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Repurposing antimicrobials with
ultrasound-triggered nanoscale systems
for targeted biofilm drug delivery
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Chronic infections represent a major clinical challenge due to the enhanced antimicrobial tolerance of
biofilm-dwellingbacteria. To address this challenge, anultrasound-responsivenanoscale drugdelivery
platform (nanodroplets) is presented in this work, loaded with four different antimicrobial agents,
capable of simultaneous biofilm disruption and targeted antimicrobial delivery. When loaded, a robust
protective effect against clinically-derived MRSA and ESBL Gram-positive and Gram-negative
planktonic isolateswasshown in vitro.Upon application of therapeutic ultrasound, an average 7.6-fold,
44.4-fold, and 25.5-fold reductionwasobserved in the antibiotic concentrations compared to free drug
required to reach the MBC, MBEC and complete persister eradication levels, respectively.
Nanodroplets substantially altered subcellular distribution of encapsulated antimicrobials, enhancing
accumulation of antimicrobials by 11.1-fold within the biofilm-residing bacteria’s cytoplasmcompared
to treatment with unencapsulated drugs. These findings illustrate the potential of this multifunctional
platform to overcome the critical penetration and localization limitations of antimicrobials within
biofilms, opening potential new avenues in the treatment of chronic clinical infections.

Chronic and nosocomial clinical infections, notoriously resistant to tradi-
tional antimicrobial therapies, are often perpetuated by bacterial biofilms –
complex, dynamic communities that thrive in a self-constructed exopoly-
saccharide (EPS) matrix1,2. This matrix, which is largely impermeable to
conventional antibiotics, can foster non-metabolic dormant cells and enable
bacterial communication (quorum sensing). Consequently, many traditional
antimicrobials are ineffective against biofilms at conventional dosages,
necessitating invasive surgical interventions (e.g., indiabeticulcers) or lifelong
high-dose antibiotic regimes (e.g., in cystic fibrosis and urinary tract infec-
tions). The holy grail of antibiofilm therapies has thus far eluded researchers,
with most agents failing to effectively penetrate and accumulate beyond the
biofilm matrix, succumbing to rapid clearance and nuclease-mediated
degradation. While antibiofilm drug delivery systems have gained traction
due to the long and costly process of developing new drugs3, many fail to
eradicate biofilm structures completely, allowing newmicrobial colonization
and perpetuating chronic infections4.

Our study aims to address this challenge by pioneering the use of an
antimicrobial-loaded ultrasound-responsive nanoscale delivery platform (Fig.
S1). By harnessing the power of therapeutic focused ultrasound (FUS), we
demonstrate simultaneous spatiotemporally controlled antimicrobial release
and biofilm disruption. By incorporating existing antimicrobials into this
platform, we overcome the limitations of conventional gas-filled

microbubbles, which are thwarted by their large size andpoor perfusion of the
microvasculature5. Particularly in antibiofilm therapy, they are rapidly
destroyedby theultrasoundpressuresneeded formechanicalbiofilmstructure
disruption6 and activation of metabolically inactive “dormant” cells7. Volatile
liquid “nano” droplets, designed to vaporize upon ultrasound exposure,
transiently form these microbubbles that synergistically disrupt biofilm
structures and enhance convective transport through acoustic cavitation (i.e.,
volumetric bubble oscillations),while ensuringprecise, localizeddrugdelivery.

Building on promising, yet incomplete, co-delivery strategies whose
efficacy is constrained by drug transport through the biofilm8,9,10, we instead
directly incorporate four distinct classes of antimicrobial agents separately
within a nanodroplet formed from a modified clinical contrast agent
(Definity RT™). This strategy leverages the physicochemical stabilization
and penetration afforded by the nanoscale carrier and enables simultaneous
localized drug delivery and biofilm disruption, thus providing a promising
solution for combating chronic and recalcitrant bacterial infections.

Results and discussion
Antimicrobial-loaded nanodroplet platform development and
characterization
Phospholipid-coated nanodroplets were synthesized via an established
procedure11 based on a clinically approved contrast agent (Definity RT™)
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and separately loaded with four antimicrobials with distinct mechanisms of
antibiofilm action: a rutheniumpolypyridyl complex (antimicrobialmetal12;
Ru-NDs) embedded in the lipid shell, azithromycin (quorum sensing
inhibitor13; AZM-NDs) and besifloxacin (fluoroquinolone14; BES-NDs) in
the hydrophobic region, and polymyxin B (antimicrobial peptide15; PMB-
NDs) electrostatically bound to the anionic shell.

While antimicrobial metals have attracted attention for their ther-
apeutic potential, none have been clinically approved for systemic anti-
bacterial treatment. For this study, a modified ruthenium complex was
developed16–19, and coupled with a host phospholipid through a strain
promoted alkyne-azide cycloaddition (SPAAC) “click” reaction. The suc-
cessful synthesis and purification of the complex were confirmed through
NMRandHPLC-ESI-MS (m/z [M]+: 792.27). Parent complex identitywas
further verified by evaluating the metal-to-ligand charge-transfer (MLCT)
absorption and corresponding fluorescence emission at 456 nm and
624 nm, respectively (Fig. S2)20.

Microbubbles and nanodroplets were characterized using inter-
ferometry, dynamic light scattering (DLS), and electro-impedance
volumetric zone sensing (Coulter Counter; aperture size range:
0.4–12 µm) (Fig. 1A–D) to portray the full particle population. Size and
concentration of the nanodroplets were carefully controlled, with mean
hydrodynamic diameters ranging from 125 nm to 250 nm, significantly
smaller than their microbubble counterparts (350–650 nm) due to con-
densation of the perfluorocarbon gaseous core into the liquid state21

(Fig. S3). When loading antimicrobials onto the nanodroplet platform, a
clear concentration-dependent relationship could be observed with nano-
droplet characteristics, with the appearance of heterogeneity suggesting the
disruption of structural integrity at higher concentrations22. Concentrations
beyond 40mol% displayed a significant decrease in nanodroplet
concentration and an increase in size and polydispersity index (PDI, i.e., a
measure of particle size dispersity), indicative of nanodroplet instability and
unsuitability for biofilm disruption23. A 40mol% loading concentrationwas
thus selected to balance the maximization of antimicrobial content while
maintaining the structural integrity, ultrasound responsiveness, and
stability of nanodroplets. Due to lipid concentration limits with the
phospholipid-conjugated ruthenium complex, only a maximum 8mol%
could successfully be loaded for the ruthenium-loaded nanodroplets.
Critically, all 40mol% antimicrobial-loaded nanodroplets exhibited less
than a 20% reduction in concentration over 100 h in serum and 120 days at
room temperature (Fig. 1G, H; Figs. S4, S5)24.

Using a custom-designed ultra-high speed imaging setup, nano-
droplet vaporization dynamics were observed in response to 3.125 MHz
ultrasound (3 pulses of 10 cycles with a 3.2 µs envelope at 37 °C) from a
clinical curved array probe, revealing their expansion and contraction
behavior in real-time. At peak negative pressures (pnp) above
3.1 ± 0.42 MPa, the initially unresolvable nanodroplets expanded near
the trough of each rarefactional half-cycle before contracting during the
compressional half-cycle (Fig. 1F, SupplementaryVideo 1)25, resulting in
the formation of microbubbles with a mean diameter of 0.9 ± 0.14 µm.
This phenomenon is consistent with the hypothesized 5-6x radial
expansion factor of perfluorocarbon droplets26.

Clinical isolate planktonic activity of antimicrobial-loaded
nanodroplets
A panel of ten clinical bacterial isolates was evaluated, comprising Escher-
ichia coli strains (including extended spectrum beta-lactamase (ESBL)-
producing and non-ESBL phenotypes) and Staphylococcus aureus strains
(both MRSA and MSSA variants) sourced from clinical investigations of
urinary tract infections, osteomyelitis, and endocarditis in Oxfordshire, UK
(Fig. S7)27,28. Planktonic antimicrobial susceptibility testing was performed
using three measures: minimum inhibitory concentrations (MICs) follow-
ing EUCAST protocols, metabolicMICs using resazurin in physiologically-
relevant media (synthetic human urine29 for E. coli and brain heart infusion
for S. aureus), and minimum bactericidal concentrations (MBCs) of
stationary-phase populations via standard plating methodologies.

Azithromycin (Fig. 2A), a broad-spectrum macrolide, exhibited
anticipated inhibitory and bactericidal efficacy in its unencapsulated form
against both E. coli and S. aureus30–35. AZ-NDs demonstrated reduced
bioavailability, necessitating elevated concentrations (3.23-fold for meta-
bolic MIC (p = 0.008; Log(BF10) = 2.1) and 2.31-fold for MBC (p = 0.029;
Log(BF10) = 1.1)) to achieve equivalent endpoints—an expected con-
sequence of the protective nanodroplet formulation. The addition of
focused ultrasound (AZ-ND/FUS; 3.125MHz, alternating vaporization (3.2
MPa pnp, effective “on” of 3.2 µs/pulse) and delivery (332.9 kPa pnp,
effective “on” of 25 µs/pulse) ultrasound) markedly potentiated azi-
thromycin efficacy, reducingmetabolicMICandMBCs forE. coliby a factor
of 13.45 and 19.18, respectively, compared to free azithromycin, and by
32.71 and 37.19, compared to AZ-NDs alone. Analogous trends were
observed inS. aureus, whereMBCswere reducedwithAZ-ND/FUSby2.84-
fold (p = 0.073; Log(BF10) = 0.7) and 11.14-fold (p = 0.035; Log(BF10) = 1.2)
relative to free azithromycin and AZ-NDs alone, respectively. Interestingly,
MIC determinations under EUCAST guidelines showed no significant
improvement in S. aureusdespite observations inmetabolicMIC andMBC,
emphasizing the need for multiple measures of efficacy.

Besifloxacin (Fig. 2B), a fourth-generationophthalmicfluoroquinolone
with broad-spectrum activity, demonstrated superior in vitro potency
among the tested antimicrobials, consistent with previous studies36,37.
Nanodroplet encapsulation produced modest attenuation of activity, with
slight increases in MIC and MBCs compared to free drug (1.63-fold for
E. coli MBC (p = 0.063; Log(BF10) = 0.8) and 2.32-fold for S. aureus MBC
(p = 0.060; Log(BF10) = 0.8)). However, the addition of focused ultrasound
(BF-ND/FUS) markedly enhanced besifloxacin’s bactericidal activity, with
substantial reductions in metabolic MIC (66.05-fold for E. coli (p = 0.138;
Log(BF10) = 0.2) and 2.81-fold for S. aureus (p = 0.094; Log(BF10) = 0.5))
and MBC (15.72-fold for E. coli (p = 0.141; Log(BF10) = 0.2) and 2.71-fold
for S. aureus (p = 0.014; Log(BF10) = 1.9)) relative to free besifloxacin.
Notably, BF-ND/FUSovercame intrinsicfluoroquinolone resistance in anE.
coli isolate (G30658), reducingMICandMBCrequirements by 292-fold and
169-fold, respectively, relative to free drug. However, as with azithromycin,
BF-ND/FUS showed reduced efficacy relative to free drug in both species
through MIC testing under EUCAST guidelines.

Polymyxin B (Fig. 2C), an antimicrobial peptide targeting Gram-
negative bacteria, exhibited robust activity against E. coli isolates, withMIC
and MBC values consistent with established breakpoints34,35. Interestingly,
encapsulating PMB in nanodroplets (PMB-NDs) did not significantly
attenuate bactericidal activity or growth inhibition compared to free drug in
E. coli clinical isolates (p = 0.245; log(BF10) = 0.3 for metabolic MIC;
p = 0.205; log(BF10) = 0.2 for MBC), potentially due to the electrostatic
mechanism by which it was attached. While both polymyxin B and ultra-
sound target bacterial membranes38, and would be expected to have a
synergistic mechanistic effect39, it is possible that ultrasound accelerates the
formation of transmembrane pores, allowing polymyxin B to enter bacterial
cells and travel beyond its target membrane site, thus reducing its effects
against planktonic isolates. However, in S. aureus clinical isolates, a bac-
terium intrinsically resistant to polymyxin B, PMB-ND/FUS decreased
metabolic MIC and MBC concentrations by 3.3-fold (p = 0.011;
log(BF10) = 2.1) and 2.7-fold (p = 0.011; log(BF10) = 2.0), respectively,
compared to free drug, demonstrating retained synergy in this Gram-
positive pathogen. These results suggest that PMB-ND/FUS retains its
ability to potentiate activity even in resistant bacterial strains.

The rutheniumpolypyridyl complex (Fig. 2D) exhibited comparatively
modest antimicrobial activity, requiring the highest concentrations to
achieveMICandMBCthresholds for bothE. coli and S. aureus. Ru-NDsdid
not confer a significantprotective effectwhenevaluatingmetabolicMICand
MBC values but did show a slight protective effect under EUCAST-defined
MIC testing when compared to free drug. Regardless, the addition of FUS
(Ru-ND/FUS) significantly lowered all threemeasures by an average of 3.46
(p < 0.001; log(BF10) = 7.6) and 5.96-fold (p = 0.007; log(BF10) = 2.2) com-
pared to free drug, in E. coli and S. aureus isolates, respectively, demon-
strating its potential to enhance ruthenium’s efficacy.
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Fig. 1 | Physicochemical characterization of antimicrobial-loaded nanodroplets.
Nanodroplet size and concentration characterization of polymyxin B nanodroplets (A;
PMB-NDs), azithromycin nanodroplets (B; AZM-NDs), besifloxacin nanodroplets (C;
BES-NDs), and ruthenium polypyridyl nanodroplets (D; Ru-NDs) assessed through
interferometry, dynamic light scattering, and electro-impedance volumetric zone
sensing. Concentration (black bars) and size (gray symbols) values were obtained by
matching particle counts at 402 nm across measurement techniques. Formulated
nanodroplets were evaluated for their vaporization threshold (E) using ultra-high-speed

recording (10 MFPS) following exposure to 3.125MHz ultrasound at varying acoustic
pressures (between 0 and 3.4 MPa peak negative pressure). Example images of droplet
vaporization captured across the first cycles are represented in (F), overlayed on an
example sinusoidal ultrasound pulse. Both size and concentration of nanodroplets were
conserved for up to 100 h at 37 °C in serum (G) and 120 days at room temperature (H),
showing less than 20% reduction in concentration. All results are presented as the
average ± standard deviation across five independent samples, with two technical
replicates each.
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Taken together, these data demonstrate that nanodroplet encapsula-
tion provides consistent protection, increasing MBC requirements by an
average of 3.08-fold compared to free drug (p < 0.001; log(BF10) = 4.9). FUS
application generates robust potentiation, reducing the antibiotic con-
centrations needed to attain the MIC and MBC by 12.67-fold (p < 0.001;
log(BF10) = 6.4) and 7.64-fold (p < 0.001; log(BF10) = 7.0), respectively,
likely via acoustic cavitation-mediated membrane permeabilization facil-
itating improved penetration and intracellular uptake36,37. These findings
establish ND/FUS as an effective strategy for potentiating diverse anti-
microbial classes against both Gram-positive and Gram-negative
pathogens.

Clinical isolate antibiofilm activity of antimicrobial-loaded
nanodroplets
Biofilm matrices are highly susceptible to re-colonization following
eradication40, necessitating strategies that target both the extracellular
matrix and viable bacterial populations. Conventional plate count

techniques, which require complete biofilm removal, fail to adequately
account formatrix contributions and the viable but non-culturable (VBNC)
state in biofilms, limiting their applicability for biofilm studies41. To over-
come these limitations, a combination of assays measuring biomass,
metabolic viability, and culturability were employed to determine the
minimum biofilm eradication concentration (MBEC) of 72 h mature bio-
films, quantifying the lowest antimicrobial concentration required to
eliminate biomass, metabolically viable cells42, or culturable bacteria.
Ultrasound (FUS) alone, applied under the tested parameters, exhibited no
intrinsic antimicrobial efforts but reduced biomass by an average of 31.6%
across isolates, consistent with previous reports of high-intensity FUS dis-
rupting biofilm EPSs43. Similarly, unloaded nanodroplets alone did not
exhibit intrinsic antibiofilm activity when measured through culture;
however, when applied undiluted, they demonstrated a modest capacity
(< 30%) for biofilm dispersal which was contingent on media and strain.
Although this dispersal effect did not result in measurable cell death within
biofilms, undiluted droplets did yield an approximate 20% reduction in cell
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Fig. 2 | Planktonic antimicrobial efficacy of antimicrobial-loaded ND/FUS.
Planktonic antimicrobial activity of free drug (blue bars), antimicrobial-loaded
nanodroplets (purple/pink bars), and antimicrobial-loaded ND/FUS (green bars)
against E. coli (lighter colors) and S. aureus (darker colors) clinical isolates across
azithromycin (AZM-NDs;A), besifloxacin (BES-NDs;B), polymyxin B (PMB-NDs;
C), and ruthenium polypyridyl complex (Ru-NDs; D). Plots depict the

concentration (µM) of antimicrobial required to achieve the Minimum Inhibitory
Concentration (MIC) per EUCAST standards and metabolic viability (resazurin),
Minimum Bactericidal Concentration (MBC; defined as a 3-log reduction in
CFU/mL). Each colored symbol corresponds to a different clinical isolate strain, as
identified in the middle legend, with each isolate represented by three biological
replicates, each with three technical replicates per measurement technique.
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viability specifically against the BJB2-13 and BJB2-23 osteomyelitis isolates,
with no detectable antimicrobial effects observed in other isolates. Lipid
suspensions showed no antibiofilm or antimicrobial activity. Both phe-
nomena are likely attributable to the spontaneous vaporization of formed
nanodroplets, likely driven by the inherent instability of low-boiling-point
perfluorocarbondroplets as a factor of temperature and interfacial tension44.

Consistent with prior studies45,46, azithromycin (Fig. 3A) required
substantial concentration increases to eradicate biofilms (MBEC culture)
compared toplanktonicMBCs,withE. coliand S. aureus requiring 4.74-fold
(p < 0.001; log(BF10) = 3.8) and 20.94-fold (p = 0.003; log(BF10) = 3.0)
increases, respectively. Notably, azithromycin MBEC values exceeded peak
serum and tissue concentrations achievable with therapeutic dosaging47,
highlighting its limited utility in eradicating biofilm infections. Encapsula-
tion in nanodroplets (AZ-ND) significantly enhanced azithromycin

efficacy, requiringmarkedly lower concentrations to achieve biofilmmatrix
dispersal and bacterial eradication, both with and without FUS. Despite the
protective effect observed against planktonic species, it is likely that the
enhanced penetration of NDs through the biofilm matrix, even in the
absence of ultrasound, allow them to access deeper bacterial populations,
bypassing the diffusion barriers imposed by the EPS more effectively than
free drug formulations. Indeed, this hypothesis is supported by cell uptake
studies, as detailed in later sections. Against E. coli clinical isolate biofilms,
AZ-ND/FUS reduced MBECs relative to free azithromycin by 57.03-fold
(p = 0.009; log(BF10) = 2.2) for biomass removal, 21.1-fold (p < 0.001;
log(BF10) = 7.1) for metabolic inhibition, and 49.52-fold (p < 0.001;
log(BF10) = 5.1) for a 3-log reduction in culturable bacteria. S. aureus bio-
films showed similar susceptibility patterns, with 36.78-fold (p = 0.025;
log(BF10) = 1.5), 32.06-fold (p < 0.001; log(BF10) = 6.2), and 78.48-fold
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Fig. 3 | Antibiofilm activity of antimicrobial-loadedND/FUS.Antibiofilm activity
of free drug (blue bars), antimicrobial-loaded nanodroplets (purple/pink bars), and
antimicrobial-loaded ND/FUS (green bars) against E. coli (lighter colors) and S.
aureus (darker colors) clinical isolates across azithromycin (AZM-NDs; A), besi-
floxacin (BES-NDs; B), polymyxin B (PMB-NDs; C), and ruthenium polypyridyl
complex (Ru-NDs; D). Plots depict the concentration (µM) of antimicrobial
required to achieve the Minimum Biofilm Eradication Concentration (MBEC).
MBEC metrics include biomass reduction (90% reduction in safranin), metabolic
viability (80% reduction in resazurin) and culturability (3-log reduction in

CFU/mL). Persister assays are conducted and defined as the lowest concentration
needed for complete eradication below the detection limit of 10° CFU/mL. Each
colored symbol corresponds to a different clinical isolate strain, with each isolate
represented by three biological replicates, each with three technical replicates per
measurement technique. Due to the excess antimicrobial concentration required
for complete bacterial eradication with antimicrobial-loaded nanodroplets alone,
persister elimination tests and MBEC culture tests in PMB-NDs alone against
S. aureus were not performed.

https://doi.org/10.1038/s44259-025-00086-3 Article

npj Antimicrobials & Resistance |            (2025) 3:22 5

www.nature.com/npjamar


(p = 0.003; log(BF10) = 3.0) reductions in biomass, metabolic, and culture
MBEC values, respectively. Remarkably, culturable MBEC values for both
species treated with AZ-ND/FUS were statistically insignificant from
planktonicMBC levels (p = 0.525; log(BF10) =−1.0 forE. coli and p = 0.505;
log(BF10) =−0.9 for S. aureus), underscoring the potent antibiofilm effects
of the ND/FUS combination.

Besifloxacin (Fig. 3B) demonstrated similar trends, with 4.45-fold
(p < 0.001; log(BF10) = 4.1) and 7.02-fold (p = 0.105; log(BF10) = 0.4) higher
drug concentrations required to eliminate biofilms of E. coli and S. aureus,
respectively, compared to planktonic cells (MBEC-culture vs. MBC). The
antibiofilm efficacy of besifloxacin was notably isolate-dependent in S.
aureus, where two osteomyelitis strains (BJB2-13, BJB2-23) exhibited
heightened resistance to both free drug and BF-ND treatments across bio-
mass, metabolic viability, and culturability measures. This resistance was
mitigatedwith the addition of FUS (BF-ND/FUS), with 42.44-fold (biomass;
p = 0.073; log(BF10) = 0.6), 29.77-fold (metabolic;p = 0.059; log(BF10) = 0.8),
and 30.54-fold (culture; p = 0.088; log(BF10) = 0.5) reductions in MBEC
values across all isolates of S. aureus compared to free besifloxacin, with
comparable reductions observed in E. coli.

Consistent with planktonic results and its mechanism of action, free
polymyxin B (Fig. 3C) demonstrated species-specific biofilm responses,
requiring 32.71-fold (p = 0.003; log(BF10) = 2.9) and 186.43-fold (p = 0.005;
log(BF10) = 2.6) higher concentrations for biofilm eradication relative to
MBC in E. coli and S. aureus, respectively. Indeed, the culturability MBEC
was so high in S. aureus that it precluded the production of PMB-NDs for
evaluation, explaining the absence of the data in corresponding analyses.
Nonetheless, PMB-NDs combined with FUS achieved 203.18-fold
(p = 0.110; log(BF10) = 0.3) and 44.98-fold (p = 0.005; log(BF10) = 2.6)
reductions in metabolic and culturability MBEC values in S. aureus, and
smaller yet significant reductions of 5.23-fold (p = 0.003; log(BF10) = 3.1)
and 4.61-fold (p = 0.006; log(BF10) = 2.5) in E. coli. Interestingly, biomass
removal was comparable across PMB treatments against S. aureus biofilms,
with all requiring similar concentrations to eliminate 90% of the matrix.

The ruthenium polypyridyl complex (Fig. 3D) exhibited the lowest
MBEC increase relative toMBC (MBEC-culture; 2-fold for E. coli, 4.44-fold
for S. aureus). Ru-NDs combined with FUS further reduced MBEC values
for biomass, metabolic, and culture endpoints by an average of 12.30-fold
(p < 0.001; log(BF10) = 9.0) for E. coli and 11.43-fold (p < 0.001;
log(BF10) = 6.4) for S. aureus relative to free drug, further confirming the
synergy of this approach.

Taken together, E. coli and S. aureus exhibited an average increase
in culturable MBEC of 28.5-fold and 38.6-fold, respectively, across all
free drugs. ND/FUS treatment enhanced biofilm dispersal and per-
meabilization, reducing the required antimicrobial concentrations by
92.3-fold (p < 0.001, log(BF10) = 19.9) and 26.7-fold (p < 0.001,
log(BF10) = 7.3) in E. coli and S. aureus biofilms, respectively, across all
drug-isolate combinations. These reductions were conserved for both
metabolic MBEC (33.9-fold, p = 0.010, log(BF10) = 1.5) and culturable
MBEC (44.4-fold, p = 0.015, log(BF10) = 1.2), demonstrating potent
antibiofilm activity across Gram-negative and Gram-positive isolates.
Specifically, the consistency of effects across all three assays reinforces
the reliability of ND/FUS in eliminating both biofilm matrices and
embedded bacteria, emphasizing its therapeutic potential.

Interestingly, the Gram-positive peptidoglycan cell wall likely influ-
enced dispersal outcomes between E. coli and S. aureus but did not impact
antimicrobial activity. Biofilm dispersal correlated with culturability for
ND/FUS treatments against bothE. coli (R2 = 0.4629) and S. aureus biofilms
(R2 = 0.8101), unlike free antibiotics (R2 = 0.086 and 0.0263, respectively),
aligning with previous studies46,48 where antibiotics impacted metabolic
activity without disrupting the matrix at equal concentrations. These find-
ings underscore the need for assaysmeasuring both biomass and viability to
guide treatment and prevent biofilm persistence.

ND/FUS efficacy against persister cells was also evaluated. Persisters,
being dormant and resistant to traditional antibiotics, contribute to clinical
recurrence by reconstituting infections once the stress is removed49–51.

Population analysis profiling identified distinct sensitive and persister
subpopulations with increasing antibiotic concentration, consistent with
literature findings (Fig. S11)52,53. To assess complete cell eradication
(CFU < 101 cells/mL), disaggregated biofilms were resuscitated on nutrient-
richmedia for 3 days before plating54–56. Free antibiotics required 975.4-fold
and 40.6-fold higher concentrations (p = 0.011, log(BF10) = 1.4) than the
MBC and MBEC, respectively, to eliminate persister cells, highlighting the
challenge of treating these populations. ND/FUS successfully reduced these
concentrations by 25.5-fold (p = 0.011, log(BF10) = 1.4) compared to free
antibiotic, with a particularlymarked potentiation effect observed for PMB-
NDs against S. aureus persisters (91.3-fold reduction; p = 0.003,
log(BF10) = 2.9). Although the potentiation effect was less pronounced for
persisters than for planktonic or biofilm-residing cells, ND/FUS showed
enhanced efficacy against all biofilm-associated bacteria investigated at
clinically feasible antimicrobial concentrations, offering a promising strat-
egy against distinct biofilm defense mechanisms.

Combatting different clinical biofilm infections
To broaden the scope of the ND/FUS system, its efficacy was evaluated
against mature biofilms grown in diverse artificial media under flow con-
ditions to mimic various clinical states (Fig. S12), including cystic fibrosis
(CF) sputum (P. aeruginosa), chronic wound constituent media (P. aeru-
ginosa), prosthetic joint infection synovial fluid (S. aureus), and UTI arti-
ficial urine (E. coli).

Viability analyses using RedoxSensorGreen and propidium iodide57 in
flow cytometry demonstrated that ultrasound treatment alone failed to
induce substantial cell death in either the fraction of cells dispersed during
treatment (dispersed) or the residual adherent biofilm cell population
(adherent), relative to untreated flow controls (Fig. 4)58. However, ultra-
sound exposure did promote the resuscitation of dormant persister cells, as
identified through selective metabolic and viability gating. Across all tested
disease models and strains, the persister cell population decreased from
0.241 ± 0.174% to 0.088 ± 0.051% upon FUS exposure. This phenomenon
suggests that ultrasound can potentially enhance nutrient and waste
exchange within the biofilmmicroenvironment, facilitating the reactivation
of dormant cells59.

FUS treatment alone also triggered the dispersal of biofilm-residing
cells, releasing an average of 44.85% of the biofilm population across all
tested disease models. The fraction of dispersed cells varied depending
on the strain and the disease model. Biofilms grown within chronic
wound and CF environments exhibited the greatest resistance to
ultrasound-mediated dispersal, with dispersal rates of 23.54% and
28.62%, respectively. This resistance is likely attributable to the alginate
EPS matrix produced by P. aeruginosa, which reinforces adhesion to the
flow cell polymeric substrate.

In contrast, besifloxacin-loaded nanodroplets exposed to FUS (BES-
ND/FUS) significantly increased antimicrobial activity on both dispersed
and adherent fractions across all diseasemodels, achieving a 90.31% cell kill
relative to free drug (12.49%). Moreover, ND/FUS nearly eliminated all
persister cells, reducing their population to less than 0.015% of the biofilm-
residing cell population, compared to 0.076% induced by free drug alone.

This persister-enriched population was primarily confined to the
adherent fraction (0.019%) across all tested treatments, supporting the
hypothesis that dormant cells preferentially reside within the deeper layers
of the biofilm matrix.

The ability of ND/FUS to eradicate the initially dispersed populations
(93.7%cell kill)may alleviate concerns about ultrasound-induced sepsis due
to uncontrolled biofilm dispersal60. Indeed, these detached cells are thought
to express a specialized phenotype that makes them better at forming new
biofilms and exhibit increased resistance to antimicrobials compared to
both planktonic and resuspended biofilm cells61,62. By significantly reducing
the viability of these detached clusters, the ND/FUS platform could
potentially overcome the limitations of ultrasound-mediated dispersal,
preventing recurrent chronic infections and relocation of infections to
new sites.
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Subcellular quantification of planktonic drug uptake
To investigate the mechanism of action behind the increased efficacy
observed from ND/FUS, the antibiotic internalization in bacterial sub-
cellular compartments was evaluated. As previous developed assays were
either too limited in spatial resolution for subcellular compartment
analysis63 or lacked analytical sensitivity for biofilm quantification64, a new
protocol based on inductively coupledplasmamass spectrometry (ICP-MS)
analysis of europium (LOD= 24.35 ppq) and ruthenium (LOD= 275 ppq)
was established65–69.

Following conventional chelation procedures, successful metalation
andpurificationof antimicrobialswas confirmed throughNMRandHPLC-
ESI-MS, showing characteristic chemical shifts consistent with lanthanide
chelated compounds (Fig. S13). Notably, metalated antimicrobials in
solutionor loadedontonanodroplets (Fig. S14) demonstratedno significant
decrease in MIC across all isolates, with most exhibiting a decreased inhi-
bitory effect (Fig. S15). Uptake of sub-MIC doses of metalated anti-
microbials was evaluated following fractionation of subcellular bacterial
compartments64,70. Bulk uptake was divided against the volume of each
compartment to evaluate the percentage injected dose per compartment
volume (% ID/cm3; Fig. S18).

Encapsulation of the antimicrobials within the nanodroplet plat-
form increased the bulk planktonic uptake across all drug-isolate com-
binations (Figs. 5, 6, S16, S17; 2.34-fold; p < 0.001, log(BF10) = 6.0).
Interestingly, the subcellular distribution profiles differed markedly
between free drug and their nanodroplet-loaded counterparts. With
azithromycin, the free drug predominantly localized within the cell wall,
whereas the nanodroplet-encapsulated form localized within the
membrane-bound fraction. Across all antimicrobials, drug concentra-
tion within membrane-bound fractions was ~3.73-fold higher
(p = 0.005, log(BF10) = 5.2) when delivered via nanodroplets. This pre-
ferential membrane localization beyond the peptidoglycan layer, despite
the larger size of the nanodroplets relative to small molecule drugs,
indicates capacity for focused ultrasound-triggered internalization and
drug release. Indeed, the nanodroplet formulations also exhibited

slightly elevated (3.64-fold; p = 0.022, log(BF10) = 1.4) cytoplasmic
uptake on average, potentially due to spontaneous vaporization-induced
pore formation in the plasma membrane.

In contrast, the ruthenium complex displayed substantial accu-
mulation in the membrane fractions for both the droplet-loaded
(3.24% ID/cm3) and free drug (3.15% ID/cm3) arms. In the cytoplasm,
ruthenium-conjugated droplets showed an average of 33.9-fold higher
internalization compared to free drug. This divergent subcellular
distribution profile is likely attributable to the higher calculated
lipophilicity of the ruthenium complex (cLogPO/W – XLOGP3 = 11.49),
facilitating increased partitioning and retention within the bacterial cell
membrane fractions, potentially mediated through drug-lipid interac-
tions. Indeed, the inclusion of the ruthenium complex within the
hydrophobic core of the nanodroplet platform may have further
enhanced their membrane permeability to facilitate higher accumula-
tion in the aqueous cellular compartments. Although observed to a lesser
extent with the other less lipophilic antimicrobials, this suggests that
nanodroplets may overcome particle size limitations and facilitate cel-
lular internalization and cytoplasmic delivery. Combined with FUS
activation, this has the potential to improve intracellular biodistribution
and overall efficacy of loaded antimicrobials.

Subcellular quantification of biofilm drug uptake
In biofilm-associated bacterial populations, a distinct subcellular distribu-
tionprofilewas evident. Theoverall uptake of antimicrobialswithin biofilm-
dwelling cells appeared diminished relative to their planktonic counterparts,
due to the lower cell density in biofilms (Figs. 5, 6, S16, S17). Normalization
to the cell population, however, revealed a significant increase in total
antimicrobial uptake within biofilm-residing bacteria across all drug-isolate
combinations, excluding the ruthenium complex. This enhancement,
measured at 3.9-fold for S. aureus (p = 0.010, log(BF10) = 3.3) and 6.7-fold
for E. coli (p = 0.033, log(BF10) = 3.2), indicates a substantial improvement
in antimicrobial penetration likely facilitated by the prolonged incubation
periods in this study. Indeed, antibiotic diffusion through biofilm structures
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may be delayed or inhibited by transient binding to extracellular matrix
constituents71, enabling uptake not achievable within shorter timeframes
and potentially mitigating drug efflux within planktonic phenotypes. For S.
aureus, the augmented antimicrobial uptake is primarily attributed to a 5.7-
fold increase (p = 0.002, log(BF10) = 3.2) in accumulationwithin the cellwall
fraction, likely due to the thick peptidoglycan layer limiting further pene-
tration. Conversely, E. coli exhibited a 4.6-fold (p = 0.009, log(BF10) = 2.0)
preferential partitioning into membrane-bound compartments, potentially
mediated by interactions with the asymmetric lipopolysaccharide (LPS)
outermembrane72,73. Despite this, no detectable antimicrobial accumulation
was observed within the cytoplasmic fractions of E. coli, the primary site of
action for many of these agents, likely contributing to the reduced efficacy
against biofilm-encased bacteria compared to their planktonic
counterparts74.

Encapsulation of the antimicrobials within nanodroplets offers a pro-
mising strategy to enhance accumulation and intracellular distribution
within biofilm-encased bacteria. Passive uptake of antimicrobial-loaded
nanodroplets showed a 3.3-fold increase in concentration relative to
planktonic bacteria (p = <0.001, log(BF10) = 3.6). Nanodroplet formulations
exhibited a distinct subcellular distribution profile compared to free drugs,

showing an 88.9-fold enhanced accumulation in the periplasmic space and a
5.1-fold lower concentration in E. coli membrane-bound compartments
compared to planktonic forms.However, polymyxin B-loaded nanodroplets
showed a 2.4-fold enhancement in membrane localization, consistent with
their proposed target site of action75. BothGram-positive andGram-negative
biofilm-embedded bacteria displayed a 2.5-fold increase in antimicrobial
accumulation within cytoplasmic fractions relative to planktonic when
delivered via the nanodroplet platform, which may explain the observed
increase in cell kill of antimicrobial-loaded nanodroplets against biofilm-
encased bacteria, compared to the protective effect seen in planktonic cul-
tures. Indeed, comparing the nanodroplet-encapsulated antimicrobials to
free drug formulations revealed an 11.1-fold (p = 0.005, log(BF10) = 2.3)
higher accumulation within the cytoplasmic compartment of biofilm-
residing bacteria, suggesting more effective penetration and intracellular
delivery, overcoming the localization limitations observed with free drug.

Mechanistically, the observed antibiofilm efficacy of ND/FUS is likely
not solely attributed to the phenotypic change induced by ultrasound-
mediated biofilm dispersal, but rather to alteration of antimicrobial sub-
cellular distribution within the biofilm matrix. Nanoparticulate carriers
interact uniquely with both the cell wall76 and LPS layers77, potentially
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Fig. 5 | Cellular and subcellular uptake of free and nanodroplet-encapsulated
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points correspond to different bacterial clinical isolates with each data point
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isolates. Bars not shown for certain subcellular compartments indicate levels of
antimicrobial uptake below the detection limit of analysis. The distinct distribution
profiles observed, with preferential accumulation of the nanodroplet-encapsulated
antimicrobials within the bacterial membranes and cytoplasmic fractions, suggest
that the nanoparticulate carrier can overcome the penetration and localization
limitations inherent to the free antimicrobial agents.
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enhancing penetration and destabilization. While the integrity of nano-
droplets upon incorporation into bacterial cells remains unclear78,79, their
presence can significantly alter subcellular distribution profiles of encap-
sulated antimicrobial agents. Combined with FUS, cavitation of resultant
microbubbles can stimulate controlled release of antimicrobial payloads and
perturb bacterial phospholipid bilayers to further enhance penetration80.
Though subcellular uptake following ultrasound activation was not eval-
uated due to instrumentation sensitivity limitations, the ability of ther-
apeutic ultrasound to facilitate drug delivery through membrane poration,
jetting, or acoustic streaming is well documented81. While further investi-
gation into the precise mechanisms governing subcellular trafficking of
these nanoscale carriers is warranted, the results nonetheless underscore the
potential of antimicrobial-loadednanodroplets to overcome the penetration
and localization limitations of antimicrobials within the complex biofilm
milieu for effective therapy.

Outlook
In this study, we describe a stimuli-responsive drug delivery platform for
simultaneous biofilm disruption and intracellular drug delivery, sig-
nificantly reducing the required antimicrobial concentrations for effective
treatment and clearance of clinical isolate biofilm infections in vitro. By

leveraging nanodroplets, we achieve a significant enhancement in sub-
cellular antimicrobial uptake prior to ultrasound exposure with preferential
uptake at the site of antimicrobial action compared to free drug. Subsequent
ultrasound exposure triggered the extensive dispersal of the protective
biofilmmatrix, enabling significant eradication of biofilm-dwelling bacteria
—even after resuscitation attempts—at significantly lower drug con-
centrations compared to free antimicrobials. This is particularly important
given that pharmacokinetic analyses suggest that plasma concentrations of
most conventional antimicrobial dosages are likely insufficient to eradicate
persister cell populations82.

Notably, our study utilized a commercial ultrasound array and a for-
mulationbased on a commercial contrast agent, paving theway for seamless
clinical translation. Moreover, whilst our study utilized existing anti-
microbial agents, it could be easily adapted for delivery of novel-anti-
microbials/antibiofilm compounds, such as matrix-degrading enzymes or
bioactive gases, to further mitigate the risk of resistance development. The
demand for innovative solutions is pressing, and by harnessing the syner-
gistic effects of ultrasound-mediated biofilm disruption and targeted anti-
microbial delivery, ND/FUS offers a promising new approach for the
management of chronic, biofilm-associated infections – a growing concern
accelerated by the alarming rise of antimicrobial resistance83.
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Fig. 6 | Cellular and subcellular uptake of free and nanodroplet-encapsulated
antimicrobials in planktonic and biofilm-embedded S. aureus clinical isolates, as
quantified using ICP-MS. Antimicrobial uptake is expressed as a percentage of the
administered dose normalized to the volume of each subcellular compartment. Data
points correspond to different bacterial clinical isolates with each data point
representing three biological replicates. Bars indicate mean values across tested

isolates. Bars not shown for certain subcellular compartments indicate levels of
antimicrobial uptake below the detection limit of analysis. The distinct distribution
profiles observed, with preferential accumulation of the nanodroplet-encapsulated
antimicrobials within the bacterial membranes and cytoplasmic fractions, suggest
that the nanoparticulate carrier can overcome the penetration and localization
limitations inherent to the free antimicrobial agents.
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Methods
Materials
All lipids were purchased from Avanti Polar Lipids (Alabaster, AL). All
chemicals and solvents were purchased from Sigma Aldrich (Gillingham,
UK) unless otherwise noted.

Synthesis and characterization of ruthenium polypyridyl azide
complex
Ruthenium polypyridyl azide complex was synthesized using modified
protocols reported previously18,84. Briefly, an equimolar suspension of
dichloro(1,5-cyclooctadiene)ruthenium(II) chloride ([Ru(COD)Cl2]n) and
4,4’-di-tert-butyl-2,2’-dipyridyl (BBBPY) in dimethylformamide (DMF)
was refluxed for 4 h at 140 °C in the dark under an inertN2 atmosphere. The
solvent was immediately removed using a rotary evaporator and the
obtained solid was washed with diethyl ether and dried. The resultant
compound was then reacted with equimolar 4,4’-bis(bromomethyl)-2,2’-
bipyridine (AA Blocks, San Diego, CA) in a suspension of 2:1 v/v ethanol/
water and heated to 90 °Cunder reflux for 10 h.After cooling the reaction to
room temperature, the solvent was evaporated using a rotary evaporator.
The resultant solid was dissolved in deionized water and filtered with a
5.0 µmglassfiber (GF)membranefilter. Aprecipitatewas formedby adding
a saturated aqueous solution of ammonium hexafluorophosphate before
washing with water and diethyl ether. Ten timesmolar excess sodium azide
was added to a solution of resultant compound in acetonitrile and stirred at
room temperature for 5 days before filtering to remove precipitated NaBr.
The solution was then precipitated using a saturated aqueous solution of
ammoniumhexafluorophosphate before washingwith deionizedwater and
drying under rotary evaporation. The resultant solid was then reacted with
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-n-[dibenzocycooctyl(po-
lyethylene glycol)-5000] (DSPE-PEG(5000) DBCO) in 10 vol% acetonitrile
and 90 vol% chloroform overnight at 37 °C under 200 rpm mixing.

The identity and purity of the ruthenium polypyridyl azide com-
plex was confirmed by nuclear magnetic resonance (NMR) and high-
performance liquid chromatography electrospray ion source mass
spectrometry (HPLC-ESI-MS). NMR spectra were acquired on a Bruker
Ascend 400MHz spectrometer with 30° read pulses and a 4-second
relaxation delay on a spectral width of 8.000 Hz at 298 K and processed
using MestreNova 14.3.1. HPLC-MS was performed using an Agilent
1260 Infinity II (Agilent, Santa Clara, CA) with an Agilent 1290 Infinity
II flexible pump (G7104A), a 1260 Infinity II photodiode array detector
(G7117C), a 1260 Infinity II fluorescence detector spectra (G7121B), a
Infinity lab liquid chromatography mass detector (LC/MSD; G6125B),
and a BEH C4 300 Å 3.5 µm column (Waters, Milford, MA). HPLC was
conducted using 0.1% trifluoroacetic acid in water (A) and acetonitrile
(B) with a linear gradient starting at 70% A+ 30% B to 0% A+ 100% B
over 5 min and maintained for a following 3 min. Column temperature
and flow rate were maintained at 60 °C and 0.7 mL/min, respectively,
throughout. Absorbance and fluorescence spectra of all compounds
were collected using UV compatible microplates (UV-Star µClear,
Grenier Bio-One; Stonehouse, UK), scanning from 220 nm to 1000 nm
following blank correction for the former, and excitation wavelength of
435 nm and emission wavelengths of 485 nm to 740 nm, for the latter.
Extinction coefficient values were determined spectroscopically using
the Beer-Lambert equation, using experimentally derived pathlength
correction values of each well plate from absorbance properties of water
at 900 nm and 977 nm.

Formation and characterization of europium-chelated anti-
microbial complexes
Metalation of europium-azithromycin (Eu-AZM) and europium-
besifloxacin (Eu-BES) were performed using similar methods as those
previously reported for multivalent metals65,85,86. Briefly, an equimolar
(1mM) solution of antimicrobial andpotassiumhydroxidewas dissolved in
a hot methanolic solution before 0.33mM europium chloride (EuCl3) was
added. The reaction was performed under reflux at 60 °C for 3 h before

filtering using a 3.0 µm GFmembrane filter. The solution was immediately
placed in ice for 2 h to instigate crystallization before drying under cen-
trifugal vacuum evaporation. Metalation of europium-polymyxin B (Eu-
PMB) was performed as previously described in patent87. Briefly, an equi-
molar (0.05mM) solution of Polymyxin B pentasulfate and europium
chloride (EuCl3) was dissolved in 0.05M ammonium acetate buffer
(pH = 5.5) and incubated at room temperature briefly. The mixture was
then filtered using a Sephadex G-25 column and concentrated under
centrifugal vacuum evaporation to remove the volatile buffer.

The identity andpurity of europium-chelated antimicrobial complexes
were confirmed by NMR and HPLC. NMR spectra were acquired on a
Bruker Ascend 400MHz spectrometer with 30° read pulses and a 4-second
relaxation delay on a spectral width of 8.000Hz at 298 K and processed
using MestreNova 14.3.1. Chemical shift (δ) values are given in parts per
million and are referenced to residual solvent unless otherwise stated; J
values are quoted in Hz. HPLC was performed using an Agilent 1260
Infinity II (Agilent, SantaClara, CA)with anAgilent 1290 Infinity II flexible
pump (G7104A), a 1260 Infinity II photodiode array detector (G7117C),
1260 Infinity II fluorescence detector spectra (G7121B), Infinity lab liquid
chromatography mass detector (LC/MSD; G6125B), and a BEH C4 300 Å
3.5 µm column (Waters, Milford, MA). HPLC-UV, FL, and MS for azi-
thromycin samples were conducted using 90% methanol (A) and 10%
0.02M potassium phosphate dibasic buffer in water with 2mL/L triethy-
lamine (B). Column temperature and flow rate were maintained at 40 °C
and 1.0mL/min, respectively, throughout. UV and fluorescence detection
were performed at 210 nm and 315 nm, respectively. Besifloxacin samples
were conducted using 20 vol% acetonitrile: 80 vol%methanol (A) and 0.1%
trifluoroacetic acid in water (B) with a gradient elution of 20% A+ 80% B
for 20min, increasing to 50% A+ 50% B over 15min, returning to 20%
A+ 80%Bover 1min, andmaintained for 1min.Column temperature and
flow rate were maintained at 30 °C and 1.0mL/min, respectively,
throughout. UV detection was performed at 290 nm. Polymyxin B samples
were conductedusing acetonitrile (A) and0.03Manhydrous sodium sulfate
in water, adjusted to pH 2.3 with dilute phosphoric acid (B), at a 20%
A+ 80% B 1.0mL/min flow. UV detection was performed at 215 nm at
30 °C. Absorbance spectra of all compounds were collected using UV
compatible microplates (UV-Star µClear, Grenier Bio-One; Stonehouse,
UK), scanning from 220 nm to 1000 nm following blank correction.
Extinction coefficient values were determined spectroscopically using the
Beer-Lambert equation, using experimentally derivedpathlength correction
values of each well plate from absorbance properties of water at 900 nm
and 977 nm.

Antimicrobial-loaded nanodroplet preparation
To form drug-loaded nanodroplets, a protocol was adapted from patent
information of the clinical microsphere agents, Definity™ and Definity RT™
(Lantheus Medical Imaging, N. Billerica, MA)11. Briefly, a 6.66 × 10–7mol
lipid mixture consisting of 81mol% 1,2-distearoyl-sn-glycero-3-phos-
phocholine (DSPC) in a mixture of 90 vol% chloroform and 10 vol%
methanol, 10mol% 1,2-distearoyl-sn-glycero-3-phosphate (DSPA) in a
mixtureof 65 vol%chloroform,35 vol%methanol, and8 vol%MilliQwater,
and 8mol% 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[meth-
oxy(polyethylene glycol)-5000 (DSPE-mPEG-5000) in amixture of 90 vol%
chloroform and 10 vol%methanol, were combined in 0.5 dram borosilicate
glass vials (Ampulla,Hyde,UK). In formulations containing antimicrobials,
the agent was added to the vial prior to the addition of the lipid mixture.
Each drug was dissolved in either a 90 vol% chloroform and 10 vol%
dimethyl sulfoxide (AZMandPMB); 10 vol% benzyl alcohol, 10% dimethyl
sulfoxide and 80% chloroform (BES); or 5 vol% acetonitrile and 95 vol%
chloroform (ruthenium). In all cases, europium-metalated antimicrobials
were dissolved in the same solvents as their unmetalated counterparts under
2000 rpm agitation at 60 °C for 1 h to ensure dissolution. In case of ruthe-
nium microbubble preparation, DSPE-mPEG-5000 was replaced with the
synthesized ruthenium polypyridyl azide complex conjugated to DSPE-
mPEG(5000) DBCO within the lipid mixture. Lipid solutions were slowly
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vortexed, dried under low-pressure nitrogen gas, and placed under vacuum
to form a lipid film. Films were rehydrated with 1mL 80:10:10 v/v acetate
buffer (pH = 5.2; 0.074mg anhydrous sodium acetate and 0.006mg glacial
acetic acid in MilliQ), propylene glycol, and glycerol. Vials were heated at
60 °C using a water bath for 1min, and sonicated (QSonica Q125, probe
diameter 2mm, 125W, 20% intensity) using a probe sonicator for 3min
(30 s cycles × 6) to suspend the lipid film. The headspace within the vial was
replaced with a 1:1 mixture of perfluoropropane (C3F8; PFP) and per-
fluorobutane gas (C4F10; PFB) before mechanical agitation for 45 s using a
VialMix® shaker (Lantheus Medical Imaging, N. Billerica, MA) or similar.
Samples were cooled before use and were measured immediately to assess
precursor microbubble size and concentration whilst mitigating temporal
effects. The vials were then cooled in 30 vol% propylene glycol in water at
−10 °C under N2 pressure until the solution became clear, representing the
condensation of the precursor microbubble to a nanoformulation state.

Nanodroplet characterization
Size and concentration of nanodroplets and precursor microbubbles were
determined using simultaneous interferometry (Videodrop; Meritics, Bed-
fordshire, UK), dynamic light scattering (DLS; Zetasizer Nano ZS;Malvern,
Malvern, UK), and electro-impedance volumetric zone sensing (Coulter
CounterMultisizerZ3;BeckmanCoulter, Brea,CA).Coultermeasurements
were conducted using samples diluted in Isoton-I electrolyte solution
(Beckman Coulter, Brea, CA), where a background count of buffer was
taken and subtracted from the final count. Number and size distributions
were measured using a 20-µm aperture, detecting diameters from 0.4 to
12 µm. Both interferometry and DLS measurements were conducted using
samples diluted in deionized water. For the former, 5 × 60 s videos were
collected and analyzed using the manufacturer’s built-in software.

Zeta potential of nanodroplets was determined using dynamic light
scattering (DLS; Zetasizer Nano ZS;Malvern, Malvern, UK), using samples
diluted in 10mM phosphate buffer (pH = 7.0), 10mM carbonate/bicar-
bonate buffer (pH = 7.0), and 10mMammonium acetate buffer (pH = 7.0).
Measurements were performed using the Smoluchowski protocol for up to
100 runs, with three measurements conducted per sample.

Antimicrobial loading optimization
To determine themost advantageous concentration of antimicrobial loaded
within thenanodroplet formulation, systematicdrug loadingwas conducted
by adding 0–50mol% antimicrobial within the base formulation detailed
above. Nanodroplets were prepared using themechanical agitationmethod
described, and analyzed using electro-impedance volumetric zone sensing,
DLS, and interferometry. Optimal antimicrobial loading was determined as
a basis of concentration above 1011 particles/mL, size below 200 nm, <1%
particles above 0.8 µm, encapsulation efficiency above 70%, and serumhalf-
life beyond 10 h.

Ultrasound setup
A custom-built ultrasound setup was designed for these experiments,
combining a clinical ultrasound array, high-speed optical imaging, and
fluorescence imaging. Briefly, a C5-2 broadband 128-element curved array
transducer (Philips, Guildford, UK) was programmed using the Verasonics
Vantage 256 ultrasonic research system (Verasonics, Kirkland, WA). The
transducer was driven at its center frequency, 3.125MHz, with a frequency
bandwidth of 1/3, at a focal point of [−3.8 mm, 0.2mm, 190mm], with a
right-angle polished stainless steel acoustic mirror to reflect the acoustic
signal. For vaporization, the arbitrary transmit waveform comprised of a
99.0% active transmit driver during the half cycle period, 20 half-cycle
bursts, and positive polarity during the first half-cycle with equalization
pulses added to the start and the end of the burst. For delivery of ultrasound,
the arbitrary transmit waveform comprised of two alternating waveforms,
each with half apodization, consisting of 99.0% active transmit drivers
during the half cycle period, 1000 pulses of 156 half-cycles (effective “on” of
25 µs/pulse), 1% duty cycle, and 332.9 kPa pnp. Acoustic pressure calibra-
tions and field characterization were performed using a needle hydrophone

(PA3382; Precision Acoustics, Dorchester, UK) on a micropositioner setup
(Newport; Oxford, UK) connected to a 600MHz oscilloscope (Teledyne Le
Croy; Chestnut Ridge,NY). Detailed ultrasound parameters and scripts can
be found in the Vantage Sequence code in Appendix A in the Supple-
mentary Information file.

A 20X objective lens with a numerical aperture of 0.5 and working
distance of 3.5mm (UMPLFLN20XW, Olympus; Tokyo, Japan) was
focused on the midplane of a 200 µL channel volume (800 µm channel
height, 2.5 cm2 growth area) flow cell (µ-Slide I Luer, Ibidi GmbH; Grä-
felfing, Germany) and coupled to both a high-speed camera (HPV-X2,
Shimadzu; Tokyo, Japan) and CMOS by way of dichroic mirrors and a 4x
and 0.5x intermediate lens (WI-DPMC, Olympus; Tokyo, Japan), respec-
tively. A 635 nm high-speed laser illumination system (Cavilux; Cavitar,
Tampere, Finland) with 10 ns pulse duration through a 1.4NA achromatic/
aplanatic condenser (U-AAC, Olympus; Tokyo, Japan) was triggered using
the output from the Verasonics system, in-line with the ultrasound pulse.
Epifluorescent illumination was provided by a 445 nm high-intensity LED
light source (SOLIS-1 C, Thorlabs, Ely, UK). High-speed images were
acquired using a FTCMOS2 image sensor at 10 million frames per second
(Mfps) for 128 frames, with a 50 ns exposure time.

Acoustic characterization
To determine acoustic vaporization thresholds, high-speed imaging was
used in-line with methods previously reported25. Briefly, vaporization was
defined as the appearance in gray-scale contrast in the optical focal region
above that of noise, as calculated by particle counts during exposure com-
pared with before ultrasound exposure. Complete vaporization was defined
as the appearance in gray-scale contrast at 3.6MPa at 60 °C. As acoustic
pressures were increased stepwise, any statistically significant increase in
contrast compared to the previous pressure was defined as an increase in
acoustic vaporization. For each acoustic pressure, nanodropletswereflowed
through the flow cell using a syringe pump at a constant rate of 0.36mL/h.

Nanodroplet stability
The stability of formulated nanodroplets was evaluated via size and con-
centration measurements, and ultrasound acoustic responsiveness. In all
cases, particle suspensions were diluted into either PBS or 50 vol% PBS/
50 vol% fetal bovine serum (FBS) at 1 × 109 nanodroplets/mL and kept at
37 °C to represent in vivo conditions. Particle suspensions were removed at
10, 24, 50, and 100 h for size and concentration analysis using electro-
impedance volumetric zone sensing, DLS, and interferometry. Spontaneous
vaporization was defined as the percentage of particles detected above
0.8 µm. Sampleswere storedat roomtemperature and removed at 15, 30, 45,
60, 75, 90, 105, and 120 days for analysis of storage stability as before.

Clinical isolate identification and sequencing
S. aureus andE. coli clinical isolates were identified, obtained and sequenced
from previous studies conducted across three UK hospital trusts as part of
the UK Clinical Infection Research Group (UKCIRG): Oxford University
Hospitals NHS Trust (Oxford, UK), Brighton and Sussex University Hos-
pitals NHS Trust (Brighton, UK), and University Hospitals Plymouth NHS
Trust (Plymouth, UK).

Artificial bacterial culture medium
Tobetter represent the diseasemicroenvironment of various biofilm-related
diseases, four artificial bacterial culture media were utilized. Composite
synthetic human urine was prepared per Ipe et al. to match physiological
ranges of key ions and proteins in human urine, with the addition of
5mg/mL human plasma fibrinogen to facilitate biofilm attachment88. To
mimic prosthetic joint infections and osteomyelitis, artificial synovial fluid
was prepared using biochemical compositions outlined by Stamm et al.89.
Similarly, artificial sputum medium was prepared concordant with Kirch-
ner et al.90 tomimicP. aeruginosa growthwithin the CFmicroenvironment.
Artificialwoundconstituentmediawasprepared followingLuTheryn et al.91

to reflect the pathophysiological microenvironment of biofilms found
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within a chronic wound. Growth kinetics were performed for all artificial
culture media.

Planktonic antimicrobial activity
The antimicrobial inhibitory properties of the nanodroplet platform were
assayed using the broth microdilution reference method per ISO 20776-1
recommendation. Briefly, S. aureus and E. coli isolates were streaked, cul-
tured, and diluted in un-supplemented Mueller-Hinton broth to a final
inoculumof 5 × 105 CFU/mL, as determined by optical density calibrations.
Bacterial suspensions were treated at different antimicrobial molar con-
centrations either with free drug, drug-loaded nanodroplets alone, or drug-
loaded nanodroplets exposed to ultrasound. Microplates were incubated at
37 °C for 20 h before visual confirmation of minimum inhibitory con-
centrations (MIC). As defined by EUCAST, MIC was read as the lowest
concentrationof antimicrobial agent that completely inhibited the growthof
the organism, by way of turbidity, as detected by the unaided eye.Metabolic
inhibitory measurements were conducted following growth in either brain
heart infusion (S. aureus) or synthetic human urine (E. coli) using 5% v/v
alamarBlue™ (resazurin). As prior, initial inoculi of 5 × 105 CFU/mL, as
determined by optical density calibrations, were treated with equivalent
drugmolar concentrations and diluted serially with PBS prior to incubation
at 37 °C for 20 h. Resazurin was then added and incubated for 1 h, and
measured on fluorescence (excitation 540 nm, emission 560–620 nm).
Wells on each rowwith culturemediumwithout cells were used as negative
sterility controls, andwellswith inoculumandnoantimicrobialwereused as
growthcontrols. Eachdrug-isolate combination concentration gradientwas
repeated in duplicate. The calculation of the concentration required to
inhibit the net increase in metabolic viability by 50% was calculated from a
dose response curve by nonlinear regression, and are expressed as mean
values ± SEM. As all dose response curves produced a biphasic or triphasic
response due to the presence of dormant persister cells, only the first curve,
corresponding tometabolically active cells, was taken into consideration for
calculations.

Bactericidal efficacy was assessed using agar plate microdilution sub-
culture of stationaryphase (OD= 0.8) S. aureus (4.74 × 108CFU/mL) andE.
coli (3.84 × 108CFU/mL) inbrainheart infusionand synthetichumanurine,
respectively. Bacterial cultures were treated at different antimicrobial molar
concentrations either with free drug or drug-loaded nanodroplets for a 24-h
incubation period before ultrasound exposure, if applicable, was performed
using previously mentioned parameters. Following ultrasound exposure,
bacterial suspensions were incubated for a further 3 h to allow any relevant
antimicrobial mechanisms of action to occur. Bacterial suspensions were
then centrifuged at 5000 RCF for 10min to remove the remaining drug
before resuspending in PBS and minimize antibiotic carryover92. Samples
from wells were serially diluted and individually plated on 1.5% w/v agar
Luria-Bertani (LB) under standardized conditions as described indocument
M26-A93. The minimum bactericidal concentration (MBC) was defined as
the concentration required to kill 99.9% of counted colonies relative to the
untreated negative growth control following a 24-h incubation period, as
calculated from a dose response curve by nonlinear regression. Each sub-
culture was plated in triplicate as a technical replicate and each drug-isolate
combination concentration gradient was repeated in duplicate as a biolo-
gical replicate. As before, dose response curves exhibited a multiphasic
response, and in some cases a paradoxical effect phenomena94, necessitating
that only the first curve, corresponding to metabolically active cells, was
taken into consideration for calculations.

Antibiofilm activity
Biofilms were grown using an interlaboratory validated modified Calgary
BiofilmDevice95 (ThermoFisher;Waltham,MA)or a similar custom-peg lid
design in the case of ultrasound-exposed biofilms. Both allowed for biofilm
growthon removable polypropylenepegswith ahigh surface area to volume
ratio with similar growth kinetics. Both S. aureus and E. coli biofilms were
grown using a starting inoculum of 6.1 × 106 CFU/mL and 7.96 × 106

CFU/mL (OD= 0.01) in brain heart infusion and synthetic human urine,

respectively, before incubating at 37 °C for 72 h, with media changes every
24 h. Biofilms were treated at different antimicrobial molar concentrations
either with free drug or drug-loaded nanodroplets for a 24-h incubation
period before ultrasound exposure, if applicable, was performed using
previouslymentioned parameters. Following ultrasound exposure, bacterial
suspensions were incubated for a further 3 h to allow any relevant anti-
microbial mechanisms of action to occur. For biomass experiments, pegs
were air dried for 30minbefore being transferred to a 0.1%safranin solution
and stained for 10min. Pegs were subsequently removed and washed twice
by submerging in deionized water to remove unbound stain before once
again air drying for a further 30min. Safranin was removed by solubilizing
pegs in 33% acetic acid for 30min and measured on absorbance (520 nm).

For metabolic viability and culturability assays, pegs were air dried for
30min before being solubilized in 4 °C 5mM ethylenediaminetetraacetic
acid in deionized water for 30min to stimulate nutrient deprivation and
biofilm dispersal. Biofilms were then further dislodged by scraping before
adding 5% v/v alamarBlue™ (resazurin). Stained bacterial suspensions were
incubated for 2.5 hbeforemeasuring onfluorescence in triplicate (excitation
540 nm, emission 560–620 nm). Each aliquot was then plated on 1.5% w/v
agar LB and incubated for 24 h. As before, the MBEC was defined as the
concentration required to kill 99.9%of counted colonies or reduce resazurin
signal by 80% relative to the untreated negative growth control following a
24-h incubation period, as calculated from a dose response curve by non-
linear regression. Each drug-isolate combination concentration gradient
was repeated in triplicate as a biological replicate.

Persister elimination assayswere treatedanddispersed in an analogous
manner to above. Following biofilm dispersal, bacterial suspensions were
resuspended inmedia and incubated at 37 °C for 72 h to encourage persister
resuscitation96. Resultant suspensions were then plated on 1.5%w/v agar LB
and incubated for 24 h as before. Persister cell eliminationwasdefined as the
concentration required to achieve complete eradication of counted colonies
below 10° CFU/mL. Each drug-isolate combination concentration gradient
was repeated in triplicate as a biological replicate.

Clinical indication validation
Biofilms were grown using a modified µ-slide I Luer flow cell (50mm
channel length, 5mm channel width; Ibidi GMBH; Gräfelfing, Germany)
whereby outer slide dimensions were cut to the channel width to reduce
acoustic attenuation through the otherwise absorbentmaterial. Theflowcell
was inoculated with OD= 0.01 at the logarithmic stage of growth of S.
aureus, E. coli, or P. aeruginosa in either artificial synovial fluid, synthetic
humanurine, artificial sputum,orwoundconstituentmedium.Theflowcell
was incubated at 37 °C for 72 h and freshmediumwas flowed through daily
at 0.6mL/h for one hour. Confirmation of successful biofilm formation was
done under brightfield microscopy and verification of this procedure was
performed on select samples using safranin staining.

At the end of the 72-h growth period, the flow cell system was flushed
gentlywithPBS to remove remainingplanktonic cells andwasplacedwithin
a custom-built sample holder inside the custom-designed ultrasound setup.
PBS, free besifloxacin, or besifloxacin-loaded nanodroplets were diluted
with PBS to an equivalent concentration of 10 µM and flowed into the
system at 3.6 mL/h for 15min, collecting the outflow. In experiments
involving ultrasound, samples were exposed using the treatment scheme
defined previously, 24 h following inflow. 4 h following treatment,flow cells
were flushed with 5mM EDTA, rapidly pushing back and forth, to dis-
sociate any remnant cells attached to the polymer surface. Flow cells were
manually opened and scraped to dislodge the remaining cells. Cell sus-
pensions were washed and pelleted through centrifugation at 5000 RCF for
10min at 4 °C.

To assess metabolic viability, the BacLight™ RedoxSensor™ Green
reagent (ThermoFisher,Waltham,MA) andPIwere used permanufacturer
instructions, using sodium azide and carbonyl cyanide chlorophenylhy-
drazone (CCCP) as positive control reagents for Gram-negative andGram-
positive strains, respectively. After staining, both initial outflow and
remaining biofilm samples were fixed using 4% paraformaldehyde
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(Biolegend, SanDiego, CA) permanufacturer instructions, and analyzed on
the BD LSRFortessa™ flow cytometer for 60 s at “low” (12 ± 3 µL/min).
Bacterial populations/milliliter were defined as the number of events
recorded within the FSC/SSC preset gate and from the volume aspirated by
the flow cytometer over the run time. Bacterial populations were further
verified by assessing the preset PI gate, set to evaluatemembrane permeable
dead cells. Ultrasound-mediated membrane permeability was mitigated by
waiting 4 hpost-treatment to allow for transient poration or other structural
perturbation to recover. Metabolically active cells were defined as the
number of events recorded within a “positive” RedoxSensor Green gate
from the bacterial populations identified. Dead and persister cells were
defined as the number of events recorded within a “negative” RedoxSensor
Green gate from the bacterial populations identified. This was further seg-
regatedby defining dead cells to be the number of events recordedwith both
a “very negative” RedoxSensor Green gate and a “strong positive” PI gate;
likewise, persister cells were defined as the number of events recordedwith a
“strong negative” RedoxSensor Green gate and a “strong negative” DAPI
gate. Controls for persister populations were generated through 100x MIC
ampicillin. To confirm results outputted through FACS, culturability assays
were further performed on both the initial outflow and remaining biofilm
samples by plating an aliquot of cell suspension after washing on 1.5% w/v
agar LB and incubating for 24 h.

Cell uptake
S. aureus and E. coli isolates were streaked, cultured, and diluted in either
brain heart infusion or synthetic human urine, respectively, in stationary
phase to a final inoculum of 1 × 108 CFU/mL. Free drug or antimicrobial-
loaded nanodroplets at 0.50 µM were pipetted into each inoculum sus-
pension and incubated at 37 °C for 24 h. Cell suspensions were thenwashed
by centrifugation at 5000 RCF, 4 °C for 10min. Cell pellets were resus-
pended in 1mLPBS before 50 µLwas removed for analysis as the whole cell
fraction. The remaining fraction was pelleted once more before being
resuspended in buffer solution. For E. coli, cells were first incubated in a
concentrated EDTA-sucrose solution (4 °C, 950 µL buffer with 100mM
Tris-acetate, 500mM sucrose, 5 mM ethylenediaminetetraacetic acid,
1mMMgCl2 in deionized water) to destabilize the outer membrane before
adding 50 µL of 2mg/mL lysozyme in TE buffer to cleave the periplasmic
peptidoglycan layer. This was incubated for 5min at 37 °C before a final
mild osmotic shock (20 µL of 1M MgSO4) was performed to finalize pep-
tidoglycan hydrolysis. For S. aureus, cells were instead incubated in a Tris-
Sucrose-Magnesium chloride (TSM) buffer (10mM MgCl2, 500mM
Sucrose in 50mMTris, pH 7.5) with 0.2 µg/mL lysostaphin and 1xProtease
inhibitor for 30min at 37 °C to isolate the cellwall fraction. In both cases, the
suspension was then centrifuged at 3200 RCF for 10min at 4 °C, collecting
the supernatant as either the periplasmic or cell wall fraction for analysis.

The remaining cell pellet was re-suspended in 4 °C 1mL lysis buffer,
2 µL/mL DNase, and 2 µL 0.5M EDTA, incubating under agitation at
300 rpm for 15min. Cell suspensions then underwent three cycles of freeze-
thaw, going between −70 °C and 37 °C, with a minimum of 1 h at each
temperature. To confirm successful cell lysis through this procedure,
brightfield microscopy images were taken on select samples. Samples were
then pelleted at 16000 RCF for 72 h, to maintain equivalence with higher
G-force rates at lower times, at 4 °C before removing the supernatant
(cytoplasmic/protoplast fraction) andpellet (membrane bound fraction) for
analysis.

All samples were concentrated using a SpeedVac and digested in
65%w/v nitric acid for aminimumof 24 h, of which 2 hwere spent under
60 °C heat. Solution samples were then diluted in MilliQ water to a final
nitric acid concentration of 5% w/v, such that observed values were
within the range of sensitivity of the machine. Diluted samples were
passed through a 0.45 µm polytetrafluoroethylene membrane filter. A
calibration curve for both elemental europium and ruthenium generated
from certified reference materials was used to quantify the concentration
of metal in each sample. To back-calculate for administered dose, a
further 10 µL sample of the administered agent was also digested and

diluted under similar protocols. All reported uptake concentrations were
calculated based on the measured administered dose as assessed through
a NexION 5000 ICP-MS (PerkinElmer) with autosampler. Sample
solution was mixed with carrier (5% v/v HNO3) and internal standard
(In, 1 ng/g) before aspiration. Quality control standards were performed
every 20 samples and monitored for deviation.

Statistical methods
All results are analyzed using JASP (v.0.18.3; University of Amsterdam,NL)
and expressed as means unless noted otherwise. Where hypotheses were
tested by comparing means of two uncorrelated groups, Student’s t test
(unpaired, two-tailed) was employed. Where correlated, Student’s t test
(paired) and Bayesian t tests (paired) were employed and checked for Bayes
factor robustness. Correlation bivariate analyses were conducted using
Pearson correlation coefficients.

Data availability
The raw data fromwhich the material presented in this paper is derived are
available from the Oxford Research Archive (https://ora.ox.ac.uk/). They
may also be obtained from the corresponding author, ES, upon reasonable
request.
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