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Bacterial Toxin-Triggered Release of Antibiotics from
Capsosomes Protects a Fly Model from Lethal
Methicillin-Resistant Staphylococcus aureus (MRSA)

Infection

Renée L. Tonkin, Anna Kléckner, Adrian Najer, Carolina J. Simoes da Silva, Cécile Echalier,
Marc S. Dionne, Andrew M. Edwards,* and Molly M. Stevens*

Antibiotic resistance is a severe global health threat and hence demands rapid
action to develop novel therapies, including microscale drug delivery systems.
Herein, a hierarchical microparticle system is developed to achieve
bacteria-activated single- and dual-antibiotic drug delivery for preventing
methicillin-resistant Staphylococcus aureus (MRSA) bacterial infections. The
designed system is based on a capsosome structure, which consists of a
mesoporous silica microparticle coated in alternating layers of oppositely
charged polymers and antibiotic-loaded liposomes. The capsosomes are
engineered and shown to release their drug payloads in the presence of MRSA
toxins controlled by the Agr quorum sensing system. MRSA-activated single
drug delivery of vancomycin and synergistic dual delivery of vancomycin
together with an antibacterial peptide successfully kills MRSA in vitro. The
capability of capsosomes to selectively deliver their cargo in the presence of
bacteria, producing a bactericidal effect to protect the host organism, is
confirmed in vivo using a Drosophila melanogaster MRSA infection model.
Thus, the capsosomes serve as a versatile multidrug, subcompartmentalized
microparticle system for preventing antibiotic-resistant bacterial infections,
with potential applications to protect wounds or medical device implants from
infections.

1. Introduction

The worldwide transmission of infectious
diseases can have devastating health, social,
and economic effects, as evidenced by the
COVID-19 pandemic. Antibiotic resistance
represents a similar, although more grad-
ually developing, global health threat and
hence demands rapid action to develop
novel and innovative therapies to tackle
bacterial infections. Methicillin-resistant
Staphylococcus aureus (MRSA) strains are
of particular concern since they are already
resistant to several widely used antibiotics
and can cause a variety of diseases includ-
ing healthcare associated infections.!'*]
Current treatment regimens include drugs
such as vancomycin which is associated
with toxicity and efficacy issues.[*l There-
fore, novel antibiotic therapies are needed
to deliver antibiotics locally in the early
stages of an infection in a controlled way to
increase efficacy and lower toxicity.
Micron-scale drug delivery systems are
attractive approaches for localized antibiotic

delivery in the treatment of S. aureus infections!>®! and for im-
proving multidrug therapies by modulating the release kinetics
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of the different compounds.l”! Controlled and local release of an-
tibiotics is considered an option to reduce systemic toxicity, such
as nephrotoxicity and ototoxicity.® Furthermore, both single-
and multidrug delivery systems can be designed to trigger local
antibiotic release in response to stimuli associated with infection
conditions, including lowered pH, membrane-damaging toxins,
and upregulation of host enzyme expression.®1¢ S. gureus
produces large quantities of toxins which damage eukaryotic
cell membranes via pore-formation (e.g., a-toxin), lipase activity
(e.g., p-toxin), or surfactant-like mechanisms (e.g., phenol sol-
uble modulins (PSMs)).['”] Therefore, bacteria-activated release
of antibiotics has been achieved by including a gating lipid
component in the design of the drug delivery systems.[10-14]
Unlike systemic antibiotic therapy, these toxin triggerable drug
delivery systems could help to protect a patient’s microbiota by
restricting antibiotic release to the time and site of an infection.

Advanced forms of hierarchical microassemblies are being
employed to improve multidrug delivery in a range of diseases.! '8!
One example of these are capsosomes, which have previously
been applied for the delivery of anticancer drugs.['*?"] Capso-
somes comprise a multilayer assembly of alternating layers of
oppositely charged polymers and liposomes formed on a solid,
mesoporous, or soft material core.?*? The multistructure sub-
compartmentalized design of capsosomes (Figure 1A) provides
versatile drug-loading capabilities, rendering capsosomes well
suited for multidrug delivery. The liposome components favor-
ably encapsulate small molecules, with hydrophilic molecules
loaded within the lumen and hydrophobic compounds within the
membrane.[?*]

Here, we demonstrated the use of capsosomes as an advanced
single- and dual-antibiotic drug delivery system against MRSA
infections in vitro and in vivo. The capsosomes were formulated
to be responsive to bacterial toxins due to the composition of the
contained lipidic compartments. Through incubation of the cap-
sosomes with various MRSA strains, we showed that release of
model cargoes was mediated by bacterial toxins, which are reg-
ulated by the agr locus. Treating the capsosomes with synthetic
PSMs confirmed that these toxins are one of the species involved
in the release mechanism. We further determined that the cargo
release was specific to pathogenic bacteria by showing that a rep-
resentative non-pathogenic bacterium Lactococcus lactis did not
cause any release. Subsequent tests with single- (vancomycin)
and dual- (vancomycin and antimicrobial peptide) loaded capso-
somes revealed successful bacteria-activated killing of MRSA in
vitro, whilst the dual configuration provided a synergistic effect.
The bactericidal efficacy of capsosomes was further confirmed in
an in vivo Drosophila melanogaster MRSA infection model. Thus,
our capsosome-based single- and dual-antibiotic drug delivery
system presents a flexible and versatile platform for the further
development of localized bacteria-activated multiantibiotic drug
prophylaxis.

2. Results and Discussion

2.1. Assembly of Responsive Single- and Dual-Loaded Multilayer
Capsosomes

A multiantibiotic loaded microassembly was created with the aim

of achieving a bacteria-activated release of single and combina-
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tions of antibacterial compounds upon bacterial growth. For this
purpose, we designed multilayer capsosomes, which were assem-
bled in a hierarchical manner using a micron-scale mesoporous
silica core and exploiting electrostatic interactions between alter-
nating oppositely charged layers of polymers and cargo-loaded
liposomes (Figure 1A). In contrast to other capsosome designs
that use positively charged polymers and negatively charged or
zwitterionic liposomes,!?22] we utilized a negatively charged
polymer and positively charged liposomes. This strategy allowed
deposition of positively charged liposomes as the final layer on
the capsosomes, which could facilitate interaction with the neg-
atively charged cell wall of Gram-positive bacteria, hence maxi-
mizing the response speed and localization. The embedded lipo-
somes within capsosomes serve as compartments for hydrophilic
and hydrophobic antibiotics. Since the assembly of our system is
based on a stepwise hierarchical assembly process, we first char-
acterized the liposome component in isolation before incorpora-
tion into the capsosomes.

Cationic liposomes were formulated via thin-film hydration,
followed by extrusion. The liposome composition contained
equimolar quantities of sphingomyelin and cholesterol, which
were selected due to their known responsiveness towards bacte-
rial toxins, 2%l complemented with 25% (mol/mol) 1,2-dioleoyl-
3-trimethylammonium-propane (DOTAP) to integrate the de-
sired positive charge. Characterization of these liposomes with
dynamic light scattering (DLS) revealed hydrodynamic diameters
of 140 + 59 nm (Figure S1A,B, Supporting Information). The
zeta potential for these liposomes was measured as +45 + 10 mV
(Figure S1C, Supporting Information), confirming that the incor-
porated DOTAP indeed conferred an overall net positive surface
charge to the liposomes.

Mesoporous silica microparticles (diameter 2.2 + 0.2 ym, Fig-
ure S2A,B, Supporting Information) were selected as the core
scaffold component since their micron-scale size prevents rapid
diffusion away from an injection or implantation sitel3%) and there
is some evidence of gradual degradation over 6-12 months.3!32]
Although not performed herein, the mesoporous silica could
be removed after capsosome assembly but this involves usage
of highly toxic HF.[**] Incorporation of readily degradable poly-
lactide core materials (e.g., PLGA) would represent an alterna-
tive option with a more defined biodegradation mechanism. To
assemble the capsosomes, a cationic polymer, poly(allylamine
hydrochloride) (PAH), was first adsorbed to the mesoporous
silica. This layer of PAH was used to interface between the
negatively charged mesoporous silica and the initial layer of
an anionic polymer, poly(methacrylic acid) (PMA), in order to
avoid adsorbing cationic liposomes directly to the silica, which
could have disrupted the integrity of the liposomes.[3* After de-
position of this PAH layer, the first layer of PMA was used
to facilitate electrostatic layer-by-layer (LbL) adsorption of the
cationic liposomes. A modified PMA, functionalized with pyri-
dine dithioethylamine (referred to as PMA-PDA, Figure S3, Sup-
porting Information), was used to allow for future crosslink-
ing of the polymer layers, which could be beneficial for improv-
ing the stability of the capsosomes or introducing an additional
stimuli-responsive trigger.>>! Following the adsorption of this
PAH and PMA-PDA dual layer onto the silica microparticles, al-
ternating layers of cationic liposomes and PMA-PDA polymer
were added to yield a final capsosome assembly consisting of

© 2022 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 1. Multilayer assembly of capsosomes. A) Schematic describing layer-by-layer (LbL) capsosome assembly process. B) Alternating zeta potential
of capsosomes after adsorption of each layer of polymer or liposomes (N = 3 independent samples, n = 3 technical repeats). C) Fluorescence intensity
after adsorption of one, two, or three layers of DiD-loaded liposomes (N = 3 independent samples, n = 1 technical repeats). D) Percentage of liposomes
bound to capsosomes after adsorption of the first, second, and third layers, calculated by measuring the concentration of liposomes remaining in
the supernatant after adsorption and subtracting that from the initial liposome concentration (N = 3 independent samples, n = 3 technical repeats).
E) Deconvolved widefield fluorescence micrographs showing a capsosome containing SRB-loaded liposomes in layers one and two, representing a
hydrophilic drug loading, and DiD-loaded liposomes in layer three, representing a hydrophobic drug loading. Scale bars: 2 um. More images shown in
Figure S5, Supporting Information. PAH: poly(allylamine hydrochloride), PMA-PDA: poly (methacrylic acid) functionalized with pyridine dithioethylamine,
SRB: sulforhodamine B, DiD: 1,1-dioctadecyl-3,3,3,3-tetramethylindodicarbocyanine. Data shown as mean + s.d.

a total of one PAH, three PMA-PDA and three liposome layers  to the anionic mesoporous silica microparticles indicated alter-
(Figure 1A). nating surface charges, corresponding to the adsorbed species

The LbL assembly process was characterized by measuring the  (Figure 1B). A fluorescent model lipophilic cargo compound
zeta potential after each deposition step (Figure 1B). The zeta po-  (1,1-dioctadecyl-3,3,3,3-tetramethylindodicarbocyanine, DiD, 1
tentials measured after consecutive application of each species =~ wt%) was incorporated into the liposome membrane prior to
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capsosome formation to further study the assembly process and
the loading of hydrophobic molecular cargo in our hierarchical
system. To verify adsorption of the DiD-loaded liposomes onto
the capsosomes, changes in fluorescence intensity were mea-
sured throughout the assembly process using flow cytometry.
The fluorescence intensities of capsosomes containing one, two,
or three layers of DiD-loaded liposomes increased according to
the number of layers (Figure 1C; Figure S4, Supporting Infor-
mation). Additionally, the magnitude of increase in fluorescence
intensities was greater as layer number increased, representing
the slightly larger surface area available for liposome binding.
Nanoparticle tracking analysis (NTA) measurements of the con-
centration of remaining liposomes in the solutions after removal
of the capsosomes allowed calculation of the efficiencies of lipo-
some deposition (fraction immobilized): 78 + 6% for layer one,
92 + 12% for layer two, and 93 + 36% for layer three (Figure 1D).
These high deposition efficiencies are advantageous when con-
sidering application of our system utilizing expensive drug
cargo.

To demonstrate the principle of assembling capsosomes car-
rying multiple drug cargoes with varied characteristics, we also
loaded liposomes with a fluorescent hydrophilic model cargo
(0.5 x 107 wm sulforhodamine B, SRB). Capsosomes were
then prepared containing two inner layers of SRB-loaded lipo-
somes to represent hydrophilic drug loading, and one outer
layer of DiD-loaded liposomes to represent hydrophobic drug
loading. Fluorescence microscopy showed that both types of
liposomes were successfully deposited on to the surface of
the mesoporous silica core, although resolution limitations did
not allow elucidation of the exact positions of individual lay-
ers (Figure 1E; Figure S5, Supporting Information). In conclu-
sion, we demonstrated that capsosomes could be assembled
in a LbL manner utilizing oppositely charged polymers and li-
posomes containing both hydrophilic and hydrophobic model
cargoes.

2.2. Bacterial Toxin-Triggered Release Mechanism from
Liposomes within Capsosomes

Designing our capsosomes for antibiotic drug delivery applica-
tions, we have chosen a liposome formulation that is known to be
responsive to bacterial toxins.["#2¢2] Membrane-damaging tox-
ins are secreted virulence factors produced by many pathogenic
bacteria to disrupt eukaryotic cell membranes for a burst release
of nutrients. S. aureus produces a multitude of cytolytic toxins
including a-toxin, f-toxin, and PSMs.['”] We hypothesized that
these secreted toxins could mediate drug release from our capso-
somes.

To study this toxin-triggered release mechanism, we prepared
capsosomes containing three layers of SRB-loaded liposomes
at a self-quenching concentration (10 x 1073 m,*®) henceforth
referred to as SRB-capsosomes). Toxin activity was expected to
cause release of the SRB and an accompanied dequenching that
could be detected as an increase in fluorescence (Figure 2A). SRB-
capsosomes were incubated with S. aureus JE2, a highly virulent
MRSA strain,*”! which is known to upregulate toxin expression
during late exponential /early stationary growth phase due to acti-
vation of the Agr quorum-sensing system.3#3%1 A sharp increase
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in fluorescence intensity was observed in the sample as S. aureus
entered the stationary phase after ~7.5 h, which is in agreement
with the expected time of cytolytic toxin production (Figure 2B;
Figure S6A, Supporting Information). A direct correlation was
noted between the increase in fluorescence intensity and an ob-
served increase in optical density, attributed to an increase in tur-
bidity due to bacterial growth (Figure 2B; Figure S6A, Support-
ing Information). It was therefore confirmed that, as the bacte-
rial culture grew, toxins were produced, facilitating lysis of the
liposomes and concomitant release of model hydrophilic cargo
(SRB).

To test that secreted toxins were responsible for cargo release
we used wild type S. aureus JE2 and S. aureus USA300, LAC
strains!*’] and a mutant of the USA300, LAC strain,**! which
lacked the agrA gene (S. aureus AagrA) an essential gene for
triggering cytoloytic toxin production.*!l As expected, incuba-
tion of the capsosomes with S. aureus JE2 and S. aureus USA300
LAC wild type strains resulted in a large increase in fluores-
cence intensity over the 17 h incubation time (Figure 2C,D; Fig-
ure S6B, Supporting Information). In contrast, capsosomes in-
cubated with S. aureus AagrA showed negligible increase in flu-
orescence intensity after 17 h incubation, indicating that the low
level of toxin production in this mutant strain was not suffi-
cient to trigger release of SRB from the capsosomes compared
to the S. aureus USA300 strain (Figure 2C,D; Figure S6B, Sup-
porting Information). Furthermore, a similar increase in ab-
sorbance was observed for S. aureus JE2, S. aureus USA300
LAC, and S. aureus AagrA, confirming that all strains grew sim-
ilarly and hence the differences in SRB release can be attributed
to differing levels of toxin production (Figure S6C, Supporting
Information).

Next SRB-capsosomes were also incubated with L. lactis, which
is a non-pathogenic and non-toxin producing bacterial strain,
to further test the hypothesis that bacterial toxins were respon-
sible for hydrophilic cargo release from the liposomes within
capsosomes. Growth of L. lactis was observed as an increase in
absorbance at 600 nm at ~9 h (Figure S6D, Supporting Infor-
mation), but this growth was not accompanied by an increase
in fluorescence intensity of the SRB (Figure 2C,D; Figure SGE,
Supporting Information). Therefore, this data provided further
evidence that toxins produced by pathogenic bacteria facilitated
the release of hydrophilic model cargo (SRB), while the capso-
somes stayed intact in the medium alone (TSB, Figure 2C,D)
as also measured by flow cytometry (dye remained quenched,
Figure 2G). Due to the use of quenched concentration of SRB
(10 x 107* M), the initial drop in relative fluorescence is at-
tributed to further quenching (not release), while the median
fluorescence never reached above the initial fluorescence (day
0), confirming retention of high, quenched SRB concentrations
over at least 5 days and hence demonstrating high stability of
our system. To further confirm that the release mechanism was
due to soluble secreted toxins, we repeated these experiments by
mixing sterile filtered bacteria culture supernatants with SRB-
capsosomes rather than incubating them directly with the bac-
teria. This supernatant data reproduced the bacteria data (Fig-
ure 2E; Figure S7, Supporting Information), which further sup-
ported a toxin-induced release mechanism. Additionally, direct
addition of synthetic PSMs to SRB-capsosomes led to a much
higher fluorescence intensity compared to the SRB-capsosomes

© 2022 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 2. Toxin-triggered release from capsosomes. A) Schematic depicting release of SRB from capsosomes triggered by S. aureus toxins, which are
primarily controlled by the agr locus. B) Max-min normalized absorbance at 600 nm (indicating bacterial growth) and fluorescence intensity at 585 nm
(indicating SRB release) of SRB-capsosomes (initially containing a quenched concentration of SRB inside the liposomal compartments, 10 x 1073 m)
and S. aureus JE2 over 17 h (mean + s.d., N = 3 independent experiments, data set in Figure S6, Supporting Information). C) Fluorescence intensity at
585 nm of SRB-capsosomes incubated with S. aureus JE2 (from (B)), S. aureus USA300, S. aureus USA300 Aagr mutant (low toxin expression), L. lactis and
TSB over 17 h (mean + s.d., N = 3 independent experiments, data set in Figure S6, Supporting Information). D) Comparison of endpoint fluorescence
(17 h) from (C) (mean =+ s.d.). Statistical significance was calculated using a Kruskal-Wallis ANOVA with a post hoc Dunn’s test. p < 0.05 (*). E) Max—
min normalized fluorescence intensity after addition of bacterial supernatants to SRB-capsosomes (mean + s.d., N > 3 independent experiments, data
set in Figure S7, Supporting Information). Statistical significance was calculated using a Kruskal-Wallis ANOVA with a post hoc Dunn’s test. p < 0.05
(*). F) Fluorescence intensity after addition of synthetic PSMs to SRB-capsosomes (mean + s.d., N = 3 independent experiments, data set in Figure S8,
Supporting Information). Statistical significance was calculated using an unpaired, two-tailed Student’s t-test. p < 0.01 (**). G) Flow cytometry analysis
of SRB-capsosomes stability (initially containing a quenched concentration of SRB inside the liposomal compartments, 10 x 1073 m) after incubation
in TSB at 37 °C (median + s.d, N = 1, particles measured per time point > 19 000).

alone (Figure 2F; Figure S8, Supporting Information), sup- liposomes contained within the capsosomes. This triggerable re-
porting the involvement of PSMs in the lytic drug release lease mechanism could be highly beneficial for selectively releas-
process. ing antibiotics in vivo only when pathogenic toxin-producing bac-

Overall, these findings strongly support the hypothesis of a  teria are present, mitigating the negative impact of antibiotics on
bacterial toxin-triggered release of hydrophilic molecules from  the commensal microbiota.
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Figure 3. Antibacterial activity of vancomycin-loaded capsosomes. A) Schematic depicting killing assay of vancomycin-loaded capsosomes (Cap[VVV])
with S. aureus JE2. B) A spot-on assay showing S. aureus JE2 untreated and incubated with Cap[VVV] and empty capsosomes (Cap[EEE]) after 24 h
(prepared for visual comparison of the antibacterial effect of the capsosomes). C) Antibacterial activity of Cap[VVV], Cap[EEE], and free vancomycin
(concentration 4 ug mL~") against S. aureus JE2 (N = 3 independent experiments, n = 1 technical repeat). Bars show mean values. Dashed line indicates
limit of detection with no colony forming units detectable and dotted line indicates 100% survival. Note: survival was counted from plated serial dilutions
as depicted in (A) and not the displayed spot-on assays in (B). Cap[VVV]: Three layers of vancomycin loaded liposomes, Cap[EEE]: Three layers of empty
liposomes. Note: 5 mg of capsosomes were incubated with bacteria. Statistical significance was calculated using a Kruskal-Wallis ANOVA with a post

hoc Dunn’s test (comparisons to Cap[VVV]). p < 0.05 (*), p < 0.01 (**).

2.3. Antibacterial Activity of Capsosomes Loaded with
Vancomycin

After successful demonstration of hydrophilic cargo loading and
bacteria toxin-triggered release from capsosomes, we loaded the
capsosomes with vancomycin, a hydrophilic glycopeptide which
inhibits cell-wall synthesis,[*? because it is an important frontline
antibiotic for the treatment of infections caused by MRSA.[4344]
However, common adverse effects of vancomycin treatment in-
clude nephrotoxicity and ototoxicity, highlighting the need for im-
proved antibiotic delivery.[*’]

Similarly to the SRB-loaded capsosomes, capsosomes contain-
ing three layers of vancomycin-loaded liposomes were prepared
(henceforth referred to as Cap[VVV]). First, vancomycin loading
into liposomes was quantified using analytical HPLC, and found
to be 6.5 + 1.6 ug mL™! per 1 mg mL! liposomes, with a load-
ing efficiency of 2.9 + 0.7% (Figure S9, Supporting Informa-
tion). Cap[VVV] contained a maximum of 19.5 pg vancomycin
per 5 mg capsosomes assuming all the liposomes were loaded
(actual value will be lower due to some loss during preparation,
see measurement of binding capacity) (Figure 1D). To assess
antibacterial effect of Cap[VVV], a killing assay was performed,

Adv. Healthcare Mater. 2022, 2200036 2200036 (6 of 14)

in which the clinically relevant MRSA strain (S. aureus JE2)1*°)
was incubated with the capsosomes and the survival measured
(Figure 3A).

A strong killing effect was observed after incubation of 5 mg
Cap[VVV] with S. aureus JE2, with >99.99% of bacteria were
killed after 24 h (Figure 3B,C; Figure S10, Supporting Informa-
tion). Together with the SRB-capsosome data from above and
the hydrophilic nature of both cargoes (SRB and vancomycin),
this data suggests successful toxin-mediated vancomycin re-
lease from Cap[VVV]. Empty capsosomes (Cap[EEE]) exhibited
no killing effect, indicating the Cap[VVV] killing effect was me-
diated by the release of vancomycin. As expected, treatment with
free vancomycin was also highly effective. We did not intend to
improve activity of vancomycin within this project but rather de-
sign a controlled release system that could be used in a localized
and pathogenic bacteria growth-activated manner. A previous
study reported bacterial toxin-triggered release of vancomycin
from gold nanoparticle-stabilized liposomes,? however, the ad-
vantage of our hierarchical capsosome system is the capacity to
anchor large numbers of nanoscale liposomes in the proximity of
a bacterial infection due to the microscale size of the capsosomes,
which allows localized infection control.

© 2022 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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2.4. Synergistic Antibacterial Activity of Dual-Loaded
Capsosomes with Vancomycin and Antibacterial Peptide

Combination antibiotic therapies, which involve the coadmin-
istration of multiple antibacterial compounds, are increasingly
employed clinically to exploit synergistic relationships between
antibiotics, to reduce the chance of establishment of antibi-
otic resistance, and to broaden the antibacterial spectrum for
unknown or polymicrobial infections.[*’*8] The clinical use of
vancomycin in combination with other antibiotics is impor-
tant because vancomycin alone lacks efficacy, failing in around
20-50% of infections.!**-5!] Furthermore, vancomycin treatment
can lead to the emergence of strains with reduced susceptibil-
ity (vancomycin intermediate S. aureus, VISA). As such, it is
hoped that combination of vancomycin with another antimicro-
bial might improve efficacy and reduce the emergence of VISA
strains.

Since our capsosomes offer the possibility of loading and
colocalizing both hydrophilic and hydrophobic compounds (Fig-
ure 1A), we screened a wide variety of antibacterial compounds
with different physicochemical characteristics for synergistic
killing effects with our previously selected antibiotic, vancomycin
(Figure S11, Supporting Information). Combination of van-
comycin and a recently developed antibacterial peptide, Palm-
Arg-Arg-NH,,’?] synthesized by solid-phase synthesis (Figure
S12, Supporting Information), provided a 1.8 x 10? fold and 1.5
x 10* fold higher killing against S. aureus JE2, compared to van-
comycin or Palm-Arg-Arg-NH, alone, respectively (Figure S11A,
Supporting Information). With a >2 log,, difference between the
combined and individual drug effects, this drug combination was
deemed synergistic.>3] Palm-Arg-Arg-NH, is believed to func-
tion by disrupting the bacterial cell membrane due to its struc-
ture containing a lipophilic palmitic acid component, which facil-
itates insertion into lipid membranes, and two arginine residues
to provide a strong positive charge.l>?) Membrane disrupting an-
timicrobial peptides are thought to be less prone to resistance
development, making them an attractive class of antibacterial
compounds.**! However, clinical implementation of antimicro-
bial peptides has been limited due to their cytotoxic effect towards
human cells.>>] We performed a hemolysis assay as a measure of
cell toxicity and determined that Palm-Arg-Arg-NH, displayed a
hemolytic effect above a concentration of 64 pg mL! (Figure S13,
Supporting Information), which was used as a boundary for load-
ing of the capsosomes.

Analogous to the loading of the two model compounds above
(SRB and DiD, Figure 1E; Figure S5, Supporting Information),
we incorporated vancomycin and Palm-Arg-Arg-NH, in our cap-
sosome system (Figure 4A). To assemble these dual-antibiotic
loaded capsosomes, vancomycin and Palm-Arg-Arg-NH, were
first loaded into separately prepared liposomes (see vancomycin
loading and liposome composition information above). Palm-
Arg-Arg-NH, incorporation into liposomes was assessed with
quantitative mass spectrometric analysis, revealing loading of
13.6 + 1.2 pg mL™ per 1 mg mL™! liposomes and a loading effi-
ciency of 20 + 2% (Figure S14, Supporting Information). Follow-
ing liposome loading, capsosomes were prepared containing two
inner layers of vancomycin-loaded liposomes and one outer layer
of liposomes containing Palm-Arg-Arg-NH, (henceforth referred
to as Cap[VVP]) (Figure 4A). Dual loaded Cap[VVP] contained a
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maximum of 13 pg vancomycin and 13.6 pg peptide per 5 mg
capsosomes. Before studying the antibacterial effect of Cap[VVP],
we first visualized the interaction of dual-loaded capsosomes and
S. aureus JE2 (labeled with FITC) by employing the SRB-DiD cap-
sosomes from above (Figure 1E). The bacteria were found to form
an interaction with the surface of the capsosomes, indicating that
the positively charged capsosome exterior could potentially im-
prove the antibacterial activity by bringing bacteria, which have
a negative surface charge, into proximity of the drugs released
from the capsosomes (Figure 4B; Figure S15, Supporting Infor-
mation).

To assess the antibacterial killing effect of dual-loaded capso-
somes (Cap[VVP)), different dilutions of capsosomes (2.5, 1.25
and 0.625 and 0.312 mg) were then incubated with S. aureus
JE2 for 24 h at 37 °C, after confirming that these capsosome
concentrations did not result in hemolytic toxicity (Figure S16,
Supporting Information). Note, 1.25 mg capsosomes compris-
ing two layers of vancomycin-loaded liposomes and one layer
of empty liposomes (Cap[VVE]) are now containing a lower
concentration of vancomycin than the 5 mg of Cap[VVV] utilized
in Figure 3. Here, incubations at lower capsosome concentra-
tions compared to Figure 3 were conducted in order to resolve
the differences in activity between single- and dual-loaded
capsosomes. Incubation of 1.25 mg Cap[VVP] with S. aureus
JE2 resulted in 91% killing after 24 h, indicating a bactericidal
effect (Figure 4C,D). Conversely, S. aureus JE2 incubated with
the single drug controls at the same capsosome concentration
(Cap[VVE] and Cap[EEP)) exhibited no appreciable growth deter-
rence, demonstrating the benefit of coloading a synergistically
active drug mixture within capsosomes. We envision that our
capsosome system offers the advantages of colocalizing delivery
of the two synergistic antibacterial compounds to a particular
site in the body and facilitating release of the compounds only
in the event of infection by a toxin-producing strain of bacteria.

2.5. In Vivo Activity of Antibiotic-Loaded Capsosomes

Following determination of the in vitro killing activity of
Cap[VVV] and Cap[VVP] against S. aureus JE2, the in vivo efficacy
of these capsosomes was studied using Drosophila melanogaster
(fruit fly) as a model system for MRSA infection (Figure 5A). D.
melanogaster is a well-established model system for studying in-
fection and immune responses.l**>”] Infection of D. melanogaster
with S. aureus has previously been studied and found to cause
systemic infection and rapid death of the flies within 24 h.[®] Fur-
thermore, bactericidal activity of antibiotic-loaded nanomaterials
(e.g., tigecycline in chitosan-based nanogels) has been success-
fully studied in the past using a D. melanogaster model infected
with S. aureus, utilizing fly survival, which negatively correlated
with the number of bacteria recovered from the flies, as a readout
for antibacterial activity.[*”! In contrast to vertebrates, flies have
an open circulatory system, where hemolymph is in direct con-
tact with the fly organs, hence any injected material potentially
distributes widely. Between samples, some variation in distribu-
tion is expected, but keeping the injection volume identical (50
nl) for all the flies and using large experimental groups (n = 20
flies each) helps to minimize the effect of some variability in in-
jections.
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Figure 4. Synergistic antibacterial activity of dual-loaded capsosomes. A) Schematic depicting design of dual-loaded capsosomes containing two inner
layers of vancomycin loaded liposomes and one outer layer of Palm-Arg-Arg-NH,-loaded liposomes. B) Widefield deconvolution fluorescence microscopy
showing dual-loaded capsosome (model dye system from Figure 1E), incubated with FITC-labeled S. aureus JE2. Scale bars: 2 um. More images shown
in Figure S15, Supporting Information. C) Spot-on assay showing S. aureus JE2 untreated, and incubated with Cap[VVP], Cap[VVE], and Cap[EEP]. D)
Antibacterial activity of capsosomes containing only vancomycin (Cap[VVE]), capsosomes containing only Palm-Arg-Arg-NH2 (Cap[EEP]), and capso-
somes containing both vancomycin and Palm-Arg-Arg-NH, (Cap[VVP]) against S. aureus JE2 (N = 3 independent samples, n = 1 technical repeat). Bars
show mean values. Cap[VVP]: Layer one and two are vancomycin loaded liposomes, layer three are antibacterial peptide loaded liposomes. Cap[VVE]:
Layer one and two are vancomycin loaded liposomes, layer three are empty liposomes. Cap[EEP]: Layer one and two are empty liposomes, layer three are
antibacterial peptide loaded liposomes. Note: In comparison to Figure 3 only 1.25 mg capsosomes were incubated with bacteria to reach a concentration
of Cap[VVE] and Cap[EEP] which does not show antibacterial activity to evaluate potential synergies for Cap[VVP]. Dotted line indicates 100% survival.
Statistical significance was calculated using a Kruskal-Wallis ANOVA with a post hoc Dunn'’s test (comparisons to Cap[VVP]). p < 0.05 (¥).

The suitability of D. melanogaster as a model system for testing
the antibacterial activity of the capsosomes was first confirmed by
injecting DiL-capsosomes into the abdomen of the flies, with ob-
servation of dotted DiL fluorescence within the flies verifying that
the capsosomes could be successfully injected (Figure 5B; Figure
S17A, Supporting Information). Then, we tested whether fly sur-
vival is dependent on the bacterial load (S. aureus JE2), which re-
vealed that higher bacteria numbers caused more rapid fly death,
confirming the suitability of fly survival as a readout for antibac-
terial activity (Figure S17B, Supporting Information). Next, the
flies were injected with Cap[EEE], Cap[VVP], or TSB as a control
to assess whether the capsosomes alone were toxic to flies. After 5
d, there was no statistically significant difference in the survival
of the flies injected with the capsosomes compared to the TSB
control, indicating that the capsosomes were compatible with the
flies (Figure 5C).

To assess the antibacterial activity of capsosomes, the flies were
injected with a mixture of S. aureus JE2 and either Cap[VVV],
Cap[VVP], Cap[EEE], or a buffer control. This in vivo process was
carried out at the higher capsosome concentration of the in vitro
assay for Cap[VVV] (Figure 3) and loading all the three layers with
antibiotics to maximize the desired protective effect. Capsosomes
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and S. aureus JE2 were mixed to yield a suspension containing
the same amount of capsosomes for all samples (5 mg silica) and
~2 X 10* CFU mL™ bacteria, followed by coinjection of 50 nL of
this mixture into the flies. A coinjection model (Figure 5A) was
selected for the in vivo assay to mimic a scenario in which bacte-
rial contamination could be introduced to the body upon surgi-
cal implantation of a medical device, during which capsosomes
could also be applied to the site. Control samples were also pre-
pared in which the flies were not injected with anything or were
injected only with TSB media. After 1 d, 95-100% of the flies
infected with S. aureus JE2 had died, indicating the lethality of
the bacteria applied to the flies (Figure 5D; Figure S17, Support-
ing Information). In contrast, 50-90% of the flies injected with
Cap[VVV] survived after 5 d, which was a statistically significant
increase in survival compared to the flies injected with S. aureus
JE2 and buffer. This finding suggested that vancomycin released
from Cap[VVV] led to greater fly survival by reducing the bacterial
load, providing proof of concept that this approach has prophy-
lactic value.

Survival of the flies injected with the dual-loaded capsosomes
(Cap[VVP]) was 15-55% after 5 d, which was significantly greater
than the flies injected with S. aureus JE2 and buffer, but only
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Figure 5. In vivo antibacterial activity of capsosomes. A) Schematic depicting intra-abdominal coinjection of D. melanogaster (fruit fly) with capsosomes
and S. aureus |E2. B) Brightfield and fluorescence micrographs of DilL-capsosomes (without bacteria) injected into the abdomen of flies. Scale bars:
200 um. C) Survival of flies injected with Cap[VVP] and Cap[EEE] without bacteria. D) Survival of flies infected with S. aureus JE2 and treated with
Cap[VVV], Cap[VVP], and Cap[EEE], or buffer control. Additionally, control groups of flies were left uninjected or uninfected (shown are representative,
N = 1 independent experiment, n = 20 flies, repetition shown in Figure S17, Supporting Information). Statistical significance was calculated using the
pairwise_survdiff function in R, which carries out pairwise comparisons using the Log-Rank test, with a Bonferroni p value adjustment method. p <
0.0001 (****), p < 0.001 (***), ns = non-significance. p values shown are comparing S. aureus |E2 + Cap[VVV] or Cap[VVP] to S. aureus |E2 + buffer.
Cap[VVV]: Three layers of vancomycin loaded liposomes. Cap[VVP]: Layer one and two are vancomycin loaded liposomes, layer three are antibacterial

peptide loaded liposomes. Cap[EEE]: Three layers of empty liposomes. Schematic in A modified from Servier Medical Art website CC-BY.

in one of the independent experimental repeats. Therefore,
Cap[VVP] was found to be less effective than Cap[VVV] in an in
vivo environment. A potential reason for Cap[VVV] being more
effective than Cap[VVP] in the fly model could be that the pep-
tide (Palm-Arg-Arg-NH,) may be less potent in more complex in
vivo environments due to the presence of competing hydropho-
bic environments such as host cell membranes, which can hin-
der distribution of the peptide. Especially with respect to bacteria
that ended up far away from the capsosomes after injection (due
to the hemolymph), it is expected that released vancomycin is
more likely to reach these bacteria compared to the amphiphilic
peptide, hence, limiting the overall in vivo activity of the peptide.
In addition, the effective available vancomycin concentration was
higher for Cap[VVV] compared to Cap[VVP], because the in vivo
data was conducted under conditions to maximize an effect, fill-
ing the last layer of Cap[VVE] (Figure 4) with vancomycin too.
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Nonetheless, the dual-loaded Cap[VVP] system could still offer
possible advantages over the Cap[VVV] system since the drug
combination could aid in preventing the development of antibi-
otic resistance. Hence, optimization of the Palm-Arg-Arg-NH,
concentration and/or the number of liposome layers could po-
tentially improve the efficacy of the Cap[VVP] system. Overall,
this in vivo demonstration of single- and dual-antibiotic delivery
from capsosomes provides the fundamental basis for their po-
tential future use for localized and pathogenic bacteria triggered
antibiotic drug delivery.

3. Conclusion

We showed that hierarchical multilayer capsosomes composed
of a mesoporous silica microparticle core, followed by alternat-
ing layers of oppositely charged polymers and liposomes, could
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function as single- and dual-antibiotic drug reservoirs that re-
spond to bacterial growth. We demonstrated MRSA bacterial
toxin-triggered release from the capsosomes, providing evidence
that toxins under control of the agr locus are largely responsi-
ble for this release mechanism from liposomes containing sph-
ingomyelin and cholesterol. We then loaded these liposomes with
the clinically relevant antibiotic, vancomycin, and demonstrated
that capsosomes containing three layers of vancomycin-loaded
liposomes (Cap[VVV]), displayed >99.99% killing of an MRSA
strain, S. aureus JE2. We further determined that vancomycin had
synergistic activity in vitro in combination with an antibacterial
peptide, Palm-Arg-Arg-NH,, and exploited this drug relationship
within the capsosomes, which were also found to provide a syn-
ergistic effect in vitro when loaded with both compounds. Finally,
we further demonstrated that prevention of MRSA infection in D.
melanogaster with antibiotic-loaded capsosomes led to a statisti-
cally significantly improved survival over 5 d, compared to control
organisms treated with buffer, illustrating that the capsosomes
maintained their antibacterial activity in a complex in vivo envi-
ronment. We found that, even in this challenging in vivo environ-
ment, the Cap[VVV] functioned successfully and protected the
host flies from the bacterial infection. Interestingly the Cap[VVV]
construct performed better than the dual-loaded Cap[VVP] con-
struct, although the dual-loaded capsosomes could still provide
additional benefits for reducing the likelihood of resistance de-
velopment, which will have to be tested further in the future.
We envision that the single- and dual-loaded capsosomes devel-
oped here could be applied to treat or prevent infection of long-
term medical device implants. Use of these capsosomes could
prevent the need for systemic application of high concentrations
of antibiotics, reducing the risk of side effects and the develop-
ment of antibiotic resistance. Although thorough in vivo inves-
tigations are needed to evaluate whether nephrotoxicity can be
reduced through a localized and controlled release from our cap-
sosomes, they provide an optimal carrier for multiple drugs with
various solubilities (hydrophobic and hydrophilic) and beyond
vancomycin. Further, the bacterial toxin-triggered release mech-
anism will ensure that delivery of the antibiotics occurs only at
the time and site of an infection. Overall, we have demonstrated
engineering of an advanced hierarchical microassembly (capso-
somes) for controlled delivery of the clinically relevant antibiotic,
vancomycin, and combination delivery of vancomycin and an an-
timicrobial peptide (Palm-Arg-Arg-NH,) both in vitro and in vivo.
These constructs demonstrate the application of multipurpose
capsosomes towards antibiotic drug delivery, providing a plat-
form for new single- and multiantibiotic precision drug delivery
strategies and their advancement towards clinical applicability.

4. Experimental Section

Materials:  Cholesterol, sulforhodamine B (SRB), palmitic acid, meso-
porous silica microparticles (2 um diameter, 4 nm pore diameter), cys-
teamine hydrochloride, 2,2'-dipyridyl disulfide, poly(allylamine hydrochlo-
ride) (~65 kDa, 10 wt% in H,0O) (PAH), tricine, sodium chloride, piperi-
dine, diethyl ether (DEE), trifluoracetic acid (TFA), Triton X-100, flu-
orescein isothiocyanate (FITC) isomer |, M17 agar, glucose and su-
crose were purchased from Sigma-Aldrich, UK. Fmoc-L-Arg(Pbf)-OH, 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC-HCI),
and (1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium
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3-oxide hexafluoro-phosphate (HATU) were purchased from Fluorochem,
UK. Brain sphingomyelin and 1,2-dioleoyl-3-trimethylammonium-propane
(DOTAP) were purchased from Avanti Polar Lipids, USA. Poly(methacrylic
acid) (=15 kDa, 30 wt% solution in H,0) was purchased from Poly-
sciences, USA. Rink Amide AM resin (100-200 mesh, 0.4-0.75 mmol g‘1)
was purchased from Iris Biotech, Germany. Diisopropylethylamine (DI-
PEA) was purchased from AGTC Bioproducts. 1,1"-dioctadecyl-3,3,3",3’-
tetramethylindodicarbocyanine perchlorate (DiD) and Dulbecco’s phos-
phate buffered saline (PBS) without phenol red, calcium, and magnesium
(Gibco) were purchased from Thermo Fisher Scientific, UK. Vancomycin
was purchased from PanReac AppliChem, Germany. N,N-dimethyl for-
mamide (DMF), water (HPLC grade) and methanol were purchased from
VWR chemicals, UK. Dichloromethane (DCM), triisopropylsilane, and ace-
tonitrile (HPLC grade) were purchased from ACROS Organics, USA. Sheep
blood (defibrinated) was purchased from Southern Group Laboratory Ltd,
UK. Tryptic soy agar (TSA) and tryptic soy broth (TSB) were purchased
from BD Biosciences, USA. Paraformaldehyde (16% aqueous solution)
was purchased from Electron Microscopy Sciences, USA. Synthetic PSMs
were purchased from Peptide Protein Research Ltd, UK. All chemicals were
used as received unless otherwise indicated.

Poly(methacrylic acid) Functionalized with Pyridine Dithioethylamine
(PMA-PDA):  Pyridine dithioethylamine (PDA) was synthesized as de-
scribed previously.[%%] Briefly, 2.45 g of cysteamine hydrochloride in 10 mL
methanol was added dropwise to 150 mL methanol containing 25 g of
2,2'-dipyridyl disulfide over 30 min. The reaction mixture was then stirred
continuously under an atmosphere of argon for 24 h, after which the prod-
uct was isolated by precipitation using DEE (cooled to —20 °C). The syn-
thesized compound was verified using LCMS and proton nuclear mag-
netic resonance spectroscopy ('"H NMR in DMSO-d6). The PDA was then
lyophilized and stored at —80 °C.

To functionalize PMA with PDA, a solution containing 3.23 mL of
20 mg mL™" 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochlo-
ride (EDC-HCI) in phosphate buffer and 300 mg of 30 wt% PMA solution
(15 kDa) was prepared and stirred for 15 min (stir speed of 2). Next, ei-
ther 0.5, 1.0, 1.5, or 2.5 mL of 20 mg mL™! PDA in dH,O was added to
the solution, followed by a 16 h incubation under stirring. The product
was then dialyzed using Spectra/Por 3 dialysis tubing (3.5 kDa MWCO,
45 mm, Spectrum Laboratories, USA) in dH,O over 1.5 d, replacing the
dH, O four times, and then lyophilized. The degree of functionalization
was determined using "H NMR.

Synthesis of Palm-Arg-Arg-NH,: Palm-Arg-Arg-NH, was synthesized
using a standard Fmoc solid-phase synthesis protocol.[81] A 20 mL syringe
equipped with a frit was filled with 1 mmol Rink Amide AM resin (100—
200 mesh, 0.4-0.75 mmol g') and swelled in 20 mL dichloromethane
(DCM) for 15 min. Fmoc deprotection was completed by incubating the
resin twice in 20 mL of 20 vol% piperidine in N,N-dimethyl formamide
(DMF) for 15 min, and then washing the resin three times in 20 mL DMF,
once in 20 mL methanol, and once in 20 mL DCM. Fmoc-L-Arg(Pbf)-OH
and palmitic acid were coupled to the resin using 3x molar equivalents
with 3x molar equivalents of (1-[Bis(dimethylamino)methylene]-1H-1,2,3-
triazolo[4,5-b]pyridinium 3-oxide hexafluoro-phosphate (HATU) dissolved
in a total of 12 mL DMF in the presence of diisopropylethylamine (DI-
PEA, 5 equivalents), to activate the amino acid and fatty acid. The activated
amino acid or fatty acid solution was incubated with the resin on an orbital
shaker for 1 h (Arg coupling) or overnight (palmitic acid coupling) and the
resin was then washed as described above. Solvents were removed using
a vacuum pump and ninhydrin tests (Cambridge Biosciences, UK) were
completed to verify the presence or absence of free amine moieties af-
ter Fmoc deprotection step and amino acid coupling. Following synthesis,
the resin was incubated in a round bottomed flaskunder stirring for 4 h
in 50 mL of 95 vol% trifluoroacetic acid (TFA), 2.5 vol% triisopropylsilane,
2.5 vol% dH,O to cleave the peptide from the resin. The resin was then fil-
tered through a frit and washed once with 20 mL TFA to collect the cleaved
peptide, followed by removal of the TFA under reduced pressure. The pep-
tide was recovered by precipitation using three washes with 100 mL diethyl
ether (DEE), removing the DEE by centrifugation (5000 X g, 10 min, 4 °C).

The peptides were dissolved in 70 vol% dH, O, 30 vol% acetonitrile with
0.1vol% TFA and filtered using a 0.45 um filter (Corning, USA). Purification
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was carried out using reverse-phase preparative high-performance liquid
chromatography (Shimadzu, Japan) on a Phenomenex C18 Gemini NX
column (5 mm particle diameter, 110 A pore diameter, 150 x 21.2 mm).
Samples were run at 10 mL min~" with the following 30 min protocol: 95%
A (dH,0, 0.1 vol% TFA) and 5% B (acetonitrile, 0.1 vol% TFA) for5 min, a
gradient from 5% to 95% B in 20 min, maintenance of 5% A 95% B for 5
min. Absorbance was measured at 220 nm. The peptide mass was verified
using LCMS. The peptide was then lyophilized and stored at —20 °C.

Scanning Electron Microscopy: A 50 pL aliquot of mesoporous silica
microparticles (806 951, Sigma Aldrich, UK) suspended in 100% ethanol
was applied to a glass slide. Samples were sputter-coated with gold for
30 s at 20 mA. Images were taken using a JEOL JSM-5610LV microscope
with an operation voltage of 20 kV. Microparticle diameters were measured
from SEM micrographs using FIJ1.[62]

Preparation of Liposomes: Liposome compositions were 37.5 mol%
sphingomyelin, 37.5 mol% cholesterol, 25 mol% DOTAP, with 0.2 or 1
wt% DiD if included. Lipid films were prepared by applying 12 mg total
lipids to 2 mL glass vials and removing the chloroform by evaporation
using N, gas, followed by desiccation for overnight. Lipid films were then
hydrated with the desired buffer and cargo and incubated on a vortex mixer
for 30 min at 1200 rpm and then subjected to five freeze-thaw cycles, heat-
ing to 70 °C and freezing at —80 °C. The lipid suspensions were then ex-
truded to 100 nm (10x through a 200 nm membrane and then 21X through
a 100 nm membrane).

Empty liposomes were hydrated in 1.2 mL tricine buffer (buffer com-
posed of 50 x 1073 w tricine, 50 x 1073 m NaCl, pH 7.5). Liposomes
containing SRB were hydrated in 1.2 mL of 10 x 1073 m SRB in tricine
buffer. Liposomes loaded with vancomycin were hydrated in 0.6 mL of
4 mg mL~! vancomycin in tricine buffer. Liposomes containing Palm-Arg-
Arg-NH, were prepared by adding 500 ug Palm-Arg-Arg-NH, in 100 uL
methanol during lipid film deposition onto the glass vial and then hydrat-
ing in 1.2 mL tricine buffer.

Non-incorporated SRB, vancomycin, and Palm-Arg-Arg-NH, was re-
moved from liposome suspensions using PD MiniTrap G-25 (VWR, UK)
and PD MidiTrap G-25 (VWR, UK) columns, according to the provided
gravity protocol. To ensure complete separation of liposomes from drug,
liposomes loaded with vancomycin were diluted 4x prior to purification.
Liposomes loaded with SRB and Palm-Arg-Arg-NH, were purified undi-
luted. 1x PD MiniTrap G-25 (VWR, UK) and 2x PD MidiTrap G-25 (VWR,
UK) columns were used sequentially to yield high purity.

Liposomes were characterized by measuring dynamic light scattering
(DLS) and zeta potential using a Zetasizer Nano ZS (Malvern, UK) with a
scattering angle of 173° and a laser beam wavelength of 633 nm. For DLS,
samples were diluted (10x dilution of 1 mg mL~" lipid content, or equiv-
alent) and measured three times in disposable micro cuvettes, each mea-
surement comprising 15 runs. The measurements were then averaged.
The zeta potential was measured by applying 50 L of liposomes (1 mg
mL~" lipid content) and 950 pL 300 x 1073 m sucrose to a folded cap-
illary zeta cell. Three measurements (10-15 runs each) were taken and
averaged. Liposome concentrations for capsosome assembly were deter-
mined using nanoparticle tracking analysis (NTA), see below.

Loading of vancomycin and Palm-Arg-Arg-NH, into liposomes was as-
sessed using analytical HPLC and LCMS, respectively. Samples were pre-
pared for analysis by mixing equal volumes of methanol and liposome
sample for 10 min to lyse the liposomes and then filtering using a 0.2 um
PFTE filter (Phenomenex, USA).

Assembly of Capsosomes: Generally, samples containing 5 mg meso-
porous silica microparticles were mixed with 1 mL of 1 mg mL™'
poly(allylamine hydrochloride) (PAH) in dH,O in an AccuTherm micro-
tube shaking incubator (Labnet, USA) at 400 rpm for 30 min. The PAH
was removed using centrifugation (3000 X g, 1 min) and the microparticles
were washed two times in tricine buffer, removing the buffer with centrifu-
gation (3000 X g, T min). The samples were then mixed with T mL of 1 mg
mL~" PMA-PDA in tricine buffer for 30 min and washed as with the PAH
incubation. Next, 1 mL of liposomes with a concentration of 1 mg mL™!
total lipids was added to the microparticles, incubated for 30 min, and
washed as with PMA-PDA. This procedure was then repeated, alternating
between PMA-PDA and liposomes to deposit 3 bilayers of PMA-PDA and
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Table 1. Capsosome configurations.

Capsosome Name Composition

3x layers of SRB loaded liposomes (10 x 1073 m SRB)

Layer 1and 2: SRB loaded liposomes (0.5 x 10 m SRB),
layer 3: DiD loaded liposomes (0.2 wt%)

SRB-capsosomes

SRB-DiD-
capsosomes

DiD-capsosomes 3% layers DiD loaded liposomes (1 wt%)

Dil-capsosomes 3x layers DilL loaded liposomes (1 wt%)

Cap[VVWV] 3% layers of vancomycin loaded liposomes

Cap|EEE] 3% layers of empty liposomes

Cap[VVE] Layer 1 and 2: vancomycin loaded liposomes, layer 3:
empty liposomes

Cap|EEP] Layer 1 and 2: empty liposomes, layer 3:

Palm-Arg-Arg-NH, loaded liposomes

liposomes onto the microparticles. Capsosomes were finally dispersed in
tricine buffer (Table 1).

For samples exposed to S. aureus, the capsosomes were prepared asep-
tically. The buffer and solutions of PAH, PMA-PDA and liposomes were
sterilized using a 0.45 um filter (Corning, USA). The mesoporous silica
microparticles were sonicated in 70 vol% ethanol for 10 min, and then
washed 5x in 1 mL sterile tricine buffer using centrifugation (3000 X
g, 1 min) to remove the supernatant.

Bacterial Strains and Culture:  The bacterial strains used are detailed in
Table 2.

S. aureus |E2, S. aureus USA300, S. aureus USA300 AagrA, were plated
on tryptic soy agar (TSA) from glycerol stocks. L. lactis was plated on M 17
agar supplemented with 0.5 wt% glucose. A single colony from the plate
was added to 5 mL of the appropriate media using an inoculation loop and
incubated for 17 h at 37 °C in a shaking incubator (180 rpm).

For preparation of bacterial supernatants containing toxins, a single
colony of S. aureus JE2, S. aureus USA300, S. aureus USA300 AagrA, or
L. lactis was added to 10 mL of TSB using an inoculation loop and incu-
bated for 16 h at 37 °C in a shaking incubator (180 rpm). Cultures were
centrifuged at 6500 x g for 10 min at 4 °C. To separate the bacteria from
the secreted toxins in the media, the cultures were filtered using a 0.45 pm
filter.

Toxin-Triggered Release from SRB-Capsosomes:  For incubation of capso-
somes with bacterial cultures, a 96-well plate was prepared with column
A containing 95 pL of 5 mg mL™! SRB-capsosomes and 95 uL TSB, and all
other wells containing 95 pL TSB. A serial dilution was performed across
the columns with the final column containing no capsosomes. Stationary-
phase cultures of S. aureus JE2, S. aureus USA300, and S. aureus USA300
AagrA were diluted and inoculated into the 96-well plate to reach a final
cell density of ~1 x 10° CFU mL™". For incubation of capsosomes with
bacterial supernatants, a 96-well plate was prepared containing 50 uL of
5 mg mL~" SRB-capsosomes and 50 L buffer in column A, which was
serially diluted into 50 pL buffer in all other wells as with the bacterial cul-
ture samples. A 50 pL aliquot of bacterial supernatant was then added to
each well. For incubation of capsosomes with synthetic PSMs, 200 x 10~®
M synthetic PSMs were mixed with 0.05 mg SRB-capsosomes in buffer to
a final volume of 100 uL. Samples were measured every 30 min for 17 h
using a Tecan Infinity 200 Pro plate reader with an excitation wavelength
of 553 nm and an emission wavelength of 585 nm. Triton was then added
to column A to form a final concentration of 1 vol%. The samples were
incubated for 1 h shaking and then measured again using a plate reader.

Bacterial Killing Assays to Test In Vitro Activity of Capsosomes: Capso-
some samples (5 mg Cap[VVV] and Cap[EEE]; or 4 ug mL™" free van-
comycin) were resuspended in 95 uL tricine buffer. The 95 uL samples were
mixed with 95 uL TSB and then 10 L of diluted S. aureus JE2 culture was
added to each sample to reach a cell density of ~#2 x 10* CFU mL". The
samples were then incubated at 37 °C. For each timepoint (0, 2, 4, 6, 8, and
24 h) aliquots were taken and 10-fold serial dilutions in PBS were prepared
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Table 2. List of bacterial strains used.
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Strain Description Source
Staphylococcus aureus USA300 LAC JE2 A derivative of CA-MRSA USA300 LAC, cured of plasmids [63]
Staphylococcus aureus USA300 LAC LAC strain of the USA CA-MRSA lineage [37]
Staphylococcus aureus USA300 LAC AagrA USA300 with the agrA gene deleted [40]
Lactococcus lactis NZ9800 nisA defective isogenic mutant of NZ9700 (fnb-) [64]

in a 96-well plate from the neat sample down to 10~ TSA plates were then
split into eight sections and 10 uL of neat sample and each serial dilution
was spread evenly onto the different sections. The plates were incubated
at 37 °C for 17 h, after which the colonies were counted. For spot on plates
5 uL of the same dilutions were pipetted onto TSA plates. For Cap[VVP],
Cap[EEP], and Cap[VVE] serial dilutions were prepared starting with 2.5 mg
down to 0.3125 mg of capsosomes and from then samples were treated
as described above and data of 1.25 mg is shown in Figure 4. The bacterial
survival was calculated as a percentage of the number of bacteria in the
starting inoculum: Survival / % = CFUyjepoint/CFUyo X 100.

Bacterial Killing Assays to Test Synergy of Antibiotics: A S. aureus JE2 cul-
ture was adjusted to ~2 x 10 CFU mL~" and mixed 1:1 with antibiotics
solution to reach a final concentration of 4 ug mL~'. Samples were incu-
bated at 37 °C and aliquots were taken after 0 and 8 h, serially diluted and
plated on TSA plates as described above.

Nanoparticle Tracking Analysis (NTA) to Measure Binding Capacity of Li-
posomes on Capsosomes:  Liposome concentration was measured using a
NanoSight NS300 (Malvern, UK). Samples were diluted (5000x dilution
for 1 mg mL™" lipid content, or equivalent) and applied to a continuous
flow chamber at 50 uL min~". A screen gain of 1and camera level of 14 were
used for measurements, which comprised 3-5 captures, each of which was
30-60 s. For analysis, a screen gain of 5.1 and a detection level of 10 were
used.

Analytical High Performance Liquid Chromatography (HPLC) to Ana-
lyze Vancomycin Loading: ~ Samples containing vancomycin were analyzed
with a 1260 Infinity LCMS (Agilent Technologies, USA) using an 8 min iso-
cratic method in 20 X 10~ M ammonium formate, 12% methanol pH 4,
with an injection volume of 20 pL, a column temperature of 50 °C, and
a flow rate of 1.5 mL min~'. Absorbance was measured at 240 nm. Peak
area corresponding to vancomycin was measured using the integrate gad-
get in Origin (OriginLab, USA). A standard curve from 0 to 10 pug mL™
vancomycin was constructed to determine vancomycin loading into lipo-
somes.

Liquid Chromatography Mass Spectrometry (LCMS) to Analyze Palm-Arg-
Arg-NH, Loading: Samples containing Palm-Arg-Arg-NH, or PDA were
analyzed with a 1260 Infinity LCMS (Agilent Technologies, USA) using an
10 min method with a 5 pL injection volume, consisting of 95% A (99.9
vol% dH,0, 0.1 vol% formic acid) 5% B (99.9 vol% acetonitrile, 0.1 vol%
formic acid) from 0 to 0.5 min, a gradient to 5% A 95% B from 0.5 to
4.5 min, maintenance at 5% A 95% B from 4.5 to 6 min, a gradient to 95%
A 5% B from 6 to 9 min, and maintenance at 95% A 5% B from 9 to 10 min.
The flow rate was 0.5 mL min~! and the column temperature was 40 °C.
Absorbance was measured at 220 nm and species were detected using a
100-1000 Da method. For quantification of Palm-Arg-Arg-NH,, ions with a
m/z ratio corresponding to [M+H], [M+Na] or [M+2H], located between x
=4 min to x = 7 min, were extracted from the positive ion total ion current
chromatogram to form an extracted ion chromatogram (EIC). Peak area
of the EIC was calculated using the integrate gadget in Origin (OriginLab,
USA). A standard curve from 0 to 15 ug mL™! Palm-Arg-Arg-NH, was con-
structed to determine loading of Palm-Arg-Arg-NH, into liposomes.

Flow Cytometry to Characterize Layer Deposition onto Capsosomes:
Samples were characterized using a BD LSRFortessa flow cytometer with
FACS DIVA software (BD Biosciences, USA). The samples were analyzed
by measuring the FSC-A, SSCA, DAPI fluorescence intensity (405 nm laser,
450/50 nm laser filter), and DiD fluorescence intensity (640 nm laser,
670/15 nm laser filter). For analyzing layer deposition onto capsosomes or,
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single capsosomes were defined using an FSC-A versus SSC-A gate drawn
around the major population observed in each sample. Median fluores-
cence intensities were taken from a total of 20 000 single particle events.
Data analysis was performed using FlowJo software (Tree Star, USA).

Fluorescence Microscopy of Capsosomes and Bacteria: A 1 mL sample of
stationary phase culture of S. aureus JE2 was harvested by centrifugation
(13500 rpm, 3 min) and washed in 1 mL PBS. The ODg, was adjusted to 1
in labelling buffer (50 x 1073 M Na,CO3, 100 x 1073 m NaCl, pH 8.0) with
0.5 mg mL~" FITC and incubated for 30 min at room temperature. Labelled
cells were washed 5x in 1 mL PBS, mixed 1:1 with 10 uL of 5 mg mL™!
SRB-DiD-capsosomes and incubated for 2 h. For imaging these samples,
an 8 well p-Slide (ibidi, Germany) was covered with 10 mg mL~! protamine
solution and incubated for 30 min to coat the wells with protamine. For
removal of excess protamine, the wells were washed 5x with PBS. The
coating was performed to immobilize the bacteria to increase the quality of
the microscopy. A 20 L aliquot of the sample (or of just capsosomes) was
then added to the 8 well p-Slide and imaged using a Nikon Ti Microscope
with a 100x oil immersion objective. Z-stacks were deconvolved using the
EpiDEMIC plugin in Icy (50 iterations)[®°] and images were then processed
(brightness/contrast adjustment) in Fiji.l52]

Hemolysis Assay: ~ Sheep blood was diluted to 8 vol% in PBS. Samples
were prepared containing a 5 mg sample of Cap[VVV] or Cap[VVP], or 0—
512 ug mL™! free Palm-Arg-Arg-NH, and free vancomycin in 100 uL PBS
and mixed with 100 pL 8 vol% sheep blood. Samples were incubated at
37 °C for 2 h and then centrifuged at 1577 g for 8 min. The supernatant
(100 pL) was then transferred to a 96-well plate and the absorbance mea-
sured at 570 nm in a plate reader. Hemolysis was calculated as follows

Abs, — Abs_,,

Haemolysis (%) = W
+ve —ve

M

where Abs, is the absorbance of the sample, Abs_,, is the absorbance of
the negative control (red blood cells with no treatment), and Abs_, is the
absorbance of RBC lysed with 2 vol% Triton.

In Vivo Activity of Capsosomes Tested in a Drosophila melanogaster
Infection Model: Males of w8 D. melanogaster (fruit fly) were collected
within 24-48 h following eclosion and kept in vials containing fresh fly
food (tap water, 10 wt% Brewer’s yeast, 2 wt% polenta, 8 wt% fructose, 0.8
wt% agar, 0.5 vol% nipagin, and 0.75 vol% propionic acid). Experiments
were carried out using flies between 5 and 10 d old. The flies were
injected intra-abdominally with 50 nL fluorescently labelled capsosomes
(DiL); S. aureus JE2 only (~4 x 10° CFU mL™"); buffer control, Cap[VVV]
or [VVP] and S. aureus JE2 using a ratio of 5 mg capsosomes: ~2 X
10* CFU mL™" bacteria in a total volume of 200 uL (set up in the same
way as the in vitro study). Injections were completed using a pulled-glass
capillary needle and a Picospritzer injector system (Parker, USA). All
the injections were performed in the same area between the thorax and
abdomen of the flies (please see Movie 1, Supporting Information). The
amount of injected liquid was adjusted using a graticule in the microscope
to ensure injection of equal volumes of 50 nL per fly. In order to achieve
this, two parameters were utilized: pressure and time of injection. Pres-
sure was kept constant, but the time of injection was modulated for each
needle specifically: the narrower it was, the longer the injection time and
vice versa. Typical settings used were 30 psi and injection times between
16 and 25 ms, depending on the needle. Every sample requires a different

© 2022 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
HEALTHCARE
MATERIALS

www.advancedsciencenews.com

needle, hence, the time parameter had to be adjusted for each needle
separately. Control samples were also prepared including uninjected
flies (untreated), flies injected only with TSB media, flies injected with S.
aureus |E2 and Cap[EEE], and flies injected with S. aureus JE2 and buffer.
Following injection, the flies were kept at 29 °C. Survival of D. melanogaster
was monitored daily over 4-5 d, using n = 20 for each sample condition,
and the flies were tipped into fresh food every 2-3 d. Toxicity of the cap-
sosomes was also assessed by injecting 50 nL of 5 mg mL' Cap[EEE] and
Cap[VVP] and monitoring fly survival over 5 d. Calculation of statistical
significance was carried out using the surv_diff and the pairwise_survdiff
function (with a Bonferroni p value adjustment method) in R.

Statistical Analysis:  The specific sample sizes and statistical tests and
post hoc analysis are specified in the figure captions. Data normalization
and representation are also explained in each caption. All the data was
plotted using Origin (OriginLab, USA). Statistical tests were performed in
GraphPad Prism 9.0.0., except the fly survival curves were analyzed in R.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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