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ARTICLE INFO ABSTRACT

Keywords: Biofilms increase bacterial resistance to antibiotics, as conventional antibiotic doses are often ineffective at

Antibiofilm penetrating the biofilm matrix to eliminate bacteria. Recent research has shown that the Gram-negative predator

]l?actenal predator bacterium Bdellovibrio bacteriovorus can penetrate Gram-positive bacterial biofilms during its predation phase
iposome

and benefit from them without direct predation. Here, based on the penetration ability of B. bacteriovorus, we
constructed antibiotic-loaded liposome-engineered B. bacteriovorus as a drug delivery strategy for biofilm-related
diseases. As a “living antibiotic,” B. bacteriovorus can prey on Gram-negative bacteria, penetrate biofilms, and
disrupt their dense structure. During this process, the rapid movement of B. bacteriovorus enhances the delivery of
antibiotic-loaded liposomes into the biofilm, promoting efficient antibiotic release and improving biofilm
eradication. Our findings demonstrate that this engineered living antibiotic strategy significantly improves the
control and removal of bacterial biofilms, accelerates the elimination of dental plaque, promotes wound healing,
and holds promise as a novel platform for treating biofilm-related infections.

Drug delivery

1. Introduction

Bacteria are the culprits in chronic infections such as implant in-
fections, caries, periodontitis, and chronic infection of diabetic wounds,
and usually exist in the form of biofilm [1-3]. Antibiotics are the con-
ventional treatment for biofilm-related diseases [4]. Bacteria are sus-
ceptible to antibiotics in a planktonic state, but become resistant to
conventional doses of antibiotics when they secrete polymeric matrices
containing polysaccharides, proteins, DNA, and form structurally stable
biofilms [5]. As bacteria biofilms grow thicker (up to 50 pm) during the
maturation phase, this significantly reduces the diffusion rate of anti-
biotics through the extracellular polymeric matrix of biofilm and en-
hances the resistance of bacteria to antibiotics [5-8]. Consequently, the
development of more effective strategies to combat antibiotic resistance
in biofilms has become a prominent area of research [9,10].

Bdellovibrio bacteriovorus (B. bacteriovorus) is a natural predator that
can prey on most gram-negative bacteria and a few Gram-positive bac-
teria [11,12]. When B. bacteriovorus detects the presence of prey, it en-
ters “attack phase”, searching for prey at a very fast speed and attaching
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to the surface of prey, secreting hydrolytic enzymes, which help it
penetrate the periplasm of prey, and then consumes the prey’s nutrients
to replicate, and ultimately cause the lyses and death of prey [13].
B. bacteriovorus preys on a variety of Gram-negative bacteria dis-
regarding their existing form (planktonic bacteria or biofilm)[14].
Although its predatory ability on Gram-positive bacteria is limited,
which restricts its antibacterial application [15], recent studies have
shown that B. bacteriovorus still exhibits predatory behaviors like high
motility and hydrolytic enzymes secretion when encountering Gram-
positive bacteria [16,17]. Even without predation, it can still benefit
energetically from Gram-positive bacterial biofilms [18,19]. This sug-
gests that B. bacteriovorus possesses the ability to penetrate and disrupt
biofilms. In addition, studies have demonstrated the safety and low
immunogenicity of B. bacteriovorus in animals [20-22], providing a
possibility for the development of B. bacteriovorus as a new broad-
spectrum antibiofilm strategy [23,24].

At present, the combination of synthetic materials and non-
pathogenic living microbes has shown bright prospects in the treat-
ment of various diseases [25-28]. Our preliminary study showed that
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after modification with materials, B. bacteriovorus exhibited enhanced
efficacy in removing biofilms of Gram-negative bacteria [29]. Inspired
by this, we developed an antibiotic-encapsulated liposome-modified
B. bacteriovorus with enhanced drug delivery capability and broad-
spectrum antibiofilm characteristics. In this multifunctional system,
ampicillin-encapsulated liposomes (ALP) were attached to the surface of
B. bacteriovorus through a condensation reaction, forming ALP@Bdello
(Fig. 1a). B. bacteriovorus penetrates the biofilms, preys on Gram-
negative bacteria, delivers ALP into the biofilm, and promotes drug
release in the process of disrupting the structure of biofilms (Fig. 1b).
The synergistic effects of B. bacteriovorus and ampicillin in ALP@Bdello
could effectively remove both Gram-positive and Gram-negative bac-
terial biofilm (Fig. 1c). In this paper, we evaluated the efficacy of
ALP@Bdello for the removal of dental plaque biofilm, general wound
biofilm, and diabetic-infected wound biofilm, and the results showed
outstanding drug delivery ability and antibiofilm activity. We expect
that this living antibiotic strategy will become a viable approach for
treating biofilm-related diseases.

a . 3
(@ ~ & Ampcillin
A;\ES S 3

Penetrating
Preying
Relasing

Penetrating

Preying & Drug releasing

Journal of Controlled Release 380 (2025) 283-296
2. Materials and methods
2.1. Materials

L-a-phosphatidylcholine (soybean lecithin) was obtained from J&K
Scientific (China) , DSPE-PEG2000 and DSPE-PEG2000-NHS were ob-
tained from Shanghai Ponsure Biotech, Inc. Cholesterol, methylene
chloride, Ampicillin Sodiu, Rhodamine B, glutaraldehyde, and methanol
were purchased from Aladdin. Dimethyl sulfoxide (DMSO) was obtained
from Leyan (Shanghai, China). Cy5.5-NHS and the ELISA kits for mouse
IL-1p and mouse IFN-y was purchased from Solarbio (China). SYTO 9
was purchased from Thermo Fisher (USA). Calcein-AM and propidium
iodide were procured from Beyotime Biotechnology (China). The
nutrient broth, lysogeny broth, brain heart infusion, and agar were ob-
tained from Hopebio Biotechnology (China). Fetal bovine serum (FBS,
BDAA0122-500 mL) was provided by Biodragon (Suzhou, China).
Penicillin-Streptomycin Solution (100x) was obtained from Sperikon
Life Science & Biotechnology Co., Ltd. Roswell Park Memorial Institute
(RPMI) 1640 medium, trypsin, and 5-diphenyltetrazolium-bromide
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Fig. 1. Schematic illustration of the antibiotic penetration and biofilm eradication process of ALP@Bdello. (a) Preparation steps of ALP@Bdello. (b) ALP@Bdello
penetrates the biofilm. During the predation process, random collision of B. bacteriovorus promotes liposome rupture and drug release. (c) ALP@Bdello for pene-

trating and eradicating biofilms.
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(MTT) were provided by Invitrogen (USA). glass-bottom dishes (20 mm)
and cell culture dishes/plates were procured from NEST Biotechnology
Co., Ltd. Confocal petri dishes (35 mm) were obtained from Zhejiang
Saining Biotechnology Co., Ltd. Hematoxylin-Eosin (HE) Stain Kit and
Masson’s Trichrome Stain Kit was purchased from Solarbio (China).
DAPI (Cat. No. C3362) was provided by APExBIO (Houston, USA).
Dental plaque stain was purchased from Beikangdengte (China).

2.2. Bacterial strains and culture

Bdellovibrio bacteriovorus HD 100 (ATCC 15356) was obtained from
ATCC (U.S.), Escherichia coli (ATCC 25922), Pseudomonas aeruginosa
(ATCC 9022), and Staphylococcus aureus (ATCC 6538P) and Strepto-
coccus mutans (ATCC 25175) were obtained from Guangdong Microbial
Cultural Collection Center (GDMCC).

E. coli and P. aeruginosa were cultured with Luria-Bertani (LB) me-
dium, while S. aureus was cultured with nutrient broth (NB) medium,
and S. mutans was cultured with Brian Heart Infusion (BHI) medium.

According to the ATCC Culture Guide, B. bacteriovorus was cultured
with diluted nutrient broth medium (DNB medium: 2.4 g/L nutrient
broth, 1.5 g/L yeast) in 125 mL vented culture flasks. The culture flasks
were incubated in a shaking incubator at a constant temperature of
28-30 °C. Then B. bacteriovorus propagated by adding E. coli as prey. For
subsequent experiments, residual prey was filtered and removed using a
0.45 pm Millex pore-size filter (Millipore).

2.3. Preparation and characterization of ALP

To prepare the Liposomes, a thin-film hydration method followed by
membrane extrusion was employed. Briefly, 1.0 mg of L-a-phosphati-
dylcholine, 0.02 mg DSPE-PEG2000-NHS, and 0.25 mg of cholesterol
were dissolved using 10.0 mL of methylene chloride in a round-bottom
flask and stirred (MS7-S, magnetic stirrer, DLAB Scientific Co., Ltd) for
10 min. Then a phospholipid film was formed through a rotary evapo-
rator under reduced pressure. 1.0 mL of 100 pg/mL solution of Ampi-
cillin Sodium was added into the round bottom flask with phospholipid
film for hydration for 1 h. After hydration, liposomes with NHS group
loaded with ampicillin (denoted as ALP) were extruded 11 times
through 200 nm membranes and purified by ultrafiltration. The amount
of unencapsulated ampicillin (denoted as Amp) in the supernatant was
determined using HPLC. The encapsulation efficiency was calculated
with the formulas: encapsulation efficiency = (M (feeding) — M(super-
natant)) / M (feeding) x 100 %, and the loading capacity was calculated
with the formulas: loading capacity = (M (feeding) — M(supernatant)) /
M (total) x 100 %. The obtained ALP was stored at 4 °C for further use.
Transmission electron microscope (TEM) (JEOL-2100) and scanning
electron microscope (SEM) (Zeiss SIGMA) were used to observe the
morphology of liposomes. Dynamic light scattering (DLS, Nano-ZS
ZEN3600) was used to measure the diameter of ALP.

2.4. Preparation and characterization of ALP@Bdello

B. bacteriovorus (10’108 PFU/mL, 1 mL) was washed three times by
centrifugation (7000 rpm, 10 mins) and mixed with ALP (Amp: 5, 10, or
40 pg) at 30 °C for 2 h. The mixed solution was concentrated (7000 rpm,
10 mins) and redispersed in DNB medium to obtain ALP engineered
B. bacteriovorus (denoted as ALP@Bdello). The unreacted ALP in the
supernatant was collected (14,000 rpm, 15 mins) and cracked by
methanol, and the Amp in unreacted ALP was detected via ultraviolet-
visible spectrophotometry. The final Amp loading of ALP@Bdello was
calculated with following formula: M(loading) = M(feeding) — M(su-
pernatant). And the grafting rate of ALP on B. bacteriovorus was calcu-
lated according to the following formula: Grafting rate = M (feeding —
supernatant) / M(feeding) x 100 %. The diameter of B. bacteriovorus and
ALP@Bdello was measured by dynamic light scattering (DLS, Nano-ZS
ZEN3600). The zeta potential of liposome (LP), ALP, B. bacteriovorus
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alone (Bdello), and ALP@Bdello were detected by DLS. SEM and TEM
were used to observe the morphology of ALP@Bdello. To visualize the
ALP on Bdello, ALP labeled red with DIL was combined with
B. bacteriovorus, and the obtained ALP@Bdello were further stained with
SYTO 9 (5 pM) and washed with PBS, and then placed in glass-bottom
dishes and observed using inverted fluorescence microscopy. To
further observe the adhesion and capture of ALP@Bdello on prey, E. coli
(10° CFU/mL, 500 pL) was treated with ALP@Bdello (Amp: ~5 pg/mL,
Bdello: 107 CFU/mL, 1 mL) in DNB medium for 4 h, then the mixture was
centrifuged (7000 rpm, 10 mins), washed with PBS, and fixed by
glutaraldehyde, and observed by SEM.

2.5. The vitality of B. bacteriovorus after co-cultured with ALP

The double-layer plate method was used to assess the effect of ALP on
B. bacteriovorus vitality. Since it takes 3-5 days for phage plaques of
B. bacteriovorus to form on double-layer plates, to ensure better control
over the contact time between ALP and B. bacteriovorus, it is ALP without
NHS groups that was used to incubate with B. bacteriovorus (The syn-
thesis method of ALP without the NHS group was essentially the same as
that of ALP, but DSPE-PEG2000 was used instead of DSPE-PEG2000-
NHS. ALP without the NHS group cannot undergo chemical conjuga-
tion with B. bacteriovorus). The B. bacteriovorus (~107 PFU/mL, 1 mL)
was centrifuged, the precipitate was collected and dispersed with 1 mL
of ALP without NHS group (Amp: O, 1, 2, 4, 8, 16, or 32 pg/mL,
respectively). After being incubated for 4 h in a shaker at 30 °C,
B. bacteriovorus was collected by centrifugation (7000 rpm, 10 mins) and
washed with PBS three times. The double-layer plate method was used
to quantify the B. bacteriovorus that retained predatory viability. The
double-layer plate method was based on the literature[30]: Pour ~10
mL of 2 % agar into a petri dish and let it solidify to form the bottom
layer. Then add 3-4 mL of semi-solid medium (DNB medium, 0.6 %
agar) containing ALP-treated B. bacteriovorus (200 pL) and E. coli (109
CFU/mL, 100 pL) to the dish to form the top layer. Incubate the plate at
30 °C for 3-5 days and determine the activity of B. bacteriovorus by
counting the number of plaques.

2.6. Drug release behavior of ALP and ALP@Bdello

3 mL of ALP (Amp: ~20 pg/mL) was placed inside a dialysis capsule
along with 1 mL of PBS, and 3 mL of ALP@Bdello (Amp: ~20 pg/mL,
B. bacteriovorus: ~107 PFU/mL) was placed inside a dialysis capsule
along with either PBS (1 mL) or E. coli (~10° CFU/mL, 1 mL). The
capsules were submerged in 15 mL centrifuge tube containing 8 mL of
PBS and placed in a constant temperature shaker (200 rpm, 37 °C). At
0.5, 1, 2, 5, and 8 h of dialysis, 1 mL of liquid was collected from the 8
mL of PBS outside of the dialysis, and 1 mL of fresh drug-free PBS was
simultaneously added. The concentrations of Amp that were released
from dialysis were measured by ultraviolet-visible spectrophotometry.

2.7. Biocompatibility of ALP@Bdello in vitro

MTT assay: 100 uL NT3T3 cells suspension (10%/mL) was seeded in a
96-well plate and cultured in Roswell Park Memorial Institute (RPMI)
1640 medium at 37 °C with 5 % CO3 and 21 % O,. Subsequently,
different concentrations of ALP@Bdello were resuspended into 1640
medium and added into each well for incubation over 24 h respectively.
Then 10 pL of MTT solution was added, 4 h later, the supernatant was
removed, 150 pL. DMSO was added to dissolve formazan in cells, and the
mixture’s absorbance was measured at 570 nm with a microplate reader.

Live/dead staining: NT3T3 cells were seeded into 6-well plates and
cultured for 24 h at 37 °C. Then the cells were co-incubated with
B. bacteriovorus (~107 PFU/mL, 1 mL), ALP@Bdello (Amp: 16 pg/mL,
B. bacteriovorus: ~107 PFU/mL) for 12 h. After that, the cells were
incubated with Calcein-AM (2 pM) and PI solutions (5 pM) for 30 min
and observed by fluorescence inverted microscope and counted by



Y. Tang et al.

Image J. (Calcein-AM: Ex = 490 nm, Em = 515 nm; PI: Ex = 545 nm, Em
= 617 nm).

2.8. Biocompatibility of ALP@Bdello in vivo

Twelve healthy female KM mice (4 weeks old) were treated with PBS,
B. bacteriovorus (~10” PFU/mL, 1 mL), ALP@Bdello (Amp: 16 pg/mlL,
B. bacteriovorus: ~10” PFU/mL) (orally, once a week). At eight weeks
after treatment, mouse blood was collected for routine blood test, serum
was collected for measurement of the levels of IL-1p and INF-y secretion
in mouse serum by ELISA kits, and vital organs were collected for his-
tological staining to observe the inflammation in vital organs.

2.9. Antibacterial effects of ALP@Bdello

First, the antibacterial ability of ampicillin on E. coli, P. aeruginosa,
S. aureus, and S. mutans was measured. Different concentrations of
ampicillin (Amp) (0, 1, 2, 4, 8, 16, or 32 pg/mL) were added to the
bacterial suspension. After 12 h, the OD value (600 nm) of the bacteria
was detected using a microplate reader. We chose ampicillin concen-
trations that provided approximately 50-70 % inhibitory effect for
subsequent experiments, which were 8, 16, 1, 4 pg/mL for E. coli,
P. aeruginosa, S. aureus, and S. mutans respectively. Then we added the
corresponding concentrations of Amp and ALP into the bacteria solution
of E. coli (Amp or Amp in ALP: 8 pg/mL), P. aeruginosa (Amp or Amp in
ALP: 16 pg/mL), S. aureus (Amp or Amp in ALP: 1 pg/mL), and S. mutans
(Amp or Amp in ALP: 4 pg/mL), and detected the OD value (600 nm) of
the bacteria using a microplate reader 12 h later. In the subsequent
antibacterial and antibiofilm experiments, ALP@Bdello was diluted to
achieve the required ampicillin working concentration.

In the liquid-phase antibacterial experiments, E. coli (~10” CFU/mL,
1 mL) was concentrated and treated overnight with 1 mL of PBS, Bdello
(~107 PFU/mL), ALP (~8 pg/mL of Amp), ALP + Bdello (~8 pg/mL of
Amp, ~107 PFU/mL of B. bacteriovorus), or ALP@Bdello (~8 pg/mL of
Amp, ~107 PFU/mL of B. bacteriovorus) respectively. The same treat-
ments were performed on P. aeruginosa, S. aureus, and S. mutans, and the
Amp concentration in the ALP, ALP + Bdello, and ALP@Bdello groups
being 16, 1, 4 pg/mL for P. aeruginosa, S. aureus, and S. mutans,
respectively. After 12 h of incubation, the surviving bacteria were
quantified using the flat plate coating method, and were observed by
SEM (treated-bacterial were fixed with 2.5 % glutaraldehyde and
dehydrated through an ethanol gradient).

2.10. Biofilm construction

E. coli, P. aeruginosa, and S. aureus (~107 CFU/mL, 1 mL) were
inoculated into confocal dishes, respectively. The medium was changed
every other day until the established biofilm could be observed by the
naked eyes (about 3-5 days). S. mutans (~108 CFU/mL, 20 pL) was
inoculated into 1 mL of BHI medium with sucrose (17 g/L) in confocal
dishes. After 12 h, the biofilm was formed on the bottom of the confocal
dish. The biofilm was labeled with SYTO 9 for 15 mins and observed by
CLSM.

2.11. The drug delivery ability of RLP@Bdello

To better observe the position of the drug in the biofilm, we loaded
Rhodamine B in liposomes. To prepare Rhodamine B-loaded liposomes
(RLP), a 0.02 mg/mL solution of RhB solution was used to replace the
PBS in the hydration process. Rhodamine B loaded in RLP was then lysis
by methanol and detected by fluor spectrophotometer. RLP@Bdello was
synthesized similarly to ALP@Bdello, but using RLP instead of ALP.

S. aureus biofilms were constructed in the confocal dishes and labeled
with SYTO 9. After washing with PBS, the biofilms weretreated with 1
mL free RhB (5 pg/mL), RLP (5 pg/mL of RhB), or RLP + Bdello (5 pg/
mL of RhB, ~107 PFU/mL of B. bacteriovorus), or RLP@Bdello (5 pg/mL
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of RhB, ~107 PFU/mL of B. bacteriovorus), respectively. The biofilms
were incubated for an additional 2 h at 30 °C, and the position of RhB in
the biofilm was observed by CLSM. (SYTO 9: Ex = 488 nm, Em = 520
nm; RhB: Ex = 540 nm, Em = 625 nm).

2.12. Antibiofilm effects of ALP@Bdello

First, E. coli, P. aeruginosa, S. aureus, and S. mutans biofilms was
cultured in confocal dishes. Then, the biofilm was treated separately
with different materials: 1 mL of PBS, Bdello (~107 PFU/mL), ALP (8
pg/mL of Amp), ALP + Bdello (8 pg/mL of Amp, ~10”7 PFU/mL of
B. bacteriovorus), or ALP@Bdello (8 pg/mL of Amp, ~10” PFU/mL of
B. bacteriovorus) was added in the E. coli biofilm. The same treatments
were performed on the biofilm of P. aeruginosa, S. aureus, or S. mutans,
and the concentration of ampicillin in the ALP, ALP + Bdello, and
ALP@Bdello groups were 16, 1, 4 pg/mL for P. aeruginosa, S. aureus, and
S. mutans, respectively. After 12 h of co-incubation, the residual biofilm
was labeled with SYTO 9 and observed by CLSM. The residual area of
biofilm was measured by imageJ. (SYTO 9: Ex = 488 nm, Em = 520 nm).

2.13. Antibiofilm effects of ALP@Bdello on ex vivo human teeth

Intact caries-free human third molars were collected from clinical
patients, and the teeth were cleaned and placed in thymol solution and
stored at 4 °C. Caries-free third molars were cut into slices (5 x 5 x 2
mm, L x W x H). After UV sterilization for 2 h, 15 dental slices were
placed in 24-well plates and submerged in 1 mL sucrose-containing BHI
medium with S. mutans (10° CFU/mL) for 12 h to construct S. mutans
biofilm on the dental slices. The dental slices with S. mutans biofilm were
washed with PBS and treated with 1 mL of PBS, Bdello (~107 PFU/mL),
ALP (4 pg/mL of Amp), ALP + Bdello (4 pg/mL of Amp, ~107 PFU/mL of
B. bacteriovorus), or ALP@Bdello (4 pg/mL of Amp, ~107 PFU/mL of
B. bacteriovorus), respectively. After 12 h of treatment, the supernatant
was removed and the dental slices were washed with PBS and fixed with
2.5 % glutaraldehyde, then dehydrated by ethanol gradient and
observed by SEM.

Five caries-free third molars with oral microbial were placed in 24-
well plates and submerged in 1 mL sucrose-containing BHI medium
for 12 h to construct S. mutans mixed biofilm on the teeth directly. The
teeth covered with oral biofilm were stained with dental plaque stain
and recorded with a digital camera, then treated with 1 mL of PBS,
Bdello (107 PFU/mL), ALP (16 pg/mL of Amp), ALP + Bdello (16 pg/mL
of Amp, ~107 PFU/mL of B. bacteriovorus), or ALP@Bdello (16 pg/mL of
Amp, ~107 PFU/mL of B. bacteriovorus), respectively. After 12 h of
treatment, the supernatant was removed and the teeth were stained with
dental plaque stain and recorded with a digital camera.

2.14. Antibacterial efficiency of ALP@Bdello in vivo

Animal experiments were approved by the School and Hospital of
Stomatology of Wuhan University Medical Ethics Committee (Approval
number: 2019LUNSHENA40). In order to observe the predatory ability
of ALP@Bdello in vivo, a 5 mm skin wound model was created on the
backs of KM mice (n = 3), and the wound was infected with biolumi-
nescent E. coli (~108 CFU/mL, 100 pL). Then the wounds were treated
with 100 pL of PBS, Bdello (~107 PFU/mL of Bdellovibrio), ALP (8 ug/mL
of Amp), ALP + Bdello (8 pg/mL of Amp, ~10’7 PFU/mL of
B. bacteriovorus), or ALP@Bdello (8 pg/mL of Amp, ~107 PFU/mL of
B. bacteriovorus) three times over a 12-h period. The bioluminescent
E. coli adhering on wounds were imaged using an IVIS system at
different times.

2.15. Skin wound model

Mouse skin wound model: Twelve healthy female KM mice (4 weeks
old) were used to construct the skin wound (5 mm) on their backs. The
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wound was then infected with a mixture of 20 pL of E. coli bacterial
solution (~108 CFU/mL) and 20 pL of S. aureus solution (~108 CFU/
mL). Mice were divided randomly into 4 groups, and the wounds were
treated with 50 pL of PBS, Bdello (~107 PFU/mL B. Bdellovibrio), ALP (8
pg/mL Amp), ALP + Bdello (8 pg/mL Amp, ~107 PFU/mL
B. Bdellovibrio), or ALP@Bdello (8 pg/mL Amp, ~10’ PFU/mL
B. Bdellovibrio) three times a day, for one week. Wound healing was
captured using a digital camera on days 1, 3, 5 and 7, and measured and
analyzed by Image J. And the Blood samples were collected on day 2 and
detected by Blood Biochemistry Analy7zer (MNCHIP POINTCARE) and

(a) (b)

(d) (f)
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Auto Hematology Analyzer (MC-6200VET).

2.16. Diabetic mice skin wound model

STZ-induced diabetic mice were established according to the litera-
ture [31]. A circular full-thickness wound (diameter: 8 mm) was pro-
duced on the back of diabetic mice, and infected with 20 pL of E. coli
solution (~108 CFU/mL) and 20 pL of S. aureus solution (~108 CFU/
mL). The mice were then randomly divided into 4 groups (n = 6) and
treated with 50 pL of PBS, Bdellovibrio (~107 PFU/mL), ALP (8 pg/mL
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Fig. 2. Characterization of ALP@Bdello. (a) TEM image of ALP. (b) TEM and (c) SEM images of ALP@Bdello. (d) Size of Bdello and ALP@Bdello. (e) Zeta potential of
LP, ALP, Bdello, and ALP@Bdello. (f) Fluorescence images of ALP@Bdello (ALP labeled with DiL, and B. bacteriovorus labeled with SYTO 9). (g) Effects of different
concentrations of Amp in ALP on B. bacteriovorus. (h) Release curve of Amp in ALP@Bdello with or without prey (E. coli). (i) Effect of different concentrations of
ALP@Bdello on NT3T3 cells. (j) Live-dead statistical analysis and (k) staining images of NT3T3 cells after Bdello or ALP@Bdello treatment.
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Amp), ALP + Bdello (8 pg/mL Amp, ~107 PFU/mL B. Bdellovibrio), or
ALP@Bdello (8 pg/mL of Amp, ~107 PFU/mL of B. bacteriovorus) three
times a day for 14 days, respectively. To observe the wound healing
process, wounds were measured using a digital caliper and photo-
graphed at days 0, 3, 7, and 14. On day 14, the mice were sacrificed, and
the wound tissues were collected. The biofilm residues on wound tissues
and expression of inflammatory factors were observed by SEM and
histological staining.

2.17. Statistical analysis

The data in this study are presented as mean + SD. Data were
analyzed using GraphPad Prism 7 and SPSS 17.0 software. To assess
statistical significance between two groups, a two-tailed unpaired Stu-
dent’s t-test was used, while one-way ANOVA was employed for com-
parisons among multiple groups.

3. Results and discussion
3.1. Synthesis and characterizations of ALP@Bdello

Ampicillin@liposome-NHS (ALP) was synthesized according to the
previous research [32]. The obtained ALP exhibited a diameter of
approximately 50-100 nm, with a polydispersity index (PDI) of 0.18, as
observed in the TEM image (Fig. 2a), the SEM image (Fig. S1a) and the
dynamic light scattering (DLS) analysis (Fig. S1b). The encapsulation
efficiency of Ampicillin (Amp) within ALP was determined using HPLC
and was estimated to be approximately 23 %, according to the standard
curve (Fig. S2). The loading capacity of Amp within ALP, determined
after lyophilization, was calculated to be approximately 2 %. As
measured by dialysis, the release of ampicillin in ALP at 2 h was about
50 % (Fig. S3).

B. bacteriovorus was fed with Escherichia. Coli (E. coli) and purified as
described in the literature [33]. ALP engineered B. bacteriovorus
(ALP@Bdello) was obtained through a condensation reaction between
NHS (on the ALP) and amines (on the surface of B. bacteriovorus). After
the reaction, the liquid was centrifuged to obtain ALP@Bdello, and the
remaining ALP in the supernatant was collected and ruptured. The
grafting rate of ALP@Bdello was measured to be approximately 60-70 %
when the feeding amount of Amp in ALP is 5-40 pg (Fig. S4, S5). TEM
(Fig. 2b) and SEM (Fig. 2c) images of ALP@Bdello confirmed the suc-
cessful attachment of ALP to the surface of B. bacteriovorus. The size of
ALP@Bdello was slightly increased compared with B. bacteriovorus alone
(Fig. 2d), and the zeta potential (Fig. 2e) of ALP, B. bacteriovorus
(referred to as Bdello), and ALP@Bdello changed obviously during the
synthesis process. Subsequently, ALP was labeled with DIL (red) and
attached to the surface of B. bacteriovorus, which was labeled SYTO 9
(green). Fluorescence microscopy result (Fig. 2f) demonstrated over-
lapping red and green fluorescence, confirming successful attachment of
ALP to B. bacteriovorus.

According to the literature, B. bacteriovorus completes its lifecycle of
attaching, drilling, predation, replication, and lysing of the host within
four hours [11,15]. Given the potential impact of Amp on
B. bacteriovorus activity, we detected its performance after exposure to
varying concentrations of ALP using the double-layer plate method [30].
As depicted in the results (Fig. 2g), even at a loading concentration of 16
mg/L of Amp in ALP, B. bacteriovorus maintained a good predation
ability on Gram-negative bacteria after a 4-h incubation period. How-
ever, at a loading concentration of 32 mg/L of Amp, the activity of
B. bacteriovorus was significantly compromised. In addition, we
observed the predatory effect of ALP@Bdello on prey by SEM. The image
(Fig. S6) showed that ALP@Bdello, which was in the adhesion stage,
encountered and attached to the surface of prey (E. coli), indicating that
the predatory ability of B. bacteriovorus is not affected by ALP backpack.

Previous studies have demonstrated that B. bacteriovorus exhibits
motility, capable of rotational movement at speeds of up to 160 pm/s
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during the attack phase [34-36]. Our own research has further high-
lighted the mechanical force generated by B. bacteriovorus upon collision
with its hosts [29]. Given that the release of Amp from ALP@Bdello may
be influenced by these mechanical forces during B. bacteriovorus
movement, we investigated the release behavior of Amp from ALP@B-
dello in the presence or absence of E. coli. As shown in Fig. 2h, the
release rate of Amp from the ALP@Bdello group was significantly lower
than that from the ALP@Bdello + E. coli group. This difference indicates
that in the presence of E. coli, the active and random movements of
B. bacteriovorus lead to increased collisions, thereby enhancing the
rupture of attached ALP and accelerating Amp release.

3.2. The biocompatibility of ALP@Bdello

Liposomes have been widely used in drug delivery for various dis-
eases due to their unique physiological functions and reduced systemic
toxicity [37-39]. B. bacteriovorus also shows low toxicity both in vitro
and in vivo [20-22]. To verify the biosafety of ALP@Bdello in vitro, we
treated NT3T3 cells with different concentrations of ALP@Bdello and
conducted an MTT assay. The results (Fig. 2i) showed that even at a
concentration of 10’ PFU/mL, ALP@Bdello exhibited negligible adverse
effects on cell viability. Additionally, microscopic examination revealed
minimal cell death in the ALP@Bdello-treated group (Fig. 2j, k). To
further assess the biosafety of ALP@Bdello in vivo, we administered
ALP@Bdello treatment to mice and evaluated the safety and potential
immune response of introducing B. bacteriovorus or ALP@Bdello to the
host through blood routine tests, inflammatory cytokine levels, and
histological staining of major organs. The results (Fig. S7, S8) show that,
at the 8th week after introduction into the host system, neither
B. bacteriovorus nor ALP@Bdello caused significant toxicity or triggered
a notable immune response. Based on our experimental results, the
immune response trigger by ALP@Bdello is negligible, which can be
attributed primarily to the favorable biosafety of B. bacteriovorus, as well
as the high safety of liposomes and antibiotics, which are widely used in
the biopharmaceutical field. For humans, engineered B. bacteriovorus
offer good biosafety and low immune response, which means that during
the process of controlling biofilm infections, a safer and more stable
microbial environment can be maintained in the host. The mild nature of
engineered B. bacteriovorus and its low immunogenicity result in mini-
mal stimulation to the host’s immune system, effectively avoiding
excessive immune responses within the host, and the risk of severe side
effects during long-term use is reduced. This mild characteristic makes it
potentially suitable for individuals with various constitutions, including
those with weakened immune functions or those in need of long-term
care. This gives engineered B. bacteriovorus the potential to be used as
a long-term health intervention, making it a relatively safe and enduring
option.

3.3. Invitro antibacterial activity of ALP@Bdello

Infectious bacterial diseases pose significant threats to human health,
particularly affecting immunocompromised patients, sometimes leading
to fatalities [40,41]. Currently, antibiotics are widely utilized to manage
bacterial biofilm-related diseases [42]. However, the long-term use of
antibiotics has spurred the rise of the emergence of drug-resistant bac-
teria [43], a trend escalating rapidly in recent years [44]. Therefore,
addressing bacterial drug resistance and developing novel therapeutics
are of paramount importance. In this part, we investigated the predatory
capacity of B. bacteriovorus against Gram-negative bacteria, revealing a
positive correlation between its predation capability and concentration
(Fig. 3a), achieving 50-60 % at 10’ PFU/mL.

Next, we assessed the inhibitory effects of Amp on four common
bacteria, observing inhibition rates ranging from 50 to 70 % at an Amp
concentration of 8 mg/L for E. coli, 16 mg/L for P. aeruginosa, 1 mg/L for
S. aureus, and 4 mg/L for S. mutans (Fig. S9). Then we compared the
antibacterial effects of Amp and ALP (above concentration) in treating
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bacteria overnight, and the results (Fig. S10) showed no significant
differences. Therefore, we focused on comparing the difference between
ALP and ALP@Bdello in the following experiments. To explore the
synergistic effect between ALP and Bdello, we used B. bacteriovorus at 1
x 107 PFU/mL and the aforementioned Amp concentrations in the
ALP@Bdello in the subsequent antibacterial and antibiofilm
experiments.

Next, we evaluated the antibacterial effects of PBS, Bdello, ALP, ALP
+ Bdello (ALP without NHS groups, mixed with B. bacteriovorus), and
ALP@Bdello on these four pathogens in the planktonic phase. As the
results showed (Fig. 3b, c), for Gram-negative bacteria, Bdello exhibited
approximately 50-60 % inhibition, ALP exhibited approximately 70 %
inhibition for E. coli and 40 % for P. aeruginosa. The inhibition effect of
the ALP + Bdello and ALP@Bdello group was around 80-90 % for E. coli,
and was around 70-80 % for P. aeruginosa. For Gram-positive bacterium,
which cannot be preyed by B. bacteriovorus there was no significant
difference in inhibition among ALP, ALP + Bdello, and ALP@Bdello
group, all showing inhibition of S. aureus by about 70-75 % and
S. mutans by about 75-80 % respectively. SEM images of bacteria shown
in Fig. 3d and Fig. S11 (magnification) also showed a similar phenom-
enon after being treated with different materials. These results confirm
that B. bacteriovorus can prey on E. coli and P. aeruginosa, working like
antibiotics. Moreover, both ALP + Bdello and ALP@Bdello exhibited
stronger inhibitory activity against planktonic bacteria compared to ALP
or Bdello alone, regardless of whether ALP was attached to
B. bacteriovorus or not.

3.4. The penetration of RLP@Bdello in biofim

In the 3.3 antibacterial experiment, we observed the superimposed
antibacterial effect of the combination of antibiotic and B. bacteriovorus
against pathogenic bacteria. However, bacteria usually exist in the form
of biofilm, which are composed of bacteria and their extracellular
polymeric substances (EPS) includes DNA, polysaccharides, lipids, pro-
teins, and other components, preventing drug penetration and
enhancing bacterial resistance to antibiotics [45,46]. There is currently
evidence that B. bacteriovorus can attack prey, whether the prey is in a
planktonic state or biofilm state [14]. When B. bacteriovorus detects the
presence of prey, it enters “attack phase”, in which B. bacteriovorus can
move rapidly, attach to the surface of the prey, and penetrate the sur-
rounding matrix, then consuming the prey’s nutrients for growth and
replication, ultimately lysing and killing the prey. During predation,
B. bacteriovorus moves at a high speed, reaching up to 160 pm/s [47].
The research has found that B. bacteriovorus is capable of preying on
bacteria with thick polysaccharide capsules [48], and can hunt in highly
viscous environments [49], also exhibiting gliding motility [50]. These
features explain how B. bacteriovorus penetrates into biofilm through
movement. In addition, B. bacteriovorus has a powerful hydrolytic
arsenal, including 150 proteases and peptidases, 10 sucrases, 20 de-
oxyribonucleases, 9 ribonuclease families, and 5 lipases, which is used in
B. bacteriovorus ‘s invasion and degradation of extracellular polymeric
substances [51]. The attack behaviors exhibited by B. bacteriovorus such
as high motility and secretion of hydrolytic enzymes may facilitate its
penetration within bacteria biofilm and enhance its drug delivery
capabilities.

Therefore, we investigated the capability of B. bacteriovorus to
enhance drug penetration in biofilms. To better observe the penetration
of the drug in the biofilm, rhodamine B (RhB) was loaded in liposomes
(referred to as RLP) which were packaged by B. bacteriovorus to
construct RLP@Bdello. Based on the standard curve of RhB (Fig. S12),
the concentration of RhB in the RLP group and RLP@Bdello group was
measured. Next, S. aureus biofilms were constructed and labeled with
SYTO 9, and free RhB, RLP, RLP + Bdello, and RLP@Bdello were applied
to treat the biofilms respectively. After two hours, the spatial position of
rhodamine (red) within the biofilm (green) was observed using a laser
confocal scanning microscope. As shown in Fig. 4a, the S. aureus biofilm
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had a thickness of approximately 60 pm. By observing the cross-section
structure of the biofilm, it reveals that such a thickness of biofilms
hinders the penetration of RhB or RLP into the biofilm, resulting in the
drug being mainly retained at the biofilm surface. Comparing the RLP +
Bdello group to the RLP@Bdello group, it was evident that RhB in the
RLP@Bdello group penetrated deeper into the biofilm. These results
demonstrate that anchoring liposomes onto the B. bacteriovorus surface
as a backpack enhances drug delivery efficiency within biofilms.

The possible mechanism of RLP@Bdello promoting drug penetration
is that when RLP@Bdello interacts with the biofilm, it enters the “attack
phase”, exhibiting attack behaviors such as high motility, secretion of
hydrolytic enzymes in biofilms. This enables RLP@Bdello to penetrate
the biofilm, degrade the extracellular matrix, and thereby enhance drug
penetration. In contrast, other drugs such as free RhB and RLP show poor
penetration, primarily because the extracellular polymeric substances
matrix of the biofilm can block or hinder the penetration of drugs such as
antibiotic, protecting the bacteria within the biofilm from antibiotic
attacks [52]. This is also why biofilms have a significantly higher anti-
biotic resistance [5,53].

3.5. The antibiofilm activity of ALP@Bdello in vitro

Next, we evaluated the efficacy of ALP@Bdello in removing biofilms
formed by various pathogenic bacteria. Biofilms of E. coli, P. aeruginosa,
S. aureus, or S. mutans were constructed and treated with PBS, Bdello,
ALP, ALP + Bdello, or ALP@Bdello for 12 h respectively. As shown in
Fig. 4b and c, in the Bdello group, B. bacteriovorus alone removed
approximately 70-80 % Gram-negative bacterial biofilm. Additionally,
B. bacteriovorus also exerts some degree of disruption to Gram-positive
bacterial biofilms (20-40 %). In the ALP group, the inhibitory rate of
ALP on bacterial biofilm (inhibitory rate: 30-50 %) was significantly
lower than that on liquid phase bacteria (inhibitory rate: 40-80 %)
(Fig. 3c, 4c). This is related to the inability of the drug to penetrate
biofilm structure. For the antibacterial effect on free-floating bacteria,
the ALP + Bdello group shows results similar to those of the ALP@Bdello
group (Fig. 3c). However, for the antibiofilm effect, compared to the
ALP + Bdello group, the ALP@Bdello treatment (with an inhibition rate
of 90-95 %) demonstrates higher removal efficiency against both Gram-
negative and Gram-positive bacterial biofilms. When considering the
results against planktonic bacteria (Fig. 3c) and the drug-delivery ca-
pabilities of B. bacteriovorus (Fig. 4a), it can be inferred that anchoring
ALP onto the surface of B. bacteriovorus cells, rather than a simple
mixture of these two (ALP + Bdello group), appears to achieve the most
effective biofilm removal.

From the previous results, it is evident that the B. bacteriovorus with
ALP backpack retains a certain level of activity (Fig. 2g). The
B. bacteriovorus with ALP backpack can penetrate the biofilm, facili-
tating drug delivery and enhancing the biofilm clearance efficiency
(Fig. 4c). Combined the antibiofilm results, it is suggested that
ALP@Bdello enters “attack phase” when encountering the biofilm. It
exhibits attack phase including high motility and hydrolytic enzyme
secretion, and preys on Gram-negative bacteria. During this process, the
drug within in the backpack is disrupted and released. Interestingly,
even though the B. bacteriovorus cannot prey on Gram-positive bacteria,
B. bacteriovorus alone can still cause some degree of disruption to Gram-
positive bacterial biofilms (removal rate around 20-40 %). This may be
related to the behavioral changes in B. bacteriovorus upon contact with
Gram-positive bacteria. Studies have shown that when B. bacteriovorus is
co-cultured with biofilms of Gram-positive bacteria, there is a significant
increase in the expression of genes related to flagella biosynthesis,
gliding motility, chemotaxis, and protein hydrolysis [54]; and displays
predatory behaviors such as exhibiting high motility and secreting hy-
drolytic enzymes [16,55]. Im H. et al. demonstrated that B. bacteriovorus
can acquire amino acids from non-prey biofilms and utilize these amino
acids to synthesize and secrete proteases, while also increasing ATP
reserves and predatory activity, thereby deriving significant benefits
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from biofilms of Gram-positive bacteria that have not been preyed upon
[18]. It is currently generally believed that B. bacteriovorus also enters
the “attack phase” when co-cultured with Gram-positive bacterial bio-
films. Even if B. bacteriovorus does not proceed to the next step of pre-
dation, its high motility and hydrolytic enzymes secretion will still lead
to the degradation of the Gram-positive bacteria biofilm matrix. This
content explains how ALP@Bdello can penetrate the biofilms of Gram-
positive bacteria.

3.6. The antibiofilm effect of ALP@Bdello on the tooth

In previous studies [29], we evaluated the therapeutic efficacy of
engineered B. bacteriovorus for periodontitis with Gram-negative bac-
teria as the main pathogen. However, this strategy isn’t applicable in
dental caries where the main pathogenic factor is Gram-positive bacte-
rial S. mutans. Therefore, we evaluated the efficacy of the ALP@Bdello
system in removing S. mutans biofilm formed on the tooth. The S. mutans
biofilms were cultured on tooth slices and treated overnight with PBS,
Bdello, ALP, ALP + Bdello, or ALP@Bdello, respectively. As shown in
Fig. 5a, ALP@Bdello treatment resulted in the least residual biofilm on
the tooth slices compared to the other groups. In addition, patient teeth
were collected and cultured in BHI suspension. After the plaque biofilm
sufficiently covered the tooths surface, the teeth were treated with PBS,
Bdello, ALP, ALP + Bdello, or ALP@Bdello, respectively. By staining the
biofilm on the tooth surface with clinical plaque stains, we observed that
ALP@Bdello was more effective in removing biofilm from the tooth
compared to the other treatment (Fig. 5b).

3.7. In vivo anti-biofilm effect of ALP@Bdello

Next, we constructed a mouse skin wound model to evaluate the in
vivo antibacterial efficacy of ALP@Bdello. The wounds were inoculated
with biofluorescent E. coli, then treated with PBS, Bdello, ALP, ALP +
Bdello, or ALP@Bdello, and observed the E. coli colonization in the
wounds. As shown in Fig. 5¢, E. coli was almost eliminated in the
ALP@Bdello group after 12 h, while it remained abundant in the other
groups.

Besides, an infected wound model on healthy mice was developed
and treated with PBS, Bdello, ALP, ALP + Bdello, or ALP@Bdello. The
wound healing process was recorded on days 1, 3, 5, and 7, and wound
areas were quantified by Image J. The results (Fig. 5d-f) revealed that
the unhealed wound area in the ALP@Bdello group was 17.4 %, while it
was 25.2 %, 27.8 % and 23.4 % in the Bdello, ALP and ALP + Bdello
groups, respectively. These results indicate that ALP@Bdello exhibits
effective antibiofilm properties on skin wounds in vivo. Meanwhile,
blood biochemistry and blood routine tests (Fig. 5g) indicated that
ALP@Bdello had no significant adverse effect on liver and kidney
function or on blood cells. Taken together, these results suggest that
ALP@Bdello exhibits negligible toxicity in vivo and can effectively
inhibit the growth of E. coli on skin wound surfaces.

3.8. Therapeutic effects of ALP@Bdello on diabetic wound healing

The healing process of diabetic wounds is often prolonged due to the
immoderate inflammatory reaction and reduced angiogenesis capacity,
combined with mixed infections of multiple bacteria such as S. aureus
with E. coli [56,57], which increases the difficulty of clinical manage-
ment. Such a complex in vivo microenvironment may affect the local
drug delivery and biofilm efficacy of ALP@Bdello. Therefore, we
established a diabetic mouse model with multiple bacteria-infected
wounds to evaluate the properties of ALP@Bdello under these com-
plex conditions. Wounds were treated with PBS, Bdello, ALP, ALP +
Bdello, or ALP@Bdello three times a day for two weeks (Fig. 6a). The
skin wounds were recorded on days 1, 3, 7, 10, and 14, and the areas of
wounds were quantified by Image J. As shown in Fig. 6b, the ALP@B-
dello group possessed the most rapid healing rate among all the groups.
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The relative wound areas (Fig. 6¢) decreased to 10.7 % of their initial
areas in the ALP@Bdello group, whereas they decreased to 53.5 %, 31
%, 34.4 %, and 22.6 % in the PBS, Bdello, ALP, and ALP + Bdello groups,
respectively. Besides, significant reduction of biofilm formation on the
skin wound surface was observed in the ALP@Bdello group (Fig. 6d).
Histomorphological analysis using HE and Mason staining (Fig. 6e)
revealed nearly complete closure of wounds with substantial formation
of normal epithelium in the ALP@Bdello group. In contrast, wounds in
the other groups showed visible gaps and minimal new epithelial cell
growth. Additionally, the expression of inflammatory factors at the
wound site was evaluated, and found (Fig. 6f) that levels of IL-1p, IL-6,
and TNF-o were the lowest in the ALP@Bdello group among all treat-
ment groups. These results demonstrate that ALP@Bdello effectively
reduces bacterial biofilm adherence to infected wound surfaces within a
complex physiological environment and promotes healing of infected
wounds in diabetic mice.

Moreover, HE staining of the heart, liver, spleen, lung, and kidney
indicated that the mice were in good condition (Fig. S13), confirming
minimal toxicity of the ALP and Bdello combination in vivo. In recent
years, the biosafety of B. bacteriovorus has been recognized, studies in
cell lines and animal models show that B. bacteriovorus exhibits no
obvious toxicity and almost does not induce inflammatory responses
[14,58,59]. Moreover, it is found in the intestines of healthy humans,
with its abundance decreasing in disease states such as Inflammatory
Bowel Diseases and Celiac disease [60]. Therefore, B. bacteriovorus is
considered to have the potential to be used as an intestinal probiotic to
regulate gut disorders and restore gut ecological balance.

Based on the experimental results, the immune response trigger by
the introduction of ALP@Bdello in host is negligible. However, given
that B. bacteriovorus is a predator of Gram-negative bacteria, minimizing
the effect of ALP@Bdello on beneficial Gram-negative bacteria in the
host microbiome is indeed an important consideration. The precise use
of engineered B. bacteriovorus can effectively minimize its impact on the
host microbiome. The application of engineered B. bacteriovorus should
be carried out under specific conditions. The ALP@Bdello constructed in
this study mainly targets biofilm-related diseases, such as implant in-
fections, dental caries, and chronic infections in diabetic wounds. These
diseases are often associated with persistent bacterial biofilm infections,
especially in areas where stable biofilms form (e.g., wound surfaces,
dental surfaces). In these cases, localized application of ALP@Bdello can
effectively remove biofilms to control infections. Compared to systemic
administration, localized use can minimize the potential impact on other
beneficial Gram-negative probiotics in the host microbiome. In addition
to localized applications, we have also considered potential challenges
in future applications. To minimize interference with the host micro-
biome, a rational engineered B. bacteriovorus strategy is crucial. For
example, the proper drug loading within the ALP@Bdello “backpack”
and the dosage of B. bacteriovorus must be strictly controlled to ensure it
acts at the target site while minimizing its impact on the overall
microbiome. In addition, the combined use of probiotics or prebiotics
may can maintain the diversity of the skin, oral, or intestinal micro-
biomes, thereby preserving the balance of the microbiota. However, this
treatment should be specific, as microbiome changes vary among in-
dividuals during treatment. Monitoring and evaluation should be con-
ducted, with personalized interventions to supplement the appropriate
probiotics and prebiotics. This combination therapy may help reduce the
risk of dysbiosis and maintain the health of the host microbiome.

4. Conclusion

In this study, we address the challenge of poor drug diffusion within
biofilm by developing an ampicillin-encapsulated liposome modified
B. bacteriovorus (ALP@Bdello) as a drug delivery and treatment
approach for biofilm-related diseases. The predator B. bacteriovorus
preys on Gram-negative bacteria and can penetrate and disrupt the
dense structure of Gram-positive bacterial biofilms. During this process,
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ALP@Bdello effectively delivers antibiotic-loaded liposomes into the
biofilm, thereby enhancing the antibiotic release and improving biofilm
eradication. Engineering B. bacteriovorus with antibiotic-encapsulated
liposomes (ALP@Bdello) has proven to be more effective than the
simpler hybrid approach of combining liposomes and B. bacteriovorus.
This highlights the advantages of ALP@Bdello in penetrating biofilms
and facilitating drug delivery. Both in vivo and in vitro results confirm
that ALP@Bdello exhibits strong efficacy against both Gram-negative
and Gram-positive biofilms, accelerating dental plaque removal and
promoting the healing of infectious wounds. Additionally, liposomes are
a well-established and widely utilized drug delivery system. The
B. bacteriovorus-based delivery method shows potential for accommo-
dating a variety of drugs, positioning it as a promising universal strategy
for treating biofilm infections.
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