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Background: Perioperative pain poses a significant challenge for surgical patients, with regional anesthesia commonly employed for
postoperative pain relief. However, the utility of regional anesthesia is limited by the lack of real-time visualization during drug
delivery and the rapid diffusion of anesthetics, which result in imprecise targeting and short duration of analgesia.

Methods: An innovative ultrasound-guided drug sustained-release capsules were fabricated by bioinspired adhesive polylactic-co-
glycolic acid (PLGA) loaded with ropivacaine microbubbles (APRMs). Ropivacaine release and ultrasonographic experiments of
APRMs were conducted in vitro. For in vivo evaluation, a total of 127 adult male Sprague—Dawley rats (200-250 g) were used. Then,
incision surgery and SNI-induced neuropathic pain were conducted for adult male rats to verify the ropivacaine release of APRMs
in vivo. Ultrasound imaging was performed to confirm the ultrasonic visualization of APRMs. The in vivo fluorescence imaging
experiment was conducted for the adhesion property of APRMs. Finally, systemic toxicity and tissue reaction were histologically
evaluated.

Results: APRMs achieved real-time visualization during drug delivery and significantly prolonged antinociceptive effects, maintain-
ing mechanical analgesia for 9 days and thermal analgesia for up to 15 days, whereas free ropivacaine produced only transient effects
(mechanical: approximately 24 h; thermal: approximately 4 h). Histological assessments revealed no toxicity or adverse tissue
reactions, underscoring the safety of APRMs.

Conclusion: APRMs represent a novel and promising strategy for pain management by integrating sustained anesthetic release,
bioinspired adhesive properties for prolonged retention, and contrast-enhanced ultrasonography (CEUS) for real-time visualization.
While these findings are encouraging, further in vivo validation and extended preclinical studies will be essential to confirm safety and
efficacy before considering translation into clinical practice.
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Introduction

Effective perioperative pain management remains a major clinical challenge. Systemic analgesics such as opioids,
commonly administered orally or intravenously, can provide effective pain relief but are accompanied by substantial
safety concerns, including abuse potential, addictive properties, and intoxication-associated morbidity and mortality.'*

By contrast, ultrasound-guided nerve blocks, a regional anesthesia technique, offer an alternative by selectively blocking
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nerve excitation and conduction, potentially reducing these risks.> > However, despite their advantages, nerve blocks are
limited by a relatively short duration of action, technical complexity, and risks such as nerve injury, local anesthetic
systemic toxicity, and incomplete blockade.®’ These shortcomings underscore the need for innovative strategies that can
prolong analgesic duration, reduce complications, and allow real-time monitoring of drug delivery.

Most existing research has centered on enhancing imaging technology,® with less emphasis on developing contrast
agents for local anesthetics. The utilization of microbubble contrast agents, though effective for enhancing procedural
visualization in echocardiography and neural catheter placement,’ is constrained by potential complications associated
with inadvertent air injection into vascular or intrathecal spaces, which may adversely affect regional anesthesia
performance. Furthermore, most local anesthetics provide only short-term relief after a single injection, insufficient for
extended pain management.'® Current strategies to prolong nerve block duration, such as higher single doses, multiple

713 are often hindered by rapid drug

injections with adjuvants, or implanted delivery systems for continuous infusions,
diffusion, resulting in low therapeutic efficacy. This underscores the need for an ultrasound-guided, sustained-release
formulation that enhances visibility, duration, and safety in regional anesthesia.'*

To address these issues, an advanced polymeric microcarrier system with integrated contrast properties was developed
for regional anesthesia. Polymer microspheres and nanoparticles have become essential components of drug delivery
platforms, offering enhanced drug loading and controlled release properties.'> PLGA, having received the FDA and
EMA approval for various clinical uses, is particularly notable for its biocompatibility, biodegradability, and sustained
drug delivery capabilities.'®!” The integration of local anesthetics into PLGA-based microspheres has been shown to
maintain sustained drug release, resulting in prolonged pain relief during regional anesthesia procedures.'® 2’
Nevertheless, existing research has predominantly emphasized the characterization of pharmaceutical release

kinetics,2 123

overlooking additional features such as visualization and targeted tissue adhesion.

In this study, we engineered mussel protein inspired adhesive PLGA-ropivacaine microbubbles (APRMs) with
a surface coating material for PLGA microbubbles containing encapsulated ropivacaine to achieve sustained release,
contrast-enhanced ultrasonography, and strong tissue adhesion (Figure 1). Ropivacaine, a potent local anesthetic, has
gained widespread acceptance in pain management due to its efficacy and safety profile.?* Polydopamine, inspired by
mussels, is a biocompatible coating material known for its strong adhesion to various surfaces;*>*® Polydopamine was
selected as the adhesive component because it is a bioinspired material that exhibits strong and universal adhesion under
physiological conditions, superior biocompatibility, and the ability to form stable surface coatings. Compared with other
adhesion materials, such as polylysine or synthetic catechol derivatives, polydopamine provides more reliable adhesion
and better tissue compatibility, making it particularly suitable for enhancing the retention of drug delivery systems at the
target site while minimizing potential immune responses. Consequently, APRMs are expected to exhibit robust tissue-
adhesion capabilities. Additionally, PLGA’s capacity to encapsulate ropivacaine enables APRMs to achieve sustained
drug release, extending the duration of analgesia. Significantly, the APRMs demonstrated contrast-enhanced ultrasono-
graphy (CEUS) capabilities, attributable to their unique hollow microstructural configuration. Furthermore, the APRMs
demonstrate a reduced potential for systemic toxicity through minimized peak plasma drug concentrations. Therefore, the
present study aimed to develop adhesive injectable microbubbles (APRMs) as a novel platform for sustained release of
ropivacaine, integrating bioinspired adhesive properties for prolonged tissue retention with CEUS for real-time visualiza-
tion. We further evaluated their analgesic efficacy, biocompatibility, and imaging properties in both in vitro and in vivo
models. Overall, APRMs offer precise, safe, and sustained analgesic effects, highlighting their potential as an extended-
release local anesthetic in pain management.

Materials and Methods

Material

Polylactic-co-glycolic acid (PLGA) (38,000-54,000 MW) was sourced from Adamas-beta (Shanghai, China).
Dichloromethane (DCM) was provided by Sinopharm (Shanghai, China). Polyvinyl alcohol (PVA) (87-89% hydrolysis,
~31,000 MW) and Cy5.5 NHS ester were obtained from Aladdin (Shanghai, China). Ropivacaine base was obtained from
Macklin (Shanghai, China), and its hydrochloride formulation (1% w/v) from AstraZeneca AB (Sweden).
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Figure | Schematic illustration of mussel protein inspired adhesive injectable microbubbles applied in surgical incision pain and neuropathic pain induced by SNI.

Preparation of APRMs

APRMs were produced via a water-in-oil-in-water (w/o/w) emulsion-based solvent evaporation method. First, 300 mg
PLGA and 200 mg ropivacaine base were dissolved by 6 mL methylene chloride. After well-mixed, 4 mg ropivacaine
hydrochloride was added under stirring at 200 rpm for 1 hour. Subsequently, 45 mL 1.5% PVA solution was introduced, then
the mixture was stirred at 60 rpm for 12 hours to obtain PRMs. Then they were washed by centrifugation at 2000 rpm for
10 minutes with deionized water for 3 times, freeze-dried with a lyophilizer (Alpha 1-2 LD plus, Martin Christ, Germany).
To prepare APRMs, 0.1 g of PRMs was dispersed in a solution containing 20 mg dopamine and Tris buffer (10mM, pH =
8.5), followed by continuous stirring (100 rpm) for 18 hours. The APRMs were purified by 3 centrifugation cycles.
Cy5.5-loaded PRMs or APRMs were prepared by dissolving Cy5.5 NHS ester in the methylene chloride solvent initially.
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Ropivacaine Loading on APRMs
0.1 g APRMs were dispersed in 10 mL anhydrous ethanol to assess EE and DLE. After vortex mixing, the sample was
processed with centrifugal force at 8000 rpm to separate any insoluble residues for 5 minutes. The concentration of
ropivacaine was measured and quantified. EE and DLE were determined:

EE (%) = (mass of ropivacaine encapsulated in PLGA microbubbles / total mass of ropivacaine) x 100%.

DLE (%) = (mass of encapsulated drug / total mass of components in the system) X 100%.

Release of Ropivacaine from APRMs in vitro

A total of 100 mg APRMs were enclosed in a dialysis tube (MD25-3500, Viskase, USA), which was then immersed in
5 mL saline. The experimental system was incubated at physiological temperature (37°C) using a thermostatic orbital
shaker (New Brunswick™ Innova® 40, Eppendorf, USA). At predetermined intervals, the dialysis tube was transferred to
new solution. Ropivacaine quantification was performed by high performance liquid chromatography (LC-20AT system,
Shimadzu Corporation, Japan).

Animal Preparation

Adult male Sprague-Dawley rats were procured from Sibeifu Biotechnology Company (Beijing, China). A total of 127
adult male Sprague-Dawley rats (weight: 220 + 15 g, mean + SD) were used in this study (Figure S1). They were
maintained individually with unlimited water and food. The ambient temperature was regulated at 23 + 2°C, and the
lighting followed a natural light-dark cycle. The study followed NIH guidelines and was approved by Zhengzhou
University’s Institutional Animal Care and Use Committee (ZZU-LAC2021011904). Every effort was taken to reduce the
number of animals utilized and to minimize any potential distress.

Perisciatic Nerve Injection

The perisciatic nerve was accessed using a 20-gauge needle attached to a 1-mL syringe under isoflurane-induced
anesthesia and the surgical field around the right hind limb was shaved and disinfected with povidone—iodine solution.
Following identification of the greater trochanter, the needle was positioned posteromedially until bone contact was
established, after which 1 mL of the test solution was slowly injected. All procedures were performed under aseptic
conditions to minimize the risk of infection.

Incisional Pain Model

The incision pain model was established using Brennan’s plantar incision technique.?” Male rats were anesthetized with
2-3% isoflurane through a nasal delivery apparatus. The plantar surface was sterilized for three times. A 1-cm incision
was made 0.5 cm from the heel, cutting through the skin, fascia, and muscle. The plantaris muscle was gently lifted,
incised lengthwise, and repositioned. Bleeding was controlled using sterile gauze, and the wound was closed with 2—-0
nylon sutures. Rats recovered from anesthesia before being returned to their cages. Daily inspections were conducted,
and rats with infections or wound complications were excluded.

SNI-Induced Neuropathic Pain Model

The SNI procedure was conducted following established methods.?® Rats were anesthetized using 2-3% isoflurane, and
a lateral thigh incision exposed the sciatic nerve and its branches. Both the common peroneal nerve and tibial nerve
branches were surgically ligated with 5.0 silk, cut distally, and 2-4 mm of nerve ends were removed, while the sural
nerve remained intact.

Behavioural Tests

Rats underwent an acclimatization period of at least three days in the testing environment. Paw withdrawal threshold
(PWT) was measured with von Frey filaments, and the 50% PWT was determined with the up-down method.*® Prior to
testing, the rats were positioned in chambers for 30 minutes. The experiment commenced by applying a 2.0 g filament
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perpendicularly to the plantar area of the hind paw, continuing until the filament formed an S-shaped curve for
3-5 seconds. A paw withdrawal or licking response was recorded as positive, prompting the use of a smaller filament.
A lack of response was noted as negative, and a larger filament was applied. Testing ceased under the following
conditions: 1) no response at the maximum filament strength (15 g); 2) a positive response at the minimum filament
strength (0.4 g); 3) four consecutive tests after a response change; or 4) a total of nine measurements. Intervals between
tests exceeded 5 minutes.

Paw withdrawal latency (PWL) was measured with a plantar analgesia tester (7370, Ugo Basile, Comerio, Italy),
following standardized protocols.*® A radiant heat stimulator was positioned beneath a transparent glass platform to
deliver thermal stimuli to the plantar surface of the hind paw. Three trials were carried out, with intervals of over
5 minutes. The mean was determined from three consecutive measurements. All behavioral tests were conducted in
a randomized and blinded manner. Randomisation: All animals were randomly assigned to experimental groups using
a computer-generated random number sequence (using www.randomizer.org) created by an investigator not involved in

behavioral testing, data acquisition, or analysis. Randomisation was applied before any surgical procedure (plantar
incision or SNI), before drug preparation, and before perisciatic injection to prevent selection bias. Allocation conceal-
ment: The investigator who performed the randomization was responsible for implementing allocation concealment. The
treatments (Vehicle, PLGA, RVC, PRMs, APRMs) were prepared by a separate individual and dispensed into identical,
unmarked syringes. Each syringe was labelled only with the corresponding animal’s study identifier. The surgeon
performing the perisciatic nerve injection received the syringe labelled with the animal’s ID and was thus unaware of
the group assignment. Allocation was concealed from the surgeons and investigators from the moment of group
assignment until after all data collection and analysis were complete. This prevented any conscious or subconscious
bias during treatment administration and outcome assessment. Blinding procedures: Blinding was maintained for all key
personnel involved in the experimental procedures and data handling. As described under allocation concealment, this
individual received pre-loaded, identically appearing syringes labelled only with animal IDs. They had no knowledge of
the group allocation key. They were provided with the animals in a random order and were only aware of the animal’s
unique ID. They had no access to the group allocation list during testing. The testing environment and apparatus were
standardized to ensure consistency.

Locomotor Dysfunction Test

Locomotor function was assessed using established methods.®' 1) Placing reflex: Rats were placed with their hind limbs
lower than their forelimbs, allowing the dorsal side of the hind paws to touch a table The ability to reflexively place the
hind paws on the table surface was recorded. 2) Grasping reflex: Rats were positioned on a wire grid, and their ability to
grasp the wires with their hind paws upon contact was documented. 3) Righting reflex: Rats were placed on their backs
on a flat surface, and their ability to immediately return to an upright position was observed. Each reflex was evaluated
over five trials, with scores based on the number of normal responses recorded.

HE Staining

At the predetermined time point, rats were euthanized via decapitation. Sciatic nerve samples and major organs were
collected. Paraffin sections prepared for HE staining were dewaxed, rehydrated, and sequentially stained with haematox-
ylin and eosin. After dehydration and sealing, the sections were examined under a microscope.

Plasma Samples Testing
Plasma concentrations of ropivacaine were analyzed with high-performance liquid chromatography (HPLC). Blood
samples were collected from the caudal veins at different time course following sciatic nerve injection of ropivacaine
or APRMs. Plasma was separated by centrifugation. To extract the sample, 400 pL acetonitrile was mixed with 200 puL
plasma with sonication and centrifugation. The supernatant was analyzed with an HPLC system equipped with a C18
column (5 um, 4.6x250 mm), with detection at a wavelength of 263 nm.

The HPLC method was fully validated according to standard bioanalytical guidelines. Specificity was confirmed by
analyzing blank plasma and plasma spiked with ropivacaine, ensuring no interference from endogenous components.

Drug Design, Development and Therapy 2026:20 https: 5
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Linearity was established over a concentration range of 105000 ng/mL, with a correlation coefficient (R?) > 0.999.
Accuracy and recovery were evaluated at low, medium, and high concentrations, yielding recovery rates of 95-105%.
Precision, assessed both intra-day and inter-day, showed relative standard deviations (RSD) <5%. The lower limit of
quantification (LLOQ) was 10 ng/mL, with a signal-to-noise ratio >10, and accuracy and precision within £20%. Below
the lower limit of quantification (BLOQ) concentrations occurring prior to Cmax were imputed as LLOQ/2, whereas
BLOQ values occurring after Cmax were treated as missing. Stability of ropivacaine in plasma was verified under short-
term room temperature, long-term storage at —80°C, and multiple freeze—thaw cycles.

Characterization

Ropivacaine concentrations were quantified via HPLC. Solution-state morphological characteristics of PRMs and
APRMs were documented using a commercial smartphone imaging system (Huawei Mate40 Pro). Ultrasonic imaging
was performed using a portable ultrasound device (Sonosite Edge II, FUJIFILM Sonosite, Inc., USA). In vivo imaging
was conducted with an IVIS Spectrum system (PerkinElmer, Massachusetts, USA). Neural microstructure characteriza-
tion, including myelinated fiber quantification and axonal ultrastructure assessment, was conducted with a Transmission
Electron Microscope (TEM, Hitachi HT7700, Japan).

Endpoint Hierarchy

We pre-specified one primary endpoint for each experimental question based on biological relevance and sensitivity of
the measurement, prior to data analysis. For in-vitro release experiments, the cumulative release (%) was designated as
the primary endpoint. For in-vivo pharmacokinetic evaluation, the plasma concentration was designated as the primary
endpoint, as it most accurately reflects systemic exposure in a sustained-release formulation. For tissue adhesion studies,
the primary endpoint was fluorescence intensity within a predefined region of interest (ROI) over time, representing
adhesion retention at the injection site. ROIs were manually delineated over the perisciatic nerve region corresponding to
the injection and adhesion site, guided by the area of maximal Cy5.5 signal intensity. To ensure longitudinal consistency,
identical ROI size and placement were applied across all time points within the same animal. For evaluation of analgesic
efficacy following perisciatic nerve injection, paw withdrawal threshold (PWT) and paw withdrawal latency (PWL) were
designated as the primary endpoints, as they are the most sensitive and widely adopted indicators of postoperative
mechanical and thermal hypersensitivity. One primary endpoint per experimental question (as listed above) and the other
variables are secondary.

Unit of Analysis

The experimental unit was defined a priori for each endpoint as the smallest biological entity to which an independent
treatment was applied and from which biological inference was drawn. Technical replicates were not treated as
independent biological observations. For in vivo experiments, including behavioral pain assessments (PWT and PWL),
locomotor reflex testing, in vivo imaging, pharmacokinetic measurements, and histological analyses, the individual
animal was considered the experimental unit. Repeated measurements obtained from the same animal over time were
treated as within-subject observations and were analysed using mixed-effects models. For behavioural testing, multiple
trials obtained within the same session (eg, three PWL measurements or repeated von Frey stimulations) were averaged
to generate a single value per animal per time point prior to statistical analysis. For locomotor reflex testing, five repeated
trials per animal were summarised as composite scores and analysed at the animal level. For imaging analyses,
quantitative metrics were extracted from predefined regions of interest (ROIs). When multiple ROIs or image frames
were obtained from the same animal at a given time point, values were averaged or modelled as repeated measures nested
within the animal, as appropriate. For pharmacokinetic analysis, serial plasma samples collected from the same animal
were treated as repeated measures. Pharmacokinetic parameters were estimated at the individual-animal level and used
for between-group comparisons. For histological and ultrastructural analyses, multiple sections or microscopic fields
obtained from the same animal were considered technical replicates and were summarised to yield a single animal-level
value prior to statistical analysis. For in vitro experiments, including drug loading, release, and material characterisation,
the experimental unit was an independently prepared microsphere batch. Repeated assay measurements from the same
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preparation were treated as technical replicates and were averaged prior to analysis or incorporated as within-unit
repeated measures where appropriate.

Statistical Analysis Plan

Statistical analysis was performed using SPSS, version 26.0 (IBM SPSS), R statistical software, version 4.2.0 (R Project
for Statistical Computing) and GraphPad Prism 8.0 (GraphPad Software, USA). Animals were randomly assigned via
computer-generated lists; all behavioral scoring and analyses were performed by investigators blinded to group
allocation.

The Shapiro—Wilk test was used to evaluate the normality of the data. The homogeneity of variances was assessed
with the F-test (for pairwise comparisons) and the Brown-Forsythe test (for multiple groups). The outcomes of locomotor
function scores (placing, grasping and righting) at different time points were analyzed with a linear mixed-effect model
(LMM) using repeated measures. Treatment group, time, groupxtime interaction were included as fixed covariates.
Random intercept and slope were modeled for each rat. Results for the analyses are reported as mean with S.E.M. for
score, and mean difference with 95% ClIs for pairwise comparisons between groups. The treatment-by-time interaction
was first tested at a two-sided significance level of 0.05. If the interaction was statistically significant, treatment effects
were estimated separately at each time point. Post-hoc pairwise group comparisons derived from the LMM were adjusted
using Tukey’s method. For other outcomes analyzed using LMMs (eg, in vivo imaging measures), post-hoc pairwise
comparisons were likewise adjusted using Tukey’s method. To account for multiplicity across distinct behavioral pain-
related endpoints (PWT and PWL), we applied the Benjamini—-Hochberg false discovery rate (FDR) correction at 5% to
the set of p-values corresponding to the primary treatment effects for these endpoints. The FDR procedure was applied
only across these separate behavioral endpoints and not to any post-hoc pairwise comparisons within LMM analyses.
Significance was established at p < 0.05 for all analyses.

Results
Preparation of APRMs

The APRMs were effectively synthesized through a water-in-oil-in-water (w/o/w) emulsion-based solvent evaporation
approach (Figure 2a). Fourier Transform Infrared (FT-IR) analysis (Figure 2b) validated PRMs’ chemical composition,
showing ropivacaine-specific peaks: aromatic ring vibrations at 1628 cm ' and 3001 cm ', and NH stretching at
1512 cm™'. The Scanning Electron Microscopy (SEM) images confirmed the uniform spherical morphology of the
synthesized PRMs (Figure 2c). After freeze-drying, PRMs underwent surface modification via dopamine hydrochloride
polymerization in Tris-buffer solution, producing APRMs with a polydopamine coating layer (Figure 2d). Additionally,
enhanced magnification SEM analysis showed the hollow, spherical morphology of the PRMs. Ropivacaine levels were
quantified through absorbance measurement at 263 nm, using a standard calibration curve for reference (Figure S2).
Quantitative analysis revealed that APRMs exhibited an encapsulation efficiency (EE) of 23.1 + 1.1% and a drug loading
efficiency (DLE) of 54.5 £ 3.6%. Contact angle measurements illustrated a notable increase in hydrophilicity upon
polydopamine coating, with PRMs exhibiting an 80.202° contact angle, reduced to 18.512° on APRMs (Figure 2¢). The
obtained results provide confirmation of successful APRMs synthesis through polydopamine modification of PRMs. FT-
IR spectroscopic analysis (Figure 2f) of ropivacaine, PRMs, and APRMs provided additional confirmation of successful

polydopamine surface modification on PRMs because the characteristic peaks at 1284 cm ™'

attributed to the stretching
vibration of phenolic CO appeared from polydopamine in APRMs. Size measurements from SEM indicated that the
diameter of APRMs was 29.64 + 9.78 um (Figure 2g). Collectively, these findings substantiate the successful synthesis of
APRMs featuring hollow spherical morphology, efficient ropivacaine encapsulation, and a bioinspired polydopamine

adhesive coating.

In Vitro Behaviors
The sustained release properties were initially evaluated through in vitro drug release studies. The release behavior of
ropivacaine from PRMs (Figure 3a) was sustained for about 16 days (Figure 3b), reaching a maximum release of 90.88%
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Figure 2 (a) Schematic illustration of the production process for APRMs. (b) FT-IR spectral characterization. (c) SEM characterization of PRMs. Insert bar is 2 um for the
top image and 20 pm for the bottom image. (d) Photograph of PRMs and APRMs in PBS solution. (e) Measurement of the contact angle of PRMs and APRMs. (f) FT-IR
spectroscopy of polydopamine, PRMs and APRMs. (g) Size distribution histograms of APRMs; n=125.

of the total loaded drug (Figure 3c). In comparison, APRMs (Figure 3d) showed sustained ropivacaine release over
approximately 20 days (Figure 3e), achieving a maximum release of 96.4% (Figure 3f). A significant disparity in initial
release kinetics was observed, with PRMs demonstrating significantly higher ropivacaine release rates compared to
APRMs during the first 48 hours (Figure 3c,f), presumably attributable to the diffusion-limiting properties of the
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in vitro. (d) Schematic diagram of ropivacaine release from APRMs in vitro. (€) Cumulative in vitro release behavior of ropivacaine from APRMs. (f) Release rate from APRMs
in vitro. (g) B-mode ultrasound imaging analysis in agarose gel blocks. (i) ropivacaine, (i) PRMs, (iii) APRMs. The white arrows indicate the microbubbles visualized under
ultrasound. Data represent mean + SEM from 6 independent biological experiments (b, c, e, f).

polydopamine coating on APRMs. Furthermore, APRMs, with their hollow spheroidal structure, exhibited contrast-
enhanced ultrasound (CEUS) capabilities under ultrasound guidance. To validate this observation, they were individually
administered into agarose gel matrices for ultrasonographic evaluation, including ropivacaine, PRMs, and APRMs
(Figure 3g). Distinct imaging patterns were observed, with ropivacaine appearing as a hypoechoic zone and both
APRMs and PRMs demonstrating hyperechoic characteristics with well-defined particulate morphology. Interestingly,
APRMs (Video S1) maintained longer suspension stability at the administration site compared to PRMs (Video S2),
likely due to the increased hydrophilicity and dispersibility provided by the polydopamine coating on APRMs. These
results demonstrate that APRMs provide both sustained drug release and enhanced ultrasound contrast in vitro. The

outstanding ultrasonographic properties of APRMs enable precise drug localization, thereby optimizing the accuracy and
effectiveness of regional anesthesia procedures.

In vivo Behaviors

The release profile of APRMs in vivo is illustrated in Figure 4a. Firstly, plasma ropivacaine concentrations were
monitored pre- and post- perisciatic nerve administration (Figure 4b). As shown in Figure 4b, the plasma concentration
peaked at 20 minutes post-injection and dropped to undetectable levels within 24 hours in the free ropivacaine group. In
contrast, APRMs demonstrated extended-release properties, maintaining plasma ropivacaine concentrations of approxi-
mately 200600 ng/mL from 10 minutes to day 3 post-injection, with gradual decline to around 80 ng/mL by day 14,
remaining detectable throughout this period, whereas free ropivacaine formulation rapidly declined to undetectable levels
within day 1. Notably, the maximum plasma concentration of ropivacaine in the APRMs treatment group was
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ultrasound image showing the target sciatic nerve in an SD rat. The white arrows indicate the target sciatic nerve. (ii-iv) B-mode ultrasound images of different samples
in vivo: (i) free ropivacaine. The dotted white marked area indicates the injected ropivacaine. (iiij) PRMs. The white arrows indicate the microbubbles released from PRMs.
(iv) APRMs. The white arrows indicate the microbubbles released from APRMs.
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significantly reduced compared to the free ropivacaine formulation, highlighting the excellent sustained-release perfor-
mance of APRMs (Supplementary Table 1). This sustained-release capability also suggests that APRMs offer better

adhesion and safety for surrounding visceral organs.

Next, the CEUS properties were evaluated in vivo. Using SD rat sciatic nerves as the experimental model, ultrasound-
guided injections of free ropivacaine, PRMs, and APRMs with equivalent concentrations were performed (Figure 4c).
Precise localization of the target sciatic nerve was achieved through ultrasonographic imaging (Figure 4d(i)), ensuring
accurate therapeutic delivery. Following this, the drugs were administered under continuous ultrasound visualization. As
demonstrated in Figure 4d(ii), ultrasonographic imaging of free ropivacaine revealed an anechoic region, characterized
by the absence of echo signals. In contrast, the ultrasonographic imaging of PRMs and APRMs in Figure 4d(iii) and
Figure 4d(iv) exhibited strong echogenic spots, attributable to the hollow bubble structures. These findings demonstrate
that the APRMs possess CEUS properties, which are critical for precise and targeted drug delivery.

Tissue Adhesion

In vivo visualization of the three formulations was enabled through Cy5.5 labeling of PRMs and APRMs, with
ropivacaine administered in a Cy5.5-containing solution. Fluorescence imaging was conducted post-injection (0, 0.5,
1, 2, 4, 6, and 8 hours) (Figure 5a). The fluorescence signal from Cy5.5-labeled ropivacaine demonstrated time-
dependent spatial expansion, while Cy5.5-labeled APRMs exhibited consistent fluorescence distribution patterns
throughout the observation (Supplementary Table 2). The fluorescence distribution of PRMs remained unchanged until

6 hours, displayed rapid expansion at the 6-hour mark, and subsequently diminished by 8 hours post-injection
(Figure 5b). After the 8-hour experimental period, rats were euthanized, and major organs were extracted for subsequent
evaluation. Ex vivo imaging of collected organs (Figure 5c¢) demonstrated higher fluorescence intensity following
ropivacaine treatment than PRMs and APRMs treatment groups in liver and kidney tissues (Figure 5d).

Tissue adhesion properties were further investigated using Sudan blue II-labeled PRMs and APRMs, with ropivacaine
delivered as a black water-soluble dye solution. Sciatic nerve blockade was conducted in rat models, with subsequent
evaluation of perineural drug diffusion patterns through sciatic nerve exposure on post-injection day 5. The results
indicated significantly more extensive diffusion areas for ropivacaine and PRMs compared to APRMs (Figure 5Se),
indicating that APRMs exhibited stronger tissue adhesion than PRMs and ropivacaine. Overall, the enhanced adhesion of
APRMs ensured more stable drug retention at the target site, improved drug bioavailability, and reduced systemic
toxicity.

Effect of Perisciatic Nerve Injection

To evaluate the sustained analgesic efficacy of APRMs, we assessed the ipsilateral sciatic nerves in adult male rats after
implementation of surgical incision and SNI-induced neuropathic pain models. A plantar incision was created, followed
by sciatic nerve block. The plantar incision model, originally designed for acute postoperative pain research, could
closely mimic human postoperative pain experience.”’ Mechanical and thermal nociceptive hypersensitivities were
evaluated on the ipsilateral side in each group (Figure 6a and b). PRMs and APRMs exhibited significantly extended
analgesic efficacy during the maintenance period, up to 4 days post-administration (Figure 6c¢). In contrast to the
sustained effects of PRMs and APRMs, free ropivacaine exhibited transient analgesia lasting only 24 hours post-
incision, consistent with its clinical efficacy profile. As expected, administration of vehicle control or PLGA alone failed
to demonstrate significant effects on mechanical allodynia or thermal hyperalgesia. However, the precise duration of
efficacy has yet to be fully established in this acute pain model. To address this issue, we designed a chronic pain model
induced by SNI to evaluate their long-term analgesic potential. Consequently, APRMs exhibited a pronounced and
sustained antinociceptive activity, maintaining 15 days for thermal analgesia and 9 days for mechanical analgesia
(Figure 6d). Although PRMs demonstrated a 3-day shorter duration of thermal analgesia compared to APRMs (adjusted
P=0.938 on day 25 after SNI surgery), their mechanical analgesic efficacy was comparable to that of APRMs (adjusted
P>0.99 on day 25 after SNI surgery) (Figure 6d). Free ropivacaine demonstrated limited analgesic duration, with
mechanical effects lasting 24 hours and thermal effects persisting for only 4 hours. Consistent with the plantar incision
model, vehicle control and PLGA alone injections showed no significant effects on analgesia (Supplementary Table 3).
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Figure 5 (a) Representative in vivo images and (b) quantified fluorescence signals of different drug formulations at various time points post-injection. (c) Representative ex
vivo images of tissues following treatment. Groups: i: ropivacaine, ii: PRMs, iii: APRMs. (d) Quantitative analysis of fluorescence intensity in major organs following 8-hour
post-administration of ropivacaine, PRMs, and APRMs in rat models. RVC: ropivacaine. (e) Tissue visualization of sciatic nerve after injections, with yellow circular
annotations indicating drug dispersion areas.
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These results indicate that APRMs exhibited extended analgesic duration, potentially attributable to the enhanced tissue
adhesion conferred by the polydopamine coating.

The preventive analgesic properties of APRMs were assessed in a plantar incision model, with pre-emptive sciatic
nerve blockade achieved. The analgesic efficacy was quantitatively assessed during the development period, as illustrated
in Figure 6e. APRMs demonstrated significant enhancement of PWT and PWL, with effects persisting through
postoperative day 5. Free ropivacaine showed limited analgesic duration (12 hours), whereas vehicle injection had no
significant impact on nociceptive responses.

These findings underscore the remarkable and extended analgesic efficacy of APRMs, suggesting their viability as
a promising treatment strategy in pain management.

Safety Evaluations

Comprehensive safety evaluation of APRMs was conducted. Locomotor function assessment demonstrated transient
reductions in placing and grasping reflex scores at the 2-hour post-injection time point across different treatment groups
(Supplementary Table 4). While placing and grasping reflex scores showed temporary reductions, they returned to normal

at later time points, and righting reflex remained stable across all time points in all groups (Supplementary Table 4). To

assess histopathology, Hematoxylin and Eosin (H&E) staining and histological examination were performed after
injection of ropivacaine, PRMs and APRMs. Post-treatment analysis showed normal wound healing with no signs of
delayed healing or muscle atrophy (Figure S3). At 11 days post-injection, the exposed sciatic nerves remained intact,
exhibiting normal morphology across all groups, including ropivacaine, PRMs, and APRMs (Figure S4). Histological
assessment using HE staining demonstrated maintained sciatic nerve adventitial integrity, with normal myelinated fiber
morphology and distribution. The sciatic nerve fibers were tightly arranged, uniformly distributed, and densely myeli-
nated, with fully developed axons. No signs of axonal swelling or atrophy were observed in any group. All groups
showed normal axonal morphology without evidence of swelling or atrophy (Figure 7a). Transmission electron micro-
scope (TEM) further confirmed these findings, revealing abundant and intact myelinated fibers with normal axonal
structure in all groups (Figure 7b). Some sections showed minor myelin sheath layer separation, but no significant
differences were detected among the four groups (Figure 7b). Furthermore, visceral toxicity was assessed via HE staining
of major organs on day 11 post-perisciatic injection. The results (Figure 8) revealed no pathological changes among the
groups, further confirming the safety of APRMs.

a

Figure 7 (a) HE stained sections of sciatic nerve | | days post-perisciatic administration of vehicle, ropivacaine, PRMs, and APRMs. The scale bar is 100 um. (b) TEM images
of sciatic nerve tissue || days post-perisciatic injection of vehicle, ropivacaine, PRMs, or APRMs. The scale bar is 10 um.
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Discussion
To our knowledge, this is the first to put forward the concept of mussel protein inspired adhesive CEUS ropivacaine
formulation for regional anesthesia. Ropivacaine loaded adhesive PLGA microbubbles were successfully fabricated in
this study. The analgesic efficacy of APRMs is primarily attributed to several interrelated mechanisms. First, the
polydopamine coating endows the microbubbles with mussel protein-inspired adhesive properties, enhancing local
retention at the injection site and reducing rapid drug diffusion. Second, the PLGA microbubble structure allows
sustained release of ropivacaine, providing prolonged sensory blockade while minimizing motor impairment. Third,
the contrast-enhanced ultrasonography capability enables real-time visualization of the microbubbles, facilitating precise
targeting and monitoring of drug delivery. Collectively, this study introduces a new and effective drug option for pain
management, offering promising applications.

Polydopamine, recognized for its superior biocompatibility, inherent adhesive characteristics, photothermal capabil-
ities, and anti-inflammatory properties, finds extensive applications in biomedical domains. It serves various functions,

34,35

including drug delivery,>** tissue repair, and therapeutic applications.>*>” In this study, polydopamine was

employed as a coating material for APRMs, enhancing their mussel protein inspired adhesive properties and improving
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drug targeting at specific sites. The adhesive properties of APRMs enable more stable drug targeting, lowering dosage
and toxicity risks. Tissue-adhesive local anesthetics effectively bind to surfaces like oral mucosa or skin, ideal for topical
anesthesia. However, the behavioural differences observed between the APRMs and PRMs groups were not statistically
significant, possibly due to variations in encapsulation and drug-loading efficiencies. In addition, heterogeneity in the
intervention, such as microbubble size distribution and local retention at the injection site, may have contributed to inter-
subject variability. Furthermore, inter-individual differences, including metabolic rates, tissue composition, and immune
responses, could influence drug release kinetics and analgesic efficacy. These findings underscore the importance of
considering both formulation characteristics and patient-specific factors when evaluating therapeutic outcomes.
Importantly, this variability highlights the potential for developing targeted or precision medicine strategies, where
individualized dosing regimens and optimized delivery systems could maximize efficacy while minimizing variability in
treatment response. Notably, APRMs exhibited a relatively short motor block duration, suggesting their ability to provide
long-term sensory blockade while minimizing motor impairment.

To achieve simultancous drug loading and ultrasound contrast capabilities, this study utilized a hollow spherical
structure. While microbubbles have been previously reported for CEUS applications,*® these were generally smaller in
size and designed for focal contrast.’>** In contrast, the larger microbubbles in this study were primarily developed for
drug delivery and sustained release in regional anesthesia. The ultrasound contrast of APRMs is based on the acoustic
impedance difference between the hollow structure and the surrounding medium.*® Therefore, porous or mesoporous
structures leveraging acoustic impedance differences may achieve similar ultrasound contrast effects as APRMs. Future
studies could explore this approach. In this study, no adverse events were observed, indicating a favorable safety profile
under the experimental conditions. Nevertheless, ongoing monitoring of safety parameters, including both clinical signs
and relevant biomarkers, is warranted in future preclinical and clinical studies. Systematic assessment of these endpoints
will provide a more comprehensive understanding of risk profiles and support the safe translation of APRMs into clinical
applications. Moreover, incorporating safety considerations into the design of delivery systems and dosing regimens may
further enhance therapeutic efficacy while minimizing potential adverse effects.

We acknowledge several limitations in the present study. First, only male Sprague-Dawley rats were used, which may
limit the generalizability of our findings. Future studies should include female subjects and other species to better
evaluate potential sex- and species-related differences in drug distribution, analgesic efficacy, and safety. Second,
histopathological and neurotoxicity evaluations were conducted only on the day 11, which does not exclude the
possibility of longer-term inflammation or fibrosis. We have clarified this limitation and emphasize that extended time
points will be included in future studies to comprehensively evaluate chronic tissue responses and safety. Third, the
relatively low encapsulation efficiency (EE = 23.1%) of APRMs may require higher doses to achieve therapeutic effects,
and the safety of higher-load microbubbles remains to be fully evaluated. In the current study, doses were within the safe
range determined in preliminary toxicity assessments, with no adverse effects observed. Future work will focus on
optimizing encapsulation efficiency and evaluating the toxicity profile of higher-load APRMs to maximize efficacy while
minimizing potential risks. Addressing these limitations will further enhance the translational relevance of APRMs for
clinical pain management.

Conclusion

In summary, this study developed a mussel protein inspired adhesive microbubble drug delivery system that combines
CEUS imaging capabilities with sustained analgesic effects in preclinical models of regional anesthesia. These findings
demonstrate the potential of this microbubble delivery strategy to provide controlled and localized analgesia. While
promising, further investigations, including first-in-human studies and Phase 1 clinical trials, are necessary to evaluate
safety, tolerability, and efficacy before clinical translation can be considered.
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