and pres-
sure couplings were conducted using a V-rescale ther-
mostat and Parrinello-Rahman barostat, respectively. The
NVT and NPT ensembles were also used to create the
systems for 100 ps. Consequently, a simulation period of
30 ns was used.
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Statistics

All assays were performed in triplicate, and the data
are presented as mean values t relative standard devia-
tion (RSD). Statistically significant differences between
two parameters were determined by one-way analysis of
variance (ANOVA) the Origin 7.0 (OriginLab Co. LTD,
MA, America). Further data analysis, followed by Fisher’s
Least Significant Difference (LSD) test, was performed.
The findings with different letters (a-h) in the upper right
corner are considered significantly different at p <0.05.

Results and discussion

Identification and characterization of dandelion phenolic
extracts from different organs

The phenolic compounds extracted from various dan-
delion organs (flowers, stems, leaves, and roots) using
HPLC were identified, as shown in Fig. 1. It was observed
that the level of phenolic compounds containing both
flavonoids and phenolic acids varied depending on
the specific dandelion organ. For instance, the lowest
level at 38.36 mg / g of total phenolic compounds was
observed in dandelion root extract. The highest level at
240.25 mg/g of total phenolic compounds was observed
in the dandelion flower extract. This result was 6.3-fold
higher than that from dandelion root extract, 2.4-fold
higher than that from dandelion stem extract, and 1.64-
fold higher than that from the dandelion leaf extract.
Among them, the level of total phenolic acid was domi-
nant in the leaf extract, and the level of total flavonoids
was dominant in the stem extract. Both total phenolic
acid and flavonoid levels were enriched in the flower
extract, whereas other types of phenols were inadequate.
Moreover, the detailed results in Table 1 showed that
these phenolic acids (caffeic acid, ferulic acid, and chlo-
rogenic acid) and flavonoids (luteolin, quercetin, and
luteolin-7-O-glycoside) were present in dandelion flower
(Table 1A), stem (Table 1B), leaf (Table 1C), and root
(Table 1D) extracts. Specifically, as Table 2 indicated,
the flower extract was substantially composed of caf-
feic acid (118.27 mg / g) and luteolin (82.93 mg / g). The
total level of these phenolic compounds was 84% of all
the identified phenols. The leaf extract was rich in caffeic
acid (106.20 mg / g). The stem extract was rich in luteo-
lin (70.02 mg / g), whereas other phenols, such as organic
acids, were insufficient. The phenolic extract of dandelion
stem mainly contained luteolin, and a small quantity of
organic acids, such as caffeic acid; the content was only
5.89 mg / g. Compared with other tissue extracts, the
phenolic extract of the dandelion stem also contained
rutin, approximately 6.75 mg / g. In terms of the phe-
nolic extract, the main components in dandelion leaves
were very similar to those in dandelion flowers, but the
content of luteolin was significantly lower, reaching only
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Fig. 1 HPLC of phenolic compounds in dandelion extracts from flower, stem, leaf and root

10.09 mg / g. The phenolic extract of the dandelion root
had the lowest phenol content compared with the other
tissue extracts. It also mainly contained caffeic acid and
quercetin, with the contents of 17.95 mg / g and 9.52 mg
/ g, respectively. mg/g, respectively. The lowest total
phenol content was derived from the dandelion flower
extract, 240.25 mg / g and 97.69 mg / g, respectively; The
lowest total phenol content was derived from dande-
lion root extract, which was 38.36 mg / g. In summary,
the dandelion phenolic extracts were mainly composed
of caffeic acid and luteolin, among which the dandelion
flower phenolic extract reached the highest level. The sig-
nificant difference in phenolic compounds distributed in
different plant organs was due to photosynthesis intensity
and genotypes (Kolton et al. 2022; Minutolo et al. 2013).
Therefore, these phenolic compounds were concentrated
in the dandelion flowers and leaves.

FT-IR of dandelion extracts

The basic chemical structural characteristics of the
phenolic compounds in the dandelion extracts were
determined by Fourier Transform infrared spectros-
copy (FT-IR). Figure 2 showed the infrared spectra of
the dandelion phenolic extracts. All the dandelion phe-
nolic extracts (S1-S4) had a strong absorption peak at
3250 ¢cm™!, which was due to the stretching vibration
caused by caffeic acid and O-H in quercetin and was
an intermolecular hydrogen bond. There was a weak

absorption peak at 2925 cm ™!, which corresponded to the
vibrational stretching peak of the C-H bond on the ben-
zene ring of polyphenols (i.e., caffeic acid and luteolin).
The wavenumbers of the C=C asymmetric stretching
vibrational absorption peak in polyphenols (i.e., caffeic
acid and luteolin) ranged from 1601 cm™ to 1612 cm ™.
The wavenumbers of the C-O stretching vibration
absorption peaks of polyphenol compounds (i.e., caf-
feic acid and luteolin) were 1046 cm™! and 1037 cm™,
respectively. The O-H in-plane bending vibrations of
polyphenolic compounds (i.e., caffeic acid and luteo-
lin) were 1380 cm™" and 1371 cm™}, respectively. These
results are in good agreement with previously reported
findings (Di Pasqua et al. 2006).

Anti-bacterial assessment of various dandelion organ
extracts against E. coli in vitro

Figure 3 showed the inhibitory effects of polyphenol
extracts from different dandelion organs (flowers, stems,
leaves, and roots) on E. coli. As indicated in Fig. 3, the
dandelion flower phenolic extract had the strongest
inhibition against E. coli, with an IC50 of approximately
0.5 mg / mL, followed by the dandelion leaf phenolic
extract, which showed an inhibitory rate against E. coli
reaching 68.0% at a concentration of 1.0 mg / mL. Both
stem and root extracts showed negligible inhibiting
power, and their inhibitory rate was less than 30.0% at a
concentration of 1.0 mg / mL.



Xie et al. Food Production, Processing and Nutrition (2024) 6:67

Page 7 of 15

Table 1 HPLC-TOF-MS/MS of phenolic extracts from different organ dandelions; Sample A (dandelion flower phenolic extract),
Sample B (dandelion stem phenolic extract), Sample C (dandelion leaf phenolic extract), Sample D (dandelion root phenolic extract)

Samples Compounds Centroid mass Intensity (x10%) Time (min) Fragments, m/z
(Da)[M-H]

A caffeic acid 179 266 14.97 179.1,1349,107.2
apigenin 269 593 3135 269.3,2514,201.5,1689,117.2,106.9
luteolin 285 2090 20.53 285.1,241.2,199.1,175.1,133.1
isoetin 293 372 27.95 293.2,275.3,235.3,231.6,191.6
quercetin 301 5.1 28.18 301.1,164.9,175.3,136.8, 121.1
chlorogenic acid 353 216 1261 352.9,191.3,1789,135.1,127.2
luteolin-7-O-glycoside 447 90.7 18.63 446.9,284.9,199.1,175.3

B caffeic acid 179 40.7 14.88 179.1,1349
ferulic acid 193 9.02 13.37 193.1,175.6,165.3
apigenin 269 5.56 21.95 268.9,224.9,200.9,117.1
luteolin 285 162 20.67 285.1,241.1,199.1,175.1,133.1
isoetin 293 157 2742 293.2,275.2,2352,223.2,1954
quercetin 301 13.0 26.72 301.2,273.1,2574,164.9,121.2
chlorogenic acid 353 114 16.90 3529,191.3,1789,135.2
luteolin-7-O-glycoside 447 10.7 17.97 446.9,400.8,331.6,295.1,161.2,133.1,106.9

C p-coumaric acid 139 12.5 3261 157,139,110.9,94.8, 70.7
caffeic acid 179 275 14.99 179.2,135.1,107.3
ferulic acid 193 948 2248 193.1,177.1,149.3
apigenin 269 554 31.37 269.2,201.1,172.9,156.8
luteolin 285 658 20.71 285.0,217.1,199.1,175.1,133.1
isoetin 293 89.9 30.93 293.2,2752,231.2,183.1,171.1
quercetin 301 6.83 28.12 301.1,233,164.9,120.8
chlorogenic acid 353 338 16.84 353.2,191.3,179.1,135.2
luteolin-7-O-glycoside 447 337 2294 447.9,429.6,327.1,311.2

D cichoric acid 473 449 15.37 472.9,3109,2929,265.1,1789,1129
luteolin-7-O-glycoside 447 16.1 17.97 446.9,295.1,160.9, 106.8
chlorogenic acid 353 168 2859 353.2,177.1,163.1
quercetin 301 11.6 26.73 301.1,173.3,165.2
Isoetin 293 70.0 24.04 293,236,221,205.1,177.1,148.1
luteolin 285 439 20.71 285,217.1,175.1,133.1
apigenin 269 27.2 31.35 269.2,201
ferulic acid 193 134 2252 193.1,1489,104.9
caffeic acid 179 76.8 15.03 1789,135

Dandelion phenolic flower and leaf extracts were rich
in caffeic acid and luteolin, as mentioned above. These
polyphenols can combine with the divalent cations of the
bacterial outer membrane, resulting in bubbles, depres-
sion, and collapse of the cell wall, as well as the integrity
of the cell wall. At the same time, plant polyphenols were
found to change the composition of fatty acids in the cell
membrane and inhibit the synthesis of ergosterol, thereby
reducing the fluidity of the cell membrane and improv-
ing its permeability of cell membrane (Pinto et al. 2009;
Wongsa et al. 2022). Therefore, caffeic acid or luteolin are
very likely to change the permeability of the cell mem-
brane to cause intracellular ATP leakage or to interact

with ATPase, and then affect the energy metabolism
of microorganisms to inhibit bacteria. This deduction
was confirmed by further investigation of the inhibitory
mechanisms of caffeic acid and luteolin against E. coli.

Effect of dandelion flower phenolic extract on the cellular
membrane of E. coli

The cell death levels of E. coli were investigated, as shown
in Fig. 4a—d. Untreated E. coli cells presented clearly vis-
ible and uniform green fluorescence, indicating that the
cells in the control group exhibited normal physiologi-
cal activity. The fluorescence signal in the bacterial cells
exposed to dandelion flower phenolic extract (DFPE) at
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Table 2 Quantification of phenolic compounds in dandelion extract from different organs by HPLC-UV-Vis
Phenolic R.T.(min) Standard curve R? LOD'(ng/mL) LOQ¥(ng/mL) Content (mg/g)
compounds

Flower Stem Leaf Root
chlorogenic acid 18.3 Y=0.16X+7.83 0998 051 1.55 187+0.03° — 14.23+0.03° 5.80+0.28°
caffeic acid 226 Y=0.07 X+1261 0997 3.03 9.18 11827+1.2* 5.89+0.3¢ 1062+37°  17.95+0.1¢
cichoric acid 254 Y=6.13X+207 0992 0.12 0.36 —_ — — 0.16+0.03
p-coumaric acid 26.1 Y=036X+428 0999 0.22 0.67 — — 12.76+095° —
ferulic acid 27.3 Y=011X+604 0998 131 397 966+057% 026+0.01¢ 322+024°  —
isoetin 289 Y=534X+151 0995 039 1.18 0.53+0.012° 0.029+0.005° 0.37+0.031° 0.015+0.004°
rutin 327 Y=028 X+4.78 0999 0.63 191 — 6.75+0.22 — —
luteolin 353 Y=0.19X+9.67 0997 0.86 261 8293+3.17  70.02+1.5° 10.09+0.7¢ —
apigenin 36.1 Y=267 X+1290 0998 0.15 0.45 0.18+0.03* 009+0001° 0.16+002° 0.02+0.003°
quercetin 374 Y=092X+295 099 257 7.79 95140617  7.13+0.69° 2344069 9.52+072°
luteolin-7-O-gly- 376 Y=0.19X+832 0999 0.11 033 525+038° 7.96+047 438+033°  509+0.26°
coside
Total flavonoids — — - - — 9628+18% 7507+32°  8869+09° 608+05°
Total phenolics — — — — — 240.25+50% 97.69+1.9 1231421 3836+1.2¢

Letters (a-d) indicate significantly different values at p <0.05 as measured by Fisher LSD’s test. The content of the phenolic compounds in different dandelion tissues
was measured by HPLC protocol mentioned 2.4. based on its the peak area of the corresponding phenolic standards. Total flavonoid and total phenol content of
dandelion extracts for each organ sample was measured by plant flavonoids test kit and plant total phenol test kit from Nanjing Jiancheng Bioengineering Institute
(http://www.njjcbio.com/). Besides, for the standard curve of phenolic compounds, Y indicates a peak area related to X sample concentration ranging from 0.1 to

10 mg/mL
R.T.indicates retention time

* LOD indicates limit of detection (S/N=3)

¥ LOQ indicates limit of quantitation (S/N=10). S/N represents a signal-to-noise rate. LOD and LOQ were obtained by the linearity of the calibration curve and its
standard error as indicated in the following equations: LOD=3.306/S; LOQ=10 6/ S, where o indicates a standard error and S indicates a slope of the linearity

calibration curve

Vo —ss1 VAL
i —s2 |\
i/ —s3
4 2925\ 4 N
-OH | C=C =0 .
3270 612 1407 Lot
Y 0-H
4000 3500 3000 2500 2000 1500 1000 S0

Wavenumbers / cm™
Fig. 2 FT-IR of various dandelion extracts: S1, flower; S2, stem; S3, leaf; and S4, root
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Fig. 3 Dandelion flower phenolic extract (pink), dandelion stem
phenolic extract (blue), dandelion leaf phenolic extract (brown),
dandelion root phenolic extract (green). Letters (a-h) indicate
significantly different values at p < 0.05 as measured by Fisher LSD's
test

0.1 0.01

MIC gradually shifted from green to red. Green fluores-
cence decreased significantly, suggesting the reinforce-
ment of membrane permeability in the treated groups.
When DFPE, including caffeic acid and luteolin, at an
MBC concentration of 1.0 mg / mL was added to the
bacterial medium, E. coli cells emitted strong red fluo-
rescence and the green fluorescence became almost
invisible. This indicated that these bacteria were severely
damaged. As shown in Fig. 4e, the morphology of the
E. coli cells was regular, plump, and smooth in an intact
form. After 6 h of treatment with 1.0 mg / mL DFPE,
caffeic acid, or luteolin, the cell surface became bumpy;,
coarse, and damaged to some degree. As observed in
Fig. 4f, g, and h, the cells severely collapsed and the mem-
brane of the treated cell was more intensively damaged,
which demonstrated that leakage of the cell cytoplasm
was induced. DFPE, including its representative phenolic
compounds (caffeic acid and luteolin), was accessible to
the cell surface of E. coli, resulting in permeability of the
bacterial wall and even death. As such, DFPE, including
caffeic acid and luteolin, constantly penetrates the bacte-
rial membrane to disturb its normal physiological metab-
olism, thereby inactivating bacterial cells (Morones et al.
2005).

(See figure on next page.)
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Disruption of the outer membrane plays a key role in
the antibacterial activity of DFPE against E. coli (Zhou
et al. 2020). Na*-K*-ATPase is a pivotal carrier protein
embedded between the phospholipid bilayer of the cell
membrane that controls the transmembrane transport
of Na* and K*. As indicated in Fig. 4i, j, and k, the
Na*-Kt-ATPase activity of E. coli treated with DFPE
significantly decreased. In addition, intracellular ATP
concentrations significantly decreased due to increased
concentrations of extracellular ATP. Because ATP is a
well-polarized compound that cannot be released in
normal cells, this observation of DFPE-induced cell
membrane induced by DFPE was confirmed to be rea-
sonably explained as well. These findings were derived
from depolarized cells, altered cell morphology, and
consequent damage to the cell membrane (Guo et al.
2019). Among the dandelion organ extracts, DFPE (S1)
showed the strongest inhibition of Na*-K*-ATPase
activity. The decreased activity of Nat-K™-ATPase com-
pared with the control is shown in Fig. 4j, indicating
that damage to the integrity of the cellular membrane
occurred in E. coli treated with DFPE. Addition-
ally, extracellular ATP concentrations were measured
(Fig. 4k). The results showed that extracellular ATP
concentrations increased significantly when stained
cells were treated with DFPE (S1). Similar observa-
tions were made for dandelion leaf phenolic extract
(S2). This may be due to the similar levels of phenolic
compounds (caffeic acid and luteolin) in the extracts.
For DFPE (S1), the extracellular ATP concentrations for
E. coli were notably increased ranging from 5.11 pmol
/ L to 6.69 pmol/L after 3 h. The similar trend of dan-
delion leaf phenolic extract (S2) to DFPE (S1) perfor-
mance can be observed as well. The higher intracellular
ATP concentrations were derived from the inhibition of
ATPase related to this work, which leaked from the cell
inside to the outside. All of these joint actions forced
E. coli cell apoptosis. In addition, the great alteration of
ATP levels inside and outside the bacterial cell mem-
brane resulted in an unregulated disorder, eventually
leading to the destruction of the integrity of the cyto-
plasmic membrane and causing the bacteria to induce
apoptosis (Augustin et al. 2006). Therefore, DFPE (S1)
inhibits the proliferation of E. coli by lowering the
activity of Nat-K™-ATPase.

Fig. 4 Effect of dandelion flower phenolic extract (DFPE) on nucleic acid of E. coli; CLSM images of E. coli treated by samples (a control; b

DFPE; c caffeic acid; d luteolin); SEM images of E. coli treated by samples (e control; f DFPE; g caffeic acid; h luteolin); Anti-bacterial biological
characterization (i OD40,,; j Na*-K* ATPase activity; k extracellular ATP level): S1, DFPE; S2, dandelion stem phenolic extract; S3, dandelion leaf
phenolic extract and S4, dandelion root phenolic extract. Letters (a-d) indicate significantly different values at p < 0.05 as measured by Fisher LSD’s

test
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Docking analysis between the representative phenols

in dandelion extracts and the ATPase in the bacterial
membrane

The cellular membrane of bacteria, composed of
proteins and lipids, is a multifaceted tissue that can
envelop cell cytoplasm and plays a crucial role in main-
taining cytoskeleton shape and protecting the integ-
rity of the interior of the cell for viability. To discover
potential cell-permeable inhibitors from dandelion
flower phenolic extract (DFPE) and explore the mecha-
nism of cell breakage, Nat-K* ATPase was selected as a
receptor for docking with key phenols in DFPE because
it is a vital and prevailing target for chemotherapeutic
treatment of bacterial infections. The representative
phenols (caffeic acid and luteolin) in DFPE were docked
with ATPase. As observed in Fig. 5a, b, either caffeic
acid or luteolin can effectively dock with ATPase, sug-
gesting van der Waals, Pi-donor hydrogen bonds, and
conventional hydrogen bonds. Specifically, the H or O
atom in the hydroxyl (C4) and carbonyl groups of caf-
feic acid enables docking with O or H in the amino acid
residue of the ATPase receptor. The carbon hydrogen
bond resulting from atom O (C7) in luteolin with atom
H in amino acid (LEU, No.530) and van der Waals force
resulting from luteolin and 16 amino acids were formed
from docking with the ATPase of E. coli. These interac-
tions possibly contributed to the inhibition of ATPase
activity and affected the membrane physiological prop-
erties and multifaceted functions, such as membrane
potential, depolarization, and fluidity, which led to
the damage of the cell membrane to release intracel-
lular cytoplasm. Moreover, the best affinity for caffeic
acid and luteolin binding with the ATPase of E. coli
reached -8.1 kcal / mol and -6.4 kcal / mol, respec-
tively. It was noted that caffeic acid seemed to inhibit
ATPase better than luteolin due to its lower binding
energy. These results were in good agreement with
previously reported findings (Dai et al., 2021; Qi et al.
2022). Moreover, Na™-K* ATPase, as a transmembrane
protein, facilitates the active transport of three Na®
ions out of the cell and two K ions into the cell at the
expense of ATP. It can stabilize ionic homeostasis and
maintain membrane potential. Na*-K* ATPase consists
of a and S subunits. The a-subunit of Na*-K* ATPase
has catalytic activity for the enzyme with binding sites
for cardiac glycosides, ions, and ATP. The -subunit is
inserted into the membrane to facilitate cell adhesion,
cell volume, and signal transduction (Chakraborti et al.
2016). These physiological processes are crucial to bac-
terial growth. When the a-subunit of Na™-K™ ATPase
interacts with caffeic acid and luteolin in DFPE, this
behavior can result in a decreased membrane poten-
tial, a smaller cell volume, and cellular signal disorder
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(Pivovarov et al. 2018). Therefore, strong inhibition of
the growth of E. coli treated with DFPE was observed.

Molecular Dynamics (MD) analysis

Figure 6 showed some vital parameters, such as root
mean square deviation (RMSD, (A)), root mean square
fluctuation (RMSEF, (B)), radius of gyration (Rg, (C)),
solvent accessible surface area (SASA, (D)), and hydro-
gen numbers (E)) between key representative phenols
(caffeic acid / luteolin) and Na*-K* ATPase (receptor
protein) in the process of MD. Generally, a steady state
of dynamic equilibrium could be reached when the fluc-
tuation of RMSD was kept reasonably constant within a
0.1 nm range (Shi et al. 2021). As shown in Fig. 6, Na*-K"
ATPase activity resulting from caffeic acid and luteo-
lin exhibited different behaviors compared to the pro-
tein itself. Overall, a small fluctuation of rise emerged
in their complex due to the irregular motion of atoms
induced by temperature and water molecules present in
the MD environment, as indicated in Fig. 6A. Neverthe-
less, a significant increase was observed in caffeic acid /
ATPase and luteolin / ATPase before 20 ns. Equilibrium
is achieved after 20 ns. This is because either caffeic acid
or luteolin can interact with the Na*-K™ ATPase and
then change its structure to become tighter and more
compact compared to the protein itself. As caffeic acid or
luteolin penetrated Na*-Kt ATPase, the protein probably
adjusted its structural conformation and expanded first
when binding caffeic acid or luteolin. In addition, caffeic
acid showed a lower RMSD value than luteolin (Fig. 6A),
implying stronger binding to the protein resulting from
caffeic acid. Thus, the lower RMSD values of the liganded
protein revealed the stability of the protein and its favora-
ble binding during the entire simulation period.

RMSF plots against the residual numbers of Na*-K*
ATPase with caffeic acid or luteolin are shown in Fig. 6B.
In contrast to the native protein, the structural flexibility
of amino acids in Na™-K* ATPase interacting with caffeic
acid or luteolin was dramatically decreased, indicating
that the interaction between these phenols and protein
not only restricted the movement of the phenols but also
stabilized the amino acid flexibility of the hydrophobic
pocket. In contrast, the residues of the protein located
in the luteolin binding site were more rigid owing to the
instability of the complexes. This resulted in binding to
the hydrophobic surface instead of the hydrophobic
pocket.

Plotting Rg for Na™-K* ATPase with caffeic acid or
luteolin was related to the binding site. From the begin-
ning to approximately 20 ns, lower Rg values of Na*-K*
ATPase in these complexes were observed compared with
the protein itself, suggesting that the protein tightness
was increased and the structure was changed into a tense
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state when it was bonded with caffeic acid, in contrast
to binding with luteolin. These results may be due to the
insertion of caffeic acid / luteolin into the interior of the
protein. As shown in Fig. 6C, the average Rg value of the
caffeic acid/Na*-K* ATPase complex systems was lower
than that of luteolin / Na*-K* ATPase, suggesting that
fastening on the surface pressed the protein tighter with
an increase in simulation time. We also found that the
Rg value of the protein caused by caffeic acid was lower
than that caused by luteolin, indicating a tighter protein
structure resulting from caffeic acid. To further reveal
the variation in the radius of gyration, the SASA values
of the caffeic acid-binding Na*-K* ATPase were moni-
tored (Fig. 6D). The solvent-accessible surface, containing
both hydrophobic and hydrophilic types, increased when
the complex was formed, implying that the solvent over
the surface of the peptides was improved, as well as the
tighter and more compact structure of the protein. Like-
wise, over time, especially after 20 ns, the protein inter-
acting with caffeic acid for closer binding affected the
conformation of aromatic amino acids. The liganded pro-
tein became tighter owing to a lower SASA value.

Additionally, hydrogen bonding is a typical intermo-
lecular weak interaction that is favorable for maintaining
a compact and appropriate structure. Figure 6E shows
the time dependence of the number of hydrogen bonds
between Nat-K* ATPase and caffeic acid or luteolin. The
protein complex with caffeic acid reached two hydrogen
bonds at 15 ns, whereas the protein complex with luteo-
lin retained one hydrogen bond throughout the simula-
tion period. These hydrogen bond formations between
the protein and ligand are beneficial for forming a power-
ful and stable combination.

Overall, this study explored the antimicrobial func-
tion and mechanism of dandelion extracts from vari-
ous organs (flowers, stems, leaves, and roots) against
E. coli, which is beneficial for its efficient valoriza-
tion and wide application. The identification results
showed that caffeic acid and luteolin were predominant
in all dandelion phenolic extracts. Dandelion flower
phenolic extract (DFPE) was screened out of all the
extracts because it had the highest level of total poly-
phenols, including caffeic acid and luteolin, and the
strongest inhibition against E. coli. The inhibition of
MIC and MBC for DFPE against E. coli reached 0.5 mg
/ mL and 1.0 mg / mL, respectively. In addition, an
insightful antimicrobial mechanism in terms of cellular
membrane leakage and ATPase activity inhibition was
confirmed by monitoring the intracellular substance
release level, extracellular ATP level, and Na*-K™
ATPase activity. Extensively increased levels of intra-
cellular substances and extracellular ATP, as well as a
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considerably decreased level of ATPase activity, were
observed. Moreover, the docking results indicated that
non-covalent forces, such as conventional hydrogen
bonds, van der Waals forces, carbon hydrogen bonds,
pi-alkyl, and pi-anion, were involved in the interactions
between caffeic acid and ATPase in the cell membrane.
Detailed results of the molecular dynamics showed that
the complex structure of the protein reached equilib-
rium after 20 ns. The protein structure variation in the
complex caused by caffeic acid binding became tighter
and more compact by monitoring the lower values of
key parameters (Rg, SASA, etc.), compared with the
native protein itself. This highlighted new insights into
the antibacterial function and mechanism of dandelion
phenolic extracts against Escherichia coli.
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