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ARTICLE INFO ABSTRACT

Keywords:
Antibiotics

Treatment of acute bacterial meningitis is difficult due to the impermeability of the blood-brain barrier, greatly
limiting the antibiotic concentrations that can be achieved in the brain. Escherichia coli grown in presence of iron-
oxide magnetic nanoparticles secrete large amounts of magnetic outer-membrane vesicles (OMVs) in order to
remove excess Fe from their cytoplasm. OMVs are fully biomimetic nanocarriers, but can be inflammatory. Here,
non-inflammatory magnetic OMVs were prepared from an E. coli strain in which the synthesis of inflammatory
lipid A acyltransferase was inhibited using CRISPR/Cas9 mediated gene knockout. OMVs were loaded with
ceftriaxone (CRO) and meso-tetra-(4-carboxyphenyl)porphine (TCPP) and magnetically driven across the blood-
brain barrier for sonodynamic treatment of bacterial meningitis. ROS-generation upon ultrasound application of
CRO- and TCPP-loaded OMVs yielded similar ROS-generation as by TCPP in solution. In vitro, ROS-generation by
CRO- and TCPP-loaded OMVs upon ultrasound application operated synergistically with CRO to kill a hard-to-
kill, CRO-tolerant E. coli strain. In a mouse model of CRO-tolerant E. coli meningitis, CRO- and TCPP-loaded
OMVs improved survival rates and clinical behavioral scores of infected mice after magnetic targeting and ul-
trasound application. Recurrence did not occur for at least two weeks after arresting treatment.

Blood-brain barrier
Membrane vesicles
Meningitis
Recurrence
Sonodynamic therapy

1. Introduction cerebrospinal fluid is low and antibiotic concentrations remain below

the minimum inhibitory and bactericidal concentration [8,9]. Secondly,

Acute bacterial meningitis is a life-threatening condition [1,2].
Although vaccination has reduced the incidence of community-acquired
meningitis, vaccine-escape by bacterial pathogens frequently occurs [3,
4] and mortality amongst meningitis patients still amounts 30% [5]
despite extensive antibiotic therapy, while about 9% of all patients have
a recurrent meningitis [6]. The failure of antibiotic therapy is first of all
due to the impermeability of the blood-brain barrier in the central
nervous system [1,7], possessing a unique barrier selectivity. The
selectivity of the blood-brain barrier is achieved by small capillaries
composed of vascular endothelial cells and surrounded by pericytes and
astrocytes. As a result of this selectivity, transport of antibiotics into the
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** Corresponding author.

innate immune clearance in the central nervous system is poor [10,11].
As a combined result of low antibiotic concentrations and poor immune
clearance, infecting bacteria can stop growing and adapt a low meta-
bolic activity to become temporarily antibiotic-tolerant. Anti-
biotic-tolerant bacteria survive antibiotic treatment and are therewith
responsible for recurrence of infection after disappearance of clinical
symptoms [12,13]. Although the antibiotic tolerance is initially
phenotypic, genotypically tolerant strains, i.e. permanently tolerant
strains, have also been found associated with recurrent meningitis [14,
15]. Despite the seriousness of meningitis and progress of our under-
standing of its etiology, it is sobering to read that recent reviews still
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conclude that the physicochemical properties of antimicrobials are not
well suited to cross the blood-brain barrier and accordingly alternative
treatment strategies are still direly needed [3,16,17].

Sonosensitizers [18,19] generate reactive oxygen species (ROS) upon
low-frequency ultrasound activation, operating synergistically with
antibiotics [20,21]. Moreover, sonodynamic therapy exhibits high tissue
penetration and negligible tissue damage as compared with photody-
namic therapy [20,22]. Sonodynamic therapy has not yet been applied
for the treatment of bacterial meningitis due to the difficulties involved
in transporting sonosensitizers and antibiotics across the blood-brain
barrier.

Extracellular Outer-Membrane Vesicles (OMVs) constitute a fully
biomimetic nanocarrier. OMVs are secreted by various cell types,
amongst which Gram-negative and Gram-positive bacterial strains.
OMVs by nature serve to transport proteins, DNA, signaling molecules
and toxins over long distances through the blood circulation [23,24].
Low harvesting yields of OMVs have hitherto impeded their use as a
clinically applicable drug nanocarrier. Besides, OMVs can be highly
inflammatory [25]. Making use of the natural ability of bacteria to
secrete OMVs to remove excess Fe from their cytoplasm, we have
recently described how Gram-negative Escherichia coli, grown in the
presence of iron-oxide magnetic nanoparticles can be induced to secrete
high amounts of OMVs with internalized iron-oxide magnetic nano-
particles [26]. Internalization of magnetic nanoparticles during bacte-
rial growth was demonstrated using transmission electron microscopy
and high-angle annular dark-field scanning transmission electron mi-
croscopy with elemental mapping, while inductively coupled
plasma-mass spectrometry showed an iron uptake of around 7 pg/10°
bacteria. This facilitated high yield, magnetic harvesting of these OMVs.
Magnet harvesting yields were found to be up to 60 times higher than
yields obtained using traditional methods, such as ultrafiltration [27] or
OMV-coating of nanoparticles by co-extrusion [28], which brings the
use of OMVs considerably closer to clinical application. Moreover,
magnetically harvested OMVs can be driven into an infectious biofilm
using an externally applied magnetic field [26].

The current study aimed to test our hypothesis that due to their
above described biomimicry, magnetically harvested OMVs secreted by
E. coli grown in presence of iron-oxide magnetic nanoparticles can be
loaded with an antibiotic and a sonosensitizer and driven across the
blood-brain barrier using an externally applied magnetic field for the
treatment of bacterial meningitis. In order to test this hypothesis and
prevent inflammation upon in vivo use of bacterial OMVs, we first con-
structed an E. coli AmsbB mutant in which lipid A acyltransferase is
synthesized possessing a modified lipid A structure which reduces the
inflammatory response against the E. coli OMVs secreted [25]. Subse-
quently, non-inflammatory, magnetically harvested OMVs were soni-
cally loaded with ceftriaxone (CRO; an antibiotic used in the clinical
treatment of meningitis) and loaded by incubation with
meso-tetra-(4-carboxyphenyl)porphine (TCPP; a potent sonosensitizer).
First absence of inflammatory responses and biosafety of CRO- and
TCPP-loaded magnetic OMVs were established in mice, after which
anti-bacterial efficacy of CRO- and TCPP-loaded magnetic OMVs were
determined in vitro, against a hard-to-kill, CRO-tolerant E. coli. Finally, a
murine meningitis model was used to demonstrate that CRO- and
TCPP-loaded magnetic OMVs could be magnetically driven across the
blood-brain barrier to facilitate highly effective sonodynamic treatment
of bacterial meningitis.

2. Results
2.1. Preventing inflammatory effects upon OMYV injection

Prevention of inflammatory effects is crucial for any potential human
application of OMVs. In order to prevent inflammation upon in vivo use

of bacterial OMVs, an E. coli mutant was constructed via CRISPR/Cas9
mediated gene knockout to inactivate lipid A acyltransferase synthesis
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[29]. Knockout of msbB genes in E. coli MG1655 AmsbB, responsible for
lipid A acyltransferase synthesis, was demonstrated using agarose gel
electrophoresis (Fig. 1A). OMVs from the knock-out strain E. coli
MG1655 AmsbB, did not invoke a response to infection of RAW 264.7
macrophages, opposite to OMVs from wild-type E. coli MG1655 (see
Fig. S1).

Subsequently, OMVs were magnetically harvested (see Fig. 1B) from
the E. coli MG1655 parent and the E. coli MG1655 AmsbB mutant strain
and loaded with CRO and TCPP (see section below). When E. coli
MG1655 derived magnetic OMVs were injected in mice at a dose of 6
mg/kg body, all mice in a group of 8 died within 48 h after injection.
Oppositely, all mice injected with a ten-fold higher dose of 60 mg/kg of
magnetic OMVs derived from the AmsbB mutant survived (Fig. 1C). In a
group of mice injected with a low, non-lethal dose of 0.6 mg/kg of E. coli
MG1655 derived OMVs (see also Fig. 1C), significantly increased serum
levels of IL-6 and TNF-a relative to PBS were found (Fig. 1D). Injection of
this low, non-lethal dose of E. coli MG1655 AmsbB derived OMVs on the
other hand, yielded similarly low serum levels of IL-6 and TNF-a, as
observed upon injection of PBS (see Fig. 1D). Collectively, these data
confirm absence of inflammatory lipid A acyltransferase in CRO- and
TCPP-loaded OMVs derived from E. coli MG1655 AmsbB.

Biosafety of intravenous injection in mice of CRO- and TCPP-loaded
magnetic, non-inflammatory OMVs derived from E. coli MG1655 AmsbB
was further examined based on blood biochemistry (Fig. S2A), cell
counts (Fig. S2B) and histological analysis of major organ tissues
(Fig. S2C). Blood biochemistry and cell counts did not show any ab-
normalities up to at least 15 days after intravenous injection (Fig. S2A
and S2B). Also, neither heart, kidney, spleen, lung nor liver tissues of
mice, sacrificed 1, 7 or 15 days after injection, demonstrated signs of
inflammation (Fig. S2C) Collectively, these results indicate that mag-
netic, non-inflammatory OMVs derived from E. coli MG1655 AmsbB
remained biosafe upon loading of CRO and TCPP.

2.2. CRO- and TCPP-loading and release from OMVs upon ultrasound
application

Next, E. coli MG1655 AmsbB derived magnetic OMVs were sonically
loaded with CRO, while TCPP was loaded upon incubation with OMVs
(see also Fig. 1B). Loading increased with increasing concentrations of
CRO (Fig. S3A, B and S4A) and TCPP (Fig. S3C, D and Fig. S4B) in so-
lution up to maximal levels using 1500 pg/mL CRO and 200 pg/mL
TCPP. Hence, concentrations of 1500 pg/mL CRO and 200 pg/mL TCPP
were further employed for the loading of magnetically derived OMVs in
the remainder of this study.

Mass spectroscopy indicated peaks at m/z equal to 577.8 and 791.5
(Fig. 2A), indicative of CRO and TCPP, respectively. Subsequently,
loading contents of CRO and TCPP were calculated based on UV ab-
sorbances (Fig. S3) and found to be 590 and 128 ng/pg of OMV protein
for CRO and TCPP, respectively (roughly equivalent with 7.7 x 107 ng
CRO and 1.7 x 10”7 ng TCPP per OMV).

OMV diameters did not increase upon loading of CRO and TCPP and
hovered around 115 nm (Fig. 2B), while a spherical morphology
remained to exist (Fig. 2C). This demonstrates absence of any impact on
the integrity after loading, neither by cavitation and microstreaming
during CRO loading, nor by distribution in the lipid bilayer and diffusion
of hydrophobic TCPP into the OMVs. Zeta potentials of magnetic OMVs
did not significantly change upon loading (Fig. 2D) due to the negative
charge of TCPP [30]. CRO- and TCPP-loaded magnetic OMVs had di-
ameters and zeta potentials that remained stable up to at least 9 days in
PBS (Fig. 2E).

CRO and TCPP release from OMVs in absence of ultrasound appli-
cation increased with time to level off after 12 h around 20% (Fig. 3A),
presumably by diffusion through OmpF porins in OMVs [31]. Cavitation
and microstreaming during ultrasound application in the vicinity of the
OMVs may lead to a disruption of their membrane structure [32,33].
Accordingly, only 5 min application of ultrasound enhanced release of
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Fig. 1. Construction of a non-inflammatory E. coli mutant and magnetic harvesting of OMVs. (A) Agarose gel electrophoresis, demonstrating absence of msbB genes
in E. coli MG1655 after CRISPR/Cas9 knockout. (B) Magnetic harvesting of OMVs secreted by E. coli grown in presence of iron-oxide magnetic nanoparticles and
loading of CRO and TCPP. (C) Survival rates of mice intravenously injected with PBS or different doses of CRO- and TCPP-loaded magnetic OMVs (n initially equals 8
mice per group). (D) IL-6 and TNF-a levels in serum, taken from mice, 6 h after intravenous injection mice with 100 pL PBS, E. coli MG1655 or E. coli MG1655 AmsbB
derived magnetic OMVs (dose: 0.6 mg/kg). Data in all panels represent means + SDs over triplicate experiments with groups of 3 mice.
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Fig. 2. CRO- and TCPP-loading of OMVs, OMV diameters and zeta potentials. (A) Mass spectrometry of magnetic OMVs in absence (top figure) and presence of CRO-
and TCPP-loading (bottom figure). (B) Hydrodynamic diameters of magnetic OMVs in absence and presence of CRO- and TCPP-loading, measured in PBS (pH 7.4).
(C) HAADF-STEM micrographs of OMVs in absence and presence of TCPP- and CRO-loading. (D) Same as panel (b), now showing OMV zeta potentials. (E) Stability
of magnetic OMVs loaded with CRO and TCPP in PBS (pH 7.4) at 25 °C as a function of time. Data in all relevant panels represent means + SDs over triplicate
experiments with separate batches of OMVs. NS indicates absence of statistical significance at p > 0.05 (Student’s t-test).
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Fig. 3. Release of CRO and TCPP from OMVs after ultrasound application (40 kHz, 2 W/cm?, 50% duty cycle) in PBS and ROS generation at a TCPP-equivalent
concentration of 2 pg/mL. (A) Release of CRO and TCPP from CRO- and TCPP-loaded OMVs as a function of time, starting 5 min after arresting ultrasound
application. Release was expressed relative to the amount of CRO and TCPP loaded at time 0, set at 100%. (B) ROS generation by TCPP in solution and in CRO- and
TCPP-loaded OMVs as a function of time, starting 5 min after arresting ultrasound application. ROS generation was quantitated based on ROS-induced oxidation of
singlet-oxygen sensor green (SOSG) into green-fluorescent SOSG endoperoxide [34]. ROS generation was expressed relative to the total amount of ROS generated
after 10 min. Data in all panels represent means + SDs over triplicate experiments with separate batches of OMVs.

CRO and TCPP, now leveling off after 12 h around 45%. Concurrent with
ultrasound-enhanced release of TCPP, ROS was generated (Fig. 3B). ROS
generation upon TCPP release was not affected by the absence or pres-
ence of CRO-loading of OMVs (Fig. 3B).

2.3. Efficacy of CRO- and TCPP-loaded OMVs against CRO-tolerant
E. coli

CRO-tolerant bacterial strains constitute a major problem in the
clinical treatment of meningitis. Therefore, first, a CRO-tolerant E. coli
strain was constructed, according to a literature procedure [35] by
repeated sub-culturing of E. coli ATCC 25922 in presence of
sub-inhibitory concentrations of CRO (see Fig. S5A). After eight cycles of
repeated sub-culturing, the MIC (0.24 pg/mL) had not increased
(Fig. S5Band Table S1), while the strain was more slowly killed over
time in presence of CRO (Fig. S5C). However, compared with the parent
strain, the MBC of the CRO-tolerant strain had increased by a factor of
eight, while the minimal duration of exposure to CRO for achieving 99%
killing had increased from 2 h to almost 8 h. This is a typical feature of
antibiotic-tolerant bacterial pathogens and demonstrates that the E. coli
strain obtained after repeated sub-culturing in presence of CRO had
indeed become CRO-tolerant, regardless of whether E. coli were exposed

to CRO free in solution or released from OMVs. Note from Table S1 that
TCPP either free in solution or released from OMVs did not affect the
viability of the E. coli parent strain nor of its CRO-tolerant mutant,
regardless of ultrasound application.

CRO- and TCPP-loaded OMVs as well as OMVs loaded only with
CRO, both reduced the number of E. coli CFUs in suspension by 2 log
units in absence of ultrasound application (Fig. 4A). OMVs loaded with
only TCPP did not cause any decrease in CFUs as compared with a
bacterial suspension in PBS, regardless of ultrasound application.
Application of ultrasound did not further contribute to E. coli killing in
suspension by CRO- or TCPP-loaded OMVs. However, E. coli killing upon
ultrasound application by CRO- and TCPP-loaded OMVs yielded 1.5 log
units larger killing than by OMVs single-loaded with CRO, i.e. 3.5 log
units better killing than achieved in PBS. This points to synergistic
killing by CRO and the ROS generated upon ultrasound application to
TCPP.

ROS generation in E. coli after exposure to CRO- and TCPP-loaded
OMVs was confirmed using bacteria stained with 2',7-dichlorodihy-
drofluorescein (DCFH-DA), demonstrating green-fluorescence in pres-
ence of ROS [34]. Green-fluorescence E. coli were virtually absent in
presence of OMVs without ultrasound application, but after exposure to
CRO- and TCPP-loaded OMVs and ultrasound application the majority of
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Fig. 4. In vitro antibacterial effects of CRO- and TCPP-loaded magnetic OMVs against planktonic, CRO-tolerant E. coli ATCC 25922 after 5 min ultrasound appli-
cation. 1 mL of an E. coli suspension in PBS at pH 7.4 (5 x 10° bacteria/mL) was mixed for 2.5 h with CRO-, TCPP- or CRO- and TCPP-loaded OMVs (CRO and TCPP
equivalent concentrations in all experiments amount 2 pg/mL and 0.4 pg/mL, respectively). For CLSM imaging, suspensions were concentrated to 10° bacteria/mL
after treatment. (A) The number of CFUs of CRO-tolerant E. coli after exposure to OMVs in absence or after ultrasound application. Error bars denote standard
deviations over 5 measurements with separately prepared batches of OMVs and different bacterial cultures. * indicates significant differences at p < 0.05 between
data indicated by the spanning bars (one-way ANOVA). (B) Presence of intracellular ROS inside E. coli in PBS after E. coli staining with a green-fluorescence ROS
probe (DCFH-DA) [34]. (C) Cell wall damage in E. coli in PBS after staining with SYTO9/propidium iodide. Cell wall damage turns green-fluorescent bacteria into
red-fluorescent ones [36].

bacteria showed green-fluorescence in CLSM images (Fig. 4B). Minor
ROS generation was observed in case E. coli were exposed to
TCPP-loaded OMVs after ultrasound application. Concurrently, severe
cell wall damage, visualized by red-fluorescent E. coli after SYTO9/-
propidium iodide staining, only occurred upon exposure to CRO- and

TCPP-loaded OMVs after ultrasound application (Fig. 4C). Importantly,
ROS generation upon ultrasound application did not affect the viability
of human umbilical vein endothelial cells (see Fig. S6). Collectively,
these observations point to a synergy between CRO and TCPP in the
sonodynamic killing of CRO-tolerant E. coli, as supported by the absence



R. Shi et al.

of sonodynamic bacterial killing in the presence of a ROS scavenger
(thiourea; see Fig. S7).

2.4. Magnetically-driving OMVs across the blood-brain barrier in mice
and removal from the body

Fluorescence imaging demonstrated that TCPP in solution was un-
able to cross the blood-brain barrier after tail-vein injection, regardless
of magnetic field application on top of the head of the mice (Fig. 5A).
Similarly, TCPP was not detected in the brains of mice when loaded
together with CRO in magnetic OMVs in absence of magnetic field
application, but TCPP was detected in the brain within 1 h after tail-vein
injection upon application of a magnetic field at a dose of 50 mg/kg,
known to be safe for use in neonates [37]. Quantitative analysis of the
red-fluorescence as a function of time after tail-vein injection of
TCPP-loaded OMVs and magnetic field application, showed a steady
increase in red-fluorescence in the brain due to TCPP accumulation that
reached a maximum after 3 h (Fig. 5B).

In order to study the distribution of OMVs within the brain, mice
were sacrificed 3 h and 24 h after tail-vein injection of OMVs and
magnetic field application, after which brain sections were taken and
stained for microscopic analyses. Three hours after injection, red-
fluorescent OMVs could be found outside of the vasculature, both in
the ventricular and cortical regions of the brain (Fig. 5C). Few red-
fluorescent OMVs had remained detectable in the brains of mice sacri-
ficed 24 h after injection. Besides accumulation in the brain after mag-
netic field application, magnetic OMVs were found accumulated in the
liver, spleen, lungs and kidneys of mice due to convective-diffusion
through the blood circulation (Fig. 5D). After 24 h however, accumu-
lation had significantly decreased compared to 3 h in all organs,
including the brains with exception of the kidneys (see also Fig. 5D),
where no significant decrease in fluorescence was observed. Collec-
tively, these data indicate that CRO- and TCPP-loaded magnetic OMVs
can be magnetically-driven across the blood-brain barrier to reach an
infection site and are removed from the brain and the body by natural
processes through the urinary tract.

2.5. Treatment of bacterial meningitis in mice using magnetic CRO- and
TCPP-loaded OMVs

Acute, bacterial meningitis was initiated in mice according to a
literature protocol [38,391, by injecting a dose of 1 x 10° CFU/site of
CRO-tolerant E. coli ATCC 25922 directly into the sub-arachnoid region
of the brain. Twelve hours after initiating infection, mice showed minor
signs of abnormal behavior (clinical behavior score <1) as the onset of
meningitis. At day 0, mice were randomly divided into five groups for
treatment with PBS, CRO free in solution or magnetic OMVs loaded with
CRO and TCPP that were magnetically driven across the blood-brain
barrier by magnetic field application for 3 h. Magnetic field applica-
tion was followed by 5 min ultrasound application (see scheme in
Fig. 6A). Treatment using CRO- and TCPP-loaded OMVs was also carried
out in absence of magnetic field or ultrasound application. Treatment
was done at 09.00 a.m. The clinical behavior score was taken 1 h before
each treatment at 08.00 a.m. and rapidly increased in mice treated with
PBS (Fig. 6B). All mice treated with PBS died (score 4) within 3 days
after initiating treatment (Fig. 6C). Similarly, the clinical behavior score
of mice treated with CRO free in solution or magnetic CRO- and
TCPP-loaded OMVs magnetically-driven across the blood-brain barrier,
either in absence of ultrasound application or in absence of magnetic
field application, increased to around 3 (unable to walk). After 120 h,
only 25%-35% of the mice had survived the above treatments. However,
after magnetically driving CRO- and TCPP-loaded OMVs across the
blood-brain barrier and upon application of ultrasound, clinical
behavior scores remained low to hover around 1 (see also Fig. 6B) and
all but five mice survived (75%; see also Fig. 6C). Continued monitoring
of the surviving mice showed no further deaths up to 18 days after
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initiating treatment (Fig. 6C).

In the five different groups of infected mice, randomly-selected mice
were sacrificed at day 2 prior to the third treatment to assess bacterial
CFUs in the brain. In line with the time course of the clinical behavior of
mice, magnetically directed CRO- and TCPP-loaded OMVs after ultra-
sound application yielded the largest reduction in E. coli CFUs in the
brain (Fig. 6D). Mice surviving treatment were kept alive for another 14
days after arresting treatment and accordingly sacrificed at day 18 and
brain tissue was examined for bacterial regrowth. The number of CFUs
in brain tissue had decreased further with respect to the number of CFUs
found for all treatments (Fig. 6E). However, 14 days after arresting
treatment at day 18, the beneficial effects of treatment with magnetic
OMVs loaded with CRO and TCPP followed by magnetic field and ul-
trasound application were about 20-fold larger than of CRO free in so-
lution or of CRO- and TCPP-loaded OMVs in presence of only magnetic
field or ultrasound application. This suggests a smaller chance upon
recurrence of infection.

Histological examination of brain sections of mice sacrificed at day 2
after hematoxylin and eosin staining (Fig. 6F), exhibited neutrophils
both in the ventricular and meningeal outer regions of the brain, along
with thickening of the meningeal layer in mice treated with PBS. Also in
mice treated with PBS and CRO free in solution, erythrocytes were
massively visible in ventricular and meningeal brain regions. These
features were rare or absent in infected animals treated with
magnetically-directed TCPP- and CRO-loaded OMVs after ultrasound
application. Also, the number of apoptotic cells visualized using TUNEL-
staining (Fig. 6G), appeared remarkably reduced in the ventricular and
meningeal regions upon treatment with magnetically-directed TCPP-
and CRO-loaded OMVs after ultrasound application, demonstrating
reduced brain damage.

3. Discussion

The work presented in this article addresses the urgent need
expressed in many recent reviews on the treatment of meningitis [3,16,
17] to develop antimicrobials with physicochemical properties that
allow crossing of the blood-brain barrier. The ease at which magnetic
bacterial OMVs can be magnetically harvested in large quantities
nowadays [26], has paved the way for advancing the clinical use of
OMVs as antimicrobial nanocarriers with different physicochemical
properties than all currently known drug carriers. Here we demonstrate
that non-inflammatory, magnetic bacterial OMVs loaded with an anti-
biotic and a sonosensitizer are highly efficacious in the treatment of
CRO-tolerant E. coli induced meningitis in mice.

Application of CRO- and TCPP-loaded OMVs could be done in mice
without causing any demonstrable signs of inflammation (Fig. 1C, D and
Fig. S2), due to the use of OMVs harvested from an E. coli mutant with
knocked out msb genes. Knockout of msb genes, inhibited lipid A acyl-
transferase synthesis [40,41], yielding production of non-inflammatory,
under-acylated LPS by the E. coli AmsbB mutant, that significantly
reduced the immune response to LPS.

Rapid crossing of the blood-brain barrier is achieved by magnetically
driving antimicrobial loaded OMVs across the blood-brain barrier in a
short period of time without causing demonstrable brain damage
(Fig. 6F and G). This is in line with multiple in vivo studies in animals
[33], showing that ultrasound transiently and reversibly opens the
blood-brain barrier with barrier function returning to normal within 20
h [42]. Peptide modification of nanoparticles is also under investigation
nowadays for crossing the blood-brain barrier [43,44], but mostly relies
on convective-diffusion through the blood-circulation and
receptor-mediated interactions that are hampered by the formation of a
protein corona around the nanoparticles [45]. Relying solely on
diffusion-crossing of the blood-brain barrier however, takes too long to
rely upon in case of acute meningitis, making fast, magnetic-driving of
OMVs across the blood-brain barrier a major advantage above slow
diffusion-driven crossing. Importantly, once magnetically driven into
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Fig. 5. Magnetically driving CRO- and TCPP-loaded OMVs across the blood-brain barrier in mice. CRO- and TCPP-loaded OMVs (CRO and TCPP equivalent doses
amount 50 mg/kg and 10 mg/kg, respectively) and TCPP in solution (10 mg/kg) were tail-vein injected into the vasculature. OMVs were visualized making use of the
red-fluorescence of TCPP (emission at 710 nm upon excitation at 660 nm). (A) Fluorescence images of mice at different points in time after tail-vein injection in
absence and presence of an externally applied magnetic field on top of the head of mice. Magnetic field application was done up to 6 h. Red-fluorescence is presented
on a pseudo-color scale. (B) Quantification of TCPP red-fluorescence in the brains of mice, as derived from fluorescence images as presented in panel a. (C) Dis-
tribution of red-fluorescent CRO- and TCPP-loaded OMVs after passing the blood-brain barrier in ventricular and cortical regions of the brain in mice, sacrificed 3 h
or 24 h after tail-vein injection of OMVs. Brain sections were stained with green-fluorescent CD31 (vasculature) and blue-fluorescent DAPI (nuclei). (D) Distribution
of CRO- and TCPP-loaded OMVs in different organs of mice, sacrificed 3 h or 24 h after tail-vein injection of OMVs and expressed as a percentage of the injected dose
(ID%), based on the red-fluorescence of TCPP. Data in all panels represent means + SDs over triplicate experiments within groups of 3 mice. * and ** indicate
statistical significances at p < 0.05 and p < 0.01, respectively. NS means not significant at p > 0.05 (one-way ANOVA).
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the brain, OMVs are also able to slowly diffuse out of the brain over a
time course of 24 h, without magnetic field assistance. Secondly,
sonodynamically-induced generation of ROS combined with CRO
release provides a dual attack against which CRO-tolerant bacteria
appeared to have no defence. Also in other applications, traditional
antibiotic treatments could be made effective against antibiotic-tolerant
or antibiotic-resistant pathogens by combination of ROS with an anti-
biotic [46-48].

ROS has a range of bacterial targets, including DNA, RNA, lipids,
proteins and cell membranes and does not require uptake in growing
bacteria as many antibiotics do [49]. ROS provides synergistic action
with CRO by creating easier access of CRO into a bacterium, while
intra-bacterial presence of CRO alters the redox state within bacteria and
enhances intra-bacterial accumulation of ROS [49,50], which inhibits
peptidoglycan synthesis [51]. The short lifetime of ROS in the order of
several micro-seconds, allows it to diffuse over only very short distances
of around 200 nm in aqueous solutions [52]. This makes the timing of
ultrasound application for the sonodynamic induction of ROS genera-
tion crucial and ultrasound application should occur not only after
OMVs have been magnetically driven across the blood-brain barrier, but
also after sufficient time has been provided for the OMV to fuse into
infecting pathogens.

The main limiting factor of this study with regards to further human
clinical translation is the extrapolation of our conclusions from the
relatively small volume of the murine brain to the much larger human
brain and a thicker human skull. The current ultrasound conditions were
chosen to have a relatively low frequency (40 kHz) to ensure good
penetration in the brain, but the low frequency bears the risk of cavi-
tation, thermal effects and associated intracerebral hemorrhage
[53-55]. However, no signs of intracerebral hemorrhage or other types
of brain damage (Fig. 6B, F and G) were observed, probably due to the
use of a relatively low ultrasound power (intensity 2 W/cm?) and short
duration (5 min at 50% duty cycle). For comparison, focused ultrasound
treatment is usually done at frequencies ranging from 1 to 7 MHz [56].
In diagnostic ultrasound application, high intensities are considered to
range between 1000 and 10000 W/cm?), while low intensities are
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described as < 3 W/cm? [33]. Thus, the ultrasound conditions applied
here may be considered safe. However, specific guidelines for safe brain
treatment are still emerging. Future human clinical use of
magnetically-targetable OMVs will undoubtedly be done using more
powerful magnetic targeting technologies based on 3D multi-magnet
systems [57], providing better targeting precision within shorter pe-
riods of magnetic field application.

In summary (see also Fig. 7), we have demonstrated how non-
inflammatory, magnetic OMVs can be driven over the blood-brain bar-
rier by an external magnetic field. When loaded with a combination of
CRO and TCPP, ultrasound application yielded ROS generation by TCPP
that worked synergistically with CRO in the treatment of bacterially-
induced meningitis in mice. Effective sonodynamic treatment could
already be initiated within 3 h after magnetically driving the OMVs
across the blood-brain barrier, which is clinically highly important
considering the speed at which acute meningitis can result in death.
Recurrence of meningitis remained absent for at least two weeks after
arresting treatment despite the use of a CRO-tolerant pathogen, while
OMVs accumulated in the brain diffused slowly out of the brain and
were removed from the body through the urinary tract. We believe that
we have provided proof-of-principle of a novel, direly needed strategy
for the treatment of acute, bacterial meningitis that warrants further
clinical translation.

4. Materials and methods
4.1. Materials

All chemicals purchased were analytical grade and used without
further purification. Oleic acid (90%), oleyl amine, 1,2-dexadecanediol
(97%), benzyl ether (99%), iron acetylacetonate (Fe(acac)s), cacodylate
buffer, acetonitrile, trifluoroacetic acid and DCFH-DA probes were
purchased from Sigma-Aldrich (Beijing, China). Ethanol was purchased
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). SYTO9/
propidium iodide (Live/Dead Viability Kit) and DAPI were purchased
from Thermo Fisher Scientific (Beijing, China). Glutaraldehyde and
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tetrahydrofuran (THF) were purchased from J&K Scientific Ltd.
(Shanghai, China). Sodium chloride (NaCl), potassium chloride (KCl),
NayHPOy4, and KHoPOy4, were purchased from Chemical Industrial Co.
(Shanghai, China). The 2,5-dihydroxybenzoic acid was purchased from
Bruker (Billerica, Massachusetts, USA). Ethylenediaminetetraacetic acid
(EDTA) was purchased from MERYER Co., Ltd. (Shanghai, China). Tet-
rakis (4-carboxyphenyl) porphyrin (TCPP) was bought from TCI Co.,
Ltd. (Shanghai, China). Uranyl acetate was obtained from HEAD
Biotechnology Co., Ltd. (Beijing, China). Ceftriaxone (CRO) was pur-
chased from Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai,
China). Singlet oxygen sensor green (SOSG) was purchased from Beyo-
time (Shanghai, China). Enzyme-linked immunosorbent assay (ELISA)
kits for IL-6 and anti-CD31 antibodies were obtained from Abcam
(Cambridge, UK), and ELISA kit for TNF-a was obtained from Beyotime
Biotechnology (Shanghai, China). Luria-Bertani (LB) from Microbial
Reagent Co. Ltd. (Hangzhou, China). Ultrapure water (Millipore Milli-Q
grade, 18.2 MQ) was used in all experiments.

4.2. Bacterial strain selection and construction, culturing and harvesting

E. coli ATCC 25922 and E. coli MG1655 (ATCC 700926) were ob-
tained from the American Type Culture Collection (Baltimore, USA) and
have been used before for magnetic outer-membrane vesicle (OMV)
harvesting [26]. In order to construct a msbB deletion mutant of E. coli
MG1655 (E. coli MG1655 AmsbB), in which lipid A acyltransferase
synthesis was inhibited, CRISPR/Cas9 gene knockout was employed
[29]. First, the primers were designed and the upstream homologous
arm (with ~580 bp-length) and the downstream homologous arm (with
~560 bp-length) of the target gene (msbB) were obtained by PCR
amplification. Then the upstream homologous arm and downstream
homologous arm were fused by extension PCR. Subsequently, the fusion
fragment was connected with the T-vector and transferred into the
receptive state of E. coli MG1655 along with CRISPR/Cas9 knockout
plasmids by electroporation. After the knockout of msbB, the gene was
extracted and knock-out verified by PCR amplification.

A CRO-tolerant E. coli ATCC 25922 mutant was constructed by cyclic
exposure to ceftriaxone (CRO) [35]. First, an overnight culture (0.5 mL;
5 x 108 bacteria/mL) was diluted 1:100 into 50 mlL Luria-Bertani (LB)
growth medium supplemented with 2.5 pg/mL (>MIC x 10) CRO and
incubated at 37 °C for 3 h with shaking at 220 rpm. Next, the
CRO-containing medium was removed by centrifugation for 5 min at
4000x g and bacteria were washed twice in LB medium. Subsequently,
bacteria were resuspended in 1 mL fresh LB medium for overnight cul-
ture. This procedure was repeated 5 times after which the minimal
inhibitory concentration (MIC) and minimum bactericidal concentra-
tion (MBC) values together with the minimum duration for killing 99%
of all bacteria (MDKgg) were determined.

All E. coli strains were kept on LB agar plates, pre-cultured in LB
medium for 24 h at 37 °C in ambient air and finally cultured for another
16 h. Harvesting was done by centrifugation for 5 min at 4000 x g,
followed by washing (2x) in phosphate-buffered saline (PBS; NaCl:
0.137 M, KCl: 0.0027 M, NaoHPQy4: 0.01 M, KHoPO4: 0.0018 M, pH 7.4)
and suspended in LB medium to concentrations appropriate to the
respective experiments, as determined by colony forming units (CFU)
enumeration on LB agar plates.

4.3. Preparation of OMVs and drug loading

OMVs were harvested as previously reported [26]. First, magnetic
nanoparticles were prepared. To this end, 2 mmol Fe(acac)s, 10 mmol 1,
2-dexadecanediol, 6 mmol oleic acid, 6 mmol oleyl amine, and 20 mL
benzyl ether were mixed, and kept at 200 °C for 2 h, and subsequently
heated to 300 °C for 1 h under nitrogen gas. The mixture was cooled
down to room temperature and washed with 100% ethanol. Magnetic
nanoparticles were obtained by centrifugation (21000 g, 10 min) and
resuspended in tetrahydrofuran for PEGylation to improve their water
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suspendability and facilitate bacterial uptake.

Subsequently, E. coli MG1655 AmsbB was grown as described above,
but now in presence of magnetic nanoparticles (200 pg/mL) [26]. After
bacterial growth for 24 h, the suspension was centrifuged and pelleted
bacteria were transferred to fresh growth medium without magnetic
nanoparticles and culturing was continued for another 24 h. After
centrifugation and filtration, OMVs were magnetically harvested and
resuspended in PBS.

For CRO loading into OMVs, purified OMVs (0.5 mg OMV protein/
mL in PBS) were first mixed with different concentrations of CRO in PBS
at room temperature. Then the mixture was sonicated using a BILON92-
I Probe Sonicator (Shanghai Bilon Instrument Co., Ltd., China) with the
following settings: 40 W, 8 cycles of 20 s on/off with a 90 s cooling
period between each cycle. During sonication, cavitation occurs in the
suspension fluid. The collapse of cavitation bubbles near an OMV gen-
erates a microstream that propels the CRO into an OMV, while possible
damage to the OMVs is restored by self-re-assembly of the OMV mem-
brane [58]. After sonication, the mixture was incubated at 37 °C for 60
min to stabilize the OMV membranes. Excess free CRO was separated
from the CRO-loaded OMVs by magnetic separation. For TCPP loading,
CRO-loaded OMVs were mixed with different concentrations of TCPP
and incubated at 37 °C for 1 h during which TCPP, due to its hydro-
phobicity, will distribute in the lipid bilayer of an OMV and diffuse in-
wards [58]. Subsequently, dual-drug loaded OMVs were magnetically
separated.

Drug loading was determined using MALDI-TOF MS. Briefly, drug-
loaded OMVs were suspended in PBS and deposited on a MALDI target
plate (MSP 384 ground steel target, Bruker Daltonics, German) by drop
casting (1 pL for each spot) and air-dried for 15 min. 2,5-Dihydroxyben-
zoic acid (20 mg/mL) was dissolved in acetonitrile/water/trifluoro-
acetic acid (volume percentage, 50/49.9/0.1%) solution and used as a
matrix. MALDI-TOF MS was performed on a Bruker BIFLEX III mass
spectrometer (Bruker Daltonics, Germany) equipped with an Nd:YAG
laser (wavelength 355 nm, laser pulse duration 3 ns) with reflection in
positive-ion modes. The amount of drug-loaded into OMVs was
measured by a UV-vis spectrophotometer (NanoDrop, Thermo Fisher
Scientific) after disintegrating the drug-loaded OMVs using 0.1 M EDTA
(pH 8.0) for 1 h at 37 °C. Absorbance wavelengths of 254 nm and 414
nm were used for CRO and TCPP, respectively and after making a cali-
bration curve for CRO and TCPP (Fig. S3), drug loading efficiencies were
calculated according to

weight of TCPP or CRO loaded

100%
total protein weight of OMVs x Y

Drug Loading effiency =

4.4. Characterization of OMVs

Zeta potentials and hydrodynamic diameters of OMVs with or
without drug-loading were measured in PBS at 25 °C using a Zetasizer
Nano ZS (Malvern Instruments, UK). For transmission electron micro-
scopy (TEM) and high-angle annular dark-field scanning TEM (HAADF-
STEM), OMVs were fixed in 2.5% glutaraldehyde in cacodylate buffer
(pH 7.4, 0.1 M) at 4 °C for 1 h and 5 pL droplets were placed onto a
carbon-coated copper grid and allowed to attach for 20 min. Grids were
washed in cacodylate buffer (pH 7.4, 0.1 M) and stained with 2% uranyl
acetate. After removing the excess stain, grids were rinsed with water,
air-dried at room temperature, and examined on a Tecnai F20 micro-
scope operated at 120 kV (FEI, USA).

4.5. CRO- and TCPP-release from OMVs upon ultrasound application

Release of CRO and TCPP from the CRO- and TCPP-loaded OMVs was
determined using dialysis in absence and presence of ultrasound appli-
cation (1 mL OMV suspension at 40 kHz, 2 W/cmz, 50% duty cycle).
These ultrasound conditions are common in sonodynamic treatments
and can be applied maximally a few minutes, possibly ranging up to 30
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min, depending on the treatment goal [59]. For the current treatment
goal involving brain tissue longer duration times are not advisable and
hence ultrasound treatment was done for 5 min. After ultrasound
application, sonicated OMVs were added to a dialysis bag (molecular
weight cut-off at 3500, Shanghai Yuanye Biotechnology Corporation,
Shanghai, China) and dialysis was carried out against 30 mL PBS, pH 7.4
in the dark at 37 °C. After 1, 4, 8, and 12 h, 500 pL of dialysate was
collected and the amounts of CRO and TCPP released from the OMVs
were quantified by UV-vis spectrophotometer (see above) using a cali-
bration curve (Fig. S3), after concentrating the OMV suspension by
centrifugation when needed in order to measure concentrations within
the range of the calibration curve. After taking aliquots, 500 pL of PBS
was added to ensure a constant volume.

4.6. Quantification of ROS generation by ultrasonication of TCPP

TCPP in solution or CRO- and TCPP-loaded OMVs in PBS at a TCPP
equivalent concentration of 2 pg/mL were mixed with a commercially
obtained Reactive Oxygen Species (ROS) probe, singlet oxygen sensor
green (SOSG, 0.5 mM), and ultrasonicated (40 kHz, 2 W/cem?, 50% duty
cycle; Suzhou Nathan Ultrasonic Technology Co., Suzhou, China) for 2,
5 and 10 min. Subsequently, the fluorescence of each sample was
detected using a microplate reader (Variskan, Thermo Fisher Scientific,
Waltham, USA) at excitation and emission wavelengths of 488 and 525
nm, respectively.

4.7. Efficacy of CRO- and TCPP-loaded OMVs against CRO-tolerant
E. coli in vitro

The Kkilling efficacy of CRO- and TCPP-loaded OMVs towards
planktonic, CRO-tolerant E. coli ATCC 25922 was determined by sus-
pending bacteria (5 x 10® CFU/mL) in PBS and mixing with equal vol-
umes with suspensions of CRO-loaded OMVs, TCPP-loaded OMVs, or
CRO- and TCPP-loaded OMVs at CRO and TCPP equivalent concentra-
tions of 2 pg/mL and 0.4 pg/mL, respectively. After incubation for 2.5 h
in the dark, the suspension was ultrasonicated (40 kHz, 2 W/cm?, 50%
duty cycle) for 5 min and centrifuged to re-suspended in PBS. 10 pL
aliquots were taken from each suspension, serially diluted, and plated on
LB agar plates. After 24 h at 37 °C in ambient air, the number of CFUs
was counted. Also, possible cell membrane damage was assessed using
SYTO9/propidium iodide staining, turning green-fluorescent bacteria
with an intact cell membrane into red-fluorescent ones in case of cell
wall damage. Levels of ROS generated in the bacteria were assessed
using a green-fluorescence ROS probe, 2,7-dichlorodihydrofluorescein
diacetate (DCFH-DA). To this end, E. coli were stained with 10 pM
DCFH-DA and left in the dark for 20 min at 37 °C prior to OMV exposure
and ultrasonication (40 kHz, 2 W/crnz, 50% duty cycle) for 5 min and
immediately imaged using confocal laser scanning microscopy (CLSM;
Zeiss confocal microscope, equipped with a 63x objective lens).

4.8. Animals and induction of meningitis

Female C57BL/6 mice were purchased from Changzhou Cavens
Experimental Animal Co. Ltd. All animal experiments were performed in
compliance with the relevant laws and approved by the Institutional
Animal Care and User’s Committee of Soochow University (approval
number 202112A0217). Acute bacterial meningitis by CRO-tolerant
E. coli was induced using a method previously established for inducing
meningitis by Streptococcus pneumoniae in mice [38]. After anesthesia
(intraperitoneal injection of chloral hydrate 5%, v/v), mice were
immobilized on a stereotaxic device and 10 pL of a CRO-tolerant E. coli
ATCC 25922 suspension (1 x 107 CFU/mL) was inoculated by the
intracranial route through a soft point located along the skull midline,
3.5 mm rostral to the bregma, yielding a dose of 1 x 10° CFU per site.
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4.9. Inflammation upon OMV injection in mice

In order to study possible short-term signs of inflammation upon
OMV injection in mice, serum cytokine concentrations were measured in
healthy mice 6 h after initial intravenous injection in the tail with 100 pL
PBS, E. coli MG1655 or E. coli MG1655 AmsbB derived magnetic OMVs.
OMVs were administered to yield doses of 0.6, 6 or 60 mg/kg. Blood was
collected through the eye from mice surviving at 6 h post-injection, i.e.
mice injected with a dose of 0.6 mg/kg and allowed to clot at room
temperature for 30 min. Samples were then centrifuged at 800 x g for 10
min to collect serum from the supernatant. I1-6 and TNF-a concentra-
tions were measured using commercially available ELISA kits following
the manufacturer’s instructions.

In order to evaluate biosafety of OMV injection, twelve healthy mice
were divided randomly in 4 groups that were intravenously injected in
the tail with CRO- and TCPP-loaded OMVs or PBS on day 1, day 9 and
day 15. Mice were sacrificed one day after each injection and main or-
gans of mice collected to conduct the hematoxylin and eosin (H and E)
staining of excised tissue. Blood and serum samples were collected for
blood biochemistry analysis.

4.10. Magnetically-driving OMVs across the blood-brain barrier in mice

Healthy mice were intravenously injected in the tail with a single
injection of TCPP in PBS or CRO- and TCPP-loaded OMVs at a TCPP
equivalent dose of 10 mg/kg in absence and presence of magnetic field
application. For magnetically driving the OMVs across the blood-brain
barrier, a magnet (0.3 T, 10 mm x 10 mm) was placed over the head
lesion area of the mice and fixed with medical tape. For bio-optical
imaging, mice were anesthetized with 2.5% isoflurane (RWD Life Sci-
ences, China) at each selected time point and the TCPP fluorescence in
the head area of the mouse was imaged using the IVIS Lumina III Im-
aging System (PerkinElmer, image acquisition factors: 0.5 s exposure
time, emission wavelength 600 nm, excitation wavelength 710 nm).
Images were automatically corrected for background noise and were
analyzed using Living Image software (PerkinElmer).

In order to determine the distribution of OMVs in the brain (and
other organs), mice were sacrificed 3 h and 24 h after tail-vein injection
of OMVs. After excision of the liver, spleen, lungs, kidneys and brain,
brain tissue was fixed in 4% paraformaldehyde for 12 h, frozen and
sectioned. Immunofluorescence vasculature and nucleus staining was
applied on the brain tissue excised using anti-CD31 and DAPI, respec-
tively and brain sections imaged using CLSM (Zeiss CLSM 800, Ger-
many). Fluorescence intensities were quantitated using built-in software
(Zen 2011, Jena, Germany) of the CLSM. All excised tissue of primary
organs was weighted and homogenized in 1 mL PBS. Supernatants were
obtained by centrifugation at 10,000 g for 10 min and TCPP concen-
trations recorded using a microplate reader (Variskan, Thermo Fisher
Scientific, Waltham, USA).

4.11. Treatment of bacterial meningitis in mice

Treatment was started 12 h after initiating infection. Infected mice
were treated at 09.00 a.m. on four consecutive days, including day
0 with PBS, CRO free in solution and CRO- and TCPP-loaded OMVs with
or without magnetic field and/or ultrasound application (5 min, 40 kHz,
2 W/em?, 50% duty cycle) all at CRO and TCPP equivalent doses of 50
mg/kg and 10 mg/kg, respectively. Behavior of the mice was scored
every 12 h, starting at 08.00 a.m. on day 0, according to a clinically
applied protocol [60,61] by an observer, uninformed about the treat-
ment protocol of individual mice. Score O indicates no apparent
behavioral abnormality, score 1 indicates moderate lethargy (apparent
decrease of spontaneous activity), score 2 indicates severe lethargy (rare
spontaneous movements, but walking after stimulation by the investi-
gator), score 3 indicates unability to walk and score 4 indicates death.
Mice with clinical scores of 3 were sacrificed for ethical reasons.



R. Shi et al.

The number of bacterial CFUs in brain tissue of surviving mice were
determined after sacrifice at day 2 after initiating treatment and day 18,
i.e. 14 days after arresting treatment. To this end, mice were sacrificed,
brains were excised and weighted, brain tissue was homogenized in PBS
and serial dilutions were plated on blood-agar plates for enumeration
after 48 h incubation at 37 °C. Histology on brain sections taken at day 2
after initiating treatment was performed after H and E (Servicebio,
Wuhan, China) and TUNEL (Servicebio, Wuhan, China) staining. To this
end, excised brain tissue was fixed overnight in 4% paraformaldehyde
and embedded in paraffin. Paraffin-embedded brain tissues were
sectioned coronally (4-6 pm thick sections) using a microtome prior to
staining, according to the respective manufacturer’s instructions.

4.12. Statistical analysis

All data were expressed as means + standard deviations (SDs). For
statistical evaluation, GraphPad Prism (8.3.0) was used. Differences
between two groups were analyzed using a Student’s t-test. Multivariate
parametric data were examined using one-way ANOVA with Tukey’s
post hoc comparison. Differences were considered significant at p <
0.05.
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