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Multidrug-resistant (MDR) bacterial infections frequently arise in hostile tissue microenvironments—
acidic pH, hypoxia, oxidative stress, and biofilm architecture—that blunt antibiotic activity and drive
clinical failure. While isolated attempts to restore individual microenvironmental factors, such as pH
or oxygenation, have shown promise, they rarely address the full spectrum of physicochemical
disruptions at infection sites. This perspective proposes a modular, ultrasound-responsive
microbubble (MB) platform that transiently reconditions infected niches in situ and thereby may
augment standard antibiotics. Each MB population carries a single restorative cargo (for example, a pH
buffer, an oxygen donor, or a redox modulator) and is designed for on-demand, spatially confined
release via focused ultrasound (FUS); antibody functionalization can be added when needed to
enhance site specificity. By selectively reprogramming multiple aspects of the infectious
microenvironment, this approach aims to improve the performance of subsequent or concomitant
antibiotic therapy, and even modest local gains may be clinically meaningful in critically ill patients
with MDR infections. Preclinical work in oncology and infectious disease has reported that
ultrasound-targeted microbubble destruction (UTMD) can remodel tissue architecture, enhance
perfusion and oxygenation, disperse biofilms, and improve drug penetration. Integrating advances in
microbubble engineering, ultrasound-triggered release, and microenvironment modulation, this
perspective synthesizes the current evidence, outlines a translation-oriented workflow, and proposes
a development roadmap that includes dosing screens under infection-mimicking conditions,
infection-site imaging and safety studies using contrast-enhanced ultrasound (CEUS), and first-in-

human feasibility in difficult biofilm infections.
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Introduction

Infections caused by multidrug-resistant (MDR) bacteria remain a major global health concern [,
Beyond pathogen-intrinsic resistance, contextual barriers at the infection site—acidosis, hypoxia,
oxidative imbalance, and dense extracellular matrices—impair antibiotic uptake and stability, shield
pathogens within biofilms, and dampen host immunity [213]. Despite this, conventional strategies often
under-address the hostile microenvironment 3. To address this gap, this perspective describes a
modular microbubble (MB) strategy that uses clinically familiar ultrasound imaging and activation to
deliver restorative agents locally, creating a transient therapeutic window that may enhance standard
intravenous (IV) antibiotics 36l Key features include tailoring a cocktail of single-cargo MB
populations to the dominant barrier(s) (pH, oxygen, redox), coupling release to focused ultrasound (FUS)
with ultrasound-targeted microbubble destruction (UTMD) for spatiotemporal control without complex

devices 461 and framing a translation-oriented workflow compatible with critical-care practice.

Concept and Rationale

Conceptually, the approach administers two temporally coupled components. First, a cocktail of MB
populations—each bearing one restorative agent such as sodium bicarbonate for buffering, oxygen-rich
perfluorocarbons, or catalase-mimetic redox modulators—is delivered intravenously (IV) and then
activated at the infection site by focused ultrasound (FUS). Second, a standard-of-care antibiotic dose is
given immediately after MB activation to utilize the brief period of improved access and local

conditions 161,

Microbubbles are considered attractive because, as contrast-enhanced ultrasound (CEUS) agents, they
offer biocompatibility and payload flexibility—gases, small molecules, and nanoparticles embedded in
the shell—and permit ultrasound-triggered release 217l In addition, UTMD has been reported to
increase tissue perfusion and disrupt biofilm structure—um efeito frequentemente descrito como
sonobactericide—potencialmente melhorando o ingresso de farmacos [l 1n practice, intravascular MB
presence at perfused, inflamed regions under ultrasound guidance often suffices for site-specific release,
reserving antibody functionalization for selected scenarios. Antibody functionalization can be
incorporated when specificity is required, but untargeted MBs guided by FUS may suffice, balancing

performance with simplicity and cost.
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Personalization: Both the MB cocktail composition and the sequencing/timing of antibiotic
administration can be tailored to lesion physiology—e.g., oxygen-donor MBs for hypoxic niches,

buffering MBs for acidosis, and redox-modulating MBs for oxidative stress—enabling environment-

guided interventions without changing the backbone antibiotic regimen BZ13161[7]

Mechanistic Basis and Preclinical Evidence

Microenvironment barriers: Low pH destabilizes certain antibiotics and reduces bacterial susceptibility;
hypoxia and oxidative stress alter bacterial physiology and host responses; biofilms impose diffusion and
tolerance barriers (2131810 yltrasound & MB effects: UTMD has been shown to increase microvascular
permeability, normalize local pH/oxygenation, disrupt biofilms, and enhance antibiotic penetration in
preclinical settings [41l6l stimuli-responsive carriers: Platforms including MB—nanoparticle hybrids may
further enable selective, on-demand cargo release at infection sites [El8IIOIMININISNIAIISII6I[I7]
Microenvironment-responsive hydrogels also demonstrate controlled, site-specific payload release in
infected tissues, supporting adjunctive, context-first strategies 061081 collectively, these mechanisms

support a context-first adjunct that seeks to boost existing drugs rather than replace them.

Proposed Clinical Workflow and Use Cases
Clinically, the sequence can be implemented as follows:

1. Assessment & planning: Identify dominant barriers (e.g., acidosis in chronic wounds; hypoxia in
abscess-like compartments) using clinical context and imaging 31,

2.MB cocktail infusion: Deliver single-cargo MB populations IV (buffer, oxygen donor, redox
modulator; optional antibiotic-MBs) [Z1[3],

3. FUS activation: Localized UTMD at the infected region under CEUS guidance to trigger release and
transiently recondition the niche; concurrently disrupt biofilm structure Lull6],

4. Immediate antibiotic infusion: Administer or continue IV antibiotics within the post-UTMD
window.

5. Monitoring: Use CEUS to confirm MB distribution/clearance and undertake clinical/laboratory
tracking of response. Initial indications may include device-associated infections, chronic soft-
tissue wounds, and pulmonary biofilm infections; use cases could progress from accessible,

imageable sites to deeper or disseminated infections 1716,
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Safety, Practical, and Regulatory Considerations

MBs have a well-characterized safety profile as contrast agents; FUS parameters should remain within
accepted diagnostic/therapeutic windows [7l6]  nicrobubbles used in contrast-enhanced ultrasound
include FDA-approved agents; leveraging these backbones may streamline translation. Repeated MB
dosing can compensate for modest payload capacity while retaining low systemic exposure.
Compatibility may be improved by a one-agent-per-MB formulation and stabilizers in the MB shell.
These formulations are designed to preserve cargo stability until ultrasound-triggered release.
Regulatory translation may benefit from leveraging CEUS-approved MB backbones and staged,
indication-specific trials.

Clinical scope: Localized, ultrasound-triggered release may also permit cautious use of agents otherwise
constrained by systemic toxicity (for example, colistin or aminoglycosides) and pragmatic repurposing of
drugs typically restricted to oral or topical administration, insofar as brief, MB-mediated intravascular

delivery can generate therapeutically meaningful local levels while minimizing systemic exposure. These

possibilities require dedicated dosing and safety studies prior to clinical adoption [7i6]

Limitations

The approach is adjunctive, not curative, and depends on accurate lesion localization and ultrasound
accessibility. Payload constraints and variable tissue acoustics may limit effect magnitude; dosing of
restorative agents is context-dependent and requires empirical optimization. Cost and workflow

complexity should be justified by clinically meaningful gains.

Outlook and Future Directions

Priorities include standardized dosing matrices for restorative cargos under infection-mimicking

conditions; quantitative studies of UTMD-mediated biofilm disruption L and first-in-human CEUS-
guided feasibility with safety and pharmacodynamic endpoints (e.g., local pH/oxygenation surrogates,
antibiotic penetration assays). Combinatorial design spaces (order/timing of MB subtypes; FUS
parameters) warrant systematic exploration and align with broader analyses of integrating advanced and

alternative approaches in antimicrobial-resistance management 181
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Conclusion

A microenvironment-restoring, ultrasound-activated MB cocktail may offer a practical path to enhance
antibiotics in MDR infections through localized, transient niche reconditioning. With existing CEUS

infrastructure and MB safety data, this perspective outlines a possible path to clinical translation.
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