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Abstract 

Achieving selective targeting within homologous enzyme families remains a challenge because highly 

conserved sites limit molecular discrimination. Meanwhile, non-conserved regions are often intrinsically 

disordered and lack pre-organized binding interfaces, leaving few opportunities for selective recognition. 

Here we report a dynamic neosurface engineering strategy that shifts molecular recognition beyond pre-

existing pockets to chemically remodeled, adaptive recognition interfaces induced on disordered protein 

surfaces. A pathological target aldose reductase (ALR2) was chosen as a representative model whereas 

its highly homologue aldehyde reductase (ALR1) serves essential physiological functions. A 

hierarchically programmed peptide supramolecular binding-inhibition platform, KK, was developed 

through molecular design, supramolecular programming, and high-throughput screening. Through 

cooperative chemical and geometric matching with the intrinsically disordered outer funnel region of 

ALR2, KK adaptively remodels the local protein and induces the formation of a new surface. This process 

generates a previously absent but dynamically sustained recognition interface, termed the NeoFunnel 

Interface, which establishes complementarity for selective, high-affinity ALR2 targeting while avoiding 

the highly conserved catalytic hotspot shared with ALR1. Building on this, an intelligent nanodrug 

delivery system (KKEPA) was further constructed. KKEPA enables sequential targeting involving cellular 

internalization, lysosomal escape, and ALR2-directed adaptive drug release, thereby guiding drug to the 

catalytic region mediated by NeoFunnel Interface. This design enhances functional selectivity toward 

ALR2 while preserving ALR1 physiological detoxification activity. More broadly, this establishes a 

generalizable framework for transforming poorly druggable, pocket-deficient protein surfaces into 

selective therapeutic interfaces, offering a new route to overcome the long-standing selectivity barrier in 

homologous enzyme systems and opening new opportunities for safer precision therapeutics. 
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Main 

Homologous enzyme families present a persistent and fundamental challenge in molecular targeting1. 

Despite extensive efforts in structure-guided ligand design, achieving high selectivity among closely 

related enzyme homologues remains difficult because catalytic sites are often highly conserved in 

sequence, structure, and physicochemical properties2. As a result, therapeutic targeting of disease-

associated homologues frequently leads to off-target inhibition of physiologically essential family 

members, limiting both efficacy and safety3. This intrinsic selectivity barrier remains unresolved because 

traditional drug discovery largely relies on ligand binding to pre-existing active pockets. This limitation 

reveals the need to move beyond active-site targeting toward dynamic surface selectivity4. However, 

many disease-relevant enzymes, especially intrinsically disordered regions, lack defined binding cavities 

and are considered poorly druggable5. Emerging evidence suggests that molecular recognition can be 

established through dynamic molecular adaptation and sustained, tightly regulated engagement that 

remodels protein surface architecture and reshapes local conformational landscapes, generating 

recognition interfaces that are absent in the unbound state. These dynamic recognition interfaces, which 

termed neosurfaces, provide a potential route to overcome the selectivity constraints imposed by highly 

conserved active sites in homologous enzyme systems6.  

As a representative case, aldose reductase (ALR2) and aldehyde reductase (ALR1) share ~65% sequence 

identity and possess nearly indistinguishable active-site architectures (Scheme 1a)7. ALR2 contributes to 

diabetic retinopathy (DR) by catalyzing glucose (Glu) reduction in the polyol pathway, leading to sorbitol 

accumulation and retinal cellular stress8. Thus, ALR2 inhibition is considered a promising DR therapeutic 

strategy9. However, its homologue ALR1 performs essential physiological detoxification functions, and 

non-selective inhibition may cause undesirable side effects10. Currently, Epalrestat (EPA) is the only 

clinically approved aldose reductase inhibitor11. However, the clinical translation of most aldose 

reductase inhibitors (ARIs) candidates has been limited by hepatotoxicity and nephrotoxicity, largely 

attributed to off-target inhibition of ALR112. Structurally, ALR2 is composed of 316 amino acids and 

contains a funnel-shaped active pocket that progressively narrows toward the catalytic core13. At the base 

of this funnel lies a highly conserved homology domain (~167 Å2 accessible surface area) that serves as 

the primary ARI-binding hotspot and severely limits opportunities for selective inhibitor optimization14. 

In contrast, the external funnel region constitutes a non-homologous domain composed of sequence- 
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divergent residues that are structurally and spatially distinct from ALR1, providing a key structural basis 

for selective ligand recognition15. This region of ALR2 represents a typical pocket-deficient and 

intrinsically disordered region (IDR)-based protein surface, adopting a highly disordered and 

topologically smooth conformation (~1055 Å2 surface area), lacking well-defined cavities or clear 

hydrophilic-hydrophobic partitioning16. These characteristics make it highly unlikely for conventional 

targeted molecule design, classifying it as an atypical druggable site. 

Inspired by the ‘neosurface’ concept, ligand binding can induce local conformational rearrangements that 

generate de novo recognition interfaces from disordered protein surfaces17. Quantitative surface 

characterization enables rational ligand design to exploit these emergent features providing a strategy to 

convert poorly druggable regions into selective binding interfaces for homologous targets such as 

ALR217,18. This strategy can be regarded as a form of protein surface chemical remodeling19, which 

requires ligands that are molecularly programmable, capable of dynamically adapting to disordered 

protein interfaces, and able to maintain long-lived interactions that drive protein surface remodeling20.  

Among molecular recognition systems, targeting peptides uniquely satisfy these design requirements 

owing to their programmable physicochemical properties, tailored conformational adaptability, and 

capacity for highly selective molecular recognition21-23. Through molecular programming and structural 

regulation, peptides might initiate local chemical remodeling of disordered enzyme interfaces, triggering 

the formation of emergent recognition interfaces24. Upon hierarchical supramolecular organization, 

peptide ligands could form ordered, non-covalently stabilized assemblies that enable responsive 

structural adaptation and generate scale-adaptive interfaces through cooperative chemical and geometric 

complementarity25. Following self-assembly (e.g., micelle-like architectures), these ligands further 

provide multivalent targeting capability, allowing long-term occupancy while maintaining dynamic 

exchange equilibrium26-28. Together, these features enable sustained and adaptive modulation of protein 

surfaces, reinforcing and stabilizing emergent neosurfaces to support high-affinity and selective 

recognition of pocket-deficient protein regions29.  

Herein, using ALR2 as a representative model system, a hierarchical peptide supramolecular binding-

inhibition platform (KK) was established through molecular design and high-throughput screening, 

driving chemical remodeling of disordered homologous enzyme interfaces and achieving highly selective 

recognition and sustained inhibition. Considering the characteristics of ALR2, multilevel molecular 
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programming was employed to construct the KK platform, in which the primary sequence encodes site-

specific recognition, lysosomal escape modules enable intracellular targeting, and higher-order structural 

organization supports supramolecular assembly (Scheme 1b). This molecular programming enables 

dynamic and sustained adaptive engagement with the intrinsically disordered non-homologous domain 

of ALR2 through coordinated matching of chemical and geometric surface features, including dynamic 

hydrophilic-hydrophobic balance and charge complementarity, together with size and curvature 

compatibility (Scheme 1c). KK platform establishes well-defined interfacial complementarity and drives 

chemical remodeling of the ALR2 non-homologous domain, generating a previously non-existent, 

dynamically sustained recognition interface, termed the NeoFunnel Interface, which enables coordinated 

surface recognition and site anchoring to support specific and high-affinity molecular interactions 

(Scheme 1d). Building upon this recognition and remodeling platform, a nanodrug delivery system 

(KKEPA) was further developed by encapsulating EPA within the KK architecture, enabling targeted 

intracellular and ocular delivery for DR treatment. KKEPA follows a cascaded targeting pathway involving 

cellular internalization, lysosomal escape, and highly specific ALR2-targeted drug release. Leveraging 

the chemically remodeled and dynamically sustained NeoFunnel Interface, the inhibitor EPA is 

adaptively guided to the catalytic region of ALR2, enhancing targeting selectivity and functional 

precision while preserving ALR1 physiological activity (Scheme 1e). This strategy establishes a dynamic 

neosurface engineering framework for selective inhibition of homologous enzyme systems, providing 

new opportunities for developing therapeutics with minimized off-target effects. 
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Scheme 1 | Strategy of selective targeting ALR2 in diabetic retinopathy through chemical 
remodeling of protein neosurface. a, Active-site and non-homologous domain shared by ALR2 and 
ALR1, with the study focusing on the non-homologous domain located at the external funnel region of 
ALR2. b, Construction of a hierarchical peptide supramolecular binding inhibition platform (KK) via 
molecular programming based on ALR2 features, incorporating affinity recognition units, lysosomal 
escape units, and hydrophobic units into the sequence. c, Adaptive engagement with the disordered non-
homologous domain of ALR2 through geometric and chemical coordination matching. d, KK platform 
establishes interface complementarity with the ALR2 non-homologous domain and generate a 
NeoFunnel Interface through chemical remodeling, showing progressive transition from surface 
recognition to point-specific anchoring, ultimately enabling precise drug release. e, Ocular delivery of 
the intelligent nanodrug delivery system (KKEPA) enables targeted therapy for diabetic retinopathy 
through cellular internalization, lysosomal escape and ALR2-targeting cascade pathway.
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Results 

Rational Design and High-Throughput Identification of Peptides with Surface Chemical 

Remodeling Capability 

To establish a methodology for discovering surface-remodeling peptides, ALR2 was selected as a model 

target and constructed a rational peptide library guided by the chemical and geometric features of its non-

homologous domain. A one-bead-one-compound (OBOC) combinatorial chemistry approach was 

employed to construct a peptide library with a molecular diversity of 105. The general sequence of the 

library is represented as NH2-KKX12X11X10X9X8X7X6X5KX3KX1-COOH (Supplementary Fig. 1). Based 

on this, residues at the variable positions were rationally designed as described below. Firstly, from a 

geometric perspective, ALR2 adopts a funnel-like architecture, featuring a surface-exposed intrinsically 

disordered outer region (~1055 Å2) surrounding a much smaller catalytic site (~167 Å2). This requires 

peptide ligands to dynamically adapt to the disordered outer surface while achieving geometric curvature 

matching to the funnel-shaped topology through hierarchical supramolecular assembly. Accordingly, an 

overall amphiphilic sequence was designed, in which hydrophilic head groups (K) were positioned at the 

N-terminus (X13 and X14), while hydrophobic tail (L, A, or V) was incorporated at the C-terminus (X1 

and X3). To promote selective recognition of the ALR2 non-homologous domain, we identified a cluster 

of residues located at the funnel-shaped outer edge, which lies adjacent to the catalytic region, as key 

binding hotspots (His47, Gln50, Phe122, Phe123, Pro216, Pro219, Trp220 and Leu301). These residues 

contain aromatic, hydrophobic, or polar side chains capable of forming hydrophobic contacts and 

hydrogen bonds30,31, interactions that frequently dominate protein-ligand recognition, thus guiding the 

design of the peptide’s affinity-recognition unit. Therefore, X8-X12 were encoded with residues capable 

of forming hydrophobic contacts and hydrogen-bond networks (Y, D, T, S, or E), thereby stabilizing and 

conformationally constraining the disordered region. Thirdly, as ALR2 is located intracellularly, effective 

delivery requires overcoming the dual challenges of limited cell membrane permeability and lysosomal 

entrapment32. To address this, cationic residues (K) were introduced in residues X2, X4, X13, and X14 to 

enhance the known ‘proton-sponge effect’, an effective mechanism for promoting lysosomal escape and 

facilitating cell-penetration33. Additionally, residues X5-X7 were variable to enhance sequence diversity.  

Based on the above library design, it was synthesized and subjected to high-throughput peptide screening 

towards ALR2, while negative screening was conducted using ALR1, following our reported method on 

a microfluidic device (Supplementary Fig. 2)34,35. Six lead sequences were screened out including 
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KKYESDTVTRKLKL (1), KKYESDSITRKLKL (2), KKYESDSLTRKLKL (3), KKYETTSITRKLKL 

(4), KKYETTSLTRKLKL (5), and KKYETTTVTRKLKL (6) (Fig. 1a and Supplementary Fig. 3). 

Surface plasmon resonance imaging (SPRi) results showed that the affinity dissociation constants (KD) 

of the six lead peptides towards ALR2 were all at the ~10-7 M level, indicating satisfactory affinity. To 

evaluate selectivity, binding affinities towards ALR1 were further measured. Peptide 1 exhibited a 

pronounced affinity differential between ALR2 and ALR1, showing markedly weaker affinity towards 

ALR1 (KD ~10-5 M). In contrast, Peptides 2-5 displayed comparable affinities towards both enzymes, 

with KD values ~10-6 M towards ALR1 (Supplementary Fig. 4). Following the binding affinity 

determination, a second round of identification was carried out to evaluate the self-assembly morphology 

of all the lead peptides. Atomic force microscopy (AFM) characterization proved that Peptide 1, 2, 4, 5 

and 6 could self-assemble into nanospheres with a defined spatial curvature while Peptide 3 self-

assembled into a nanofiber-like structure (Fig. 1b). The micelle architecture is more adaptive to long-

lived curvature matching with the funnel-shaped non-homologous domain. Taking into account both 

selective recognition and geometric complementarity, the candidate was ultimately designated as Peptide 

1 and named KK (Supplementary Fig. 5). Further transmission electron microscopy (TEM) analysis 

confirmed the spherical micelles (Fig. 1c). Dynamic light scattering (DLS) analysis revealed an average 

diameter of ~26 nm for the KK micelles, whose curvature supports the formation of a stable interface, 

indicating potential geometric complementarity with the funnel-like domain (with an interfacial area of 

~1055 Å2) of ALR2 (Fig. 1d). Moreover, the KK peptide chain carries a strong positive charge 

(Supplementary Fig. 6), which electrostatically repels the homologous positively charged catalytic 

regions shared by ALR1 and ALR2, thereby disfavoring nonspecific interactions.  

To further investigate the secondary structure and hierarchical assembly of the KK, the molecular 

conformation and assembly behavior were analyzed. Circular dichroism (CD) spectroscopy revealed a 

negative peak at 198 nm, which is characteristic of a random coil conformation (Fig. 1e). In contrast, no 

distinct negative bands were observed at 208 nm and 222 nm, suggesting that the peptide does not form 

a stable helix in aqueous solution. Furthermore, the lack of a noticeable minimum near 215-218 nm 

indicates that β-sheet content is minimal. Taken together, these results demonstrate that the peptide 

predominantly adopts a flexible and disordered conformation, which may facilitate structural adaptability 

during molecular recognition. Fourier transform infrared (FTIR) spectroscopy revealed multiple 

characteristic peaks: bands at 1622 cm-1 and 1688 cm-1 corresponding to antiparallel β-sheets, 1650 cm-
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1 to α-helices, 1672 cm-1 to β-turns, and 1648 cm-1 to random coils (Fig. 1f). These features suggest that 

KK exists in a conformationally heterogeneous ensemble rather than a single well-defined conformation. 

The high flexibility associated with β-turns and random coils may endow the molecule with structural 

plasticity, facilitating dynamic recognition and adaptive binding behavior36, is particularly advantageous 

for engaging and stabilizing complex, irregular receptor surfaces. These characteristics further indicate 

that KK adopts a flexible and conformationally adaptable architecture capable of dynamic target 

engagement. In addition, solvent-accessible surface area (SASA) calculations (Fig. 1g and 

Supplementary Fig. 7) were performed to analyze the spatial distribution of individual residues within 

the sequence. The C-terminal residues such as L1, and L3 exhibited low SASA values and were identified 

as buried residues contributing to the hydrophobic core. In contrast, residues 4-14 exhibited higher SASA 

values and were predominantly solvent-exposed, forming a flexible and conformationally adaptive 

hydrophilic outer surface. While the ‘TVTR’ segment exhibits a propensity for β-sheet formation due to 

valine and the ‘KLKL’ segment favors α-helical structure, the N-terminal ‘KKYESD’ segment, enriched 

in charged residues, disfavors regular secondary structure formation and introduces conformational 

disorder37. Together, these competing structural tendencies drive the KK peptide chains to undergo rapid 

conformational rearrangements38. This promotes the inward folding and aggregation of hydrophobic 

segments to form a compact micellar core, while flexible hydrophilic residues extend outward to stabilize 

the micellar surface (Fig. 1h)39,40. Such interfacial flexibility allows the micelle to adapt to its curvature 

and conformationally match the recognition interface of ALR2, thereby promoting the formation of a 

NeoFunnel Interface. Furthermore, the curved micellar conformation formed by KK is critical for 

enabling structural adaptation to the intrinsically disordered non-homologous domain of ALR2. This 

dynamic interfacial matching may promote the de novo formation of a neosurface that is not pre-

organized in the native protein. 
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Fig. 1 | Design, screening, and optimization of target peptides, and investigation of its conformation 
and assembly behavior. a, Sequences, KD, and self-assembly morphologies of six lead peptides. b, AFM 
of the self-assembly morphologies of the six lead peptides. c, TEM image showed KK peptide self-
assembly into spherical micelles. d, DLS results for KK micelles. e, CD spectroscopy of KK peptide. f, 
FTIR spectrum of KK peptide. g, SASA calculations of KK peptide. h, Schematic illustration of KK 
peptide chains conformational rearrangements to form micelles. 
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HDX-MS Validation of KK-Induced Chemical Remodeling and NeoFunnel Interface Formation 

Based on the hierarchical self-assembly of the KK platform into micellar architectures with defined 

curvature, together with its flexible and solvent-accessible recognition sites that enable dynamic 

adaptation to the intrinsically disordered non-homologous domain, the molecular-level binding behavior 

toward the ALR2 targeting region was further investigated. Firstly, molecular docking analyses indicated 

that KK engages the non-homologous domain of ALR2 in a well-defined manner, establishing 

pronounced geometric and interfacial complementarity with its funnel-like architecture (Fig. 2a). 

Quantitative cavity analysis revealed a cavity complementarity of 70.6%, indicating a high degree of 

volumetric and geometric matching at the ligand-protein interface (Fig. 2b). Furthermore, KK established 

an extensive and stable interactions with the ALR2 non-homologous domain with key binding sites 

including Tyr12 (KK)-Pro219 (ALR2) (hydrogen bonding and hydrophobic interactions), Asp9 (KK)-

Trp220 (ALR2) (hydrogen bonding), and Thr8 (KK)-Phe123 (ALR2) (hydrogen bonding) (Fig. 2c). 

These interactions are dominated by hydrogen-bond-driven network formation, which stabilizes the 

disordered region and gives rise to a previously unformed surface recognition and site anchoring 

interaction. Subsequently, hydrogen-deuterium exchange mass spectrometry (HDX-MS) was employed 

to validate the dynamic and sustained adaptive engagement of KK with the ALR2 non-homologous 

domain, while revealing ligand-induced surface conformational rearrangements41. HDX-MS analysis 

revealed pronounced sequence-level differences in deuterium uptake between ALR2 protein and the KK-

ALR2 complex (ALR2 and KK-ALR2) (Fig. 2d). Notably, these changes were concentrated within 

regions harboring non-homologous hotspot residues, including P23, H46, V47, Q49, N52, E53, E120-

D125, S133, P215, P218-K221, and C298-C303 (Fig. 2e and Supplementary Fig. 8). Specifically, the 

non-homologous domain of ALR2 initially exhibited a highly disordered conformation, characterized by 

a high average deuterium uptake. Upon KK binding, this region displayed an ~10% reduction in 

deuterium uptake, indicating the formation of mutually stabilized conformations (Fig. 2f). These results 

demonstrate that KK inserts into the ALR2 non-homologous domain, inducing conformational changes 

that create topological complementarity with its external funnel region, suggesting the formation of a 

NeoFunnel Interface. To further elucidate the dynamic adaptation process underlying KK-ALR2 

engagement, the time-resolved deuterium exchange behavior of ALR2 was systematically examined by 

HDX-MS, enabling residue-specific and region-specific analysis of surface stabilization and interfacial 

complementarity. Consistent with direct engagement at key recognition sites, the ALR2 segments 
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spanning residues 110-126 (containing F123) and 209-231 (containing P219 and W220) exhibited 

pronounced, time-dependent decreases in deuterium uptake upon KK engagement, reaching reductions 

of 14.00% and 11.79% at 600 s, respectively (Fig. 2g and 2h). These localized reductions indicate 

sustained structural stabilization at interaction regions, reflecting long-lived and dynamically maintained 

engagement rather than transient contact, thus providing a prerequisite for chemical remodeling. Beyond 

these primary interaction sites, additional proximal non-homologous surface regions also displayed 

reduced deuterium uptake, including segment 21-30 (containing P23), segment 45-54 (containing H46, 

V47, Q49, N52 and N53), segment 127-141 (containing S133), as well as segments 296-301 and 302-

316 (containing C298-C303). At 600 s, these regions showed deuterium uptake reductions of 2.58%, 

13.37%, 7.74%, 14.38%, and 11.72%, respectively (Fig. 2i-2m). The widespread yet regionally 

differentiated protection pattern suggests that KK engagement extends beyond discrete binding hotspots 

to promote broader interfacial matching, enabling adaptive surface complementarity across the non-

homologous domain. These observations indicate that the non-homologous disordered interface has been 

chemically remodeled, enabling dynamic yet stable adaptive complementarity between the KK platform 

and the ALR2 surface, forming interfacial features in previously disordered regions. 
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Fig. 2 | Formation of NeoFunnel Interface through peptide KK-induced chemical remodels the 
ALR2 surface. a, The KK platform binding to the ALR2 non-homologous domain to establish interfacial 
complementarity. b, Volumetric and geometric matching at the KK-ALR2 interface. c, Molecular 
docking simulation showing the binding sites. d, Butterfly plot of KK-ALR2 and ALR2. e, Residual plot 
of KK-ALR2 and ALR2. f, The variations in deuterium uptake were mapped onto the surface 
representations of both the tertiary structures of ALR2. g, h, Percent deuterium uptake traces for 
representative peptides from critical motifs in the original ALR2 protein and after binding with KK. i-m, 
Percent deuterium uptake traces for representative peptides from critical motifs containing other non-
homologous hotspot residues in native ALR2 protein and after KK binding.  
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Cellular Validation of Affinity and Selectivity on KK platform 

The affinity of KK platform towards ALR2 and ALR1 has previously been validated at the molecular 

level, demonstrating the potential of specific targeting of ALR2 and no affecting ALR1. Furthermore, the 

binding affinity of KK to ALR2 at the cellular level was assessed. Human retinal pigment epithelial cell 

lines (ARPE-19), known to upregulate ALR2 expression (ALR2+) under high-Glu conditions, was 

selected as a positive cell model, and the embryonic kidney cell line HEK-293T (ALR2-) was used as a 

negative cell model. Since ALR2 is located intracellularly, co-incubation with cell lysates was firstly 

performed to assess KK binding. Lysates binding specificity was analyzed using a plasmonic gold 

microarray chip, which provides a novel near-infrared (NIR) fluorescence-enhanced detection platform42. 

In the chip assay, supernatants extracted from lysed ARPE-19 (ALR2+) and HEK-293T (ALR2-) cells 

were printed onto the chip, respectively. The chip was then incubated with FITC-labeled KK for 2 h to 

allow binding to ALR2 proteins present in the printed cell supernatants. After washing, fluorescence 

signals were observed under an inverted fluorescence microscope (Fig. 3a)34. The results showed bright 

fluorescence in the ARPE-19 cell group, whereas the fluorescence intensity in the HEK-293T cell group 

was markedly reduced, indicating that KK has a satisfactory selectivity towards ALR2 in the complex 

cell system (Fig. 3b and 3c). To further confirm cellular targeting and specificity, confocal laser scanning 

microscopy (CLSM) was employed to track the interaction between the KK platform and living-cells. In 

ARPE-19 cells, ALR2 expression levels demonstrated a strong correlation with Glu concentration43. 

Consequently, different ALR2 expression models were established by modulating the Glu concentration 

in the culture medium, generating cell models with varying levels of ALR2 expression. Cells were 

cultured under three distinct Glu conditions: normal Glu (NG, 17.5 mM), elevated Glu (EG, 25 mM), 

and high Glu (HG, 50 mM). After incubation, the cells were exposed to Rhodamine-labeled KK under 

each of these Glu conditions. It was found that the KK platform successfully entered the cells within 15 

min, facilitated by its sequence design, which incorporates cationic residues that enhance membrane 

penetration. In all the incubation groups, the fluorescence intensity of the KK platform exhibited a trend 

of initially increasing and then decreasing within 2 h, peaking at the 1 h time point. In the NG group, 

cytoplasmic fluorescence remained weak throughout the observation period. In the EG group, 

fluorescence intensity initially increased but then declined rapidly. In contrast, the HG group exhibited 

stronger fluorescence, which remained stable over the entire duration (Fig. 3d). Therefore, as the Glu 

concentration increased, the gradual activation of ALR2 in ARPE-19 cells led to a corresponding increase 
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in the binding and retention of KK within the cells in a quantitative manner. This not only further confirms 

that KK can bind to ALR2 but also suggests that, due to the formation of the NeoFunnel Interface, KK 

has become an effective dynamic, long-acting ligand that adapts to ALR2. These results highlight that 

KK demonstrates efficient cellular uptake and selective adaptation to ALR2, driven by its unique ability 

to engage with cellular interfaces. This capability lays a foundation for its applications in interface 

recognition, long-term modulation, and targeted delivery of therapeutic agents, positioning KK as a 

versatile tool in precision medicine. 
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Fig. 3 | Validation of the affinity and specificity of KK platform for ALR2 at the molecular and 
cellular levels. a, Scheme of plasmonic gold microarray platform-based fluorescence detection. b, 
Targeting capability of KK evaluated by plasmonic gold microarray chip. c, Statistics of fluorescence 
intensity under an inverted fluorescence microscope. d, CLSM images and statistics of fluorescence 
intensity of Rhodamine-labeled KK peptide in ARPE-19 cells. Data are presented as mean values ± SD 
(n=6 in b, n=5 in d).  
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KKEPA Platform for Cascade Drug Delivery: Targeted Release and Stable Adaptation 

Given ALR2’s intracellular localization and the high selectivity of the KK platform, an intelligent 

nanodrug delivery system was developed. This system encapsulates the ALR2 inhibitor EPA, leveraging 

the dynamically adaptive NeoFunnel Interface to facilitate precise and long-acting delivery to ALR2. 

The integrated nanoscaled drug KKEPA was formed through encapsulating EPA in the spherical micelles 

of KK with the encapsulation efficiency of ~80.49% (Fig. 4a and Supplementary Fig. 9). The morphology 

of KKEPA was characterized using AFM and TEM, which confirmed that the spherical structure of the 

original KK assemblies was maintained (Fig. 4b and 4c). Additionally, DLS measurements revealed no 

significant change in particle size (Fig. 4d). To further monitor the cellular uptake, EPA was labeled with 

the signal dye Rhodamine (Rho, Ex: 552 nm) and co-assembled with KK to form the KKRho-EPA complex, 

allowing tracking of its delivery efficiency in living cells. The KKRho-EPA complex was incubated with 

ARPE-19 cells in complete culture medium containing HG, 50 mM for different durations. A time-

dependent increase in intracellular fluorescence intensity was observed, with a peak in cellular 

internalization reached within the first hour. Fluorescence intensity continued to rise over the next hour, 

indicating not only high intracellular uptake efficiency but also the sustained, long-lasting binding of 

KKEPA to the ALR2 receptor, reflecting the dynamic surface adaptation (Fig. 4e). Additionally, for an 

effective nanoscaled drug delivery system targeting intracellular sites, efficient lysosomal escape 

following endocytosis is crucial to ensure the internalized drugs reach the cytoplasm while maintaining 

their ability to specifically recognize and target their intended sites. To evaluate the lysosomal escape 

behavior of KKEPA platform, EPA was labeled with Rhodamine green (RhoG, Ex: 498 nm) and co-

assembled with KK to form KKRhoG-EPA complex, and lysosomes were labeled with lysosomal probe 

(Lyso, Ex: 580nm) to investigate the intracellular translocation of free Rho green-EPA and KKRhoG-EPA 

complexes. The free RhoG-EPA or KKRhoG-EPA complexes were incubated with ARPE-19 cells for 6 h, 

followed by a subsequent incubation period without the drugs. Lysosomal escape characteristics were 

observed using CLSM at 6 and 18 h after transfection. As shown in Fig. 4f, after 6 h of co-incubation 

with ARPE-19 cells, free RhoG-EPA was largely localized in lysosomes, while a small fraction of the 

KKRhoG-EPA complex was internalized into lysosomes, suggesting initial partial lysosomal avoidance. By 

12 h, a substantial portion of KKRhoG-EPA had escaped from lysosomes, whereas free RhoG-EPA remained 

largely trapped. After 24 h, most KKRhoG-EPA had successfully escaped, with a lysosomal co-localization 

rate of 0.0541, corresponding to an escape efficiency of approximately 85%, while free EPA still showed 
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significant lysosomal retention (co-localization rate: 0.3885) (Fig. 4g). It is indicated that KKEPA exhibits 

efficient lysosomal escape, primarily driven by the protonation of lysine residues at lysosomal pH, which 

triggers the ‘proton-sponge effect’ (Fig. 4h). Moreover, to evaluate the effective release and precision of 

KKEPA platform, the cumulative drug release curve of KKRho-EPA was recorded in a simulated cytoplasmic 

environment (20% fetal bovine serum (FBS) in aqueous solution, pH 7.4) under different ALR2 

expression conditions (Fig. 4i). KKRho-EPA was incubated with ARPE-19 cells under NG and HG 

conditions, with HEK-293T cells serving as a negative control. Time-course measurements demonstrated 

that drug release was efficiently facilitated by ALR2, with a more substantial release observed under HG 

conditions, correlating with elevated ALR2 expression. Specifically, after 24 h, 95% of EPA was released 

in the presence of ALR2, while minimal release was detected in its absence, thereby confirming the 

receptor-specific regulation of drug release. To directly visualize KKEPA drug release in the cytoplasm, 

Bio-transmission electron microscopy (Bio-TEM) was performed (Fig. 4j). Under HG condition, early 

during co-incubation with ARPE-19 cells, distinct spherical nanomicelles were observed in the cytoplasm, 

indicating successful cytosolic translocation of KKEPA (red arrows). After 12 h, both intact and partially 

disassembled spherical structures were detected, suggesting the onset of EPA release from the KK 

nanomicelles. As the incubation time was extended, most KK nanomicelles were observed to have 

completely disassembled after 24 h, demonstrating that EPA was effectively released within the 

cytoplasm. These findings demonstrate that the interface-matching design generated nanoparticles with 

efficient cellular uptake and lysosomal escape. The formed NeoFunnel Interface facilitates ALR2-

responsive, precise drug release at the target site, ensuring sustained, stable binding and long-term 

adaptation. This enables selective modulation of ALR2 activity with high specificity, significantly 

reducing off-target effects. 
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Fig. 4 | Construction of the KKEPA Cascade Drug Delivery Platform for Targeted Release and Stable 
Adaptation. a, Schematic illustration of the construction of integrated nanoscaled drug KKEPA. b, AFM 
images of KKEPA morphology. c, TEM images of KKEPA morphology. d, DLS results for KKEPA micelles. 
e, CSLM images monitoring the cellular uptake of KKEPA. f, CLSM images revealing the lysosomal 
escape behavior of free EPA or KKEPA. g, Pearson’s correlation coefficients showing colocalization rate 
of EPA or KKEPA at different time points. h, Schematic diagram of lysosome escaped behavior principle. 
i, Cumulative drug release of KKEPA under different ALR2 concentrations within 24 h. j, Bio-TEM 
showing the structural evolution of KKEPA in the cytoplasm. Data are presented as mean values ± SD 
(n=3).  
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In vitro Evaluation of the Selective Inhibition of ALR2 Enzymatic Activity by KKEPA Platform 

Previous studies have confirmed that KK exhibited high specific recognition toward ALR2 and could 

self-assemble to form a drug delivery system with NeoFunel Interface formation. Subsequently, guided 

by the principle illustrated in Fig. 5a, we evaluated the in vitro effects of KKEPA on ALR2 enzymatic 

activity by measuring enzyme activity, intracellular sorbitol levels, and cellular apoptosis44. Firstly, the 

inhibitory activity of KKEPA and free EPA against ALR2 was compared in vitro at equivalent 

concentrations to assess the influence of KK on EPA. Both showed similar inhibition rates (Fig. 5b) and 

half-inhibitory concentration (IC50) values (Fig. 5c) across five concentrations (from 1 μM to 200 μM), 

demonstrating that KK platform preserves the activity of EPA. Then, the effect of KKEPA on the activity 

of ALR2 and ALR1 was evaluated in ARPE-19 cell to further validate its selective inhibitory activity on 

ALR2. ALR2 overexpression in cell was still induced under HG conditions. Next, ARPE-19 cell was 

incubated with KKEPA or EPA at the equivalent EPA concentration (20 μM) for 48 h respectively, with 

cells cultured under normal concentration of NG as control. Compared to free EPA, KKEPA demonstrated 

a more significant inhibition of ALR2 activity, with ALR2 activity measured at 0.15 U/mg protein in the 

EPA group while 0.11 U/mg protein in the KKEPA group (Fig. 5d). Notably, KKEPA had no discernible 

effect on the activity of ALR1, underscoring its high selectivity for ALR2 (EPA: 0.020 U/mg protein, 

KKEPA: 0.025 U/mg protein,) (Fig. 5e). These results demonstrated that KKEPA precisely delivered EPA 

into the ALR2 catalytic domain, inhibiting its activity, while its NeoFunnel Interface-mediated 

engagement with the non-homologous region further enhanced selectivity. Furthermore, given that high 

Glu activates the ALR2-driven polyol pathway, the KKEPA-mediated inhibition of ALR2 was confirmed 

by validating the cellular sorbitol accumulation. The content of sorbitol in ARPE-19 cell was tested after 

treatment with KKEPA or free EPA (20 μM). Sorbitol levels of 0.045 mg/mL and 0.055 mg/mL were 

detected in the KKEPA and free EPA groups, respectively, compared with 0.079 mg/mL in the HG control, 

which received no treatment (Fig. 5f and Supplementary Fig. 10). Therefore, the inhibitory rate was 

calculated as 42.4% for KKEPA and 30.5% for EPA, which was consistent with the testing result of ALR2 

activity, further indicating that KKEPA possessed stronger inhibition toward ALR2 pathway in cellular 

level. It is revealed that the downstream cascading effects resulting from the sustained binding and long-

term adaptation of KKEPA.  
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Moreover, studies have shown that excessive accumulation of sorbitol can lead to cell membrane swelling 

and structural damage, ultimately resulting in cell apoptosis51. Additionally, high-dose exposure to EPA 

induces cytotoxicity through excessive inhibition of ALR1, also resulting in apoptosis52,53. Therefore, 

apoptosis assessment serves as an indicator of the capacity of KKEPA on selective enzymatic regulation. 

ARPE-19 cells were induced under HG condition (elevated ALR2 expression) as above, and then the 

cells were incubated with KKEPA or free EPA for 48 h, respectively. Next, cell apoptosis was assessed by 

flow cytometry assay. Significant apoptosis was observed on cells treated with high-dose EPA (20 μM) 

cultured under HG condition. In contrast, KKEPA treatment reduced the cell apoptosis. Specifically, 2 μM 

EPA delivered via KKEPA decreased apoptosis by 45.9%, while 20 μM EPA delivered via KKEPA reduced 

apoptosis by 40.6%, demonstrating the enhanced anti-apoptotic effect of KKEPA at both concentrations. 

Notably, at the same EPA concentration (20 μM), KKEPA reduced apoptosis by 39.5% compared with free 

EPA (Fig. 5g, 5h and Supplementary Fig. 11). Subsequently, cell viability was assessed using a CCK-8 

assay in an orthogonal experiment, evaluating the cytotoxicity of free EPA and KKEPA at different 

concentrations (2 μM and 20 μM) and exposure times (48 and 96 h) (Fig. 5i-5l). A cell viability of only 

40% was monitored in the free EPA treated group compared with the HG control group. It showed that 

free EPA might induced cytotoxicity, especially at higher concentrations (20 μM) and after prolonged 

exposure (96 h). Whereas, KKEPA at high concentration and long exposure did not produce significant 

cytotoxicity, with a satisfactory cell viability rate of 97%. These results showed that KKEPA effectively 

mitigated cell apoptosis under hyperglycemic stress and alleviated ALR1 inhibition-related cytotoxicity 

caused by free EPA. Collectively, these findings indicate that KKEPA had stronger inhibitory activity and 

better selectivity toward ALR2, exhibiting superior selective enzymatic regulation and enhanced cellular 

safety. 
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Fig. 5 | In vitro evaluation of the selective inhibition of ALR2 enzymatic activity by KKEPA platform. 
a, Verification principal scheme. b, Inhibition activity of equivalent concentrations KKEPA and EPA 
against ALR2. c, Calculation of the IC50 of KKEPA and EPA for ALR2. d, ALR2 activity, e, ALR1 activity 
and f, Sorbitol level in ARPE-19 cells treatment with KKEPA and EPA. g, Apoptosis of ARPE-19 cells 
under different treatment conditions by flow cytometry, and h, its quantification. i-l, The cytotoxicity of 
EPA and KKEPA at different concentrations and exposure times evaluated by CCK-8 assay after treatment 
with 2 μM (i) or 20 μM (j) EPA/KKEPA for 48 h, and 2 μM (k) or 20 μM (l) EPA/KKEPA for 96 h. Data 
are presented as mean values ± SD (n=3 in b-f, n=6 in i-l). *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P 
≤ 0.0001 by t-test.  
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Therapeutic Effect Evaluation of KKEPA Platform in Diabetic Retinopathy 

Based on the above results, KKEPA platform demonstrated efficacy at the molecular and cellular levels, 

highlighting its potential for in vivo therapeutic application. To further investigate this potential, a DR 

animal model was established using intraperitoneal streptozotocin (STZ) injection to induce 

hyperglycemia45. After successful induction of hyperglycemia, drug treatment was initiated. Mice were 

treated with ocular delivery via choroidal injections of saline (control), EPA, or KKEPA, following the 

dosing regimen shown in Fig. 6a. Body weight was monitored daily, and blood Glu levels were recorded 

weekly. Following a ten-week diabetic course, a systematic evaluation of early-stage DR phenotypes was 

performed.  

Prominent hallmarks of non-proliferative DR, such as neovascularization, pericyte depletion, and 

acellular capillaries, were observed in the control group. Specifically, fluorescein fundus angiography 

revealed marked vascular leakage in the control mice, closely resembling the neovascular characteristics 

commonly observed in human DR, such as disrupted blood-retinal barrier integrity and abnormal vessel 

growth46. However, these pathological changes were significantly attenuated following KKEPA treatment. 

The mice exhibited normal vasculature with no detectable abnormalities, suggesting that KKEPA 

effectively mitigates the early vascular changes associated with DR (Fig. 6b and Supplementary Fig. 12). 

This highlights the potential of KKEPA as a therapeutic candidate for preventing retinal damage in diabetic 

conditions. Similar findings were confirmed by fundus photography (Fig. 6c and Supplementary Fig. 

13)47. Histological analyses further supported these observations. Hematoxylin-Eosin (H&E) staining of 

retinal sections revealed choroidal neovascularization (CNV) in the control group, while the KKEPA-

treated group retained normal retinal structure (Fig. 6d and Supplementary Fig. 14). CNV is a common 

pathological feature in DR, and its excessive proliferation is closely associated with retinal damage48. 

KKEPA treatment, by reducing the formation of these new blood vessels, may effectively slow the 

progression of retinal degeneration, highlighting its potential in inhibiting abnormal retinal vessel growth. 

Additionally retinal ganglion cells (RGCs) were counted to evaluate the intervention by KKEPA on retinal 

neuronal degeneration49. Control mice experienced a significant loss of ganglion cell nuclei (indicated 

by red arrows and dashed boxes) whereas KKEPA protected against retinal ganglion cell loss (Fig. 6e and 

Supplementary Fig. 15). Since RGCs are crucial neuronal types in the retina responsible for transmitting 

visual signals from the retina to the brain, and their loss is typically accompanied by vision impairment. 

The therapeutic effect of KKEPA may have alleviated retinal neuronal degeneration to some extent, 
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suggesting its potential in preserving retinal structure and eyesight. In the control group mice, there was 

a significant increase in acellular capillaries (Fig. 6f, red arrows) and a decrease in pericyte numbers (Fig. 

6f, blue arrows) in retina, both of them are early indicators of DR. The formation of acellular capillaries 

indicates structural abnormalities in the microvasculature, whereas pericyte loss is closely linked to 

vascular instability50. KKEPA treatment significantly alleviated these pathological changes (Fig. 6g, 6h 

and Supplementary Fig. 16), suggesting that KKEPA can effectively regulate the stability of retinal 

microvasculature, reduce the occurrence of lesions, and thereby slow the DR progression. 

Moreover, given that hyperglycemia-induced ALR2 activation undergoes dynamic interface adaptation 

and long-term ligand engagement, this sustained interaction potentiates downstream signaling cascades, 

notably leading to persistent upregulation of vascular endothelial growth factor (VEGF) 51. VEGF plays 

a central role in CNV development, its expression in the retina was assessed to analyze the downstream 

mechanism of KKEPA on CNV inhibition. Therefore, we detected VEGF levels throughout the entire retina 

(including the ganglion cell layer (GCL), inner plexiform layer (IPL), inner nuclear layer (INL), outer 

plexiform layer (OPL), outer nuclear layer (ONL) and retinal pigment epithelium (RPE) using fluorescent 

immunoassay. Since VEGF is primarily localized to the retinal nuclear layers, so we performed 

fluorescence intensity statistics across the region from INL to ONL. In line with the pathological features 

observed in DR, an upregulation of VEGF was detected in control mice, reflecting the typical response 

to ALR2 activation under hyperglycemic conditions. In contrast, KKEPA treatment resulted in a marked 

suppression of VEGF expression (Fig. 6i, 6j and Supplementary Fig. 17). This finding suggests that 

KKEPA not only inhibited ALR2 activity but also attenuated the downstream pro-angiogenic signaling 

associated with DR, indicating its potential to prevent the pathological vascular changes52. 

Previous studies have indicated that retinal degenerative changes are early events in the onset and 

progression of DR53. To comprehensively assess retinal function, electro-retinogram (ERG) recordings 

were obtained under both dark-adapted and light-adapted conditions to separately evaluate rod-driven 

and cone-driven pathways. Photoreceptor activity was reflected by the a-wave, whereas the integrated 

responses of Müller and bipolar cells were represented by the b-wave. We examined both eyes of the 

mouse (where 1L denotes the left eye and 2R denotes the right eye in the figure). The ERG showed that, 

under dark-adapted conditions, the amplitudes of both a-wave and b-wave were reduced in the control 

group compared with the KKEPA-treated group (Fig. 6k). This reduction was more pronounced under 

high-intensity flash stimuli (Fig. 6l). These findings indicate that in DR mice, retinal photoreceptor 
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function and downstream neuronal activity are impaired, resulting in a reduced electrophysiological 

response. Under light-adapted conditions, the control group exhibited similar deficits (Fig. 6m), and the 

response time were generally prolonged under both light and dark adaptation. These findings indicate 

substantial functional impairment of the retina and RPE. The prolonged response latency and reduced 

amplitude directly reflect retinal neuronal damage. Under continuous flash stimuli, the control group 

mice showed significantly lower amplitudes in both light and dark adaptation responses compared to the 

KKEPA-treated group (Fig. 6n and 6o). These functional deficits reflect the common retinal dysfunction 

in DR, likely stemming from reduced retinal cell activity, impaired synaptic transmission, or retinal 

ischemia54. Remarkably, KKEPA treatment substantially restored these defects, with improvements 

observed in both scotopic and photopic responses (Supplementary Fig. 18).  

Overall, these results clearly demonstrate that KKEPA, by deeply modulating the pathological mechanisms 

of ALR2, successfully prevents DR at the in vivo model level, alleviating both structural and functional 

damage by DR. Through the preservation of retinal histological architecture and functional integrity, 

KKEPA represents a promising therapeutic strategy for both the prevention and intervention of diabetic 

retinopathy. 
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Fig. 6 | Therapeutic Effect Evaluation of KKEPA Platform in DR. a, In vivo model of KKEPA 
intervention in diabetic C57BL/6J mice. b, Representative fluorescein fundus angiography images. c, 
Fundus photography. d, Representative retinal H&E stained images show classical CNV and the 
preserved normal retinal structure. e, Loss of retinal ganglion cells and nuclear degeneration in the GCL, 
indicated by red arrows. f, Retinal neuronal degeneration experiment, arrows indicate degenerated 
capillaries and arrowheads indicate capillary pericytes. Quantification of retinal acellular capillaries (g) 
and pericytes (h). Representative images (i) and quantification (j) of VEGF immunofluorescence (red) 
in retinal sections. Representative ERG a-waveforms and b-waveforms response under dark adaptation 
at -2 log10cd·s/m2 (k), 0.477 log10cd·s/m2 (l) stimulus luminance, and under light adaptation at 0.477 
log10cd·s/m2 (m) stimulus luminance. Representative ERG waveforms at a 0.477 log10cd·s/m2 stimulus 
luminance under scotopic (n) and photopic (o) conditions. Data are presented as mean values ± SD (n=6 
in g, h and j). *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001 by t-test. 
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Reduced systemic toxicity and improved biosafety of KKEPA platform 

Despite its pronounced therapeutic efficacy in preventing DR, rigorous in vivo biosafety assessment is 

critical to validate KKEPA as a safe and clinically translatable delivery platform. Based on the molecular 

design, the geometric and chemical features of ALR2 were precisely leveraged to enable dynamic 

conformational adaptation and sustained engagement of KKEPA at the NeoFunnel interface, thereby 

ensuring highly selective inhibition of ALR2 while minimizing off-target toxicity associated with ALR1 

inhibition. Accordingly, the KKEPA system has potential to exhibit favorable safety, which was 

subsequently validated. ALR1 is essential for physiological detoxification through the reduction of toxic 

aldehydes. Non-selective inhibition of ALR1 can compromise hepatic and renal detoxification, leading 

to potential liver and kidney toxicity55. Since high-dose EPA treatment has been reported to induce 

hepatotoxicity and nephrotoxicity, and prolonged hyperglycemia is known to promote cellular 

apoptosis56, a series of histological and hematological analyses were therefore performed to 

systematically evaluate the safety profile of KKEPA following two months of treatment. TUNEL staining 

of retinal sections revealed significant apoptosis in the retina of mice of EPA-treated group. In contrast, 

KKEPA-treated group exhibited minimal apoptotic signals, suggesting that KKEPA not only reduces EPA-

induced cytotoxicity but also provides superior ALR2 inhibition, contributing to improved DR prevention 

efficacy (Fig. 7a and 7b and Supplementary Fig. 19).  

Furthermore, hematological and serum biochemical analyses provided systemic evidence for differential 

safety profiles between the two treatment modalities. Alterations in hematological parameters, including 

white blood cell count (WBC) and neutrophil percentage (Neu%), are commonly indicative of 

inflammatory responses or stress-induced immune activation, suggesting the presence of acute hepatic 

and renal injury57. In addition, changes in hemoglobin (HGB), hematocrit (HCT), and platelet count (PLT) 

reflect perturbations in hematopoietic function and peripheral blood homeostasis, indicative of chronic 

hepatic and renal damage58. In the EPA-treated group, pronounced fluctuations in these indices were 

observed, suggesting the induction of systemic inflammatory responses and potential interference with 

normal hematopoiesis. In contrast, mice receiving KKEPA maintained hematological parameters within 

physiological ranges, indicating minimal impact on the blood system. Serum biochemical profiling 

further revealed marked differences in hepatic and renal function. Elevations in alanine aminotransferase 

(ALT)59, aspartate aminotransferase (AST)60, alkaline phosphatase (ALP)61, and γ-glutamyl transferase 

(GGT)62 are indicative of hepatocellular injury and cholestatic stress63, while abnormalities in total 
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bilirubin (TBIL) and direct bilirubin (DBIL) reflect impaired hepatic metabolism and biliary transport64. 

Consistently, reductions in total protein (TP) and albumin (ALB) are associated with compromised 

hepatic synthetic capacity65. Mice treated with EPA exhibited significant abnormalities across multiple 

liver-associated parameters, pointing to potential hepatotoxicity, whereas no such changes were detected 

in the KKEPA-treated group, underscoring its improved hepatic safety profile. Moreover, renal function 

was assessed by measuring serum creatinine (Cre)66 and uric acid (UA)67, which serve as indicators of 

glomerular filtration efficiency and purine metabolism68. Elevated Cre and UA levels in the EPA-treated 

group suggested increased renal burden or early-stage renal impairment. In contrast, these indices 

remained stable in KKEPA-treated mice, further supporting the favorable in vivo biocompatibility and 

reduced systemic toxicity of the KKEPA formulation. Collectively, these hematological and biochemical 

analyses indicate that, compared with free EPA, KKEPA preserves therapeutic efficacy while significantly 

reducing systemic toxicity, particularly hepatic and renal injury, attributed to its dynamically adaptive 

and sustained binding enabling highly selective ALR2 targeting and minimized off-target effects (Fig. 7c 

and 7d). Furthermore, histological examination of major organs (heart, liver, spleen, lung, and kidney) 

using H&E and TUNEL staining demonstrated mild tissue injury in free EPA-treated group, whereas 

organ morphology remained intact in KKEPA-treated group (Fig. 7e). Cell numbers in H&E-stained 

sections (Fig. 7f) and live/dead cell ratios in TUNEL-stained sections (Fig. 7g) were statistically analyzed.  

The above results demonstrate that KKEPA platform successfully prevents hyperglycemia-induced retinal 

degeneration and significantly reduces EPA-related systemic toxicity. This is achieved by precisely 

addressing the subtle differences between homologous enzymes through sequence design in molecular 

design, and by constructing the NeoFunnel Interface for precise drug release in the ALR2 non-

homologous domain, highlighting its advantages in therapeutic efficacy and biological safety. 
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Fig. 7 | Biosafety Validation of the KKEPA Platform. a, TUNEL staining of retinal sections from mice. 
b, Quantification of apoptotic retinal cells. Hematological analysis (c), blood biochemistry (d) assessing 
liver- and kidney-related physiological parameters in mice. e, H&E and TUNEL staining of major organs 
from mice. f, Quantification of cell numbers based on H&E staining. g, Quantification of live/dead cell 
numbers based on TUNEL staining. Data are presented as mean values ± SD. *P ≤ 0.05, **P ≤ 0.01, 
***P ≤ 0.001, ****P ≤ 0.0001 by t-test. GCL, ganglion cell loss. INL, inner nuclear layer; OPL, 
outer plexiform layer.  
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Discussion 

The main reasons for the difficulty in distinguishing the homologous enzyme family are two factors: their 

high sequence and structural similarity, and the fact that non-homologous regions often constitute 

undruggable surfaces. The ‘neosurface’ guided by chemical remodeling strategies offers novel 

approaches to addressing this issue, though it remains at the theoretical stage. This study implemented a 

peptide-induced protein surface chemical remodeling strategy to construct ‘neosurface’. Rather than 

relying on the conserved catalytic site, which underlies the off-target toxicity, our approach exploits 

structural and chemical features of a non-homologous, intrinsically disordered region surrounding the 

ALR2 active pocket. By using a hierarchical peptide nanoplatform to induce protein surface 

reorganization, we generate a de novo NeoFunnel interface with high complementarity to ALR2, 

enabling strong and selective recognition while sparing the closely related homolog ALR1. This 

engineered interface also provides a functional basis for precision drug delivery. Encapsulation of the 

clinically approved inhibitor EPA within the KK platform yields KKEPA, which achieves sequential 

cellular internalization, lysosomal escape and ALR2-targeted drug release. This cascade delivery process 

enhances intracellular target engagement and minimizes unintended inhibition of ALR1, offering a 

mechanistic explanation for the improved therapeutic specificity observed. Importantly, the strategy does 

not require chemical modification of the drug itself, highlighting its compatibility with existing 

pharmacological agents. More broadly, our findings demonstrate that intrinsically disordered and 

topologically smooth protein surfaces that traditionally considered poorly druggable, can be converted 

into selective recognition interfaces through ligand-induced surface remodeling. This paradigm reveals 

subtle but exploitable differences among homologous proteins that are inaccessible to conventional 

structure-based design. As such, neosurface-guided chemical remodeling provides a generalizable 

framework for achieving selective intervention in homologous systems and suggests new opportunities 

for developing safer therapies. 
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Methods 

Materials 

All chemicals were purchased from commercially available sources. Fluorenylmethoxycarbonyl (Fmoc)-

amino acids and 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluoro-phosphate (HBTU) 

were purchased from GL Biochem (Shanghai, China). Triisopropylsilane (Tips), 4-methylmorpholine, 

ninhydrin, phenol, N, N’-dimethylformamide (DMF), pyridine, diethylether, dichloromethane, methanol 

and acetonitrile were all obtained from Beijing Chemical Plant (China). Cyanogen bromide (CNBr) was 

from J&K Chemicals. Streptavidin coated magnetic beads were purchased from Tianjin BaseLine 

ChromTech Research Center. Ninhydrin and 1,1’-Di-n-octadecyl-3,3,3’,3’-tetramethylindocarbocyanine 

perchlorate (Dil) was obtained from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China). L-

ascorbic acid (VC) was purchased from Xilong Chemical Co., Ltd. (Guangzhou, China). Trifluoroacetic 

acid (TFA) was purchased from Sigma Aldrich. phosphate-buffered saline (PBS), PBST (PBS containing 

0.2% Tween-20) and lysosomal co-localization probe were from Solarbio (China). Human aldose 

reductase (ALR2) protein and human aldehyde reductas (ALR1) protein were purchased from Sino 

Biological (Beijing, China). Epalrestat (EPA) was purchased from Meryer Chemical Technology Co., 

Ltd. (Shanghai, China). Fluorescein isothiocyanate (FITC) was from Sigma-Aldrich (American). 

Hoechst 33342, Cell Proliferation, Cytotoxicity Assay Kit (CCK-8) and dimethyl sulfoxide (DMSO) 

were purchased from Solarbio. Rhodamine and Rhodamine Green were purchased from Duoying Bio 

(Wuhan, China). Human retinal pigment epithelial cells line (ARPE-19), human kidney epithelial cell 

line (HEK-293T) was purchased from Cell Center of Chinese Academy of Medical Sciences. Dulbecco's 

Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12), fetal bovine serum (FBS) was all 

obtained from Gibco (Beijing, China). Penicillin-Streptomycin solution was obtained from HyClone 

(Beijing, China). Cell ALR2 Activity Assay Kit (SU BN13855), Cell ALR1 Activity Assay Kit (SU 

BN17974) were purchased from Merck (Germany). Sorbitol Assay Kit (BC2525) purchased from 

Solarbio. C57BL/6J mice (8-week-old) were purchased from Vital River Laboratory Animal Technology 

(Beijing, China). 

Design and Synthesis of the OBOC Peptide Library 

An octameric one-bead-one-compound (OBOC) combinatorial peptide library was constructed to enable 

high-throughput screening of peptide candidates. During library synthesis, methionine was introduced to 

facilitate in situ chemical cleavage, while glycine served as an extended spacer to alleviate steric 
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hindrance between adjacent residues. The theoretical capacity of the library was calculated as follows: 

1×1×5×5×5×5×5×3×3×2×1×3×1×3=506250, with a fivefold redundancy designed to ensure sequence 

representation and diversity. Library synthesis was conducted using the Fmoc-based solid-phase peptide 

synthesis (SPPS) method on TentaGel resin (loading: 0.35 mmol/g) as the solid support. All coupling and 

deprotection reactions were carried out in anhydrous DMF. For coupling, each batch of TentaGel resin 

was treated with Fmoc-protected amino acid (4 mM), HBTU (4 mM), and NMM (0.4 M) in DMF, and 

the reaction was allowed to proceed for 40 min. During Fmoc deprotection, 20% (v/v) piperidine in DMF 

was applied for 10 min to remove the protecting group. The synthesis followed a split-pool strategy: in 

each coupling step, the resin beads were evenly divided and separately coupled with different amino 

acids (“split” phase), followed by recombination and deprotection (“pool” phase). Upon completion, a 

cleavage cocktail composed of TFA/H2O/Tips (92.5:2.5:2.5, v/v/v) was used to remove side-chain 

protecting groups, with a reaction time of 2 h. All reactions were conducted in SPPS vessels equipped 

with filters to facilitate washing and reagent exchange. Finally, the synthesized peptides were released 

from the resin by reacting overnight with a CNBr solution (30 mg/mL), ensuring complete cleavage at 

methionine residues and obtaining the desired peptide library. 

Affinity determination by surface plasmon resonance imaging (SPRi) 

The interaction between peptides and aldose reductase (ALR2) or aldehyde reductase (ALR1) was 

measured using a SPRi system (Plexera PlexArray HT, Plexera LLC, Bothell, WA) with a bare gold SPRi 

chip (Nanocapture gold chip, 47.5 nm thick). To prepare the chip, 1 mg/mL of peptide FE in 1× PBS was 

spotted onto the gold surface. The chip was incubated in a humidified chamber at 4°C overnight, followed 

by washing with 10× PBS and 1× PBS for 10 min each, and then rinsed with deionized water for 10 min. 

The chip was then blocked with 5% skim milk in 1× PBS and incubated at 4°C overnight. After blocking, 

the chip was purged and dried with nitrogen gas before being loaded into the SPRi system for affinity 

detection. ALR2 or ALR1 protein was diluted in PBS containing 0.2% Tween-20 (PBST) to 

concentrations of 8, 16, 32, 64, 128, and 256 nM. Binding interactions were assessed by recording real-

time SPRi signals, and the dissociation constants (KD) of peptides for ALR2 or ALR1 were determined 

using PlexArray HT software. For the SPRi analysis, the peptides were immobilized on the gold chip 

surface via thiol groups on cysteine residues. The chip was incubated overnight in a humidified chamber 

at 4°C before use. The SPRi procedure involved sequential injections: baseline stabilization with PBST, 

binding of ALR2 or ALR1 protein at different concentrations, washing with PBST, and regeneration with 
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0.5% v/v H3PO4 in deionized water. Protein samples were diluted in PBST, and the binding signals were 

analyzed in real-time using the PlexArray HT software. 

Detection of Peptide KK Specificity for ALR2 Protein Using Plasma Gold Chips 

This chip is a novel near-infrared (NIR) fluorescence-enhanced plasmonic gold microarray. In the 

experiment, the supernatant extracted from the lysates of ARPE-19 (ALR2+) cells and HEK-293T 

(ALR2-) cells was printed onto the chip and incubated overnight at 4°C. The chip was then blocked with 

5% non-fat milk for 1 h. Next, the chip was incubated with FITC-labeled KK for 2 h, allowing it to bind 

with ALR2 protein present in the cell supernatants printed on the chip. Finally, the chip was washed three 

times with PBS and observed under an inverted fluorescence microscope. 

Cell Culture and Confocal laser scanning microscope (CLSM) imaging 

ARPE-19 were cultured in DMEM/F-12 culture medium with 10% FBS and 1% penicillin/streptomycin 

at 37°C in a 5% CO2 environment. HEK-293T were cultured in HyClone DMEM culture medium 

containing 10% FBS and 1% penicillin-streptomycin solution, under the same conditions. Approximately 

105 cells/mL of ARPE-19 or HEK-293T were seeded into culture dishes and incubated overnight to allow 

cell attachment. 

For the KK cellular uptake experiment, ARPE-19 cells were cultured in media containing different 

concentrations of Glu (NG, 17.5 mM; EG, 25 mM and HG, 50 mM) and incubated with 200 μL of 

rhodamine-labeled KK peptide solution and 1 mM Hoechst 33342 at 4°C in the dark for various time 

periods. The cells were then observed using a ZEISS LSM710 confocal microscope (Japan). 

In the KKEPA cellular uptake experiment, rhodamine-labeled EPA was co-assembled with KK for over 48 

h to form KKRho-EPA Complex. The resulting complex was then incubated with ARPE-19 cells in a HG 

environment for varying durations. Confocal imaging was performed with the ZEISS LSM710 confocal 

microscope (Japan). 

Throughout the experiments, a 552 nm laser was used to excite Rhodamine, with emission collected at 

570 nm. Hoechst 33342 was excited using a 405 nm laser, and emission was captured at 461 nm. Imaging 

was conducted using a 63× oil immersion objective lens. 

Construction of the KKEPA Drug Delivery System and Determination of Encapsulation Efficiency 

and Drug Release Characteristics 

Preparation of KKEPA. 1 mg of KK peptide was dissolved in 600 μL water, and the pH was adjusted to 

7.4. Subsequently, 37.5 μL of hydrophobic drug, EPA dissolved in DMSO at a final concentration of 3.2 
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mM, was added and sonicated. The mixture was incubated at 20℃ for 48 h to facilitate the formation of 

the KKEPA complex. 

Encapsulation Efficiency Assessment. The encapsulation efficiency of EPA in the KKEPA micelles was 

determined by ultraviolet (UV) spectroscopy. 1 mL of the prepared KKEPA micellar assembly was placed 

in a dialysis bag and dialyzed against an aqueous solution at pH 7.4 for 24 h. After dialysis, the dialysis 

buffer was collected and analyzed by UV absorbance at 293 nm to quantify the amount of free EPA. The 

encapsulation efficiency (EE, %) was calculated using a standard curve previously established for EPA, 

with the following formula: 

EE (%)= Mass of drug encapsulated by micelles
Mass of drug added ×100% 

In Vitro Release Study. Rhodamine-labeled EPA was co-assembled with KK for over 48 h to form the 

KKRho-EPA complex. The KKRho-EPA complex was co-incubated with ARPE-19 or HEK-293T cells under 

NG and HG conditions. At time points of 6, 12, 18, and 24 h, cell lysates were collected and centrifuged. 

The supernatants were then analyzed by UV absorption at 293 nm to monitor the release of EPA. The 

release rate was calculated using the standard curve previously established for EPA. 

Lysosomal Escape 

The lysosomes escape capability of the KKEPA delivery system was investigated using CLSM. The escape 

ability of the KKEPA drug delivery system was investigated using laser confocal microscopy. EPA was 

labeled with Rhodamine Green (RhoG, Ex: 498 nm), and then co-assembled with KK to form the KKRhoG-

EPA complex. Simultaneously, lysosomes were labeled with LysoTracker Red (Ex: 580 nm). ARPE-19 

cells were seeded at a density of 10⁵ cells/well in confocal culture dishes and cultured until they adhered 

to the surface. The cells were then treated with DMEM/F-12 medium containing either free RhoG-EPA 

or the KKRhoG-EPA complex. After incubation for 6, 12, and 24 h, the cells were incubated with 100 nM 

commercial lysosome probe for 30 min. The cells were washed three times with PBS, followed by 

observation under a laser confocal microscope. Rhodamine Green fluorescence was excited with a 498 

nm laser, and emission was detected between 522-530 nm. Lysosome fluorescence was excited with a 

580 nm laser, and emission was detected between 600-750 nm. Finally, the Pearson correlation coefficient 

was calculated using ImageJ software. 

Cell Viability Assay in ARPE-19 Cells 

ARPE-19 cells were seeded at a density of 5000 cells/well in a 96-well plate and cultured in medium 

containing either NG or HG. Under HG conditions, cells were treated with 2 μM EPA and equivalent 
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concentrations of KKEPA (Fig. 4i), as well as 20 μM EPA and equivalent concentrations of KKEPA (Fig. 

4j), and incubated for 48 h. The same treatment conditions were applied for a 96-hours incubation period 

(Fig. 4k, l). After incubation, the culture medium was removed, fresh medium was added, and 10 μL of 

commercial CCK-8 solution was added to each well. The cells were then incubated in the dark for 2 h. 

Finally, the absorbance at 450 nm was measured using a microplate reader, and the results were 

normalized to the NG group. 

Cell Enzyme Assay 

ARPE-19 cells were cultured in medium containing NG and HG. After cell attachment, EPA and KKEPA 

complexes were added to the HG experimental group, and the cells were co-incubated for 48 h. Following 

treatment, the activity of ALR2 and ALR1 was measured using the Cell ALR2 Activity Assay Kit and 

the Cell ALR1 Activity Assay Kit, respectively, according to the manufacturer’s instructions. The 

expression levels of aldose reductase were quantified using the Bradford Protein Assay Kit 

(G&VS30030.1). The sorbitol content in the cells was determined using a Sorbitol Assay Kit. In brief, 

these assays were conducted on cell lysates after the treatment. Absorbance peaks were measured at 340 

nm, 450 nm, 595 nm, and 655 nm using a UV-Vis spectrophotometer for quantification. 

Molecular Enzyme Assay 

Aldose reductase catalyzes the reduction of the substrate D, L-glyceraldehyde to glycerol. During the 

enzymatic reaction, the coenzyme NADPH participates in the reaction, continuously converting NADPH 

to NADP+, leading to a decrease in NADPH concentration as the reaction proceeds. The maximum 

absorbance of NADPH occurs at 340 nm. The absorbance in the system is measured using a UV-Vis 

spectrophotometer to quantify the NADPH concentration, which is then used to calculate the aldose 

reductase activity. 

Flow Cytometric Analysis of Cell Apoptosis 

ARPE-19 cells were plated at a density of 5×105 cells per well in six-well plates and cultured in 

DMEM/F-12 medium supplemented with 10% FBS and 1% penicillin-streptomycin. The experimental 

group was treated with a final Glu concentration of 50 mM in the culture medium. After 48 h of 

incubation, the cells were exposed to 2 μM and 20 μM EPA or KKEPA containing equivalent 

concentrations of EPA. Following treatment, cell samples were collected, washed twice with PBS, and 

resuspended in 100 μL of Binding Buffer. To assess apoptosis, 5 μL of Annexin V-FITC and 10 μL of 

propidium iodide (PI) were added to the cell suspension and gently mixed. The cells were then incubated 
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for 5-15 min at 20℃ in the dark to allow for proper staining. The cell suspension was transferred into a 

flow cytometry tube for analysis. Flow cytometry was performed to measure the fluorescence intensities 

of FITC and PI, with excitation wavelengths set at 488 nm and 535 nm, respectively. The data were 

analyzed using FlowJo software to determine the levels of cell apoptosis. 

Animals 

Eight-week-old C57BL/6J mice were purchased from Beijing Vital River Laboratory Animal Technology 

Co., Ltd and maintained under pathogen-free conditions in a temperature-controlled room with a 12 h 

light/dark cycle. Diabetic mice were generated by single daily intraperitoneal injections of streptozotocin 

(STZ, 55 mg/kg body weight; Sigma-Aldrich, S0130) for 5 consecutive days. Streptozotocin was freshly 

prepared in 100 mM citrate buffer (pH 4.5). Non-fasting blood Glu was measured at 10am on days 7-15 

after the last STZ injection. Mice with fasting blood Glu concentrations ≥19 mM, polyuria, and 

glucosuria were considered diabetic. Blood Glu levels and body weights were monitored in the mice once 

every week. The number of months of diabetes described in the text is defined as the age of the mice at 

the time of sacrifice minus the age when they were first confirmed to be diabetic. All animal experiments 

were conducted in accordance with protocols approved by the Institutional Animal Care and Use 

Committee at the Ethics Committee of Animal Experiment Center, Beijing Institute of Technology 

(Approval number: 2016-0006-M2020013).  

Acellular capillaries 

Mouse eyes were collected fromdiabetic (8 months ofdiabetes) and age-matched nondiabetic mice; 

samples were fixed in 4% buffered paraformaldehyde (Alfa Aesar, J61899-AP) for 2 days at 20℃. 

Retinas were isolated and washed overnight in water and incubated in elastase (EMD Millipore, 324682) 

solution 40 unit/ml at 37°C for 2 h, followed by incubation in Tris buffer pH 8.5 overnight at 20℃. 

Retinal neurons were washed and brushed away from the vasculature. The carefully isolated vasculature 

was placed on a glass slide and dried for 24 h; samples were then stained with hematoxylin (Fisher 

Scientific, SH26-500D) and periodic acid Schiff reagent (Fisher Scientific, SS32-500). The total numbers 

of endothelial cells, pericytes and migrating pericytes were counted in 6 randomly selected fields per 

retina, and the numbers were normalized to the relative capillary density (number of cells per mm2 

capillary area). Subsequently, according to their localization within the capillary tree and their position 

relative to adjacent endothelial cells, pericytes with triangular nuclei in which at least one lateral side of 

the triangular nuclei projecting into the extravascular interstitium was longer than the base in contact 
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with the capillary, were defined as migrating pericytes. Acellular capillaries reported per mm2 of retinal 

area were identified as capillary-sized vessel tubes with no nuclei along their length. 

Mouse blood routine test and blood biochemical analysis  

After treatment, mice blood samples were collected in the EPA-treated group and the KKEPA-treated 

group. For blood routine test, whole blood was collected and placed in a tube containing heparin sodium, 

and then parameters such us white blood cell (WBC), Neutrophil Percentage (Neu%), hemoglobin (HGB), 

hematocrit (HCT), and Platelets (PLT) were measured. For blood biochemical analysis, the serum was 

collected by centrifuging (3000 rpm/min) the whole blood at low temperature (4℃), and then parameters 

such as alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), 

gamma-glutamyl transpeptidase (GGT), total bilirubin (TBIL), direct bilirubin (DBIL), creatinine 

(CREA), and uric acid (UA) serving as hepatic and renal function markers were measured. 

Statistical analysis 

For each experiment, the number of replicates is indicated in the figure legends, and P values were 

determined using a two-tailed t-test. 

Reporting summary 

Further information on research design is available in the Nature Portfolio Reporting Summary linked to 

this article. 

Data availability 

All data are shown in the main figures, the Extended Data and the Supplementary Information. All other 

relevant data are available from the corresponding authors upon reasonable request. 
 



37 

 

References 

1. Todd, A.E., Orengo, C.A. & Thornton, J.M. Plasticity of enzyme active sites. Trends Biochem. 
Sci. 27, 419-426 (2002). 

2. Tokito, A. & Jougasaki, M. Matrix metalloproteinases in non-neoplastic disorders. Int. J. Mol. 
Sci. 17, 1178 (2016). 

3. Cantley, J., et al. Selective PROTAC-mediated degradation of SMARCA2 is efficacious in 
SMARCA4 mutant cancers. Nat. Commun. 13, 6814 (2022). 

4. Hong, S.H., et al. From concepts to inhibitors: a blueprint for targeting protein-protein 
interactions. Chem. Rev. 125, 6819-6869 (2025). 

5. Tang, J., et al. Targeting N-Myc in neuroblastoma with selective Aurora kinase A degraders. Cell 
Chem. Biol. 32, 352-362 (2025). 

6. Marchand, A., et al. Targeting protein-ligand neosurfaces with a generalizable deep learning tool. 
Nature 639, 522-531 (2025). 

7. Bohren, K.M., Grimshaw, C.E. & Gabbay, K.H. Catalytic effectiveness of human aldose 
reductase. Critical role of C-terminal domain. J. Biol. Chem. 267, 20965-20970 (1992). 

8. Thakur, S., et al. Aldose reductase: a cause and a potential target for the treatment of diabetic 
complications. Arch. Pharmacal Res. 44, 655-667 (2021). 

9. Brownlee, M. Biochemistry and molecular cell biology of diabetic complications. Nature 414, 
813-820 (2001). 

10. Jin, Y. & Penning, T.M. Aldo-keto reductases and bioactivation/detoxication. Annu. Rev. 
Pharmacol. Toxicol. 47, 263-292 (2007). 

11. Maccari, R. & Ottanà, R. Targeting aldose reductase for the treatment of diabetes complications 
and inflammatory diseases: new insights and future directions. J. Med. Chem. 58, 2047-2067 
(2015). 

12. Bhatti, H.A., et al. Identification of new potent inhibitor of aldose reductase from Ocimum 
basilicum. Bioorg. Chem. 75, 62-70 (2017). 

13. Rondeau, J.M., et al. Novel NADPH-binding domain revealed by the crystal structure of aldose 
reductase. Nature 355, 469-472 (1992). 

14. El-Kabbani, O. & Podjarny, A. Selectivity determinants of the aldose and aldehyde reductase 
inhibitor-binding sites. Cell. Mol. Life Sci. 64, 1970-1978 (2007). 

15. Steuber, H., Heine, A., Podjarny, A. & Klebe, G. Merging the binding sites of aldose and aldehyde 
reductase for detection of inhibitor selectivity-determining features. J. Mol. Biol. 379, 991-1016 
(2008). 

16. Sandner, A., et al. Which properties allow ligands to open and bind to the transient binding pocket 
of human aldose reductase? Biomolecules 11, 1837 (2021). 

17. Gainza, P., et al. De novo design of protein interactions with learned surface fingerprints. Nature 
617, 176-184 (2023). 

18. Cao, D., et al. SurfDock is a surface-informed diffusion generative model for reliable and accurate 
protein-ligand complex prediction. Nat. Methods 22, 310-322 (2025). 

19. Schulze, C.J., et al. Chemical remodeling of a cellular chaperone to target the active state of 
mutant KRAS. Science 381, 794-799 (2023). 

20. Quiocho, F.A., Wilson, D.K. & Vyas, N.K. Substrate specificity and affinity of a protein 
modulated by bound water molecules. Nature 340, 404-407 (1989). 

21. Wang, X., Ni, D., Liu, Y. & Lu, S. Rational design of peptide-based inhibitors disrupting protein-



38 

 

protein interactions. Front. Chem. 9, 682675 (2021). 
22. Miyawaki, K., et al. Inhibition of gastric inhibitory polypeptide signaling prevents obesity. Nat. 

Med. 8, 738-742 (2002). 
23. Foss, D.V., et al. Peptide-mediated delivery of CRISPR enzymes for the efficient editing of 

primary human lymphocytes. Nat. Biomed. Eng. 7, 647-660 (2023). 
24. Chen, H.H., et al. A nanoparticle probe for the imaging of autophagic flux in live mice via 

magnetic resonance and near-infrared fluorescence. Nat. Biomed. Eng. 6, 1045-1056 (2022). 
25. Chen, Y., et al. Formulate adaptive biphasic scaffold via sequential protein-instructed peptide co-

assembly. Adv. Sci. 11, 2401478 (2024). 
26. Mammen, M., Choi, S.K. & Whitesides, G.M. Polyvalent interactions in biological systems: 

implications for design and use of multivalent ligands and inhibitors. Angew. Chem. Int. Ed. 37, 
2754-2794 (1998). 

27. Liang, C., et al. Aptamer-functionalized lipid nanoparticles targeting osteoblasts as a novel RNA 
interference-based bone anabolic strategy. Nat. Med. 21, 288-294 (2015). 

28. Kim, Y.C., et al. Gelling hypotonic polymer solution for extended topical drug delivery to the eye. 
Nat. Biomed. Eng. 4, 1053-1062 (2020). 

29. Hołubowicz, R., et al. Safer and efficient base editing and prime editing via ribonucleoproteins 
delivered through optimized lipid-nanoparticle formulations. Nat. Biomed. Eng. 9, 57-78 (2025). 

30. Dill, K.A. Dominant forces in protein folding. Biochemistry 29, 7133-7155 (1990). 
31. Bissantz, C., Kuhn, B. & Stahl, M. A medicinal chemist's guide to molecular interactions. J. Med. 

Chem. 53, 5061-5084 (2010). 
32. Zhang, P., et al. A programmable polymer library that enables the construction of stimuli-

responsive nanocarriers containing logic gates. Nat. Chem. 12, 381-390 (2020). 
33. Goswami, R., et al. Accessing intracellular targets through nanocarrier-mediated cytosolic protein 

delivery. Trends Pharmacol. Sci. 41, 743-754 (2020). 
34. Zhang, L., et al. A totipotent “All-In-One” peptide sequentially blocks immune checkpoint and 

reverses the immunosuppressive tumor microenvironment. Adv. Mater. 35, 2207330 (2023). 
35. Han, K., et al. PSMA-triggered phase separation of peptide-drug conjugates enables zinc-

dependent tumor inhibition. Angew. Chem. Int. Ed. 65, e18980 (2026). 
36. Cui, X., et al. Beyond static structures: protein dynamic conformations modeling in the post-

AlphaFold era. Brief. Bioinform. 26, bbaf340 (2025). 
37. Swindells, M.B., MacArthur, M.W. & Thornton, J.M. Intrinsic φ,ψ propensities of amino acids, 

derived from the coil regions of known structures. Nat. Struct. Biol. 2, 596-603 (1995). 
38. Roterman, I., et al. Chameleon sequences-structural effects in proteins characterized by 

hydrophobicity disorder. ACS Omega 9, 38506-38522 (2024). 
39. Shimizu, T., Masuda, M. & Minamikawa, H. Supramolecular nanotube architectures based on 

amphiphilic molecules. Chem. Rev. 105, 1401-1444 (2005). 
40. Li, M., et al. A composite peptide-supramolecular microneedle system for melanoma 

immunotherapy. Nano Res. 16, 5335-5345 (2023). 
41. Dong, R., et al. ESTEEM strategy: revolutionizing enzymatic catalysis through the evolutionary 

gateway of enzyme tunnels. ACS Catal. 15, 20108-20122 (2025). 
42. Wang, F., et al. Light-sheet microscopy in the near-infrared II window. Nat. Methods 16, 545-552 

(2019). 
43. Fernandez-Godino, R., Garland, D.L. & Pierce, E.A. Isolation, culture and characterization of 

primary mouse RPE cells. Nat. Protoc. 11, 1206-1218 (2016). 



39 

 

44. Kador, P.F., Robison, W.G., Jr. & Kinoshita, J.H. The pharmacology of aldose reductase inhibitors. 
Annu. Rev. Pharmacol. Toxicol. 25, 691-714 (1985). 

45. Olivares, A.M., et al. Animal models of diabetic retinopathy. Curr. Diabetes Rev. 17, 93 (2017). 
46. Luo, L., et al. Targeted intraceptor nanoparticle therapy reduces angiogenesis and fibrosis in 

primate and murine macular degeneration. ACS Nano 7, 3264-3275 (2013). 
47. Cheung, N., Mitchell, P. & Wong, T.Y. Diabetic retinopathy. Lancet 376, 124-136 (2010). 
48. Kwon, Y.-S., Zheng, M., Zhang, A.Y. & Han, Z. Melanin-like nanoparticles as an alternative to 

natural melanin in retinal pigment epithelium cells and their therapeutic effects against age-
related macular degeneration. ACS Nano 16, 19412-19422 (2022). 

49. Bapputty, R., et al. Montelukast prevents early diabetic retinopathy in mice. Diabetes 68, 2004-
2015 (2019). 

50. Hu, J., et al. Inhibition of soluble epoxide hydrolase prevents diabetic retinopathy. Nature 552, 
248-252 (2017). 

51. Wert, K.J., et al. Neuroretinal hypoxic signaling in a new preclinical murine model for 
proliferative diabetic retinopathy. Signal Transduct. Target. Ther. 1, 16005 (2016). 

52. Tian, M., et al. Ultrasmall copper nanodots eye drops for microenvironment regulation of diabetes 
retinopathy by relieving hypoxia and inhibiting HIF-1α/VEGF signaling pathway. Chem. Eng. J. 
491, 152130 (2024). 

53. Zafar, S., Sachdeva, M., Frankfort, B.J. & Channa, R. Retinal neurodegeneration as an early 
manifestation of diabetic eye disease and potential neuroprotective therapies. Curr. Diabetes Rep. 
19, 17 (2019). 

54. Liu, H., et al. Reducing Akt2 in retinal pigment epithelial cells causes a compensatory increase 
in Akt1 and attenuates diabetic retinopathy. Nat. Commun. 13, 6045 (2022). 

55. Fujii, J., Homma, T., Miyata, S. & Takahashi, M. Pleiotropic actions of aldehyde reductase 
(AKR1A). Metabolites 11, 343 (2021). 

56. Kang, Y.L., et al. The polyol pathway and nuclear ketohexokinase a signaling drive 
hyperglycemia-induced metastasis of gastric cancer. Exp. Mol. Med. 56, 220-234 (2024). 

57. Harrison, S.A., et al. Selonsertib for patients with bridging fibrosis or compensated cirrhosis due 
to NASH: results from randomized phase III STELLAR trials. J. Hepatol. 73, 26-39 (2020). 

58. Rautou, P.-E., Caldwell, S.H. & Villa, E. Bleeding and thrombotic complications in patients with 
cirrhosis: a state-of-the-art appraisal. Clin. Gastroenterol. Hepatol. 21, 2110-2123 (2023). 

59. Chauhan, A., Lalor, P., Watson, S. & Adams, D. Role of CLEC-2-driven platelet activation in the 
pathogenesis of toxic liver damage. Lancet 389, S33 (2017). 

60. Kew, M.C. Serum aminotransferase concentration as evidence of hepatocellular damage. Lancet 
355, 591-592 (2000). 

61. Sigurdarson, S.S., Bjornsson, H.K. & Bjornsson, E.S. THU-151 A prospective study on the causes 
of notable elevation of alanine aminotransferase (ALT) as well as elevation of both ALT and 
alkaline phosphatase (ALP) with special emphasis on drug-induced liver injury (DILI). J. Hepatol. 
80, S328 (2024). 

62. Klimczak-Tomaniak, D., et al. Combined evaluation of liver and kidney function improves 
prediction of clinical outcome in patients with chronic heart failure and reduced ejection fraction. 
Eur. Heart J. 45, ehae666.972 (2024). 

63. Li, W., et al. Associations of arsenic exposure with liver injury in US adults: NHANES 2003-
2018. Environ. Sci. Pollut. Res. 30, 48260-48269 (2023). 

64. Cheng, P., et al. Relationship of individual and mixed urinary metals exposure with liver function 



40 

 

in the China National Human Biomonitoring (CNHBM) of Zhejiang Province. Chemosphere 342, 
140050 (2023). 

65. Wendon, J., et al. EASL clinical practical guidelines on the management of acute (fulminant) 
liver failure. J. Hepatol. 66, 1047-1081 (2017). 

66. Elkhawaga, A.A., et al. First report on abnormal renal function in acute hepatitis E genotype 1 
infection. Pathogens 12, 687 (2023). 

67. van der Harst, P., et al. Replication of the five novel loci for uric acid concentrations and potential 
mediating mechanisms. Hum. Mol. Genet. 19, 387-395 (2009). 

68. Okada, Y., et al. Meta-analysis identifies multiple loci associated with kidney function-related 
traits in east Asian populations. Nat. Genet. 44, 904-909 (2012). 

 



41 

 

Acknowledgements 

We thank the Analysis and Testing Center in Beijing Institute of Technology on the experimental data 

acquisition. The authors are grateful for financial support from National Natural Science Foundation of 

China (Nos. 22322403 and 22574013), Beijing Natural Science Foundation (Nos. 2222029 and 

QY25243), the Fundamental Research Funds for the Central Universities (No. 2025CX01014), Natural 

Science Foundation of Hebei Province (No. B2025105025). We thank the Analysis and Testing Center 

in Beijing Institute of Technology on the experimental data acquisition. 

Author information 

These authors jointly supervised this work: Weizhi Wang, Bing Ma, Limin Zhang. 

Authors and Affiliations 

School of Chemistry and Chemical Engineering, Beijing Institute of Technology, Beijing, China 

Qinsong Wei, Kai Han, Xin Wang, Jian Zhang, Jinge Zhao, Xiaowei Zhang, Jiaqin Li, Wentao Zhang, 

Xiaolu Miao, Bing Ma, Limin Zhang & Weizhi Wang 

Contributions 

L. Zhang, K. Han, J. Zhao, and Q. Wei designed the strategy. Q. Wei, K. Han, J. Zhang, J. Li, and X. 

Miao participated in the peptide-related experiments. Q. Wei, X. Wang, and W. Zhang participated in the 

cell-related experiments. Q. Wei, K. Han, X. Zhang, and J. Zhang participated in the animal-related 

experiments. W. Wang assisted with study design, conceptualized, funded and led the study and edited 

the manuscript. B. Ma, Q. Wei, K. Han, and L. Zhang conducted the intellectual revision. 

Ethics declarations 

Competing interests 

The authors declare no competing interests. 



Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

SupplementaryInformationNBE.docx

https://assets-eu.researchsquare.com/files/rs-9212957/v1/289083d0d2946e8d182f8e18.docx

