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Abstract

The lack of clinically effective targeted therapies for hepatic fibrosis presents a persistent challenge. In
this study, we introduce an innovative oral nanotherapeutic platform based on phytocarbon dots derived
from Dianthus superbus (D-CDs), which function as a target-specific protein degrader. D-CDs
demonstrated potent anti-fibrotic efficacy in both toxin-induced and metabolic murine models of liver
fibrosis with excellent biocompatibility. Mechanistically, we identified enolase 1 (ENO1) as the direct
target. D-CDs do not inhibit ENO1 enzymatic activity but act as molecular glues that bind to an allosteric
site, inducing a conformational change that licenses ubiquitination at K281 and triggers proteasomal
degradation. This leads to sustained suppression of the PI3K/AKT-Smad3 pathway. This ENO1-
dependent efficacy was validated through both genetic and pharmacological approaches, establishing a
pioneering paradigm of oral nanomedicine for targeted degradation. Importantly, single-cell
transcriptomic and histopathological analyses demonstrated that ENO1 is upregulated during hepatic
stellate cell activation and overexpressed in human fibrotic livers, underscoring its clinical relevance.
Collectively, our work presents not only a promising therapeutic candidate but also a versatile
plant-based platform for degrading pathological proteins, with broad implications for the treatment of
fibrosis and other protein-driven diseases.

Introduction

Hepatic fibrosis, characterized by excessive deposition of extracellular matrix (ECM), represents a
common pathological outcome of chronic liver injury from diverse etiologies, including viral hepatitis,
metabolic dysfunction, and toxins.[1, 2] This scarring process, driven primarily by the activation of
hepatic stellate cells (HSCs), can progress to cirrhosis, liver failure, and hepatocellular carcinoma, posing
a massive global health burden.[3, 4] Despite decades of research, no pharmacotherapy specifically
designed to reverse or halt fibrosis has been approved for clinical use.[5] Current standard-of-care relies
on the repurposing of non-specific agents, such as corticosteroids, N-acetylcysteine, or antivirals, which
offer limited efficacy against fibrosis itself and are often plagued by significant off-target effects during
long-term administration.[6—8] The urgent, unmet need for safe and effective anti-fibrotic agents
underscores the necessity for novel therapeutic paradigms that move beyond symptom management to
directly intercept core pathogenic mechanisms.

In recent years, carbon dots (CDs) have emerged as a promising class of nanomaterials for biomedical
applications, prized for their excellent biocompatibility, ease of synthesis, and tunable physicochemical
properties.[9] Notably, CDs derived from medicinal plants often exhibit intrinsic enzyme-mimetic
activities, such as superoxide dismutase, peroxidase, and catalase-like functions. These activities enable
CDs to modulate redox homeostasis, offering a “green” and potent platform for treating oxidative stress
and inflammation-related diseases.[10-13] Despite these promising properties, the development of
bioactive CDs as targeted, mechanism-based therapeutics has been hindered by a limited understanding
of their specific interactions with cellular components.[14-16] In particular, how they engage with
precise protein targets or influence downstream signaling pathways remains largely unclear.[17]
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Although a limited number of recent studies have employed proteomic or interactome approaches to
identify potential protein partners of functional CDs, the broader landscape of their biological
interactions is still underexplored.[18, 19] Therefore, advancing CDs from mere antioxidant agents to
mechanism-based precision medicines requires a paradigm shift: from observing phenotypic efficacy to
elucidating precise target engagement and downstream signaling.

In this study, we report the discovery and mechanistic characterization of an orally active phytocarbon
dot derived from Dianthus superbus (D-CDs), which functions as a target-specific protein degrader in
hepatic fibrosis. We first observed that D-CDs potently attenuated HSC activation and fibrosis
progression in vitro and in vivo, an effect not fully explained by general antioxidant activity. Through
integrated proteomic screening and functional validation, we unexpectedly identified enolase 1 (ENO1), a
glycolytic enzyme with emerging roles in fibrotic signaling, as the direct binding target of D-CDs.
Importantly, D-CDs do not inhibit the enzymatic activity of ENO1. Instead, they act as molecular glues
that bind to an allosteric site, inducing a conformational change that exposes lysine 281 and promotes
its ubiquitination, leading to proteasomal degradation of ENO1 and sustained suppression of the
downstream PI3K/AKT-Smad3 axis. To establish the clinical relevance of this target, we performed
single-cell RNA-seq analysis of human fibrotic livers, which revealed a strong correlation between ENO1
expression and disease stage, and confirmed ENO1 protein overexpression in cirrhotic tissues by
immunohistochemistry.

Collectively, this work moves beyond phenomenological description to establish a clear
target-degradation mechanism for a plant-based nanomaterial (Scheme 1). We demonstrate that
phytocarbon dots can be engineered as single-component, orally available “nano-degraders,” and validate
ENO1 as a druggable node in hepatic fibrosis. These findings bridge herbal nanomedicine and targeted
protein degradation, offering a new paradigm for the development of mechanism-driven, orally
administered therapeutics against fibrosis and potentially other protein-driven diseases.

Scheme 1. Schematic illustration of the proposed mechanism by which oral D-CDs alleviate hepatic
fibrosis. Orally administered D-CDs target and bind to enolase 1 (ENO1) on activated hepatic stellate
cells (HSCs). This interaction promotes ENO1 ubiquitination and subsequent proteasomal degradation.
Degradation of ENO1 inhibits the PI3K/AKT signaling pathway and its crosstalk with the TGF-/Smad3
axis, leading to suppressed HSC activation, reduced extracellular matrix (ECM) deposition, and
amelioration of hepatic fibrosis.

Materials and Methods
Materials and Reagents

The herbal material of Dianthus superbus (Qumai) was obtained from Bai Cao Tang (Beijing, China).
Dialysis membrane tubing (molecular weight cut-off: 500 Da) was purchased from Beijing Ruida Henghui
Technology. The EdU Cell Proliferation Kit with AF488 and ROS Assay Kit were purchased from Beyotime
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Biotechnology (Shanghai, China). Detailed product information of chemicals and reagents used in this
study is provided in Supplementary Table S1.

ITC experiments

ITC experiments were performed using a MicroCal PEAQ-ITC system (Malvern) at 25°C in PBS buffer (pH
7.4) [20]. Recombinant human ENO1 protein (5 uM) was placed in the sample cell, and D-CDs (1 mg/mL)
were injected in 19 sequential injections of 2 yL each, with a stirring speed of 750 rpm. The reference
power was set to 10 pcal/s. Data were analyzed using the MicroCal PEAQ-ITC Analysis software with a
one-site binding model.

Molecular Docking and Molecular Dynamics Simulation

The crystal structure of the ENO1 protein was retrieved from the Protein Data Bank (PDB ID: 3B97).
Carbon dots (CDs) were constructed and optimized using ChemOffice Suite. Semi-flexible docking
between CDs and ENO1 was performed with AutoDock Vina (version 1.1.2). The complex system with
the lowest binding energy and most rational binding mode was selected as the initial model for
subsequent molecular dynamics (MD) simulations. MD simulations were conducted using the CUDA-
accelerated AMBER20 pmemd engine (pmemd.cuda). RESP charges for CDs were generated using
Multiwfn. The system was parameterized with the ff19SB protein force field, OPC water model, and
GAFF2 ligand force field. Trajectory snapshots were saved at 100 ps intervals.

Single-cell analysis

Single-cell RNA-seq data from liver tissues of three patients with hepatic fibrosis and three healthy
controls were processed using the Seurat R package (v4.0 or later). Cells expressing 200-2,000 genes
with < 15% mitochondrial content were retained. Data were log-normalized, and highly variable genes
were identified using the “vst” method, followed by scaling and PCA [21, 22]. Batch effects were
corrected with Harmony using sample identity as the grouping variable. The top 15 Harmony dimensions
were used for graph-based clustering (resolution 0.3) and UMAP visualization. Cell types were annotated
using FindAlIMarkers and canonical marker genes. ENO1 expression was visualized with FeaturePlot
and VInPlot, and cell-type proportions were compared using stacked bar plots. For pseudotime analysis,
HSCs and ECM-HSCs were subsetted and analyzed with Slingshot using UMAP embeddings. Gene
expression dynamics along pseudotime were assessed using GAM-based smoothing, revealing gradual
upregulation of ENO1 during HSC-to-ECM-HSC differentiation. Default parameters were used unless
otherwise specified.

Histological Evaluation
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Following the establishment of the animal models, livers or other required organs were collected from
the mice and fixed in 4% paraformaldehyde for 48 hours [23]. The fixed tissues were subsequently
embedded in paraffin and sectioned into thin slices using a microtome. To comprehensively evaluate
tissue morphology and pathological changes, multiple staining techniques were employed, including
hematoxylin and eosin (H&E) for general histoarchitecture assessment, Masson's trichrome for collagen
deposition and fibrosis visualization, Oil Red O for lipid accumulation analysis, and Sirius red for collagen
fiber identification.

Mice

C57BL/6 mice (male, 8 weeks old) were supplied by Jinan Pengyue Experimental Animal (license No.
37072640101735252). All procedures involving animals were approved by the Animal Ethics Committee
of Shandong First Medical University (No. W202410180680) and performed in compliance with
institutional guidelines for the ethical use of laboratory animals.

For the CCl -induced hepatic fibrosis model, mice were randomly allocated to five groups (n = 8 per
group): (1) naive control, (2) CCl, model, (3) Silibinin (50 mg/kg, positive control), (4) D-CDs low-dose (5
mg/kg), and (5) D-CDs high-dose (15 mg/kg). Hepatic fibrosis was induced by intraperitoneal injection o
10 % CCl, solution in olive oil (v/v =1:9, 6 mL/kg of body weight) twice weekly for eight weeks. Silibinin
and D-CDs were administered orally every other day throughout the induction period. Control animals
received equivalent volumes of olive oil and saline on the same schedule.

In the methionine/choline-deficient (MCD) diet-induced model, mice were fed an MCD diet for 6 weeks to
induce hepatic fibrosis, while control mice received a methionine/choline-sufficient (MCS) diet. During
the modeling period, MCD-fed mice were treated orally every other day with Silibinin (50 mg/kg) or D-CDs
(5 or 15 mg/kg). Control mice received saline.

After the respective experimental durations (8 weeks for CCl, model, 6 weeks for MCD model), mice
were euthanized under deep anesthesia. Blood samples were collected for serum biochemistry. Liver
tissues were harvested and divided for histopathological analysis (H&E and Masson'’s trichrome
staining), RNA extraction (RT-qPCR), protein extraction (Western blot), and other molecular assays
following established protocols.

Human Tissue Samples and Ethics Statement

Human liver tissue samples were obtained from patients with histopathologically confirmed hepatic
fibrosis/cirrhosis as well as from control subjects with normal liver histology. All samples were collected
with written informed consent from each participant and in strict accordance with the ethical guidelines
approved by the Medical Ethics Committee of Zibo Central Hospital (Approval Number: 2026 YAN 025).
Written informed consent was obtained from each participant prior to sample collection. Tissue
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specimens were fixed in formalin, embedded in paraffin, and sectioned at 4 ym thickness for subsequent
histological and immunohistochemical analyses.

Statistical analysis

All experiments were performed in triplicate. Data are presented as mean + standard deviation (SD).
Statistical analysis was conducted using an unpaired two-tailed Student'’s t-test.

For more experimental details, please refer to Supporting Information.

Results

Synthesis and Structural Characterization of D-CDs

D-CDs were prepared from Dianthus superbus via a one-pot hydrothermal method (Fig. S1), yielding a
stable, dark-brown powder after dialysis and lyophilization. Transmission electron microscopy (TEM)
was employed to elucidate the morphological characteristics of D-CDs. High-resolution TEM revealed
well-defined lattice fringes with a spacing of 0.22 nm (Fig. 1a), corresponding to the (100) planes of
graphitic carbon.[24] The images showed monodisperse, quasi-spherical nanoparticles with an average
diameter of 2.23 £ 0.2 nm (Fig. 1b). Under 365 nm UV excitation, the aqueous dispersion of D-CDs
exhibited strong blue photoluminescence and a distinct Tyndall effect (right inset of Fig. 1a), indicating
excellent colloidal stability. Complementary X-ray diffraction (XRD) analysis further supported the
amorphous carbon structure, showing a broad peak centered at approximately 22° (26) (Fig. 1c).
Photoluminescence characterization highlighted the bioimaging potential of D-CDs, with excitation and
emission maxima at 450 nm and 550 nm (red/blue curves, Fig. 1d), along with a characteristic UV-vis
absorption band at 290 nm (black curve) associated with 1t - t* transitions. Environmental stability tests
showed that the fluorescence intensity remained at95 % of the initial value after 16 days under ambient
conditions (Fig. S2). The nanoparticles also withstood extreme pH values (3 - 10) and high ionic
strength (1.0 M NaCl) (Fig. S2), demonstrating exceptional robustness.

X-ray photoelectron spectroscopy analysis confirmed the elemental composition of D-CDs as carbon
(68.68%), nitrogen (6.00%), and oxygen (25.32%) (Fig. 1e). High-resolution C 1s spectra (Fig. 1f)
identified three distinct carbon species: C-C/C=C (284.2eV),C-0(287.0eV),andC=0(288.4¢V).0
1s spectra (Fig. 1g) were dominated by contributions from C =0 (531.5eV) and C - O (532.6 eV). The
deconvolution of the N 1s spectrum resolved two predominant peaks at binding energies of 399.7 and
401.5 eV, corresponding to pyrrolic N and graphitic N, respectively (Fig. 1Th). Comparative FTIR
spectroscopy revealed abundant surface functional groups on D-CDs (Fig. 1i), includingO-HorN-H
(3380cm™"),C-H (2952cm™"),Cc=0(1642cm™"),C=C (1411 cm™"),and C- 0 (1077 cm™ ")
stretching vibrations, indicating the presence of hydrophilic groups such as hydroxyl and amino groups.
Structural characterization of D-CDs was further conducted using nuclear magnetic resonance (NMR)
spectroscopy. The "TH-NMR spectrum (Fig. 1j) revealed characteristic signals in the aromatic region, with
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resonances between 6 and 10 ppm, which are attributable to aromatic hydrogen atoms. A signal at
approximately 8.0 ppm indicated the presence of phenolic hydroxyl (- OH) groups, which are
pharmacologically relevant due to their potent antioxidant activity through scavenging reactive oxygen
species (ROS).[25] Complementary "3C-NMR signals (Fig. $3) in the range of 20 - 100 ppm were
assigned to aliphatic sp3-hybridized C - O environments, confirming the existence of oxygen-rich
functional groups on the CD surface. Signals in the 110 - 150 ppm region corresponded to sp?-
hybridized carbon atoms within aromatic frameworks, corroborating the aromatic nature of the carbon
core. Additional signals (2.5-5 ppm) were ascribed to functional groups suchas CH-N,N-H, and O -
H, which contribute to surface passivation, hydrophilicity, and biocompatibility.

In summary, comprehensive characterization encompassing morphology, optical properties,
environmental stability, surface chemistry, and molecular structure demonstrates that D-CDs possess a
well-defined quasi-spherical nanostructure, establishing them as a promising theranostic platform for
targeted biomedical applications.

D-CDs Attenuate HSC Activation and Fibrogenesis in vitro

The activation of hepatic stellate cells (HSCs) is a pivotal event in hepatic fibrosis, as these cells serve
as the principal effectors driving excessive extracellular matrix (ECM) deposition.[26] This activation
process is potently induced by the key profibrotic cytokine, transforming growth factor-g (TGF-B).[27] To
evaluate the anti-fibrotic potential of D-CDs, we established an in vitro model by stimulating LX-2 cells
with TGF-B in the presence of varying concentrations of D-CDs. Bright-field microscopy showed that D-
CDs treatment markedly attenuated the TGF-B-induced morphological transition of LX-2 cells toward a
myofibroblast-like phenotype (Fig. 2a, 2b). Furthermore, 5-ethynyl-2'-deoxyuridine (EdU) incorporation
assays indicated that TGF-B stimulation significantly enhanced LX-2 cell proliferation, whereas D-CDs
treatment effectively suppressed this effect (Fig. 2c, 2d). Consistent with these observations, CCK-8
assays confirmed that D-CDs inhibited cell proliferation in a dose-dependent manner (Fig. 2e).

We next examined how D-CDs influence the expression of key fibrotic markers. Using quantitative
real-time PCR (RT-gPCR), we found that D-CDs treatment significantly downregulated the mRNA levels of
Acta2 and Col1a7, which encode a-smooth muscle actin and type | collagen, respectively, compared to
the TGF-B-stimulated group (Fig. 2f, 2g). Consistently, western blot analysis further demonstrated that D-
CDs substantially reduced the protein abundance of both a-SMA and Collagen 1 (Fig. 2h-j).
Immunofluorescence staining clearly showed that the strong a-SMA signal induced by TGF-B was
dramatically diminished following D-CDs intervention (Fig. 2k, 2I). Collectively, these results
demonstrated that D-CDs exert potent anti-fibrotic effects by concurrently suppressing the expression of
critical profibrotic genes and proteins, thereby mitigating the transition of fibroblasts into an activated
myofibroblast phenotype.

Oxidative stress is a well-established driver of hepatic stellate cell (HSC) activation and a key contributor
to hepatic fibrosis.[28] We therefore investigated whether the anti-fibrotic activity of D-CDs involves the
mitigation of this pathway. Structurally, D-CDs are rich in surface phenolic hydroxyl and unsaturated
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carbonyl groups, motifs commonly associated with radical-scavenging potential.[29] To systematically
evaluate their intrinsic antioxidant properties, we performed a series of complementary in vitro assays.
First, the total antioxidant capacity was measured using the ABTS* radical-cation decolorization assay, in
which D-CDs exhibited potent, dose-dependent scavenging activity (Fig. S4). Second, the ability of D-CDs
to neutralize superoxide anion (0,™-) was evaluated using both the nitroblue tetrazolium (NBT) reduction
method and the WST-1-based SOD activity assay, which together confirmed their
concentration-dependent O, scavenging efficacy and significant SOD-mimetic capacity (Fig. S5).

Finally, the hydroxyl radical ("OH) elimination efficiency was examined in a Fenton reaction system, where
D-CDs also displayed pronounced scavenging activity (Fig. S6). Together, these results demonstrate that
D-CDs possess broad-spectrum and potent antioxidant activity across multiple radical species.

We next asked whether this in vitro antioxidant profile translates to a cellular context. In TGF-B-
stimulated LX-2 cells, D-CDs treatment significantly attenuated the accumulation of intracellular reactive
oxygen species (ROS), as evidenced by a marked reduction in DCFH-DA fluorescence intensity (Fig. 2m,
2n). Collectively, these data establish that D-CDs can mitigate oxidative stress both directly in chemical
assays and within activated HSCs. Nevertheless, given that the suppression of HSC activation by D-CDs
was particularly potent and direct, we further hypothesized that a more specific, target-driven
mechanism, beyond general redox modulation, likely underlies their primary anti-fibrotic efficacy.

D-CDs Alleviate Liver Fibrosis by Inhibiting the PI3BK/AKT
Signaling Pathway

To elucidate the molecular mechanism by which D-CDs against fibrosis, we performed transcriptomic
profiling of TGF-B-activated LX-2 cells treated with or without D-CDs. Principal component analysis
showed clear separation between groups, indicating a distinct transcriptional response induced by
D-CDs (Fig. 3a). Differential expression analysis identified 2195 significantly altered genes (1395 up, 796
down), suggesting broad regulatory effects (Fig. 3b). To interpret the functional implications of these
gene expression changes, we performed bioinformatic analysis. Gene Ontology enrichment analysis
indicated that these differentially expressed genes were strongly associated with key fibrosis-related
processes, including positive regulation of cell migration, oxidative stress response, and extracellular
matrix organization (Fig. 3c and Fig. S7, S8). A heatmap was generated to depict the expression profiles
of the significantly enriched genes involved in liver fibrosis-related pathways, revealing distinct clustering
among the treatment groups. A heatmap of fibrosis-related genes confirmed that D-CDs broadly
down-regulated pro-fibrotic transcripts (Fig. 3d). Further KEGG pathway analysis revealed that the
PI3K/AKT signaling pathway was the most significantly enriched among the altered pathways (Fig. 3e),
highlighting its central role in mediating the anti-fibrotic effects of D-CDs. We next validated the
suppression of this pathway through multi-level experiments. Gene set enrichment analysis (GSEA)
further demonstrated significant inhibition of PI3K/AKT signaling activity upon D-CDs treatment (Fig. 3f).
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Based on these findings, we validated the mechanism at the protein level. Western blot analysis
demonstrated that D-CDs effectively suppressed TGF-B-induced phosphorylation of PI3K and AKT

(Fig. 3g, 3h). Consistent with prior reports that the PI3K/AKT pathway enhances Smad3-mediated
fibrogenic responses,[30] the inhibition of PISK/AKT led to a marked reduction in Smad3 phosphorylation
(Fig. 3g), identifying Smad3 as a key downstream effector protein in this regulatory axis. qPCR analysis
confirmed that D-CDs significantly downregulated the mRNA levels of four key fibrogenic genes
downstream of the PI3K/AKT-Smad3 axis (Fn1, Pdgfb, Egr1 and Ccnd1), further supporting the
functional inhibition of this signaling pathway (Fig. 3i-l). Together, these results establish that inhibition
of the PI3K/AKT signaling pathway, accompanied by downregulation of its downstream effector Smad3,
constitutes a primary mechanism through which D-CDs exert their potent anti-fibrotic effects.

D-CDs Bind to and Promote Ubiquitin-Mediated
Degradation of ENO1

To elucidate how D-CDs suppress the PI3BK/AKT signaling pathway, we first sought to identify their direct
molecular target. Integrated proteomic profiling of activated LX-2 cells revealed enolase 1 (ENO1) as a
high-affinity binding candidate of D-CDs (Fig. 4a, 4b). Although traditionally known as a glycolytic
enzyme, ENOT1 also acts as a surface plasminogen receptor implicated in extracellular matrix remodeling
and has been linked to fibrotic progression in other organs via the PI3K-AKT axis.[31, 32] Using cellular
thermal shift assay (CETSA), we validated direct physical binding between D-CDs and ENO1, evidenced
by thermal stabilization of the protein (Fig. 4c, 4d). Isothermal titration calorimetry (ITC) also confirmed
direct binding between D-CDs and ENO1, with an apparent molar dissociation constant (Kd) of
approximately 8 nM (Fig. 4e). The exothermic binding (AH = - 8.312 kJ/g) and positive entropy change
(AS = 60.45 J/g-K) indicate a thermodynamically favorable, multivalent interaction. We next assessed
whether this binding affects the enzymatic activity of ENO1. Surprisingly, in vitro enzyme activity assays
revealed that binding of D-CDs did not significantly alter the glycolytic function of ENO1 (Fig. $9). This
finding prompted us to investigate further: if D-CDs do not act by inhibiting enzymatic activity, does this
specific binding affect the stability of the ENO1 protein itself?

We therefore next examined whether D-CDs induce degradation of the target protein.
Immunofluorescence staining showed that D-CDs treatment dose-dependently reduced ENO1 protein
levels in LX-2 cells (Fig. 4f, g), which was further confirmed by western blot analysis (Fig. 4h, S10). Time-
course analysis revealed rapid degradation, with ~5 % reduction within 6 h (Fig. 4i, S11). Since the
ubiquitin-proteasome system is a primary regulatory pathway for controlling intracellular ENO1
abundance,[33] we investigated whether D-CDs promote ENO1 degradation through this mechanism.
Co-treatment with the proteasome inhibitor MG132 significantly rescued ENO1 protein levels following
D-CDs treatment (Fig. 4j, S12), confirming proteasome-dependent degradation. Consistent with this,
immunoprecipitation followed by anti-ubiquitin immunoblotting revealed a markedly stronger
poly-ubiquitin laddering signal in D-CD-treated samples (Fig. 4k), providing direct evidence that D-CDs
promote ENO1 ubiquitination.
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To further elucidate the structural mechanism underlying D-CDs-induced ubiquitination, we performed
all-atom molecular dynamics (MD) simulations. The systems reached equilibrium after 100 ns, and the
stable trajectory (150-200 ns) was used for analysis (Fig. S13). The simulations revealed that D-CDs
stably bind to a surface cavity on ENO1 distant from its catalytic center (Fig. 4l), which aligns with our
observation that D-CDs do not inhibit ENO1 enzymatic activity. The binding was stabilized by hydrogen
bonds between charged groups on D-CDs and ENO1 residues D238, K285, D286, Y287, G312, R426, and
R429, as well as by hydrophobic interactions between the nitrogen-containing carbon skeleton of D-CDs
and residues V173, V241, 1284, P288, V289, V290, and 1313 (Fig. 4k). Notably, D-CDs binding induces a
local conformational rearrangement in ENO1, increasing the distance and inter-helical angle between a-
helix 7 and a-helix 8 (Fig. 4m). This change disrupts the packing between K281 and S310, leading to
enhanced solvent exposure of K281 (Fig. 4n). As K281 is a predicted ubiquitination site, its increased
accessibility provides a structural mechanism for the enhanced ubiquitination of ENO1 observed in cells.
In summary, these simulations demonstrate that D-CDs act as an allosteric modulator, binding remotely
from the active site to selectively expose the ubiquitination site K281, thereby promoting ENO1
ubiquitination and subsequent degradation (Fig. 40).

The Anti-fibrotic Efficacy of D-CDs is ENO1-Dependent

To establish whether the anti-fibrotic effects of D-CDs are mediated specifically through ENO1, we
performed both genetic loss-of-function and pharmacological competition experiments. First, we used
siRNA to genetically deplete ENO1 in LX-2 cells. Successful knockdown was confirmed by western blot
(Fig. S14). Notably, loss of ENO1 potently suppressed the TGF-B-induced phosphorylation of key
signaling nodes in the PI3K/AKT-Smad cascade (p-PI3K, p-AKT, and p-Smad3) and concurrently
downregulated the expression of the fibrosis effector proteins a-SMA and collagen | (Fig. 5a, b).
Consistent with these protein-level changes, qPCR analysis confirmed a significant reduction in the
mRNA levels of Acta2 and Col7a7 (Fig. 5c). This genetic phenocopy of D-CDs treatment strongly
suggested that ENO1 is a critical upstream regulator of the fibrotic signaling network in HSCs.

To further interrogate whether D-CDs require direct interaction with ENO1 to exert their effects, we
employed the competitive inhibitor cinnamaldehyde (CA).[34] Co-treatment with CA effectively blocked
the D-CDs-mediated reduction of ENO1 protein and restored the activity of the downstream PI3K/AKT
pathway, as evidenced by recovered levels of p-PI3K and p-AKT (Fig. 5d, e and S15). Concordantly, the
suppressive effect of D-CDs on the transcription of Acta2 and ColTa7 was also reversed in the presence
of CA (Fig. 5f). This pharmacological rescue experiment provided direct evidence that the anti-fibrotic
activity of D-CDs is contingent upon their specific binding to ENO1. Finally, to assess the functional
consequence of ENO1 loss on a key pro-fibrotic phenotype, we evaluated HSC proliferation. EAU
incorporation assays revealed that siRNA-mediated knockdown of ENO1 significantly inhibited
TGF-B-driven proliferation of LX-2 cells (Fig. 5g, h), mirroring the anti-proliferative effect of D-CDs
treatment.
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In summary, the convergence of genetic knockdown and pharmacological inhibition data unequivocally
demonstrates that ENO1 is a master regulatory node in HSC activation and that the therapeutic efficacy
of D-CDs is mechanistically rooted in their targeted engagement and functional perturbation of ENO1.

Single-Cell and Human Tissue Validation of ENO1 in
Hepatic Fibrosis

To definitively establish ENO1 as a clinically relevant target, we interrogated its expression dynamics
across the spectrum of human hepatic fibrosis by integrating single-cell transcriptomics with
histopathological validation. First, we analyzed single-cell RNA-sequencing (scRNA-seq) data from liver
tissues of three patients with hepatic fibrosis (6SE210077).[35] Unsupervised clustering and uniform
manifold approximation and projection (UMAP) visualizations identified ten major cell populations,
which were annotated based on established marker genes (Fig. 6a and S16). These included hepatocyte
subclasses, hepatic stellate cells (HSCs), endothelial cells, cholangiocytes, and immune subsets.
Notably, ENO1 expression was predominantly enriched in fibrosis-associated cell types, particularly in
ECM HSCs and two distinct fibrotic hepatocyte subsets (Fibrotic Hep1 and Fibrotic Hep2) (Fig. 6b).
Consistent with this expression pattern, cellular proportion analysis revealed a marked expansion of
these ENO1-high populations in fibrotic livers compared to healthy controls (Fig. 6¢ and S16). At the
tissue level, violin plot analysis further confirmed a significant upregulation of overall ENO1 expression in
fibrotic samples (Fig. 6d).

Given the pronounced ENO1 expression in ECM HSCs, we next sought to characterize its dynamic
regulation during HSC activation. Pseudotime trajectory inference using Slingshot reconstructed a
continuous differentiation path from quiescent HSCs toward activated, ECM HSCs (Fig. 6e). Along this
activation trajectory, ENO1 expression progressively increased with advancing pseudotime (Fig. 6f),
suggesting its potential role in promoting HSC activation and extracellular matrix remodeling during
fibrogenesis.

We further validated the pathological relevance of ENO1 through direct histopathological examination of
human liver specimens. Hematoxylin and eosin (H&E) and Masson'’s trichrome staining of cirrhotic
tissues confirmed severe architectural distortion, inflammatory infiltration, and extensive collagen
deposition, consistent with advanced fibrosis (Fig. 6g, h). Immunohistochemical analysis demonstrated
markedly intensified ENO1 protein expression in cirrhotic livers compared to controls, with strong signals
localized to regions of active fibrogenesis (Fig. 6i). Semiquantitative scoring confirmed a significant
increase in ENO1 immunoreactivity in fibrotic tissues (Fig. S17).

In summary, by combining single-cell transcriptomics with human tissue pathology, we establish ENO1
as a fibrosis-associated protein that is upregulated during HSC activation and consistently
overexpressed in human cirrhotic livers, thereby reinforcing its potential as a therapeutic target for
hepatic fibrosis.
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D-CDs Ameliorate CCL, Induced Mouse Liver Fibrosis by
Targeting the ENO1-PI3K/AKT Axis

Having established the anti-fibrotic mechanism of D-CDs in vitro, we next evaluated their therapeutic
efficacy in a well-characterized CCl-induced murine model of hepatic fibrosis.[36] As illustrated in

Fig. 7a, mice received oral administration of D-CDs at two doses (5 or 15 mg/kg) or Silibinin (50 mg/kg,
positive control) during the 8-week fibrosis induction period. The experimental groups are detailed in
Fig. 7b. D-CDs treatment, particularly at the higher dose, alleviated the CCl,-induced body weight loss
(Fig. 7c) and significantly attenuated liver injury, as reflected by reduced serum levels of aspartate
aminotransferase (AST), alanine aminotransferase (ALT), and alkaline phosphatase (ALP) (Fig. 7d-f).
Macroscopic inspection of livers revealed that D-CDs markedly diminished the fibrotic nodules present in
the CCl, model group (Fig. 7g). Histopathological analysis provided further evidence of protection. H&E
staining revealed that D-CDs alleviated architectural distortion, hepatocyte ballooning, necrosis, and
inflammatory infiltration (Fig. 7h). Sirius Red and Masson’s trichrome staining confirmed that D-CDs
potently reduced collagen deposition and fibrotic septa formation, with the high-dose group exhibiting
efficacy superior to that of Silibinin (Fig. 7h).

To determine whether the mechanism identified in vitro operates in vivo, we analyzed key molecular
markers in liver tissues. RT-gPCR and western blot analyses consistently showed that D-CDs
significantly suppressed the up-regulation of a-SMA and Collagen 1 induced by CCl, (Fig. 7i-m).
Furthermore, D-CDs treatment downregulated the mRNA expression of the hepatic stellate cell activation
markers Vimentin and Desmin compared with the model group (Fig. S18). Crucially, western blotting
confirmed that D-CDs down-regulated ENO1 protein levels and concurrently inhibited the
phosphorylation of PI3K, AKT, and Smad3 in fibrotic livers (Fig. 7k, S19). Collectively, these in vivo results
demonstrate that oral administration of D-CDs effectively attenuates established hepatic fibrosis by
specifically targeting the ENO1-PI3K/AKT-Smad3 axis in the liver, thereby validating our mechanistic
model in a whole-organism context.

D-CDs Alleviate MCD Diet-Induced Metabolic-Associated
Liver Fibrosis via the ENO1-PI3K/AKT Axis

To substantiate the broad therapeutic potential of D-CDs across different fibrotic etiologies, we
evaluated their efficacy in a methionine-choline-deficient (MCD) diet-induced mouse model,[37] which
recapitulates key aspects of metabolic dysfunction-associated steatohepatitis (MASH) and fibrosis.
After 1 week of MCD diet-induced injury, mice received daily oral administration of D-CDs (5 or 15 mg/kg)
or Silibinin for 8 weeks (Fig. 8a). D-CDs treatment significantly alleviated MCD-diet-induced
hepatomegaly, as indicated by improved body weight and liver-to-body weight ratios (Fig. 8c). Consistent
with this phenotypic improvement, serum levels of liver injury markers, including ALT, AST, and ALP

(Fig. 8d-f), were markedly reduced by D-CDs treatment, with the high dose showing particularly potent
activity. Macroscopic evaluation further revealed that D-CDs diminished the fibrotic nodularity on the
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liver surface observed in the MCD model group (Fig. 8g). Histological analysis provided multi-faceted
evidence of protection. H&E staining indicated attenuated inflammatory infiltration, and Masson's
trichrome staining confirmed a pronounced reduction in collagen deposition (Fig. 8h). Importantly, Oil
Red O staining demonstrated that D-CDs also suppressed hepatic lipid accumulation (Fig. 8h), indicating
a beneficial effect on the steatotic component of MASH.

At the molecular level, D-CDs treatment dose-dependently down-regulated the mRNA and protein
expression of the fibrotic markers a-SMA and Collagen 1 (Fig. 8i-m). Consistent with this anti-fibrotic
effect, the treatment also significantly reduced the gene expression of stellate cell activation markers
Vimentin and Desmin (Fig. S20). Most notably, and in direct alignment with the mechanism established
in vitro and in the CCl, model, D-CDs reduced hepatic ENO1 protein levels and inhibited phosphorylation
of PI3K, AKT, and Smad3 (Fig. 8k, S21). Together, these results demonstrate that D-CDs effectively
ameliorate metabolically driven hepatic fibrosis through consistent suppression of the ENO1-
PI3K/AKT-Smad3 axis across both toxic and dietary fibrotic models.

Comprehensive Biosafety and Biodistribution Profiling of
D-CDs

Prior to considering the therapeutic application of any nanomaterial, a systematic evaluation of its
biosafety is paramount. To this end, we conducted a multi-tiered toxicological assessment of D-CDs. The
initial in vitro safety profile was established using three human normal cell lines representing potential
exposure or metabolic routes, including AML-12, HUVEC, and NCM460 cells. After 24 h of exposure,
CCK-8 assays showed that cell viability remained above 98% even at the highest concentration of D-CDs
tested (Fig. 9a, b and S22), indicating minimal cytotoxicity. We then assessed developmental and
systemic toxicity in vivo. In zebrafish embryos, exposure to D-CDs did not induce significant
morphological abnormalities in the yolk sac, nor did it adversely affect hatching rates (48 and 92 h) or
96-h survival rates (Fig. 9¢, 9d and S23). Hemocompatibility was confirmed by a hemolysis assay, which
showed no significant red blood cell lysis at any tested concentration of D-CDs (Fig. 9e).

To evaluate subchronic oral toxicity, mice were administered D-CDs daily at high doses (100 or 500
mg/kg) for 4 weeks. One month after the initiation of dosing, comprehensive key serum biochemical
markers (Fig. 9f, 9g and S24) and hematological parameters (Fig. $25) all remained within normal
physiological ranges. Subsequent histopathological examination of major organs (heart, liver, spleen,
lungs, and kidneys) revealed no notable lesions or abnormalities in H&E-stained sections (Fig. 9h).
Finally, we investigated the in vivo distribution of D-CDs using Cy5-labeled nanoparticles. After
intravenous injection, fluorescence signals were detected in multiple tissues, peaking at 3 h and being
largely cleared by 48 h, indicating efficient clearance of D-CDs (Fig. 9i, S26). The strongest signals were
localized predominantly in the kidneys and liver, aligning with the primary routes of metabolism and
excretion.[38] In summary, these findings robustly support the further biomedical development and
translational potential of D-CDs as a safe nano-therapeutic agent.
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Discussion

Despite advances in understanding hepatic fibrosis, the absence of clinically approved targeted
therapies remains a major translational gap.[39] Here, we bridge this gap by transforming a traditional
herbal medicine into an orally active nanotherapeutic with a defined protein-degradation mechanism.
Specifically, we engineered phytocarbon dots (D-CDs) from Dianthus superbus that function as a
first-in-class oral nano-degrader, directly targeting enolase 1 (ENO1) for ubiquitin-proteasomal
destruction, thereby suppressing the PI3K/AKT-Smad3 axis and attenuating fibrosis. This work provides
a conceptual and practical advance by integrating herbal nanomedicine with the targeted protein
degradation paradigm.

While proteolysis-targeting chimeras (PROTACSs) have established a powerful paradigm for degrading
disease-driving proteins, their clinical translation is often constrained by poor oral bioavailability and
complex synthesis.[40] Nanoparticle-based systems offer an alternative route, yet many require
intravenous administration and lack the inherent safety of natural products.[41] Here, we show that
carbon dots synthesized from a herb traditionally used for liver disorders, can be designed as a single-
component, orally administered nano-degrader. D-CDs combine the favorable safety profile of their
botanical origin with effective systemic exposure and liver accumulation after oral delivery, addressing a
key limitation of current degrader modalities and providing a scalable, plant-inspired therapeutic
platform.

A major barrier in developing bioactive nanomaterials is the frequent absence of well-defined molecular
targets. Using integrated proteomic and transcriptomic analysis, we identified enolase 1 (ENO1) as the
direct target of D-CDs. Beyond its role in glycolysis, ENO1 serves as a surface plasminogen receptor
implicated in extracellular matrix remodeling and fibrogenic signaling.[42] Its pathological relevance is
underscored by significant upregulation in human fibrotic liver samples. Direct binding between D-CDs
and ENO1 was confirmed via cellular thermal shift assays and competitively inhibited by
cinnamaldehyde. To our knowledge, this is the first report of a plant-derived carbon dot system that
selectively engages and degrades ENO1, validating it as a druggable node in hepatic fibrosis.

Nevertheless, several questions warrant further investigation. Although we identified ENO1 as a primary
target, the precise structural motifs on D-CDs responsible for this targeting remain to be deciphered. In
addition, the long-term biodistribution, potential accumulation, and immune compatibility of repeatedly
administered D-CDs require systematic evaluation. Future studies incorporating ENO1-knockout models
or patient-derived HSCs could further validate the target and enhance the mechanistic credibility.

In conclusion, this study establishes a new strategy for treating hepatic fibrosis using an orally
administered, plant-derived nano-degrader that targets ENO1. By fusing the targeted degradation
paradigm with the translational advantages of herbal nanomedicine, our work provides a blueprint for
developing mechanism-based, orally available therapeutics. Future efforts should focus on elucidating
the precise surface moieties of D-CDs responsible for ENO1 recognition, evaluating long-term safety and
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biodistribution, and validating this approach in patient-derived systems. This platform may also be
extendable to other protein-driven fibrotic diseases, broadening its potential therapeutic impact.
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Figure 1

Characterization of D-CDs. (a) TEM image (insets: size distribution, lattice fringes, and D-CDs solution
under white-light and 365nm UV illumination). (b) Particle-size distribution. (c) XRD pattern. (d) UV-vis
absorption (black), excitation (red), and emission (blue) spectra. (e) XPS survey spectrum. (f) C1s, (g)
01s, (h) N 1s high-resolution spectra. (i) FT-IR spectra. (j) "H NMR spectrum of D-CDs.
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In summary, comprehensive characterization encompassing morphology, optical properties,
environmental stability, surface chemistry, and molecular structure demonstrates that D-CDs possess a
well-defined quasi-spherical nanostructure, establishing them as a promising theranostic platform for
targeted biomedical applications.

a b
&1 G2 G3 i G4 G5 G1: Control G4: TGF-B+D-CDs (200 pgimL)
G2: TGF-p  G5: TGF-B+D-CDs (400 pgimL)
o = - : — N
2 i ; i : i G3: TGF-B+D-CDs (100 pgimL)
E : : 4 ; | ' P <0.001
e | e o e Ao 5100 1P <0001 P<0001
= g . Ny ‘ﬂi -if ; 3 < P < 0.001
= Wl o = i P i 0 T 75
5
T 50
g
g s
~ & 25
— 0
Gl G2 G3 G4 G5
c d e
[-*]
g P=0005 P =0.002
8 249 . go03 P=0042 150 9P =0.006 p=0po015
< = - P=0132 = P=0043
= £
~ 1 = A =
- £ 16 1 £ 100 R .,
k- a2 i #
§ 3 T 2
£ S S 50
©
w
@
= Gl G2 G3 G4 G5 G1 G2 G3 G4 G5
f Acat2 g Coltat h
F=0.001 F=0.006 G1 G2 G3 G4 G5
510 P=0.001 P=0,003 P=0.002 P=0008
= P =0.009 +p=
g o £=0, £20,013 o-SMA | SRS S SN BN e | 240
a
=
o
< 8 Collagen 1| SR SN S e s | 130 kD
X4
S ot L 1 1 T EI
o
& o0

Gl G2 G3 G4 G5 Gi G2 G3 G4 G5
i | n
25 P <0.001 28- P <0.001 4.0+ P <0.001 40 P=0.001
P=0.012 P=0015 . P=0.003 P=0003 2 P=0.002 P=0023 g P=0.001 P=0002
Z 20 P=0.021 S 214 P=0002 & 304 1 E=0370 & 830 b= 0006
o 1 < [ w -+
E 8 8w
o1 ‘-2 1 5 ©
. - 2 2 £204
= g 2 25
2 g 8 =
-] ) 6 2 E10
0.5 +] o &
Q
0.0 0-
G1 G2 G3 G4 G5 G1 G2 G3 G4 G5 G1 G2 G3 G4 G5

a-SMA
DCFH-DA

G1 G2 G3 G4 G5

Hoachst
Hoechst

[
2
7]

=

Merge

Figure 2

Page 21/33



D-CDs ameliorate TGF-B-induced fibrotic activation in LX-2 cells in vitro. (a) Bright-field images showing
morphological changes of LX-2 cells after 4 days of TGF-$ stimulation with or without D-CDs treatment.
Scale bar: 100 um. (b) Quantification of cell proliferation based on bright-field image analysis. (c, d) EdU
assay evaluating cell proliferation: (c) representative images and (d) corresponding statistical analysis.
Scale bar: 100 pm. (e) Cell proliferation measured by CCK-8 assay under indicated treatments. (f, g)
mRNA expression levels of a-SMA and Collagen 1 were analyzed by RT-gPCR. (h) Western blot analysis
of a-SMA and Collagen 1 protein expression. (l, j) Quantification of a-SMA (i) and Collagen 1 (j) protein
levels from Western blot data. (k) Representative immunofluorescence images of a-SMA (green) in LX-2
cells. Scale bar: 10 um. (I) Quantitative analysis of a-SMA fluorescence intensity. (m) Representative
fluorescence micrographs showing intracellular ROS levels detected by DCFH-DA probe. Scale bar: 100
pum. (n) Quantitative analysis of intracellular ROS levels corresponding to (m). Data represent mean + SD
(n = 3). Statistical significance was calculated by using an unpaired two-tailed Student’s t-test.
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Figure 3

D-CDs alleviate hepatic fibrosis through suppression of the PI3BK/AKT signaling pathway. (a) PCA of
transcriptomic profiles from control, model (TGF-B-treated), and D-CDs-treated LX-2 cells. (b) Volcano
plot showing differentially expressed genes between the model and D-CD-treated groups. (c) GO
enrichment analysis of up-regulated biological processes. (d) Heatmap of fibrosis-related gene
expression from RNA-seq data. (e) KEGG pathway enrichment analysis of differentially expressed genes.
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(f) GSEA result showing inhibition of the PI3K/AKT signaling pathway after D-CD treatment. (g) Western
blot analysis of key proteins in the PI3K/AKT and Smad pathways. (h) Quantification of p-PI3K, p-AKT,
and p-Smad3 protein levels from three independent experiments. (i-l) mRNA expression levels of Fn7,
Pdgfb, and Ccnd1 analyzed by RT-gPCR. Data represent mean * SD (n = 3). Statistical significance was
calculated by using an unpaired two-tailed Student'’s t-test.
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D-CDs target ENO1 for ubiquitin-proteasome degradation via an allosteric mechanism. (a) Cellular
thermal shift assay (CETSA) workflow. (b) Protein binding affinity scores of D-CDs. (c) CETSA evaluation
of the binding between D-CDs and ENO1. (d) Quantitative analysis of ENO1 thermal stability. (e) ITC
analysis of D-CDs binding to ENO1. (f) Immunofluorescence staining of ENO1 (red) in LX-2 cells. Scale
bar: 10 pm. (g) Quantitative analysis of ENO1 fluorescence intensity. (h) Western blot analysis of ENO1
protein expression after D-CDs treatment. (i) Time-dependent degradation of ENO1 protein following
D-CDs exposure. (j) ENO1 protein expression with or without the proteasome inhibitor MG132 after
D-CDs treatment. (k) Analysis of ENO1 ubiquitination levels. (I) Binding pose of D-CDs (green) at a
surface cavity of ENO1, with key interacting residues shown as sticks. Hydrogen bonds and hydrophobic
interactions are indicated by dashed lines. (m) Conformational change induced by D-CDs binding,
showing increased distance and angle between a-helix 7 and a-helix 8. (n) Enhanced solvent exposure of
the ubiquitination site K281 due to disrupted packing with S310. (o) Schematic illustration of the
allosteric degradation mechanism of ENO1 by D-CDs. Data represent mean * SD (n = 3). Statistical
significance was calculated by using an unpaired two-tailed Student'’s t-test.
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Figure 5

The anti-fibrotic effect of D-CDs is ENO1-dependent. (a) Western blot analysis of ENO1, downstream
signaling proteins (p-PI3K, p-AKT, p-Smad3), and fibrotic markers (a-SMA, collagen I) after TGF-$3
stimulation. (b) Quantitative analysis of the protein levels shown in (a). (c) mRNA expression levels of
Acta2 (a-SMA) and Col1a1 (collagen 1) in control and ENO1-knockdown cells, measured by RT-qPCR. (d)
Western blot showing that co-treatment with CA reverses the D-CDs-mediated reduction of ENO1 protein
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and restores the phosphorylation of PI3K and AKT. (e) Quantification of protein levels from (d). (f) mMRNA
expression of Acta2 and Col1a1 after treatment with D-CDs, CA, or their combination, analyzed by
RT-gPCR (n = 3). (g) Representative images of EdU staining (green) in control and ENO1-knockdown LX-2
cells under TGF-B stimulation. Nuclei were counterstained with DAPI (blue). (h) Quantitative analysis of
EdU-positive cells. Statistical significance was calculated by using an unpaired two-tailed Student’s t-
test. All quantitative data, derived from three biologically independent replicates, are shown as mean +
SD.
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Figure 6

Single-cell and histopathological validation of ENO1 as a fibrosis-associated target in human liver. (a)
UMAP visualization of integrated scRNA-seq data from fibrotic and healthy human livers. (b) ENO1
expression across cell types visualized in a feature plot. (c) Cell-type proportions in fibrotic versus
healthy livers. (d) Violin plot comparing overall ENO1 expression between fibrotic and control tissues. (e)
Pseudotime trajectory (Slingshot) illustrating HSC differentiation toward ECM HSCs. (f) ENO1 expression
dynamics along pseudotime. (g) Representative H&E staining of human liver sections. (h) Masson'’s
trichrome staining highlighting collagen deposition (blue) in fibrotic septa. (i) Immunohistochemical
staining for ENO1. Scale bars: 100 um (g-i).
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Figure 7

Therapeutic efficacy of D-CDs in CCl,-induced hepatic fibrosis in mice. (a) Schematic of the CCl -induced
fibrosis model and oral D-CDs treatment regimen. (b) List of experimental groups. (c) Changes in mouse
body weight during the treatment period (n = 8). (d-f) Serum levels of aspartate aminotransferase (AST),
alanine aminotransferase (ALT) and alkaline phosphatase (ALP) across experimental groups (n = 5). (g)
Representative macroscopic images of livers from each group. (h) Representative histopathological
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images of liver sections stained with H&E, Sirius Red, and Masson'’s trichrome (n = 5, Scale bar: 100 pm).
(1, j) Hepatic mRNA expression levels of a-SMA (i) and Collagen 1 (j) measured by RT-gPCR (n = 5). (k)
Western blot analysis of indicated proteins in liver lysates (n = 5). (I, m) Quantitative analysis of a-SMA ()
and Collagen1 (m) protein levels (n = 5). Data represent mean * SD. Statistical significance was
calculated by using an unpaired two-tailed Student'’s t-test.
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D-CDs attenuate MCD diet-induced hepatic fibrosis in mice. (a) Schematic of the MCD diet-induced
fibrosis model and D-CDs treatment timeline. (b) List of experimental groups. (c) Liver-to-body weight
ratio in mice (n = 8). (d-f) Serum levels of AST, ALT and ALP across experimental groups (n = 5). (g)
Representative macroscopic images of livers from each group. (h) Representative histopathological
images of liver sections stained with H&E, Sirius Red, and Masson'’s trichrome (n = 5, Scale bar: 100 ym).
(1, j) Hepatic mRNA expression levels of a-SMA (i) and Collagen1 (j) measured by RT-gPCR (n = 5). (k)
Western blot analysis of indicated proteins in liver lysates (n = 5). (I, m) Quantitative analysis of a-SMA ()
and Collagen1 (m) protein levels (n = 5). Data represent mean + SD. Statistical significance was
calculated by using an unpaired two-tailed Student'’s t-test.
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Figure 9

Biosafety and biodistribution profile of D-CDs. (a, b) Viability of (a) AML-12 and (b) HUVEC cells after 24
h incubation with increasing concentrations of D-CDs. (c) Representative bright-field images of zebrafish
following exposure to D-CDs. (d) Survival rates of zebrafish post-fertilization following treatment with
indicated concentrations of D-CDs. Each dot represents ten zebrafish embryos. (e) Hemolysis assay of
D-CDs. (n = 3). (f, g) Serum levels of AST and ALT across different treatment groups. (n = 6) (h)
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Hematoxylin and eosin (H&E) staining of major organs from mice in different groups. (n = 4) (i) In vivo
fluorescence imaging of mice at different time points after intravenous injection of Cy5-labeled D-CDs
(D-CDs@Cy5) (n = 3). Quantification of overall fluorescence intensity is shown in the adjacent panel.
Data represent mean + SD. Statistical significance was calculated by using an unpaired two-tailed
Student’s t-test.
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