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Background: The biofilms could protect bacteria from antibiotics and promote the produc-
tion of drug-resistant strains, making the bacteria more difficult to be eradicated. Thus, we
developed an AMP@PDA@AgNPs nanocomposite, which is formed by modifying silver
nanoparticles (AgNPs) with antimicrobial peptides (AMP) modified nanocomposite to
destroy biofilm in this study.

Methods: The AMP@PDA@AgNPs nanocomposite was prepared with polymerization
method and characterized by using ultraviolet-visible (UV-vis) spectroscopy, dynamic light
scattering (DLS), Fourier transform-infrared spectroscopy (FT-IR), and transmission electron
microscope (TEM). The antibacterial effects of the nanocomposite were investigated by
using agar diffusion method and minimum inhibitory concentration (MIC) test. The quanti-
tative analysis of the biofilm formation by the nanocomposite was conducted using crystal
violet staining and confocal laser scanning microscope (CLSM).

Results: The DLS and TEM analysis showed it was a spherical nanocomposite with 200 nm
size and well dispersed . The results of UV-vis and FT-IR confirmed the presence of AMP
and AgNPs. The nanocomposite had an excellent biocompatibility at 100 pg/mL. And the
AMP@PDA@AgNPs nanocomposite showed superior antimicrobial activity against both
Gram-negative (E. coli, P. aeruginosa) and Gram-positive (S. aureus) bacteria than AgNPs or
AMP. Importantly, the mRNA expression of biofilm-related genes were decreased under the
action of the nanocomposites.

Conclusion: An AMP@PDA@AgNPs nanocomposite with good biocompatibility was
successfully prepared. The nanocomposite could destruct bacterial biofilms by inhibiting
the expression of biofilm-related genes. The synergistic strategy of AMPs and AgNPs could
provide a new perspective for the treatment of bacterial infection.
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Introduction

Bacterial infection is one of the hardest conundrum to deal with in the world, which
poses serious threat to human health. More than 90% of bacteria grow to form
biofilms naturally,’ which is a microbial community that irreversibly adheres to the
surface of material or tissue by self-secreted extracellular polymeric substances
(EPS).? EPS include exopolysaccharides, proteins, and extracellular DNA
(eDNA),* which serves as a natural barrier against the penetration of antibiotics
and cellular attack by host innate immune cells.*” Biofilm formation involves a
series of complex processes, including surface attachment of planktonic bacteria,
proliferation of adherent cells and production of EPS, formation of small colonies
and mature biofilm, and diffusion of mature biofilms.®* Bacteria living in biofilms
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can resist harsh living conditions and aggravate chronic
infections compared with planktonic bacteria.'® It is well
known that antibiotic can effectively suppress the growth
of bacteria, but it is challenging to eradicate all the bac-
teria living under the biofilms."" The resistance to tradi-
tional antibiotics makes biofilm-related infections more
difficult to be treated compared to planktonic bacteria.'”
Therefore, there is an urgent need to design and develop
novel bactericides to effectively treat biofilm infections
caused by bacteria.

Nowadays, nanomaterials have been widely used in the
fields of biomedicine, cosmetics industry and environmen-
tal management because of their unique physical and che-
mical properties, strong bactericidal effect.'>'* These
characteristics of nanomaterials different from conven-
tional antimicrobial agents provide a new direction for
preventing and even eradicating biofilm formation.'> For
example, most metal nanomaterials can release metal ions
to inactivate bacteria, such as silver nanoparticle
(AgNPs),'® zinc oxide nanoparticles,'” iron oxide
nanoparticles.'® It is essential to develop more effective
antibacterial drugs to treat bacterial infections caused by
both Gram-negative and Gram-positive pathogens. Among
these nanomaterials, AgNPs have drawn most attention
due to its broad-spectrum antibacterial property and low
bacterial resistance.'”?® AgNPs exert their antimicrobial
activity by disrupting bacterial cell membranes and con-
tinuous release of Ag" ions. Ag" ions can cause oxidative
stress and damage DNA in bacterial cells.”' Nevertheless,
the excessive leakage of metal ions can result in the
toxicity to the organism®* and cause damage to local tissue
side effects at high dosages. On the other hand, single
silver nanoparticles tend to aggregate due to their small
particle size and high surface potential. > AgNPs are easy
to be oxidized in practical applications, resulting in loss of
antimicrobial activity. To settle this problem, different
methods have been used to modify AgNPs.**2® For
instance, Ramyaa et al reported that dexamethasone-silver
nanoparticles embedded in dendritic collagen matrix nano-
particles reduced biofilm formation in Staphylococcus aur-
eus and Klebsiella pneumonia.*®

With the rapid development of nanotechnology, a lot of
novel antimicrobial agents and methods have been put
forward and studied, such as antibacterial peptides
(AMP),”’?® quaternary ammonium compounds,” quan-
tum dots,>® photodynamic therapy’' and photothermal
therapy.>? Antimicrobial peptides are a diverse group of
naturally occurring molecules, which can be produced by

various kinds of living organisms including bacteria and
animals.>® They are increasingly being considered as use-
ful alternatives to conventional antibiotics because of their
potent membrane-targeting.** Recent studies show the
thermoplastic polyurethane (TPU) surfaces modified with
the peptide polymer exhibited broad-spectrum antibacter-
jal property as well as excellent biocompatibility.*
However, the development and application of AMPs still
face some challenges, such as its toxicity to eukaryotic
cells and sensitivity to enzyme.***’

Polydopamine (PDA) is an oxidative polymerization
product of dopamine,*® which exhibits excellent adhesion
properties and cytocompatibility.*® In an interesting study,
PDA, as a simple and effective chemical surface modifier,
could be developed and applied in targeted delivery
systems.*® Therefore, we modified AgNPs with AMP
using PDA as green reducing agent and adhesive to
enhance antibacterial ability. This nanocomposite has the
potential to improve the stability of single silver ions,
taking full advantage of the penetration properties of anti-
microbial  peptides. = The  synthesis route  of
AMP@PDA@AgNPs nanocomposite by combing AgNPs
and AMP is illustrated in Figure 1.

Experimental Section

Materials

Sodium citrate, silver nitrate (AgNO3, 99.99%), dopamine
hydrochloride (DA), crystal violet, fluorescein isothiocya-
nate (FITC), dimethyl sulfoxide (DMSO), and ethidium
bromide were purchased from Aladdin Reagent Co., Ltd.
(Shanghai, China). Tryptone, yeast, sodium chloride, etha-
nol, chloroform, and isopropanol were purchased from
Ltd. (Shanghai,
China). Gram-positive bacteria Staphylococcus aureus
ATCC 25923 (S. aureus), Gram-negative bacteria
Escherichia coli ATCC 25922 (E. coli) and Pseudomonas
aeruginosa (P. aeruginosa) were obtained from Henan

Sinopharm Chemical Reagent Co.,

Provincial Center for Disease Control and Prevention.

Synthesis of AMP@PDA@AgNPs

In a typical preparation,®' 0.5 mL AMP (100 mg/mL) was
added into 20 mL of Tris-HCI solution (10 mM, pHS.5)
containing 1 mg of dopamine hydrochloride. The above
solution was ultrasonic treated for 40 min, then stirred
continuously at 25°C for 1 h. After centrifugation at
12,000 rpm for 10 min, the composites were collected
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Figure | Scheme of the synthesis antibacterial AMP@PDA@AgNPs.

and dissolved in deionized water. In this process, the AMP
was modified with PDA to form AMP@PDA.

Spherical AgNPs were synthesized stably using sodium
citrate as reducing agent and stabilizer.** Briefly, 50 mL of
AgNOs; solution (1 mM) was heated to boiling; then, 5 mL
sodium citrate solution (1% W/V) was added drop-wisely.
The solution was heated by stirring continuously at boiling
point until the color changed to yellowish. After the reac-
tion was completed, the product was named as AgNPs.

AMP@PDA@AgNPs were synthesized following a
previous method.* Briefly, 6 mL AMP@PDA (5 mg/
mL) suspension was mixed with 20 mL deionized water;
then, 0.5 mL ammonia solution (28 wt%) were added into
the above solution with stirring for 20 min. After that, 1
mL AgNPs solution (5 mg/mL) was added to the above
mixture and stirred continuously for 1 h to obtain
AMP@PDA@AgNPs.

Characterization of AMP@PDA@AgNPs

The size distribution of the materials was measured using
a Zetasizer Nano ZS instrument (Zetasizer, Malvern, UK).
The Ultraviolet-visible (UV-vis) absorption spectra was
obtained using a Shimadzu 3100 UV-2505 spectrometer
(Shimadzu, Japan). The UV-vis absorption spectra of
liquid nanocomposite was directly measured in a quartz
dish. Fourier transform-infrared

glass  colorimetric

’/

Lived Bacteria

“5 Dead Bacteria

E Whole Biofilm

Broken Biofilm

spectroscopy (FT-IR) spectra of AMP, AMP@PDA,
AMP@PDA@AgNPs was recorded on a Nicolet 200
type Fourier transform infrared spectrometer (Thermo
Nicolet, Wilmington, USA). The liquid nanocomposite
was precooled at low temperatures and then freeze-dried
to make powder samples. The sample was detected by
Fourier transform infrared spectrometer after KBr com-
pression method. The result of FTIR spectrum was ana-
The
morphology and size of nanocomposite were measured

lysed by reading a large number of references.

by transmission electron microscope (TEM, HITACHI,
Japan). 10uL the liquid nanocomposite was dropped onto
the copper mesh, which was naturally dried and observed
under transmission electron microscope.

Safety Capability Evaluation

The human embryonic kidney 293T (HEK293T) cell line
was purchased from the Cell Bank of the Chinese
Academy of Sciences (Shanghai, China). The cytotoxicity
of nanocomposite was assessed by methyl thiazolyl tetra-
zolium (MTT) viability assay. In brief, the cells were
cultured with DMEM (Dulbecco’s modification of eagle’s
medium) containing 10% fetal bovine serum (FBS) in a
96-well plates (NEST, Wuxi, China) at 37°C in a 5% CO,
humidified incubator (Thermo Fisher Scientific,
Wilmington, USA). After 12 h incubation, the supernatant
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was removed and 200 u. DMEM with different concen-
trations of AgNPs, AMP, AMP@PDA@AgNPs (0, 25, 50,
100, 200, 400 pg/mL) were added to the 96-well plates.
After 24 h incubation at 37°C, 15 uL of MTT (5 mg/mL)
was added to each well and the supernatant was taken out
after culturing for 4 h. Thereafter, 150 pL of Dimethyl
sulfoxide (DMSO) was added to each well and shaken
until the crystal was completely dissolved. Finally, the
cell viability was determined by measuring the optical
density (OD) of the samples at 490 nm on a microplate
spectrophotometer (PerkinElmer, Waltham, MA, USA).
The cell viability was calculated using equation (1),

ODexperiment

Cell vilabity(%) = =52
control

x 100% (1)
For hemolysis test, the fresh blood was taken from rabbit,
which was washed completely with normal saline by cen-
trifuging at 1500 rpm for 5 times until the washing
liquid became colorless. The 2% (V/V) red blood cell
suspension was mixed with different concentrations
AMP@PDA@AgNPs (25, 50, 100, 200, 400 pg/mL),
and normal saline, pure water was designed as the negative
and positive control, respectively. The mixed solution was
incubated in a water bath at 37°C for 2 h, then centrifuged
at 1500 rpm for 5 times. And the OD of supernatant was
detected by the microplate spectrophotometer at 540 nm.
The hemolysis ratio was calculated using equation (2),

ODsample - ODnegaIive
ODpositive - ODnegative

Hemolysis(%) = x 100%  (2)

In vitro Antibacterial Activity

The bacteria (E. coli, P. aeruginosa and S. aureus) pre-
served in glycerol were inoculated in Luria-Bertani (LB)
agar plate for activation. Then, single colony was selected
and cultured at 37°C in fresh LB medium. The antimicro-
bial efficacy of the composite against both Gram-negative
(E. coli and P. aeruginosa) and Gram-positive (S. aureus)
bacteria were determined by the agar diffusion test.** The
sterile circular filter papers with 6 mm diameter were fully
soaked in the solution of PBS, AgNPs, AMP, AMP@PDA,
AMP@PDA@AgNPs for 1 h, respectively. The concentra-
tion of  AgNPs (AMP, AMP@PDA, and
AMP@PDA@AgNPs) was set as 100 pg/mL. The bacter-
ial suspension was spread on the agar plates, and the
sterile circular filter papers of different treatment were
placed on the agar plate. The agar plates were incubated
upside down at 37°C in an incubator (Yiheng Scientific,

Shanghai, China) for 12 h. After 12 h incubation, the
diameters of the inhibition zone were measured to com-
pare the bactericidal activity. Each sample was carried out
in triplicates.

The antibacterial efficacy of the AMP@PDA@AgNPs
nanocomposite was analyzed by detecting the bacterial
activity.*> In brief, 150 pL of 1x10® CFU/mL bacterial
suspension with the same volume of PBS, or 100 pg/mL
of AgNPs, AMP, AMP@PDA and AMP@PDA@AgNPs
were added into a 96-well plates, respectively. After incu-
bation for 12 h, the OD value was measured at 600 nm to
monitor the bacteria activity. Bacterial activity was calcu-
lated as equation (3),

OD

Bacterial activity(%) = —Z_expeniment o 100%  (3)
Dcontrol
The minimum inhibitory concentration (MIC) of

AMP@PDA@AgNPs was determined as follows. The
bacterial suspensions with the different concentrations of
nanocomposite were incubated at 37°C for 24 h with
shaking condition. After incubation for 3 h, 6 h, 9 h, 12
h and 24 h, the optical density of the bacterial solution at
600 nm was used to monitor the growth curve of bacteria.

Biofilms Formation and Detection

The assay for biofilms formation and detection was
adapted from the previous report.*® The S. aureus suspen-
sion of different quantity (1x10%, 5x107, 1x107, 5x10°
CFU/mL) with 1% glucose was added into 96-well plates
and incubated for 48 h to assess the biofilm formation.
After incubation for 48 h at 37°C under aerobic conditions,
free-floating bacteria and culture medium were removed.
The biofilms were formed on the bottom of the 96-well
plates, which were carefully washed twice with sterilized
PBS. The biofilms were detected by semi-quantitative
analysis of crystal violet staining. The S. aureus biofilms
were fixed with 100 pL paraformaldehyde solution for 20
min. Afterwards, the supernatant was removed and the
remaining biofilms were stained by crystal violet solution
(0.1%, 20 pL) for 10 min. Then, the biofilms at the bottom
of the 96-well plates were washed with deionized water
for three times, and the results of crystal violet staining
was obtained. In addition, crystal violet was dissolved in
100 puL ethanol for semi-quantitative analysis of biofilms,
the OD values of samples were detected at 570 nm on a
microplate spectrophotometer. Assays for E. coli and P,
aeruginosa were conducted in the same manner as for S.

aureus.
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Destruction of Biofilms

The biofilms were observed by semi-quantitative analysis
of crystal violet staining and the confocal laser scanning
microscopy (CLSM, Carl Zeiss, Jena, Germany). The
crystal violet staining procedure was similar to the biofilm
formation and detection. In brief, after the biofilms were
formed at the bottom of the 96-well plates, 150 pL PBS,
AgNPs, AMP, AMP@PDA, AMP@PDA@AgNPs (100
pg/mL) was added into each well to co-culture with the
biofilms for 12 h to detect the S. aureus biofilm biomass.
Assays for E. coli and P. aeruginosa were conducted in the
same manner as for S. aureus.

The bacterial biofilms were observed by CLSM, and
the biofilms treated with different materials were stained
with fluorescein isothiocyanate (FITC) solution. After
staining for 20 min, the biofilms were washed with saline
and imaged by CLSM. The 3D images of the bacteria
biofilms were obtained and analyzed by using the ZEN
software (Carl Zeiss, Jena, Germany).

Expression of the Genes Related to the

Biofilm Formation

S. aureus, E. coli and P. aeruginosa were cultivated in six-
well plate  with  different  concentrations  of
AMP@PDA@AgNPs (0 pg/mL, 50 pg/mL, 100 pg/mL)
at 37°C for 12 h. After forming the mature biofilms, the
total RNA was extracted using TriZol Reagent (TaKaRa,
Dalian, China). Next, 1 pg of the total RNA was reverse
transcribed using a reverse HiFiScript cDNA synthesis kit
(Cowin Bio, Beijing, China). The cDNAs were performed
by 2xTaq Master Mix (Cowin Bio, Beijing, China) follow-
ing the manufacturer’s instructions. The PCR assay was
performed with 30 cycles at 95°C for 40 s, 54°C for 30 s,
and 72°C for 30 s. The sequences of the primers used in
the experiment are listed in Table 1. The genes investi-
gated included fim H,*” a gene related with biofilm forma-
tion in E. coli, th 1I and las I genes related with biofilm
formation in P. aeruginosa.** 16S rRNA was used as
control. The PCR products were detected by 1% agar gel

Table | Primer Sequences Used in PCR Amplification

electrophoresis with ethidium bromide to stain, and the
bands were displayed under the ultraviolet-visible light.
Subsequently, the intensity of image bands was quantita-
tive analyzed by using Image J software.

Statistical Analysis

Each experiment was repeated at least 3 times. Data was
expressed as the mean + standard deviation and analyzed
using one-way analysis of variance (ANOVA). Differences
*p<0.05, **p<0.01,
***p<0.001, were considered as statistically significant

between different groups at

difference.

Results and Discussion

Preparation and Characterization of
AMP@PDA@AgNPs

The AMP@PDA@AgNPs nanocomposite was synthe-
sized by the combination of AMPs and AgNPs
(Figure 1). It was characterized by FT-IR, UV-vis, TEM
and DLS. The results of DLS showed that the size of
AMP, AMP@PDA, AMP@PDA@AgNPs were 79 nm,
126 nm, 150 nm, respectively (Figure 2A). These results
suggested that the gradual size increase with the conjuga-
tion of AMP and AgNPs. The nanomaterials were char-
acterized using TEM analysis (Figure 2D). TEM analysis
shows that AMP@PDA was spherical or elliptical with
average particle size of 35~50 nm, indicating dispersivity
and stability (Figure 2D(1)). The size of AgNPs was
90~110 nm, (Figure 2D(2)). And the
AMP@PDA@AgNPs was spherical and well dispersed,
with a size of about 200 nm (Figure 2D(3)). The incon-
sistency of size between TEM and DLS measurements
may be caused by the properties of nanomaterials in aqu-
eous solutions and solids. The hydrophilic or hydrophobic
properties of nanomaterials in aqueous solution are related
to the size of nanomaterials measured by DLS.*’ The UV-
Vis absorption spectrum are shown in Figure 2B, where
the AMP had an absorption peak near 230 nm due to the
group of -NH;"°® The AMP@PDA had a broad

Target Gene

Former Primer (5'to 37)

Reverse Primer (57to 3°)

fim H TCGAGAACGGATAAGCCGTGG GCAGTCACCTGCCCTCCGGTA
las | CCGTTTCGCCATCAACT TGCCGATCTTCAGGTGC

rhll GCCGTTGCGAACGAAATAG TACCTGTGCAGCGAAACCC

16s rRNA GAGTAAAGTTAATACCTTTGCT GAGACTCAAGCTTGCCAGTATC
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Figure 2 Characterization of AMP@PDA@AgNPs. (A) The DLS measurements, (B) ultraviolet-visible absorption spectra and (C) FT-IR spectra of AMP, AMP@PDA,
AMP@PDA@AgNPs. (D) The TEM image of AMP@PDA, AgNPs, AMP@PDA@AgNPs. (D(1): AMP@PDA, D(2): AgNPs, D(3) AMP@PDA@AgNPs).

absorption peak from 200 nm to 300 nm since
rich phenolic groups on the surface of PDA, which indi-
cated the combination of AMP and PDA.** As for
AMP@PDA@AgNPs, the apparent absorption peak at
412 nm originated from the conjugation of AgNPs.>' The
study by Enas et al** showed an absorption maximum at
429 under the cupressus macrocarpa extract biosynthesis

of AgNPs. Slight variation in absorption peak may be
attributed to difference in the amount of the reducing
chemicals present in the extracts. The above results
showed that the AMP and AgNPs successfully combined
to form AMP@PDA@AgNPs nanocomposite.

To further demonstrate the successful conjugation of
AMP and AgNPs, the FT-IR was used to characterize
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4836

Dove!

International Journal of Nanomedicine 2021:16


https://www.dovepress.com
https://www.dovepress.com

Dove Xu et al
A [ JAMP@PDA@AgNPs [__|AMP [___]AgNPs B 60 -
* il ek 1 B2 3 i W 6 T
100 1 FE= — 1 F = ) -
Fe [ ] 50
=] =] — - . - . ' '
280 - = 40
= T 40 -
'g 60 ; T
> ] E3 - i 30 4
S E
O 40 - E 20 -
D
=
20 10-
0 T T 1 1 T *| T -l 0 1 I I 1 1
0 25 50 100 200 400 25 50 100 200 400
Concentration(pg/mL) Concentration(pg/mL)

Figure 3 The safety capability evaluation of AMP@PDA@AgNPs nanocomposite. (A) Relative cell viability of HEK293T cells was evaluated by MTT assay after incubation
with AMP@PDA@AgNPs, AMP and AgNPs for 24 h. Compared with AMP@PDA@AgNPs nanocomposite, AgNPs showed significant difference at 50 ug/mL and 100 pg/mL
(*p<0.05). AgNPs showed significant difference at 200 pug/mL and 400 pg/mL from that of AMP@PDA@AgNPs (*%p<0.01). (B) The hemolysis ratio was detected at 540 nm
by the microplate spectrophotometer analysis, and the inset is a digital image of hemolysis tests treated with various concentration (Inset, |: 25 pug/mL, 2: 50 pg/mL, 3: 100

pg/mL, 4: 200 pg/mL, 5: 400 pg/mL, 6: positive control).

different groups. As shown in Figure 2C, the characteristic
peaks at near 3200 cm ™' confirmed the presence of inter-
molecular bonded -OH and -NH groups which signified
the presence of PDA.* In addition, the peak at 1000 cm ™'
is likely due to the presence of the C-N group of PDA.>
The above results showed that the AMP@PDA and
AMP@PDA@AgNPs contained the structure of PDA.
The obvious absorption peak at 3100 cm ' can be assigned
to the unsaturated C-H stretching vibration of AMP. The
sharp band at 1529 cm™'could possible due to N-O asym-
metric stretching indicates the active involvement of nitro
compounds.> Furthermore, the presence of C=C stretch at
around 1615 cm™' confirms the presence of broad range of
alkene group in the synthesized nanoparticles.** The
stretching vibration of C=C or the asymmetric stretching
of N-O, which may be originated from AMP. The above
results proved that AMP@PDA@AgNPs was successfully
prepared.

Biological Safety Evaluation

It is vital to possess remarkable antibacterial ability while
exhibiting low toxicity for practical application.’* As is
known that the nanoparticles at high concentration could
result in damage to organism,’> therefore the hemolytic
activity and the cytotoxicity of the AMP@PDA@AgNPs
nanocomposite were detected to assess biosafety. The via-
bility of HEK293T cells was more than 95% even at the

concentration of 400 pg/mL nanocomposite, implying the
good biocompatibility of the nanocomposite (Figure 3A).
Meanwhile, the cell viability was more than 90% after
incubation with various concentrations of AMP for 24 h.
However, the cell viability reduced to 8.48%, 9.53% at
200 ug/mL and 400 upg/mL  AgNPs,
(Figure 3A). This study revealed that low AgNPs concen-
trations showed low toxicity in the HEK293T cell.
Compared with AMP@PDA@AgNPs nanocomposite,
AgNPs showed significant difference at 200 pg/mL and
400 pg/mL (¥*p<0.01). This result indicated that the com-
bination of AgNPs and AMP reduced the cytotoxicity. To
better evaluate the potential applications of the prepared
the

respectively

nanocomposite, hemolysis  experiments were
performed.

The hemolysis rate was only 3.59% at 100 pg/mL
nanocomposite (Figure 3B), which increased to 34.46%
and 56.87% at 200 ug/mL and 400 pg/mL nanocomposite,
respectively (Figure 3B). These results showed that the
nanocomposite had an excellent biocompatibility at 100
pug/mL. Hence, 100 pg/mL AMP@PDA@AgNPs nano-
composite was selected as a standard concentration

model in this study to investigate the antibacterial efficacy.

Antimicrobial Activity
To wverify the in vitro antibacterial ability of this
AMP@PDA@AgNPs nanocomposite, the antibacterial
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effect of nanocomposite was tested against different kinds
of bacteria (E. coli, P. aeruginosa and S. aureus) by the
agar diffusion test. As shown in Figure 4A, none of the
tested bacteria were suppressed in the PBS control group.
As expected, the inhibition zone was obviously visible in
all bacteria under the action of AMP@PDA@AgNPs.
Compared with nanocomposite, smaller inhibition zone
was observed for AMP, AgNPs and AMP@PDA.
Therefore, there was a synergistic effect between AgNPs
and AMP, leading to AMP@PDA@AgNPs with the
powerful antibacterial efficacy. The results indicated that
the nanocomposite possessed excellent antibacterial prop-
erty, which can be potentially used as a new antimicrobial
agent to effectively treat bacterial infection.

The statistical results of Figure 4A including the
diameter and area of the inhibition zone are presented
in Figure 4B and C, respectively. As shown in Figure 4B,
the diameters of the inhibition zone of the nanocomposite
against S. aureus, E. coli and P. aeruginosa were 19 mm,

23 mm and 28 mm, respectively. As shown in Figure 4C,
the area of inhibition zone for S. aureus, E. coli and P,
1134 mm?,
1661.9 mm?, 2463 mm?, respectively. Compared with

aeruginosa with nanocomposite were

the control group, the diameters and area of inhibition
zone against S. aureus, E. coli and P. aeruginosa by
AMP@PDA@AgNPs  were  significant  difference
(**p<0.01, **p <0.001). These results indicated the
excellent antibacterial of the nanocomposite against S.
aureus, E. coli and P. aeruginosa. It can be clearly seen
that the areas of inhibitory zone of nanocomposite against
E. coli and P. aeruginosa were larger than that of S.
aureus. These results indicated that the nanocomposite
had stronger antibacterial effect on Gram-negative bac-
teria (E. coli, P. aeruginosa) than Gram-positive bacteria
(S. aureus), which was attributed to the bacterial structure
differences.’® The structural difference in cell walls of
bacteria is the combination of biological layer and pepti-
doglycan layer, phospholipid layer, lipopolysaccharide
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Figure 4 Antibacterial activity of AMP@PDA@AgNPs on S. aureus, E. coli, P. aeruginosa. (A) The agar diffusion test with different pretreatments on S. aureus, E. coli, P.
aeruginosa. (c: pbs, 1: AMP, 2: AMP@PDA, 3: AgNPs, 4: AMP@PDA@AgNPs). The results of (B) the diameter and (C) the area of inhibition zone were the statistical results
of (A). Compared with the control group, the diameters and area of inhibition zone against S. aureus, E. coli and P. aeruginosa by AMP@PDA@AgNPs were significant

difference (*¥p<0.01, ***p<0.001).
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layer and peptidoglycan layer respectively.”’ The
researchers found that the AgNPs adhere stably to the
bacterial cell wall and penetrate the bacteria, inducing
cell death by destroying the cell membrane.’®

The MIC is often used as a significant indicator of
antibacterial efficacy.’® In this study, the MIC of
AMP@PDA@AgNPs against bacteria was determined
by the double dilution method. As Figure 5 shows, the
growth of all tested bacteria was inhibited with the
concentration of 25 pg/mL nanocomposite (Figures
5A—C). In addition, it was found that the number of S.
aureus was slightly higher than that of the control group
when nanocomposite was 12.5 ug/mL (Figure 5B).
These results showed that the nanocomposite had an
extremely weak bacteriostatic effect at the concentration
of 12.5 pg/mL.

0.40
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To further assay the antibacterial activity of the
AMP@PDA@AgNPs, bacterial activity was examined in
LB liquid medium. It could be seen from Figure 5D that
the bacterial activity is reduced to 41.48%, 60.68%,
58.99% for E. coli, P. aeruginosa and S. aureus with the
presence of AMP@PDA@AgNPs nanocomposite, respec-
tively. However, the bacterial activity was almost 80%
under the treatment of AMP, AgNPs and AMP@PDA.
The bacterial activity of E. coli, P. aeruginosa and S.
aureus treated by AMP@PDA@AgNPs was significant
difference from that of PBS control groups (*p<0.05,
**¥p<0.01). These results further demonstrated that the
integrating strategy of AMP and AgNPs enhanced the
antibacterial performance. According to the above descrip-
tion, the AMP@PDA@AgNPs with enhanced antibacterial
ability may be used to destruct biofilms.
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Figure 5 The MIC test and bacterial activity of AMP@PDA@AgNPs. The growth curve of (A) E. coli, (B) P. aeruginosa, (C) S. aureus was treated with different
concentrations of AMP@PDA@AgNPs for 3 h, 6 h, 9 h, 12 h, 18 h, 24 h. (D) The bacterial activity of all tested bacteria after different treatment. The bacterial activity of E.
coli, P. aeruginosa and S. aureus treated by AMP@PDA@AgNPs was significant difference from that of PBS control groups. (*p<0.05, **p<0.01).
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Anti-Biofilm Efficacy of
AMP@PDA@AgNPs

In order to analyze the effect of nanocomposite on
biofilm formation, the semi-quantitative analysis of crys-
tal violet staining was applied to quantify the formation
of biofilms.®® Interestingly, the result confirmed that the
number of bacteria 5x10” CFU/mL was most suitable
for the formation of biomass of biofilms (Figure 6A).
Compared with the control group, the relative biofilm
biomass of S. aureus, E. coli and P. aeruginosa was
significant difference at 5x10’ CFU/mL (*p<0.05,
**p<0.01). As shown in Figure 6A, the biomass of
biofilms did not increase as the number of bacteria
increased to 1x10® CFU/mL. It was speculated that the
growth of biofilms was inhibited due to the limited
space of bacteria. As shown in Figure 6B, the biofilms
at the bottom of the 96-well plates were slightly
treated with AgNPs, AMP
AMP@PDA, whereas significant biofilm removal was

removed by and

AMP@PDA@AgNPs. These results suggested that
AMP@PDA@AgNPs showed the strongest anti-biofilm
effect compared with other groups for all tested bacteria.
The quantification of the biofilms in Figure 6B by the
semi-quantitative analysis of crystal violet staining is
presented in Figure 6C. AMP@PDA@AgNPs showed
superior anti-biofilm activity than AgNPs and AMP
against both Gram-negative and Gram-positive bacteria
(Figure 6C). The biofilm destruction of S. aureus, E.
coli and P. aeruginosa by AMP@PDA@AgNPs were
significant difference as compared to the control group
(*p<0.05, **p<0.01). The result also confirmed that the
synergistic antibacterial effect of AMP and AgNPs sig-
nificantly enhanced the anti-biofilm efficacy of the nano-
composite, which led to the destruction of the biofilms.

To evaluate the effect of nanocomposite on the
formation of bacteria biofilms, CLSM was applied to
observe the biofilms with different treatment. As shown
in the Figure 7A(a), the E. coli biofilms treated with
nanocomposite had the weakest fluorescence compared

seen for the experimental group treated with
A
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Figure 6 Inhibition effect of biofilm formation with different pretreatments. (A) Detection of biofilms produced by different amount of bacteria for 48 h. The relative biofilm
biomass of S. aureus, E. coli and P. aeruginosa was significant difference at 5% 10’ CFU/mL as compared to the control group (*$<0.01). (B) The image of crystal violet stained
biofilms treated with different samples (a: pbs, b: AMP, c: AMP@PDA, d: AgNPs, e: AMP@PDA@AgNPs). (C) The quantitative analysis of the crystal violet stained biofilms
of figure (B) by the semi-quantitative analysis of crystal violet staining. Compared with the control group, the biofilm destruction of S. aureus, E. coli and P. aeruginosa by

AMP@PDA@AgNPs were significant difference (**p<0.01).
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with other groups, indicating that the number of
bacteria was remarkably reduced in biofilms.
However, the group of AMP and AgNPs, AMP@PDA
had stronger fluorescence than AMP@PDA@AgNPs.
These results of S. aureus and P. aeruginosa were
consistent with the above results (Figure 7A(b) and
(c)). The results showed that the combination of the
AgNPs and AMP could effectively destroy the bacterial
biofilms.

The thickness and biomass of biofilms were quanti-
fied by the software ZEN and Image J, respectively.
Compared with the PBS control group, the thickness
of biofilms in the group of AMP, AMP@PDA and
AgNPs, AMP@PDA@AgNPs decreased by 4 pm, 3
pum, 17 um and 24 um in E. coli, and 11 pm, 12 pm,
23 pm, 30 pum in P. aeruginosa, 10 pym, 15 pm, 26 um,
34 um in S. aureus, respectively (Figure 7B). Compared
with the control group, the biofilm thickness of E. coli,
P aeruginosa and S.
AMP@PDA@AgNPs
(*p<0.05, **p<0.01). The most obvious effect was
observed for AMP@PDA@AgNPs nanocomposite, the
thickness of biofilms reduced down to 8 um, 7 um, 5

aureus  treated by

was  significant  difference

um in E. coli, P. aeruginosa, S. aureus, respectively
(Figure 7B). The decline of the biomass of biofilms
was observed for all groups of AMP, AMP@PDA,
AgNPs and AMP@PDA@AgNPs, with

obvious decline observed for the group of nanocompo-

the most

site (Figure 7C). Compared with the control group, the
biofilm biomass treated with nanocomposite was
reduced to 5.99%, 5.23%, 5.74% in E. coli, P. aerugi-
nosa, S. aureus, respectively (Figure 7C). The biofilm
biomass of E. coli, P. aeruginosa and S. aureus treated
by AMP@PDA@AgNPs was significant difference from
that of PBS control groups (*p<0.05, **p<0.01).
However, there were still living bacteria under the bio-
films. This phenomenon may be ascribed to the stubborn
resistance of bacteria to antibiocides. In a word, the
AMP@PDA@AgNPs nanocomposite could disrupt and
eradicate biofilms of Gram-negative bacteria (P. aerugi-
nosa and E. coli) and Gram-positive bacteria (S. aur-
eus). In this study, AMP@PDA@AgNPs played an
important role in destroying the intactness of biofilms
and inhibiting the growth of biofilms. And the enhanced
anti-biofilm activity of nanocomposite may be ascribed

Inhibitory Effect of AMP@PDA@AgNPs

on Biofilm-Related Genes

Biofilms are a well-organized bacterial community whose
phenotypic growth is related to gene expression and protein
production.®' To better understand the suppressed formation of
bacterial biofilms with the presence of AMP@PDA@AgNPs,
experiments were conducted to reveal the role of gene expres-
sion change in the suppression of biofilm formation. After the
bacterial biofilms were treated with different concentrations of
AMP@PDA@AgNPs, the relative mRNA expression of bio-
film-related genes was detected by RT-PCR analysis. The
transcription level of las I and rh II, fim H genes was detected
in P aeruginosa, E. coli biofilms with the presence of
AMP@PDA@AgNPs (Figure 8).

The transcription level of fim H was decreased with the
increased concentrations of the AMP@PDA@AgNPs in
E. coli biofilms (Figure 8A). Similarly, the presence of
nanocomposite resulted in the reduction of the transcrip-
tional level of las I and rh II in P aeruginosa biofilms
(Figure 8B). The image bands of Figure 8A and B were
quantitative analyzed by wusing Image J software
(Figure 8C and D). Under the action of 100 ug/mL nano-
composite, the mRNA relative expression of fim H gene in
E. coli decreased to 55.68% compared with the control
group (Figure 8C), and the mRNA relative expression of
rh II and las I genes decreased to 60.24% and 50.47% in P.
aeruginosa, respectively (Figure 8D). The gene expression
of las I and rh II, fim H in the AMP@PDA@AgNPs
treatment was a significant difference as compared to the
control group (*p<0.05, **p<0.01). The result confirmed
that the mRNA expression of biofilm-related genes was
inhibited by the nanocomposite. More importantly, it was
speculated that the AMP@PDA@AgNPs prevented the
formation of biofilms by decreasing the protein expression
of las I and rh II, fim H. The exploration of antibacterial
mechanism indicated that the nanocomposite may preclude
the formation of biofilm by inhibiting the transcription
level of biofilm-related genes. The specific mechanism of
nanoparticle-mediated antibacterial activity is still unclear.
Metal nanoparticles interact with microorganisms through
a variety of mechanisms which comprise the enzyme
degradation, inactivation of major cellular proteins and
impairment of genetic materials, generation of reactive
oxygen species (ROS).*> Siemer et al investigate that
nanoparticles invade bacterial cells by changing the phos-

to the synergistic antibacterial effect of AgNPs pholipid composition of the cell membrane to adjust
and AMP. the surface charge.”” Exploring more antimicrobial
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Figure 8 The transcription level of biofilm-related genes. (A) Detection fim H gene expression in E. coli in different concentration of nanocomposite by agarose gel
electrophoresis (from left to right: 0, 50, and 100 pg/mL). (B) Detection las | and rh Il gene expression in P. aeruginosa with different concentration of nanocomposite by
agarose gel electrophoresis (from left to right: 0, 50, and 100 ug/mL). (C) Semi-quantitative analysis with mRNA relative levels of fim H gene corresponding to (A). (D) Semi-
quantitative analysis with mRNA relative levels of las | and rh Il gene corresponding to (B). The gene expression of las | and rh Il, fim H in the AMP@PDA@AgNPs
treatment was significant difference as compared to the control group (*p<0.05, **p <0.01).

mechanisms of nanomaterials will help us more effectively
eliminate bacterial infections in the future.

Conclusion

In summary, the AMP@PDA@AgNPs nanocomposite
with good biocompatibility was successfully prepared.
The nanocomposite could destruct bacterial biofilms and
inhibit bacterial growth by inhibiting the expression of
biofilm-related genes. The synergistic strategy of AMPs
and AgNPs could provide a new perspective for the treat-
ment of bacterial infection. It shows a great application
potential in the field of clinic infection.
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