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Purpose: As an under-explored biomaterial, bacterial biofilms have a wide range of applications in the green synthesis of
nanomaterials. The biofilm supernatant of Pseudomonas aeruginosa PAT75 was used to synthesize novel silver nanoparticles
(AgNPs). BF75-AgNPs were found to possess several biological properties.

Methods: In this study, we biosynthesized BF75-AgNPs using biofilm supernatant as the reducing agent, stabilizer, and dispersant
and investigated their biopotential in terms of antibacterial, antibiofilm, and antitumor activities.

Results: The synthesized BF75-AgNPs demonstrated a typical face-centered cubic crystal structure; they were well dispersed; and they
were spherical with a size of 13.899 + 4.036 nm. The average zeta potential of the BF75-AgNPs was —31.0 + 8.1 mV. The BF75-AgNPs
exhibited strong antibacterial activities against the methicillin-resistant Staphylococcus aureus (MRSA), extended-spectrum beta-
lactamase Escherichia coli (ESBL-EC), extensively drug-resistant Klebsiella pneumoniae (XDR-KP), and carbapenem-resistant
Pseudomonas aeruginosa (CR-PA). Moreover, the BF75-AgNPs had a strong bactericidal effect on XDR-KP at 1/2 x MIC, and the
expression level of reactive oxygen species (ROS) in bacteria was significantly increased. A synergistic effect was observed when the
BF75-AgNPs and colistin were used for the co-treatment of two colistin-resistant XDR-KP strains, with fractional inhibitory concentration
index (FICI) values of 0.281 and 0.187, respectively. Furthermore, the BF75-AgNPs demonstrated a strong biofilm inhibition activity and
mature biofilm bactericidal activity against XDR-KP. The BF75-AgNPs also exhibited a strong antitumor activity against melanoma cells
and low cytotoxicity against normal epidermal cells. In addition, the BF75-AgNPs increased the proportion of apoptotic cells in two
melanoma cell lines, and the proportion of late apoptotic cells increased with BF75-AgNP concentration.

Conclusion: This study suggests that BF75-AgNPs synthesized from biofilm supernatant have broad prospects for antibacterial,
antibiofilm, and antitumor applications.
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Introduction

The emergence of multidrug-resistant (non-susceptible to three or more antibiotic classes) and extensively drug-resistant
(non-susceptible to all but one or two antibiotic classes) pathogens poses a severe threat to public health.'”
Approximately 4.95 million deaths worldwide were associated with bacterial antibiotic resistance in 2019.° Several
types of drug-resistant bacteria are predominant, including the methicillin-resistant Staphylococcus aureus (MRSA), the
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extended-spectrum  beta-lactamase (ESBL)-producing Enterobacteriaceae, and carbapenem-resistant organisms
(CROs).*> Colistin serves as a last-resort antibiotic against pathogens with extensive drug resistance. However, with
the increasing use of colistin, colistin-resistant bacteria have appeared and gradually increased, leaving few antibiotics
available for the treatment of resistant bacteria.’ Therefore, new antibacterial agents must be developed.

Silver nanoparticles (AgNPs) are metallic silver particles with diameters ranging from 1 to 100 nm. AgNPs exhibit
excellent antibacterial effects, and they have been widely used as antibacterial agents.®® Physical, chemical, and
biological methods can be used for the synthesis AgNPs. However, physical methods for AgNP synthesis usually require
high energy consumption, and chemical methods produce toxic substances. Therefore, environmentally friendly methods
for AgNP synthesis using biological materials, such as animals, plants, and microorganisms, are being widely studied.'®
13 Green synthesis of AgNPs involves the use of living organisms such as algae, fungi, bacteria, and plants or secondary
metabolites with specific biological functions extracted from them as raw materials to reduce Ag' to stable AgNPs via
redox reactions under certain conditions.'*'>

The synthesis of AgNPs using bacterial-associated metabolites is rapidly developing owing to the rapid growth of
bacteria, low nutritional requirements, and high abundance of secondary metabolites. Bacterial biofilms are microcolony
aggregates formed by one or more bacteria on the surfaces of tissues or active materials.'® Biofilms are composed of
proteins, extracellular polysaccharides, and/or extracellular DNA.'”"'” Many studies have demonstrated that bacteria
exhibit different metabolic processes in the biofilm and planktonic growth modes.?**' The biosynthesis of AgNPs only in
planktonic bacteria may result in difficulty in fully utilizing some secondary metabolites that have not yet been
expressed.”? Pseudomonas aeruginosa is well known for its ability to form biofilms. In our previous study, we discovered
that the biofilm supernatant of the extensively drug-resistant P. aeruginosa PA75 strain had strong antibacterial activity.
However, the supernatant of PA75 growing in the planktonic state showed no antibacterial activity, indicating that the
secondary metabolites of PA75 in the biofilm state have unique biological functions. However, few studies exist on the
synthesis of AgNPs using biofilms.

Cancer, a major cause of death, is characterized by abnormal cell growth. According to the 2018 Global Cancer

Statistics, the incidence and mortality rates of melanoma have increased in recent years.”’ Surgical treatment of
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malignant melanoma is rarely successful, and local recurrence is common. Previous studies have confirmed the antitumor
effects of AgNPs in vitro and in vivo.>* Unlike conventional cancer treatments, such as radiotherapy and chemotherapy,
which are toxic to healthy cells, AgNPs have low toxicity. Therefore, AgNPs have considerable potential for applications
in cancer treatment. Previous studies have revealed that green synthetic AgNPs can target the mitochondria of skin cancer
A431 cells to cause the overproduction of reactive oxygen species (ROS); this discovery provides an alternative approach
for anticancer therapy.”> Meanwhile, the ability of AgNPs to induce apoptosis in lung, breast, cervical, and non-
melanoma skin cancer has been studied.”**° However, AgNP-induced cell apoptosis in malignant melanoma has not
been reported, and the apoptotic effect has not been verified.

Therefore, the current study aimed to biosynthesize AgNPs using biofilm supernatant and investigate their anti-
bacterial, antibiofilm and antitumor activities.

Materials and Methods

Bacterial Strains and Identification

P aeruginosa PA75 was isolated from a sputum specimen of Xiangya Hospital, China, in 2016 and identified via matrix-
assisted laser desorption/ionization-time of flight mass spectrometry (MALDI-TOF MS, Zybio, China). Molecular identifica-
tion of P. aeruginosa PA75 was accomplished by sequencing the /6S rDNA PCR products. The primers used for amplification
were 27: F 5°- AGAGTTTGATCMTGGCTCAG -3’ and 1492: R 5’- CGGTTACCTTGTTACGACTT -3’.*° The amplified
fragment was sequenced by Sangon Biotech (Shanghai, China), and the sequences were analyzed using BLAST. Sequence
alignment was completed using ClustalW2, and a phylogenetic relationship was established using the neighbor-joining
method.*'*?

Staphylococcus epidermidis ATCC35984 was provided by the American Type Culture Collection (ATCC), and it
served as the biofilm-forming strain in our study. Five isolates each of MRSA, ESBL E. coli (ESBL-EC), XDR-KP, and
CR P. aeruginosa (CR-PA) were provided by the Department of Clinical Laboratory of Xiangya Hospital, Central South
University. The bacteria were cultured in a Mueller Hinton (MH) broth at 37 °C for all experiments. The strains were
identified using MALDI-TOF MS (Figures S1-S4). The antimicrobial susceptibility testing and crystal violet staining
methods are described in Supplementary Material 1. The susceptibility profiles of the clinical strains are listed in Tables
S1-S4. The results of antimicrobial susceptibility testing indicated that among the five XDR-KP strains, XDR-KP4 and
XDR-KP5 were colistin resistant, and the results of crystal violet staining indicated that XDR-KP3, XDR-KP4, and
XDR-KP5 were strong biofilm-forming strains (Figure S5).

Cell Culture
Human skin epithelial HaCaT cells and human melanoma cells (SK28 and A375) were obtained from the ATCC.
HaCaT cells were maintained in Dulbecco’s modified Eagle’s medium (Gibco, USA). SK28 and A375 cells were
maintained in Roswell Park Memorial Institute 1640 medium (BasalMedia Technologies, China). All media were
supplemented with 10% fetal bovine serum and 1% antibiotics (penicillin and streptomycin). The cells were cultured at
37 °C in 5% CO,.

Extraction of P. aeruginosa PA75 Biofilm Supernatant

The trypsin soy agar plate method was used to simulate the growth of biofilms according to previous studies.**** Briefly,
overnight cultures of P. aeruginosa PA75 were adjusted to 1x10° CFU/mL with ultrapure water. Subsequently, 700 pL of
the solution was evenly spread on a single tryptic soy agar (15 cm in diameter) and cultured for 24 h at 37 °C. The lawns
on the surface of the four dishes were scraped into 30 mL of sterile ultrapure water with a sterile cell spatula and shaken
vigorously. Finally, the mixture was centrifuged at 15,000 rpm for 15 min and filtered through a 0.22 pm filter membrane
(Millipore, USA) to obtain the cell-free supernatant.
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Bioactivity Verification of the P. aeruginosa PA75 Biofilm Supernatant
Bacterial Growth Curve

Four milliliters of bacterial suspension (1 x 10® CFU/mL) and 2 mL of PA75 biofilm supernatant were mixed and
incubated at 37 °C with shaking (200 rpm). Bacterial growth was detected by measuring the absorbance at 600 nm after
0,1,2,3,4,6,8, 12, and 24 h. Sterilized ultrapure water served as the negative control. Three parallel tubes were used in
each experiment.

Biofilm Inhibition Assay
A 96-well plate was used for the antibiofilm experiments according to a previous study.’® In each well, 100 pL of the
bacterial suspension (1 x 10% CFU/mL) and 50 pL of the PA75 biofilm supernatant were added. Ultrapure water was used
as the negative control. The plates were incubated at 37 °C for 8 h. The bacterial solution was discarded, and the cells
were washed with normal saline three times to remove the bacteria. In each well, 150 uL. of 0.1% crystal violet solution
was added, and the cells were stained for 20 min at room temperature. After discarding the dye, the cells were washed
three times with normal saline and decolorized with 150 pL of 95% ethanol for 10 min. Biofilm formation was quantified
at ODs90 nm using a microplate reader (TECAN, Switzerland). The inhibition rate of biofilm formation was calculated as
follows:

BI% = 1— Dswm e 1000, (1)

OD590 nm (NC)

where BI% indicates the biofilm inhibition rate, Treat indicates in the presence of biofilm supernatant, and NC indicates
in the absence of biofilm supernatant.

Green Synthesis of BF75-AgNPs Using the PA75 Biofilm Supernatant

Twenty milliliters (25 mM) of filter-sterilized AgNO; solution (Shanghai Fine Chemical Research Institute, China) was
added to 80 mL of biofilm supernatant and incubated at 200 rpm for 24 h (37 °C). The synthesis of BF75-AgNPs was
confirmed via visual observation of a color change. Biosynthesized BF75-AgNPs were collected via centrifugation at
15,000 rpm for 30 min. Finally, the BF75-AgNPs were washed with distilled water three times and freeze-dried to
achieve a constant weight. The BF75-AgNPs were stored at 4 °C until further analysis.

Characterization of Green-Synthesized BF75-AgNPs

The optical properties of the BF75-AgNPs were studied via ultraviolet—visible (UV—vis) spectroscopy (TECAN, Austria)
in the wavelength range of 320-700 nm after dispersion via ultrasonication. The particle size, size distribution, and zeta
potential were determined using dynamic light scattering (DLS, Malvern, UK). The morphology, size, and distribution of
the BF75-AgNPs were observed using transmission electron microscopy (TEM, Philip, Netherlands) and scanning
electron microscopy (SEM, ZEISS, Germany). In addition, energy dispersive X-ray (EDX) spectroscopy was carried
out to confirm the presence of elemental silver in the sample. Atomic force microscopy (AFM, Bruker, Germany) was
used to observe the two-dimensional (2D) and three-dimensional (3D) morphologies of the particle surface and determine
its height distribution. The crystal structure of the BF75-AgNPs was analyzed via X-ray diffraction (XRD, Bruker,
Germany). A Fourier-transform infrared (FTIR) spectrometer (Thermo, USA) was used for analysis in the range of 400—
4000 cm ™" with a 4 cm ™' resolution to determine various functional groups in the BF75-AgNPs.

Antibacterial Effects of the BF75-AgNPs

Minimum Inhibitory Concentration (MIC) and Minimal Bactericidal Concentration (MBC) Measurements
The antibacterial spectrum of the BF75-AgNPs was evaluated using MIC and MBC measurements. The MIC assay was
conducted as previously described, with slight modifications.*? Briefly, bacteria (1 x 10° CFU/mL) were mixed with the
BF75-AgNPs (the final concentration ranged from 0.98 to 250 pg/mL). The mixture was incubated at 37 °C, and the
results were determined by observing the presence or absence of turbidity with transmitted light. The first well with no
microbial growth was defined as the MIC (pg/mL). The mixture was separately spread on MH agar and incubated
overnight at 37 °C. The lowest concentration at which growth was visibly inhibited was defined as the MBC. The MBC/
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MIC ratio was calculated to determine the mode of activity of the BF75-AgNPs. The mode was bactericidal when the
score was <4; otherwise, it was bacteriostatic.>®

Live/Dead Staining Assay and Field-Emission Scanning Electron Microscopy (FE-SEM)

To determine the antibacterial activity of the BF75-AgNPs, five XDR-KP strains were used for live/dead cell staining and
FE-SEM analysis. After incubation at 37 °C for 16 h, the bacteria were washed three times and re-suspended in 1 x PBS
(pH = 7.4). The bacterial solution was treated with the BF75-AgNPs at 1/2 x MIC for 4 h. Ultra-pure water served as
a negative control. For live/dead staining, the treated suspension was stained using the Live/Dead BacLight Bacterial
Viability Kit L7012 (Invitrogen, USA). Imaging was performed using a fluorescence microscope (Zena, Germany). For
the FE-SEM analysis, the fixed and dehydrated bacterial solution samples were dried overnight at room temperature,
coated with gold, and imaged via FE-SEM (Hitachi, Japan).

ROS Assay

After five XDR-KP strains were treated with the BF75-AgNPs at 1/2 x MIC for 4 h, the bacteria were cultured with
DCFH-DA (Beyotime, China) in the dark for 1 h to determine ROS production. Changes in bacterial ROS expression
were observed using fluorescence microscopy and analyzed via flow cytometry (Dxp Athena , Cytek, USA).

Checkerboard Assay

A checkerboard assay was used to determine the synergistic effect of the BF75-AgNPs and colistin against two colistin-
resistant KP strains.®” The initial concentrations of the BF75-AgNPs and colistin were 125 and 64 pg/mL, respectively.
Two-fold serial dilutions of the BF75-AgNPs were prepared in horizontal rows, and two-fold serial dilutions of colistin
were prepared in vertical rows using a 96-well plate. The plates were prepared well by well to obtain a single plate in
which both the antimicrobial agents were cross-diluted. Colistin-resistant XDR-KP strains were cultured in the expo-
nential phase in an MH broth medium. The final inoculum used was 5x10° CFU/mL. The plate was incubated at 37 °C
for 18 h. Fractional inhibitory concentration index (FICI) values were defined as the lowest concentration at which
a combination of the BF75-AgNPs and colistin inhibited bacterial growth. The FICI was calculated using the following
formula:

__ MIC (AgNPs combined) ;, MIC (Colistin combined)
FICI = MIC (AgNPs along) + MIC (Colistin along) (2)

The FICI values were interpreted as follows: FICI < 0.5 (synergy), 0.5 < FICI < 4.0 (no interaction), and FICI > 4.0

(antagonism).%’39

Antibiofilm Activity of the BF75-AgNPs

Effect of the BF75-AgNPs on Biofilm Formation

Strong biofilm-forming KP strains were used to verify the antibiofilm activity of the BF75-AgNPs. Briefly, the overnight
culture was diluted with the respective medium to a final concentration of 1x10° CFU/mL. The inoculum was added to
a 96-well plate and incubated at 37 °C for 6 h. The medium was then replaced with a fresh medium containing various
concentrations of the BF75-AgNPs (7.5-120 pg/mL), and the samples were incubated at 37 °C for an additional 18
h (bringing the total age of the biofilm to 24 h). The inhibition rate of biofilm formation was calculated using
Equation (1).

Effect of the BF75-AgNPs on Mature Biofilms

Strong biofilm-forming XDR-KP strains were seeded on 18 mm cell slides for biofilm culture. The bacterial colony
counting assay and live/dead staining assay were performed as described in a previous study, with slight modifications.*
Briefly, an overnight grown bacterial culture was diluted with fresh MH broth to prepare a final inoculum of 1x10® CFU/
mL. Approximately 200 uL of bacterial inoculum was loaded onto 18 mm cell slides and incubated at 37 °C without any
disruption of biofilm formation. After 24 h, the culture medium was replaced with fresh MH broth containing sterile
water, 60 ug/mL BF75-AgNPs, or 120 pg/mL BF75-AgNPs and incubated for 24 h.
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After exposure to the BF75-AgNPs, each well of the biofilm was collected in 5 mL of sterile normal saline and
homogenized via sonication. The homogenized biofilm suspension (100 pL) was serially diluted, plated on MH broth
agar, and incubated overnight at 37 °C. The number of colonies was counted to determine the viability of the bacterial
cells.

Mature biofilms treated with the BF75-AgNPs were stained using a Live/Dead BacLight Bacterial Viability Kit
(Invitrogen, USA) after three rinses with saline, and the bacterial solution was imaged using a fluorescence microscope
(Zeiss, Germany).

Evaluation of the Antitumor Activity of the BF75-AgNPs

3-[4,5-Dimethylthiazol-2-Y1]-2,5 Diphenyl Tetrazolium Bromide (MTT) Assay

The 50% inhibitory concentration (IC50) of the BF75-AgNPs was determined using an MTT assay (Beyotime, China).*’
In brief, cells (1 x 10* cells/well) were seeded into 96-well plates. After incubation for 24 h, the cells were treated with
various concentrations of AgNPs for 24 h. MTT was then added to each well, followed by incubation for an additional 4
h. Finally, 150 puL of dimethyl sulfoxide (DMSO) was added to each well and gently mixed. The OD499 ,, Was used to
calculate the percentage of viable cells.

ODas0 mm () o 1)) 0 3)

OD490 nm (NC)

Cell Viability % =
Treat indicates treatment with AgNPs, and NC indicates treatment with the same amount of ultrapure water.

Apoptosis Assay

To measure the percentage of cells undergoing apoptosis/necrosis, flow cytometry analysis using an Annexin
V-fluorescein isothiocyanate (FITC)/propidium iodide (PI) Staining Apoptosis Detection Kit (Beyotime, China) was
performed. After the relevant stimulation, cells (1 x 10* cells/well) in each group were collected, washed with PBS, and
stained with 10 pL of Annexin V-FITC and 5 pL of PI for 15 min. The stained cells were detected using a Cytek Dxp
Athena flow cytometer (Cytek, USA).*!

Statistical Analysis

All experiments were performed in triplicate. Data are presented as the mean + standard deviation. Analyses were
performed using IBM SPSS Statistics 20, GraphPad Prism 9, ImageJ, R 4.0.3, and FlowJo 10.6.2. Intergroup differences
were estimated by one-way analysis of variance, followed by post-hoc multiple comparison (Tukey’s test). Values were
considered statistically significant at P < 0.05.

Results and Discussion

|dentification of P. aeruginosa PA75

MALDI-TOF-MS analysis revealed that the PA75 strain was P. aeruginosa (Figure 1A). The 16S rDNA PCR product
fragment size of P. aeruginosa PA75 was 1458 bp (Figure 1B), and the sequence of /6S rDNA was submitted to
GenBank (accession number ON241930). In the phylogenetic tree, P. aeruginosa PA75 clustered within the genus
Pseudomonas and was most closely related to the P. aeruginosa DSM 50071 strain (accession number NR_117678.1,
Figure 1C).

Extraction of PA75 Biofilm Supernatant and Antibiofilm Activity

The P. aeruginosa PA75 biofilm supernatant was light green, clear, and transparent (Figure 2A). The growth curve assay
results showed that the growth of S. epidermidis ATCC35984 in the group treated with the P. aeruginosa PA75 biofilm
supernatant was significantly lower than that in the non-treated group (P < 0.001, Figure 2B). The biofilm inhibition
assay showed that the ODsgg,, Of S. epidermidis ATCC35984 in the treated group (0.126 + 0.002) was significantly
lower than that in the non-treated group (3.218 = 0.028, P < 0.001), with an inhibition rate of 80.43% (Figure 2C).
Therefore, we chose the P. aeruginosa PA75 biofilm supernatant as the biological material to synthesize AgNPs.
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Figure | Identification of P. aeruginosa PA75. (A) MALDI-TOF-MS of PA75; (B) Agarose electrophoresis of /16S rDNA PCR products of P. aeruginosa PA75; (C) the
phylogenetic tree of P. aeruginosa PA75.
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Green Synthesis of BF75-AgNPs

In this study, BF75-AgNPs were synthesized using P. aeruginosa PA75 biofilm supernatant. The color change from pale
yellow to sepia preliminarily indicated the formation of AgNPs (Figure 3A). After freeze-drying and weighing, the
concentration of the synthetic BF75-AgNPs stock was found to be 1225 pg/mL (Figure 3B). AgNPs have a special
optical property, the surface plasmon resonance (SPR) effect, which causes them to exhibit specific absorption of natural
light.** The UV-vis characterization of the BF75-AgNPs exhibited a distinct absorption peak at 412 nm, suggesting the
generation of BF75-AgNPs.'® The UV-vis absorption peak exhibited no specific change after 30 d at 4 °C, indicating that
the BF75-AgNPs had stable properties (Figure 3C).

To determine the optimal conditions, four variables, including the reaction temperature (4, 25, 37, and 45 °C), reaction
time (1-72 h), final AgNOj; concentration (1-7 mmol/L), and solution pH (5.0, 7.0, and 9.0) were adjusted, and the spectral
changes were recorded. The UV—vis absorption peak gradually increased with increasing temperature (Figure S6) and time
(Figure S7). The color of the reaction solution was the darkest at 48 h, and the UV—vis absorption peak reached a maximum
at 72 h; however, their rate of change was the highest during the first 24 hours. The UV—vis absorption peak was the largest
when the final concentration of AgNO; was 5 mM (Figure S8). Under different pH conditions, the UV—vis absorption
spectra were similar (Figure S9). In contrast to the previous study, the pH change had no significant effect on the synthesis
of the BF75-AgNPs.* The current study found that maximum yields were obtained at 37 °C after 24 h of incubation using 5
mM AgNOj;. Changes in these key parameters can disturb the stability of BF75-AgNPs and agglomerate them. Therefore,
the biofilm supernatant could be used as a reducing and dispersing agent, and the BF75-AgNPs were synthesized within 24
h without harsh temperature conditions and catalyst assistance.

Characterization of the BF75-AgNPs

The DLS results demonstrated that the average diameter of the BF75-AgNPs was 105.7 = 40.1 nm, and their
polydispersity index (PDI) was 0.168 (Figure 4A). The stability of the BF75-AgNPs was further analyzed via zeta
potential measurements, and the average zeta potential was —31.0 + 8.1 mV (Figure 4B). The PDI and zeta potential
values confirmed the good dispersion and excellent stability of the BF75-AgNPs.** TEM analysis showed that the BF75-
AgNPs were spherical or nearly spherical with good dispersibility (Figure 4C).*> All BE75-AgNPs displayed in the TEM
images were selected for particle size analysis, and the average particle size of the BF75-AgNPs was 13.899 + 4.036 nm
(Figure 4D).

SEM (Figure 5A) analysis also confirmed that the BF75-AgNPs were spherical or nearly spherical, with a small
particle size and concentrated distribution. The EDX spectrometer of the BF75-AgNPs showed a signal at 3 keV
corresponding to the silver atom (Figure 5B and C). Through AFM analysis, 2D and 3D surface topography images
of BF75-AgNPs with sizes of 10.5-32.3 nm were constructed (Figure 5D). Corresponding to the silver standard card
(Joint Committee Powder Diffraction Standards No. 04-0783), XRD analysis of the BF75-AgNPs revealed four typical
silver diffraction peaks at 20 angles of 38.34°, 44.02°, 64.53°, and 77.16° corresponding to the (111), (200), (220), and

C a-
3 3 — 0 Day
g — 30 Days
<
£ 2-
2
2
<
14
0 T T T T 1
300 400 500 600 700 800

Wavelength(nm)

Figure 3 Green synthesis of BF75-AgNPs. (A) Visual observation of the BF75-AgNPs solution; (B) Visual observation of the BF75-AgNPs lyophilized powder; (C) UV-vis
spectrum of the BF75-AgNPs before and after 30 days at 4°C.
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(311) planes, respectively (Figure 5E), indicating that the BF75-AgNPs had a typical face-centered cubic crystal
structure. Weak diffraction peaks existed at 20 angles of 32.22°, 46.25°, 54.76°, and 57.35° corresponding to the
structure of an AgCl crystal, indicating the presence of a trace amount of AgCl crystals mixed in the BF75-AgNPs.
FTIR analysis was used to examine the surface properties of the purified BF75-AgNPs. The FTIR spectrum revealed the
presence of bands at 3271 ecm ™' for the amide NH stretching vibration, 1646 cm ™' for the amide I C=O stretching
vibration, 1538 c¢m ! for the amide II C-N stretching vibration, and 1396 and 1234 cm ! for the amide C-N stretching
vibration (Figure 5F). Furthermore, we observed peaks at 2924 cm™' for the C-H stretching vibration and 1454 cm™" for
the C-H bending vibration. The main peaks in the FTIR pattern suggested the existence of multiple amide bonds,
indicating the presence of proteins as reducing and stabilizing agents in the biofilm supernatant. These active protein
fractions may be adsorbed on the surfaces of the BF75-AgNPs via free amine groups, which promote their stability and
participate in important biological functions.*®

Antibacterial Effects of BF75-AgNPs
Multidrug-resistant bacteria were used to detect the broad-spectrum antibacterial activity of the BF75-AgNPs. The MIC
values of gram-negative and gram-positive bacteria showed excellent consistency (7.81-15.63 pg/mL), while the MBC
values against gram-negative bacteria (15.63-31.25 pg/mL) were significantly (P < 0.0001) lower than those against the
five MRSA strains (62.50-250.00 pg/mL, Table 1). The bactericidal effect on gram-negative bacteria was better than that
on gram-positive bacteria, which may be attributed to the different structures of the MRSA cell walls. Other studies have
also demonstrated that the sensitivity of gram-negative bacteria to AgNPs is higher than that of gram-positive
bacteria.*”**

The size of nanoparticles plays a crucial role in their antimicrobial activity because smaller nanoparticles are
more easily internalized through cell membranes. The small size of the BF75-AgNPs allowed them to easily enter
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Figure 5 Characterization of BF75-AgNPs. (A) SEM image of the BF75-AgNPs and (B) distribution of sliver in elemental mapping; (C) EDX spectrum of BF75-AgNPs; (D)
The 2D and 3D AFM images of the BF75-AgNPs; (E) XRD pattern diffractogram and (F) FTIR spectrum of the BF75-AgNPs.

and destroy the bacterial cells. To determine the antibacterial activity of the BF75-AgNPs, five XDR-KP strains
were used as the research strains for live/dead staining and FE-SEM analysis. Fluorescence microscopy demon-
strated that the proportion of dead bacteria in the AgNP group was higher than that in the control group
(Figure 6A). FE-SEM results showed shrinkage, deformation, and rupture of the cell membranes as well as
leakage of the cellular contents of the five XDR-KP strains after BF75-AgNP treatment (Figure 6B). Although the
antibacterial mechanism of AgNPs has not been fully elucidated, the three most likely antibacterial mechanisms
are as follows: (a) AgNPs release free Ag’, which is absorbed by bacteria, and then disrupt bacterial ATP
production and DNA replication; (b) AgNPs promote the formation of pores in the bacterial cell wall and directly
destroy the permeability of the cell membrane, leading to the lysis and death of bacteria, and; (c) AgNPs and Ag"
induce bacterial ROS production and oxidative stress.*’
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Table | Antibacterial Effects of BF75-AgNPs Against Four Different Multidrug-Resistant Strains

MIC (pg/mL) MBC (pg/mL) MBC/MIC Activity Mode
SAI 15.63 125.00 8.00 Bacteriostatic
SA2 15.63 62.50 4.00 Bacteriostatic
SA3 15.63 125.00 8.00 Bacteriostatic
SA4 15.63 250.00 16.00 Bacteriostatic
SAS 15.63 125.00 8.00 Bacteriostatic
ECI 7.8l 15.63 2.00 Bactericidal
EC2 7.8l 15.63 2.00 Bactericidal
EC3 7.8l 15.63 2.00 Bactericidal
EC4 15.63 15.63 1.00 Bactericidal
EC5 7.8l 15.63 2.00 Bactericidal
PAI 7.81 31.25 4.00 Bacteriostatic
PA2 7.81 15.63 2.00 Bactericidal
PA3 7.81 31.25 4.00 Bacteriostatic
PA4 7.81 15.63 2.00 Bactericidal
PAS 7.81 15.63 2.00 Bactericidal
KP1 15.63 31.25 2.00 Bactericidal
KP2 15.63 15.63 1.00 Bactericidal
KP3 15.63 31.25 2.00 Bactericidal
KP4 15.63 15.63 1.00 Bactericidal
KP5 15.63 15.63 1.00 Bactericidal

Notes: The MBC/MIC ratio results were used to determine the activity mode of BF75-AgNPs: the score < 4: bactericidal,
otherwise, bacteriostatic.

In addition, AgNPs can increase the production of active oxidizing species in bacteria, which further damages cellular
components and ultimately leads to bacterial death.*® Flow cytometry (Figure 7A) and fluorescence microscopy
(Figure 7B) results demonstrated that the ROS expression of the five XDR-KP strains significantly increased after
exposure to the BF75-AgNPs. Further analysis of the average fluorescence intensity detected via flow cytometry
demonstrated that the expression levels of ROS in the five strains in the treated groups were significantly (P <
0.0001) higher than those in the control group (Figure 7C). In conclusion, this study suggests that BF75-AgNPs can
achieve antibacterial activity by increasing the ROS level of bacteria and disturbing the bacterial structure.

As shown in Table 2, the checkerboard assay results indicated a synergistic effect between colistin and the BF75-
AgNPs, with potential antibacterial activity against two XDR-KP strains (KP4 and KP5 with FICI values of 0.281
and 0.187, respectively). The sensitivity of colistin-resistant XDR-KP to colistin significantly increased (the
maximum increase was 32 times). Therefore, the BF75-AgNPs synthesized in this study may be used as a new
antibacterial agent for the treatment of colistin-resistant K. pneumoniae infection, with potential clinical application
to decrease the incidence of colistin-resistant bacteria and reduce the side effects of colistin in patients with poor

kidney function.
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Figure 6 Bactericidal effects of BF75-AgNPs. Images of (A) live/dead cell staining and (B) FE-SEM of five XDR-KP strains treated with the BF75-AgNPs at /2 x MIC and
ultrapure water for 8 h. The symbols a—e and f—j correspond to the control and AgNPs groups, respectively, for the strains XDR-KP| through XDR-KP5.

Antibiofilm Activity of BF75-AgNPs

Mature biofilms are impenetrable to most antimicrobial agents and represent a major cause of various chronic infections
that are resistant to antibiotics. XDR-KP strains with strong biofilm-forming abilities exist, and chronic infection caused
by XDR-KP should not be ignored. Therefore, we tested the effect of the BF75-AgNPs on the biofilm-forming abilities
and subsequent antimicrobial effects of strong biofilm-forming XDR-KP strains. When the concentration of the BF75-
AgNPs exceeded 4 x MIC (60 pg/mL), the inhibition rate of the BF75-AgNPs on XDR-KP biofilm formation was greater
than 80%, which was higher than previously reported levels (Figure 8A).>° When mature biofilms of KP3, KP4, and KP5
strains were treated with the BF75-AgNPs at concentrations of 60 and 120 pg/mL, the number of bacteria in the biofilms
significantly decreased (Figure 8B). Meanwhile, the proportion of dead bacteria in the KP3, KP4, and KP5 strain biofilms
significantly increased while the proportion of viable bacteria significantly decreased when the concentration of the
BF75-AgNPs reached 120 pg/mL (Figure 8C). In conclusion, we found that BF75-AgNPs have a strong antibiofilm
effect on XDR-KP strains, and the number of viable bacteria decrease with increasing BF75-AgNP concentration. The
concentration dependence of AgNP antibiofilm activity had been confirmed in E. coli and P. aeruginosa in previous
studies.*”*® In addition, the live/dead staining images confirmed the prominent destabilization effect of AgNPs on the
XDR-KP strain.*’

Evaluation of the Antitumor Activity of BF75-AgNPs

The cytotoxic potential of the BF75-AgNPs against SK28 and A375 human melanoma cells was evaluated using the
MTT assay. The IC50 values of the BF75-AgNPs in SK28 and A375 cell lines were 4.75 and 7.76 ug/mL, respectively
(Figure 9A). When the concentration of BF75-AgNPs was 4 pg/mL, the inhibitory rates of the BF75-AgNPs on SK28
and A375 melanoma cells were 50.24% and 20.24%, respectively. At 8 pg/mL, the inhibitory rates further increased to
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60.24% and 56.26%. The cytotoxicity of the BF75-AgNPs in both melanoma cell lines was dose dependent. The BF75-
AgNPs were tested on normal human keratinocyte HaCaT cells to determine their cytotoxicity. The IC50 value in the
HaCaT cell lines was 54.37 pg/mL. When the concentration of the BF75-AgNPs was 10 pg/mL, the inhibition rate of the
BF75-AgNPs on HaCaT normal epithelial cells was 15.59%. The results revealed that the cytotoxicity of the BF75-
AgNPs to HaCaT cells was negligible at concentrations < 10 pg/mL.

The morphological changes in cells treated with the BF75-AgNPs at 4 pg/mL were observed under a microscope
(Figure 9B). Compared with the control group, the morphology of HaCaT cells treated with the BF75-AgNPs did not
change significantly, while the SK28 and A375 melanoma cells in the treated group showed rounded and pyknotic cells.
Cell morphology assays further verified the cytotoxicity of the BF75-AgNPs at 4 pg/mL in melanoma cell lines but not in
normal epidermal cells. In addition, residual cell debris was observed in the treated SK28 cells after cell division. The

Table 2 MICs of BF75-AgNPs and Colistin (Alone or Combination) and FICIs of BF75-AgNPs in
Combination with Colistin

Strains BF75-AgNPs (ng/mL) Colistin (pg/mL) FICI
MIC (A) MIC (C) MIC (A) MIC (C)

KP4 15.63 391 64 2 0.281 (S)

KP5 15.63 1.95 64 4 0.187 (S)

Notes: FICI values were interpreted as follows: FICI < 0.5 (synergy); 0.5 < FICI < 4.0 (no interaction) and FICI > 4.0 (antagonism). (A),
alone; (C), combination and (S), synergism.
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difference between the cytotoxic effects of AgNPs on tumor cells and normal cells may be attributed to the fact that
tumor cells are metabolically active and easily absorb surrounding AgNPs, whereas normal cells require time to
phagocytose foreign substances using their cellular mechanisms.?®

Annexin V/PI double staining was used to evaluate the effect of the BF75-AgNPs on apoptosis. To evaluate the
apoptosis-inducing activity of the BF75-AgNPs in SK28 and A375 cells comprehensively, two concentrations covering
the IC50 (4 and 8 pg/mL) were selected for the apoptosis assay. One of the three independent studies is shown in
Figure 9C. Compared with the control group, the percentage of apoptotic cells in all BF75-AgNP-treated groups
increased. The difference in apoptotic cells in the Q2 and Q3 quadrants of SK28 and A375 cells was further analyzed
(Figure 9D). Compared with the control group, early apoptosis (P = 0.008 and P < 0.001) and late apoptosis (P = 0.009
and P = 0.026) of SK28 cells treated with BF75-AgNPs at 4 and 8 pg/mL increased significantly. For A375 cells, early
apoptosis increased significantly at both concentrations (P = 0.002 and P < 0.001), whereas late apoptosis increased
significantly at 8 pg/mL (P = 0.011), and the increase in late apoptosis at 4 pg/mL was not significant (P = 0.478). The
decreased proportion of early apoptotic cells when the concentration of BF75-AgNPs was 8 pg/mL may be attributed to
the induction of early apoptotic cells to late apoptotic cells with the increase in the BF75-AgNP concentration. These
results indicated that BF75-AgNPs could induce early and late apoptosis in SK28 and A375 melanoma cell lines and that
the high concentration of BF75-AgNPs had a stronger apoptosis-inducing effect on melanoma cells. Moreover, at
a concentration of as low as 10 pg/mL, BF75-AgNPs can simultaneously exhibit antibacterial, synergistic, and antitumor
effects and have low toxicity to normal cells. Currently, no such drugs with both antibacterial and antitumor effects are
used in clinical practice, and the BF75-AgNPs synthesized in this study may fill this gap, giving BF75-AgNPs broader
clinical application prospects.
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Abbreviation: NS, non-significant.
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Conclusions

In this study, the biofilm supernatant of P. aeruginosa PA75 was used as a reducing agent, stabilizer, and dispersant to
facilitate the green synthesis of BF75-AgNPs. The BF75-AgNPs exhibited broad-spectrum utility against multidrug
resistant strains, especially against gram-negative pathogens. The BF75-AgNPs had a strong bactericidal effect on XDR-
KP cells, and the underlying mechanism may be an increase in bacterial ROS expression. The BF75-AgNPs also
synergized with colistin in colistin-resistant XDR-KP. The BF75-AgNPs inhibited the formation of XDR-KP biofilms
and had bactericidal effects on bacterial cells in the biofilm. In addition, the BF75-AgNPs showed low cytotoxicity to
normal human epidermal cells but strong cytotoxicity to melanoma cells, with the mechanism attributed to cell apoptosis.
The novel AgNPs synthesized in this study provide new directions for antibacterial and antibiofilm applications against
bacteria with extensive drug resistance as well as antimelanoma applications.
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