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a b s t r a c t

Sensorineural hearing loss (SNHL) is a prevalent global health issue, primarily caused by excessive gen-

eration of reactive oxygen species (ROS) due to acoustic trauma, aging, and ototoxic drugs. Natural an-

tioxidant enzymes, such as catalase (CAT), possess remarkable ROS scavenging capabilities and hold sig-

nificant potential for SNHL treatment. However, their clinical application is hindered by inefficient deliv-

ery and limited stability. Here, we introduce a novel peptide-oligosaccharide conjugate, sELP-ON, which

forms coacervate microdroplets via liquid–liquid phase separation. These microdroplets efficiently encap-

sulate and stably carry CAT, releasing it in a glutathione-triggered, redox-responsive manner. The CAT-

loaded sELP-ON (sELP-ON@CAT) enhanced cellular uptake through direct cytoplasmic internalization and

demonstrates a more robust ROS scavenging activity than naked CAT treatment. Local administration of

sELP-ON@CAT in an acoustic injury mouse model effectively rescues hearing loss by reducing cochlear

ROS levels, thereby mitigating hair cell loss, ribbon synapse depletion, stria vascularis shrinkage and spi-

ral ganglion neuron degeneration. In summary, our innovative coacervate microdroplet system enables

targeted, redox-responsive cytoplasmic delivery of macromolecular antioxidants, offering a novel and ef-

fective strategy for treating SNHL.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Sensorineural hearing loss (SNHL), the most common sensory

disorder in human, which is expected to affect over 10% of the

global population by 2050, has become a major public health

challenge [1]. The etiology of SNHL is multifactorial, primarily at-

tributed to acoustic trauma, aging and ototoxic drugs [2–4]. The

pathogenic mechanisms of SNHL are complex, involving multiple

biologic and physiologic processes [5,6]. It has been demonstrated

that excessive reactive oxygen species (ROS) generation due to var-
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ious factors such as acoustic trauma, ototoxic drugs and aging, can

trigger inflammatory reactions that harm cochlear hair cells (HCs)

and neurons, as well as result in cell death and accelerating hear-

ing loss [7–9]. Extensive investigations in animal models identified

various antioxidants that neutralize excessive intracellular ROS—

efficiently combating ROS-mediated pathologies, including SNHL.

Among these, ROS-scavenging enzymes, like catalase (CAT) and su-

peroxide dismutase (SOD), are highly promising due to their excep-

tional bioactivity and biocompatibility for in vitro applications [10–

14]. Yet, the implementation of these natural enzymes has encoun-

tered several challenges due to their limited stability, high sensi-

tivity to fabrication and stocking requirements, and short half-life

[15]. In addition, their large molecular size hampers direct pene-

tration into the cytoplasm to react with intracellular ROS [16–18].

https://doi.org/10.1016/j.cclet.2025.111447
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To overcome these limitations, researchers are actively work-

ing on designing and developing enzyme-based biomaterials. Nat-

ural enzymes can be either integrated into different types of

carriers such as polymers, nanomaterials or biomaterials by en-

capsulation, copolymerisation and surface immobilisation meth-

ods [19–22]. Although various delivery systems have been de-

veloped to address these challenges, the current reliance on

nanoformulations to penetrate cell membranes via endocytosis

limits cytoplasmic release of active ingredients, reducing effi-

cacy and delivery efficiency [23–26]. Therefore, developing an ef-

ficient system to directly deliver ROS-scavenging enzymes into

cochlear HCs and release them in the cytoplasm remains an unmet

need.

Current therapeutic delivery systems, especially for protein-

based drugs, still face several limitations. For instance, polymeric

materials often present challenges in synthesis and preparation

[27,28]. Similarly, lipid nanoparticles (LNPs) exhibit complex com-

positions and are limited in protein encapsulation and immuno-

genicity concerns [29–31]. Therefore, new efficient delivery sys-

tems are needed for protein delivery. Coacervates, formed through

liquid–liquid phase separation (LLPS), have garnered attention

due to their biomimetic properties that mimic cellular environ-

ments. These coacervates are capable of sequestering molecules

of varying sizes or charges due to their membraneless nature,

offering effectively encapsulating biomolecules without the need

for complex modifications. Additionally, coacervates can be en-

gineered to exhibit specific membrane-penetrating behaviors, en-

abling the direct delivery of therapeutic agents into the cytosol

[28,32]. This membrane-penetrating ability provides distinct ad-

vantages for the targeted delivery of therapeutic biomolecules [33–

40]. Thus, coacervate is considered as a promising carrier for deliv-

ering therapeutic biomolecules, with the added benefit of specific

membrane-penetrating behavior enabling direct cytosolic delivery.

Accordingly, coacervate is postulated suitable for delivering ROS-

scavenging enzymes to treat SNHL, a novel delivery strategy yet to

be explored.

We have developed a series of short elastin-like polypeptide–

oligonucleotide conjugates (sELP-ONs) that undergo temperature-

responsive LLPS to form coacervates [41]. These sELP-ON coac-

ervates have shown exceptional ability to encapsulate various

biomolecules, including proteins with different charges and molec-

ular weights, highlighting their potential as versatile delivery

platforms for the treatment of SNHL. Herein, we rationally de-

signed a new sELP-ON coacervate incorporating disulfide bonds as

redox-responsive linkers, enabling glutathione-triggered disassem-

bly within the intracellular environment.

Furthermore, CAT-an enzyme with ROS-scavenging activity-was

loaded into the sELP-ON coacervates (sELP-ON@CAT). These coac-

ervates are expected to deliver CAT directly into cochlear HC cyto-

plasm, where glutathione-triggered disulfide reduction will induce

coacervate disassembly and responsive release of CAT, ultimately

resulting in ROS scavenging and promoting auditory recovery in

SNHL induced by acoustic trauma. Therefore, the sELP-ON coacer-

vates not only protect CAT from external environmental influences

but also enable CAT release spontaneously under specific ROS con-

ditions to achieve therapeutic effects.

Monomer sELP-ON was synthesized by conjugating sELP

([VPGFG]6]C) with single-stranded oligonucleotide via disulfide

bond formation through three-step reactions (Fig. 1A and Fig. S1 in

Supporting information). The final products were confirmed using

high-performance liquid chromatography and polyacrylamide gel

electrophoresis (PAGE) (Fig. S2 in Supporting information). In ad-

dition, sELP-ON reducing agents—such as glutathione, abundant in

cells—are widely used as efficient stimuli for the redox-responsive

release of encapsulated drugs in nano- and micro-delivery system

[42]. The disassembly of sELP-ON conjugates in response to the

Fig. 1. Self-assembly and characterization of sELP-ON microdroplets. (A) Construc-

tion and self-assembly of sELP-ON conjugates. (B) Turbidity profiles of absorbance

at 350nm for sELP-ON at different concentrations. (C) Confocal images of TAMRA-

labeled sELP-ON microdroplets (1mmol/L). (D) DLS analysis and TEM images of

sELP-ON (1mmol/L). (E) Time-lapse images of fusion in sELP-ON microdroplets

(1mmol/L) stained with FITC. (F) Time-lapse images of the wetting of a glass sub-

strate with sELP-ON microdroplets (1mmol/L). (G) Time-lapse images of FRAP in a

single sELP-ON droplet stained with FITC. Scale bar: 2 μm.

presence of glutathione was verified using 10% PAGE (Fig. S3 in

Supporting information).

Subsequently, the LLPS behaviors of sELP-ON were investigated.

Turbidity testing is a canonical method for assessing phase transi-

tions of temperature-responsive materials [43,44], which was em-

ployed in this study. The transition temperature (Tt) of sELP-ON at

different concentrations was determined by monitoring absorbance

changes at 350nm during cooling. Tt decreased as the sELP-ON

concentration increased, with a Tt of 27.5 °C observed for 1mmol/L

sELP-ON solutions, which is ideal for potential in vivo enzyme de-

livery (Fig. 1B). Bright-field and fluorescent images obtained using

confocal laser scanning microscopy (CLSM) revealed the formation

of micron-sized (∼2μm) spherical particles (Fig. 1C), which were

further confirmed by dynamic light scattering (DLS) and transmis-

sion electron microscopy (TEM) (Fig. 1D, Fig. S4 in Supporting in-

formation). Time-lapse CLSM images showed dynamic fusion be-

havior (Fig. 1E) and wetting behavior (Fig. 1F), indicating that the

microparticles exist in a droplet state. Fluorescence recovery after

photobleaching experiments revealed rapid fluorescence recovery

within the droplets, confirming the liquid-like properties of sELP-

ON coacervate microdroplets (Fig. 1G).

CAT encapsulation in sELP-ON coacervates was achieved by di-

rectly adding CAT to sELP-ON coacervate solutions. Fig. 2A shows

CLSM images of fluorescein isothiocyanate (FITC)-labeled CAT suc-

cessfully partitioned into TAMRA-labeled coacervate microdroplets,

with an encapsulation efficiency (EE) of approximately 76%, al-

though the detailed encapsulation mechanism remained unknown.

We further characterized the microdroplets encapsulating CAT

through DLS and zeta potential measurements. DLS results showed

a slight increase in the diameter of the microdroplets after CAT

encapsulation (Fig. S5A in Supporting information). We also mea-

sured the zeta potential of sELP-ON, CAT, and sELP-ON@CAT, which

were −31.49, −46.04, and −38.87, respectively (Fig. S5B in Support-

ing information). The observed changes in particle size and zeta

potential indicate the successful encapsulation of CAT. Addition-

ally, we conducted another experiment to observe the disassem-

bly of microdroplets in the presence of glutathione (GSH). CLSM

images were taken to monitor the disassembly of sELP-ON@CAT

microdroplets before and after the GSH addition, demonstrating

the redox-reponsive releasement property of this system (Fig. S5C
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Fig. 2. In vitro scavenging of H2O2 by sELP-ON@CAT (A) confocal images of TAMRA-

labeled sELP-ON microdroplets encapsulating FITC-labeled CAT. (B) Time-lapse im-

ages of the GOx/HRP cascade reaction in CAT-encapsulated sELP-ON and control

sELP-ON microdroplets lacking CAT. H2O2 was detected using the Amplex Red fluo-

rescent probe. sELP-ON concentration: 1mmol/L. Scale bar: 5 μm.

in Supporting information). To evaluate the ROS-scavenging ability

of CAT@sELP-ON coacervates, a glucose oxidase/horseradish perox-

idase (GOx/HRP) cascade reaction was incorporated into the coac-

ervate system.

Glucose freely passes through the microdroplets and is oxidized

by GOx to form H2O2. With HRP, Amplex Red reacts with H2O2

to form resorufin, a red fluorescent oxidation product [45,46].

The GOx/HRP-catalyzed reaction was conducted within the sELP-

ON compartments. Microdroplets were pre-encapsulated with GOx,

HRP, and the reactive oxygen probe Amplex Red, after which glu-

cose was added to the system for real-time fluorescence imaging

using CLSM.

Fig. 2B shows that red fluorescence gradually increased inside

the microdroplets after adding the control group, indicating a suc-

cessful GOx/HRP cascade reaction and resorufin generation. In con-

trast, fluorescence in the CAT–pre-encapsulated group was sig-

nificantly lower than that in the control group, suggesting that

H2O2 induce coacervate disassembly and responsive release of CAT,

and CAT efficiently consumed H2O2, blocking the HRP-mediated

reaction and producing fewer fluorescent molecules. Intracellular

H2O2 levels were measured using the live-cell H2O2 probe, Mi-

toSOX (λex: 510nm, λem: 580nm; Fig. S6A in Supporting infor-

mation). Cells treated with H2O2 exhibited the highest MitoSOX

fluorescence, indicating elevated intracellular H2O2 levels. Naked

CAT treatment caused a partial reduction in MitoSOX fluores-

cence, whereas CAT@sELP-ON coacervates significantly decreased

MitoSOX fluorescence, demonstrating effective H2O2 scavenging

owing to CAT delivery (Fig. S6B in Supporting information). sELP-

ON coacervates will potentially facilitate intracellular delivery of

CAT, mitigating ROS-induced damage, scavenging ROS, and restor-

ing cell viability via CAT-mediated intracellular H2O2 catabolism

[47–49]. Cell counting kit-8 (CCK8) experiments showed that sELP-

ON coacervates exhibit no cytotoxicity while counteracting H2O2-

induced cytotoxicity in HEI-OC1 cells (Fig. S6C in Supporting in-

formation). Internalization of sELP-ON coacervates was assessed by

incubating FITC-labeled sELP-ON coacervates with HeLa cells for 6,

12, 18, and 24h and visualizing the results using CLSM. Notable

internalization started at 18h, peaking at 24h (Fig. S7A in Sup-

porting information); thus, 24-h incubation of sELP-ON coacervates

was used for subsequent experiments. As Rhodamine B isothio-

cyanate (RBITC)-labeled CAT and FITC-labeled sELP-ON coacervate

microdroplets exhibited remarkable colocalization (Pearson’s cor-

relation coefficient=0.807), indicating successful cytoplasmic de-

livery of CAT, delivery of CAT into the cytoplasm was confirmed

(Fig. S7B in Supporting information).

To confirm the internalization pathway of sELP-ON coacer-

vates, HEI-OC1 cells were treated with four endocytosis inhibitors:

the clathrin-mediated endocytosis inhibitor chlorpromazine (CPZ),

pinocytosis inhibitor amiloride (AML), energy-dependent endocy-

tosis inhibitor sodium azide (NaN3), and lipid raft-mediated path-

way inhibitor methyl-β-cyclodextrin (MβCD) [50–53]. AML pre-

treatment exerted a minimal effect on cellular uptake of sELP-

ON coacervates. Similarly, CPZ and NaN3 pretreatment did not sig-

nificantly affect internalization. However, MβCD pretreatment re-

markably inhibited coacervate internalization (Fig. S8A in Support-

ing information). Mean fluorescence intensity measurements cor-

roborated these results (Fig. S8B in Supporting information). Re-

sults for MβCD—which interferes with cholesterol synthesis and

inhibits caveolin function—indicate the critical role of cholesterol-

dependent lipid rafts in the internalization of sELP-ON coacervates

(Fig. S8C in Supporting information); this aligns with findings from

other studies of complex coacervates containing oligoarginines, in

which interactions with lipid membranes and subsequent lipid se-

questration were crucial for membrane penetration [34]. However,

it is quite challenging to directly observe this lipid raft-mediated

internalization pathway under this experimental condition. More-

over, sELP-ON coacervates, akin to oligoarginine-based coacervates,

considerably rely on specific lipid interactions rather than classi-

cal endocytic pathways, such as clathrin-mediated endocytosis, for

uptake. This process involves cell membrane rearrangement, facil-

itating direct delivery and release of biomacromolecules into the

cytosol while preserving their bioactivity.

Noise induced hearing loss (NIHL) is one of the main types of

SNHL, affecting approximately 5% of the world’s population [54].

Following the successful demonstration of biosafety and in vitro

ROS-scavenging capability of sELP-ON@CAT, the therapeutic poten-

tial was investigated in a NIHL mouse mode [55]. All animal proce-

dures have been approved by the Ethics Committee of Xinhua Hos-

pital Affiliated to Shanghai Jiao Tong University School of Medicine

(approval No. XHEC–NSFC-2022–198). Fig. 3A illustrates the main

procedures of the animal experiments. C57/B6j mice were exposed

to 120dB sound pressure level (SPL) white noise (2–20kHz for

2h), creating a permanent NIHL model. To assess treatment ef-

ficacy, 2 μL of sELP-ON@CAT was injected into the left inner ear

through the round window membrane (RWM) (Fig. 3B) 2 days be-

fore noise exposure (−D2) [56], whereas the right ear received 2μL

of phosphate-buffered saline (PBS) as the untreated control. After

injection of sELP-ON@CAT, in vivo fluorescence imaging was per-

formed for 10 consecutive days. It was found that the ICG flu-

orescence signal was almost undetectable in the control group.

However, the fluorescent signal of sELP-ON@CAT in the left ear

was present for >7 days and showed a slow decreasing trend,

which indicated the successful delivery of sELP-ON@CAT in the

inner ear (Figs. 3C and D). At D3, auditory brainstem response

(ABR) thresholds in the treated left ear at click, 4, 8, 16, 24, and

32kHz were 61.00±6.24, 68.00±13.12, 48.00±8.50, 48.00±8.49,

68.00±18.40, and 66.00±22.48dB SPL, respectively (Fig. 3E-iv).

Moreover, from D7 to D14, hearing improvement in the treated ear
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Fig. 3. In vivo evaluation of therapeutic efficacy of sELP-ON@CAT in hearing loss

therapy. (A) schematic of animal experiments. (B) Mouse round window membrane

microinjection pattern diagram. (C) IVIS images of sELP-ON@ICG at different time

points within the cochlea on days 1, 3, 5, 7, and 10. (D) Relative fluorescence inten-

sity changes of ICG in IVIS images. (E) ABR thresholds for each group: (i) Hearing

threshold changes in the left ear (sELP-ON@CAT-injected: experimental group) be-

fore noise exposure (blue line, PRE) and on days 3 (red line, D3), 7 (green line, D7),

and 14 (purple line, D14) after exposure. (ii) Hearing threshold changes in the right

ear (PBS-injected ear: control group). (iii) Hearing levels in both ears before noise

exposure: L (left ear, blue line) and R (right ear, red line). Hearing levels in both

ears on (iv) D3, (v) D7, and (vi) D14 following noise exposure. Data are presented

as mean ± standard deviation (SD) (n=6). ∗P<0.05, ∗∗P<0.01.

continued compared with the untreated ear (Figs. 3E-v and vi). By

D14, ABR thresholds at 4, 8, and 11kHz frequencies in the treated

ear had completely recovered to prenoise exposure levels (Fig.

3E-i). In contrast, the untreated right ear exhibited a permanent

ABR threshold shift (Fig. 3E-ii). These auditory outcomes suggest

that sELP-ON@CAT effectively promotes hearing recovery in NIHL.

Cochlear morphology findings suggest that sELP-ON@CAT signifi-

cantly reduces damage to ribbon synapses, SGNs, nerve fibers, and

the SV caused by acoustic trauma (Fig. S9 in Supporting informa-

tion).

Oxidative stress is a key mechanism in NIHL [57–62]. To assess

whether sELP-ON@CAT reduces ROS levels associated with NIHL,

several methods were employed to measure these levels in the

cochlea. Lipofuscin, a byproduct of unsaturated fat peroxidation

found in organelle fragments, appears as a brown pigment in the

cytoplasm of parenchymal cells [63]. sELP-ON@CAT administration

significantly reduced lipofuscin content in the SGNs of the left

ear, as observed via TEM (Figs. 4A and C). 4-Hydroxynonenal (4-

HNE) [64], a well-known marker of lipid peroxidation and oxida-

tive stress, was also assessed. Dihydroethylene (DHE) [65], a probe

for superoxide anions that forms ethidium bromide upon reaction

with intracellular superoxide anions, was used to detect superox-

ide levels. Lower levels of 4-HNE and DHE immunoreactivity were

Fig. 4. sELP-ON@CAT mitigates cochlear oxidative stress damage. (A) TEM images

of cochlear SGNs showing lipofuscin (white arrows) and mitochondria (blue pseu-

docolor: normal mitochondria. Pink pseudocolor: swollen mitochondria). Scale bar:

2 μm. (B) 4-HNE and DHE staining to visualize cochlear ROS production. 4-HNE

(green), DHE (red), and DAPI (blue). Scale bar: 200μm. (C–E) Statistical analysis of

cytoplasmic lipofuscin percentage and 4-HNE and DHE fluorescence intensity. Data

are presented as mean ± SD (n=3). ∗P<0.05.

observed in the SV, Corti’s organ, and SGNs of treated ears (Figs.

4B, D, and E), indicating that sELP-ON@CAT RWM administered

via RWM effectively alleviates ROS overload in the cochlea caused

by noise overexposure. The observed hearing recovery supports

the conclusion that the phase-separated peptide–oligonucleotide

conjugates successfully deliver the antioxidant enzyme CAT into

cochlear sensory cells via direct cytosolic delivery. Overall, noise

exposure triggers intracellular glutathione for reducing disulfide

bonds in peptide–oligonucleotide conjugates, leading to coacervate

disassembly and responsive release of CAT in the inner ear. This

process helps scavenge excess ROS, repair damaged cochlear cells,

and promote hearing recovery in NIHL.

SNHL is a widespread global health issue, often resulting

from excessive ROS generation caused by factors such as acous-

tic trauma, aging, and ototoxic drugs, for which there is a lack of

effective treatment. In search of effective treatments, several in-

novative strategies have been investigated [66,67]. One such ap-

proach is the development of a novel peptide-oligosaccharide con-

jugate, sELP-ON, which forms coacervate microdroplets through

liquid-liquid phase separation. These microdroplets are capable of

encapsulating CAT, stabilizing it, and releasing it in a glutathione-

triggered, redox-responsive manner. In this study, the sELP-

ON@CAT coacervates exhibited excellent biocompatibility, with

no cytotoxicity observed and the ability to counteract H2O2-

induced cytotoxicity. This safety profile is crucial for clinical ap-

plications. CLSM confirmed the successful intracellular delivery of

CAT, demonstrating the coacervates’ ability to penetrate cell mem-

branes. Further investigation into the uptake mechanism revealed

that sELP-ON coacervates rely on cholesterol-dependent lipid rafts

rather than classical endocytic pathways, such as clathrin-mediated

endocytosis, for internalization. This unique mechanism involves

cell membrane rearrangement, facilitating direct delivery and re-

lease of biomacromolecules into the cytosol while preserving their

bioactivity.

The elevation of ROS is a key signaling event in SNHL, indicat-

ing that regulating ROS levels in cochlear cells may offer a promis-

ing therapeutic strategy for treating SNHL. Our findings suggest

that sELP-ON@CAT exerts a protective effect on the auditory sys-

tem in vivo and mitigates the progression of NIHL, presenting it as

a potential candidate for the treatment of SNHL. The sELP-ON@CAT

possesses crucial advantages for the treatment of SNHL, including

4
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an outstanding loading capacity of CAT, direct cytoplasmic delivery

upon specific intracellular stimuli, thereby enabling highly efficient

ROS scavenging and alleviating intracellular oxidative stress. How-

ever, the exact intracellular ROS scavenging efficiency of CAT after

cytoplasmic delivery and detailed mechanism of how reduced ROS

protect cochlear hair cell remain unknown.

Despite these promising results, several challenges remain to

be addressed for the clinical translation of sELP-ON@CAT. Future

research must focus on confirming its therapeutic efficacy follow-

ing the onset of NIHL, as our current findings are based on pre-

exposure administration. Additionally, the development of non-

invasive delivery methods is crucial, as the current approach of de-

livering sELP-ON@CAT via the RWM is invasive. Investigating sys-

temic routes of administration, such as intravenous or intratym-

panic injection, would be essential for practical clinical use. In ad-

dition, regulating droplet size remains a key challenge, as current

variability leads to inconsistent drug loading. Enhancing droplet

uniformity would allow for more precise control over drug release,

thereby improving both therapeutic efficacy and safety. In conclu-

sion, while sELP-ON@CAT represents a significant advancement in

the treatment of SNHL, further research is needed to overcome

these challenges and fully realize its potential in clinical settings.
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