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ABSTRACT:

Impaired wound healing remains a significant clinical challenge prompting the exploration of
DPMC-derived small extracellular vesicles (sSEVs) combined with Aloe vera bioactive compounds
as a synergistic therapeutic platform. Network pharmacology identified 113 overlapping target
genes among DPMSCs, wound healing pathways, and four aloe vera compounds (aloe emodin,
emodin, anthranol and l-rhamnose) with hub regulatory proteins AKT1, THF, STAT3, MMP9,
ESR1, JAK2 and EGFR. Swiss ADME analysis confirmed aloe-emodin and emodin as lead
candidates (GI absorption: 74-91%; Lipinski violations: 0). Molecular docking demonstrated the
strongest binding affinities for aloe-emodin-GAPDH (—9.8 kcal/mol) and emodin-MMP9 (—8.1
kcal/mol). A 100 ns molecular dynamics simulation confirmed stable protein—ligand complexes
(RMSD: 1-3 A), robust hydrogen-bond occupancy (>84%), and sustained secondary structural
integrity. These findings provide a compelling computational framework for a DPSC-sEVs-A4loe
vera combinatorial wound healing platform targeting inflammation, angiogenesis, and
extracellular matrix remodelling simultaneously.

Keywords: dental pulp stem cells; small extracellular vesicles; molecular dynamics; network
pharmacology; ;GAPDH; MMP9

1. INTRODUCTION:
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Dental Pulp Stem Cells have therapeutic effects on wound healing through a number of
coordinated processes. Their pro-angiogenic secretome, which is full of VEGF-A, angiopoietin-1,
PDGF-BB, and basic fibroblast growth factor (bFGF), makes endothelial cells grow, move, and
form tubes. This leads to neovascularization in ischemic wound beds, which is a major barrier to
healing chronic ulcers [1]. DPSCs also control how the extracellular matrix works by changing the
balance of matrix metalloproteinases (MMPs) and their tissue inhibitors (TIMPs). This stops too
much proteolysis and pathological fibrosis while helping functional matrix deposition [2]. Several
preclinical studies using DPSC-conditioned medium or direct DPSC transplantation in full-
thickness rodent wound models have shown that the wounds heal much faster, collagen deposition
is better, epidermal regeneration is better, and inflammatory infiltration is lower than in vehicle
controls [3].

Mesenchymal Stem Cells-derived Small Extracellular Vesicles have been identified as
exceptionally potent therapeutic entities. Comprehensive proteomics, transcriptomics, and miRNA
profiling have identified hundreds of bioactive constituents, including growth factors (VEGF,
TGF-B, EGF, FGFs) [4], heat shock proteins (HSP70, HSP90) that mitigate proteotoxic stress in
injured cells, adhesion molecules (integrins, fibronectin) facilitating sEVs uptake by wound-
resident cells, and a complex miRNA payload—notably miR-21, miR-146a, miR-23a, miR-155,
and miR-223—that regulates NF-«B signalling, TGF-B/SMAD pathways, apoptosis, angiogenesis,
and macrophage polarization in recipient cells [5-6]. Most importantly, SEVs have the same
immunomodulatory and pro-regenerative properties as parent MSCs, but without the dangers of
ectopic engraftment, tumorigenicity, or immunological rejection. They can also be lyophilized and
stored, which makes clinical logistics much easier [7].

DPSC-derived sEVs (DPSC-sEVs) are known to be especially rich in pro-regenerative cargo since
their parent cells come from the neural crest. Proteomic investigations demonstrate a significant
presence of fibronectin, heat shock proteins, tetraspanins CD63 and CD81, and annexins, coupled
with a microRNA profile notably enriched in angiogenic (miR-21, miR-210) and proliferative
(miR-23a) regulators [8]. In vitro, DPSC-sEVs dramatically boost the migration, proliferation, and
tube-forming capacity of HUVECs, and stimulate the proliferation, migration, and collagen type 1
synthesis of human dermal fibroblasts (HDFs) [9]. In full-thickness wound models that were not
yet tested on humans, DPSC-sEVs applied to the skin sped up wound closure by 30-50%
compared to controls. They also promoted M2 macrophage polarization, lowered the levels of
TNF-a, IL-1pB, and IL-6, increased the density of CD31* vessels, and made the organization of
collagen fibres and the thickness of the epidermis better. This is a full pro-healing phenotype that
has been confirmed in several independent studies [10].

Aloe vera gel has a powerful antioxidant effect because it contains vitamins C and E, B-carotene,
and superoxide dismutase [11]. This is especially important for healing chronic and diabetic
wounds, where too many reactive oxygen species (ROS) can cause cell damage, slow down
angiogenesis, and keep inflammation going. The gel's and latex's antimicrobial properties against
Staphylococcus aureus, Pseudomonas aeruginosa, Streptococcus pyogenes, and Candida
albicans—organisms that often cause wound infections and biofilm-mediated healing failure—
make them even more useful in the clinic as a wound management agent. Clinical evidence is
substantial: a Cochrane systematic review and meta-analysis revealed significantly decreased
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wound healing time with aloe vera preparations in burns and surgical wounds relative to
conventional dressings [12], while various independent clinical trials have validated accelerated
re-epithelialisation, diminished wound depth, and enhanced pain management in pressure ulcers,
chronic leg ulcers, and postoperative wounds [13].

The study highlights the significance of combining stem cell-derived vesicles and plant bioactives
in wound healing. Natural polymer hydrogels loaded with exosomes were more effective in
promoting blood vessel formation, new skin cell growth, and collagen maturation compared to
either component alone, due to enhanced cell signalling. Notably, acemannan hydrogel with MSC-
conditioned media increased the expression of vital growth factors in human dermal fibroblasts,
exceeding the effects of each treatment alone. With the established safety of both components,
including DPSC-sEVs in clinical trials and FDA-approved Aloe vera products, the proposed
strategy aims to integrate these elements for comprehensive wound healing. This approach focuses
on all four wound healing phases to ensure effective inflammation resolution, angiogenesis, and
matrix remodelling, with plans for rigorous efficacy testing through in vitro and in vivo models.

2. MATERIALS AND METHODS

All in silico analyses, including Glide docking, induced fit docking (IFD), and molecular dynamics
(MD), were performed using Schrodinger LLC Maestro version 10.2

2.1. Preparation (identification) of phytocompounds and protein structure for in silico
analysis

The 3D structure-data files of the Aloe Vera compounds were retrieved from the PubChem
database to acquire the molecular representations in Canonical SMILES format [14] for the
following bioactive compounds: Aloe Emodin (PubChem CID 10207, CisH10Os and 270.24
g/mol), Emodin (PubChem CID 3220, Ci5H100s and 270.24 g/mol), Anthranol (PubChem CID
10731, C14H100 and 194.23 g/mol), and L-rhamnose (PubChem CID 25310, C¢H1205 and 164.16
g/mol) [15].

2.2. Target protein identification and preparation of protein structure

Three-dimensional crystal structures of selected target proteins were retrieved from the Protein
Data Bank (RCSB PDB; https://www.rcsb.org) for molecular docking simulations with bioactive
compounds from Aloe vera (aloe-emodin, emodin, anthranol, and L-rhamnose). Structures were
chosen based on targets identified via Swiss Target Prediction (probability > 0.7) and PPI network
hubs (degree centrality > 50) [16], prioritising relevance to wound healing pathways such as
apoptosis regulation, inflammation, ECM remodelling, receptor tyrosine kinase signalling, and
angiogenesis [17-18].

2.3. ADME and target prediction and toxicity prediction

The pharmacokinetic and drug-likeness properties of the selected four compounds Aloe vera
bioactive compounds-aloe-emodin (CisH100s; PubChem CID:10207),emodin(CisH100s;Pubchem
CID:3220),anthranol(Ci4H100;Pubchem,CID:10731), and 1-
rhamnose(CsH120s;PubchemCID:25310) were evaluated using Swiss ADME (version 2026Q1).
Parameters such as molecular weight, lipophilicity (Log P), water solubility, gastrointestinal
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absorption, and cytochrome P450 enzyme interactions were analysed. Target prediction was
performed using SwissTargetPrediction, and active targets were recognized grounded in the
criteria of norm fit >0.9 and the top 50 rankings to identify potential biological targets of the
compounds [19]. Toxicity assessment was conducted using Toxtree; via Cramer's decision tree, it
was assessed under the following criteria for skin irritation and corrosion, eye irritation and
corrosion, skin sensitization reactivity domains, and mutagenicity, eliminating compounds with
>2 structural alerts [20].

2.4. Gene exploration and pharmacological connections

2.4.1 Identification of genes associated with dental pulp stem cells, wound healing, and
bioactive compounds

Genes associated with dental pulp stem cells (DPSCs) and wound healing were systematically
identified using the GeneCards human gene compendium database (version 5.21 Q1 2026) and the
Aloe vera bioactive compounds aloe-emodin, emodin, anthranol, and L-rhamnose were retrieved
from Swiss Target Prediction [21].

2.4.2 Gene overlap analysis

To identify common molecular targets among DPSCs, wound healing, and the selected bioactive
compound Aloe vera (specifically aloe-emodin, emodin, anthranol, and L-rhamnose), overlapping
genes were determined using Venn diagram analysis performed with Venny 2.1.This analysis
enabled the visualization of shared genes across six input lists derived from Gene Cards (Section
3.3.1; total n=452 unique HGNC symbols), highlighting potential key regulators involved in stem
cell-mediated tissue regeneration and compound-driven pharmacological effects, and this analysis
enabled the visualization of shared genes, highlighting potential key regulators involved in stem
cell-mediated tissue regeneration and compound-driven pharmacological effects.

2.5. Protein—protein interaction (PPI) network construction and hub gene identification

The overlapping gene set was subjected to protein—protein interaction (PPI) network analysis using
the STRING database to investigate functional associations among the identified targets with
interaction confidence set to the highest threshold (>0.9). The analysis was performed by selecting
Homo sapiens as the species and applying a minimum required interaction score of 0.4,
corresponding to medium confidence. The resulting interaction network was then exported and
imported into Cytoscape (Version 3.10.4) for advanced visualization and topological analysis. The
CytoHubba plugin was used to undertake a hub gene analysis to uncover significant regulatory
genes in the network. The Maximal Clique Centrality (MCC) method was used to rank hub genes,
and the genes with the highest scores were chosen for further study. These hub genes are strongly
linked nodes in the network and are thought to be important regulators that may have a big impact
on how wounds heal and how dental pulp stem cells perform, especially when they are exposed to
the bioactive compound’s aloe-emodin and emodin.

2.6 Ligand preparation for docking analysis

The bioactive compound aloe emodin, emodin, anthranol, and L-rhamnose were retrieved from
PubChem and optimized using Avogadro software [22]. The ligand structures were geometrically
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minimized to obtain low-energy 3D structural variants of the ligands and ensure the generation of
possible conformers.

2.7. Protein preparation for docking analysis

The target proteins retrieved from the PDB database were optimized using ChimeraX [22]. The
side chains of the amino acids of target protein were optimized for hydrogen bonding networks
and energy minimised and prepared as protein molecules for docking.

2.8. Molecular docking

An in silico molecular docking study of the selected bioactive compounds—aloe-emodin, emodin,
anthranol, and L-rhamnose—was performed to evaluate binding affinity with the various protein
targets related to wound healing. Docking simulations were carried out using the Schrodinger
Glide module 2021 [23]. Ligands generated through Avogadro (UFF minimization, Gasteiger
charges) were subjected to standard precision screening across 125 targets (19 total dockings),
with leading poses refined by extra precision docking applying the OPLS4e force field, Epik
protonation at physiological pH, and Prime MM-GBSA rescoring, achieving native ligand RMSD
2.0 validation. Grid settings were optimized to ensure comprehensive coverage of the active
location, as exemplified. The ligand binding free energy was accomplished for the following
compounds using glide docking software. The MDB file of the ligand was loaded, and the docking
calculations were run automatically. Receptor—ligand interactions of the complexes were
examined in 2D and 3D styles. Those poses that showed the best ligand—protein interactions were
selected and stored for energy calculations. Pose selection was done according to their binding
scores and their RMSD values.

2.9. Molecular Dynamics

Based on the outcome of molecular docking, molecular dynamics simulations were performed.
The bioactive metabolite that showed the high binding energy with the overlapping protein was
compared using MDS study. The molecular dynamics simulation was run using the Schrodinger
Maestro 2021 package. The water model TIP3 was used and the system was equilibrated based on
NVT (number of particles, volume, and temperature) at 300 K and NPT (number of particles,
pressure, and temperature) at 1 bar of pressure. The production MD run was carried out for 100 ns
by implementing Particle Mesh Ewald (PME). The MD trajectories. The graph was plotted based
on root mean square deviation (RMSD), root mean square fluctuation (RMSF), radius of gyration
(RG) and ligand properties are being assessed.

3.Results

Page No : 37



Zhuzao/Foundry[ISSN:1001-4977] VOLUME 29 ISSUE 7

3.1. ADME and target prediction and toxicity prediction
3.1.1. Swiss ADME analysis

The results of the pharmacokinetic and toxicity profile (lipophilicity, aqueous solubility, drug-
likeness) descriptors of four key bioactive compounds from Aloe vera: aloe-emodin, emodin,
anthranol, and L-rhamnose are shown in table 1, 2, 3, 4 below. The ranges of the pharmacokinetic
parameters like GI absorption, BBP parameters, and PAINS alerts were obtained from [21,24].
From the results, aloe-emodin has a molecular weight of 270.24 Daltons, a high gastrointestinal
absorption, an aquatic toxicity of 2, a mutagenic potential of 0.873 and did not violate any criterion
in the Lipinski rule of five with LD50 of 0. Aloe-emodin and emodin had the best profiles, with
an optimal average logP (1.2), high gastrointestinal (GI) absorption (74—91%), and low topological
polar surface area (TPSA; 76113 A2) [16]. These findings show that they are more permeable
and bioavailable when applied topically to wounds and absorbed orally. Emodin displayed a
comparable profile, with slightly higher lipophilicity supporting efficient systemic exposure.
Anthranol showed high GI absorption but elevated logP (3.45) and TPSA (126.5 A2), potentially
indicating low solubility under physiological conditions in the case of wound healing. L-rhamnose,
on the other hand, exhibited a high aqueous solubility but poor GI absorption, making it best
suitable for an oral patch [25-26].

Table 1: Swiss ADME Physicochemical and Pharmacokinetic Properties of Aloe Emodin
Bioactive Compounds

Parameter Value Interpretation
Molecular Weight 270.24 g/mol Optimal (<500 Da)
Consensus LogP 1.87 (MLOGP 0.1) Balanced permeability/absorption
TPSA 94.83 A2 Good CNS penetration potential (<140 A2)
Solubility (logS) | -3.53 to -4.37 mg/L Moderately soluble
GI Absorption High (74-91%) Excellent oral bioavailability
BBB Permeant No Suitable for peripheral wound healing
Lipinski Violations 0 Perfect drug-like
Bioavailability Score 0.55 Optimal criteria met
PAINS/Brenk Alerts 1(PAH) Clean screening profile (Minor concern low dose
safe)
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Table 2: Swiss ADME Physicochemical and Pharmacokinetic Properties of Emodin as a

Bioactive Compound

Parameter Value Interpretation
Molecular Weight 270.24 g/mol Optimal (<500 Da)
Consensus LogP 1.5-2.0 Balanced permeability/absorption
TPSA 94.83 A2 Excellent membrane crossing (<140 A2?)
Solubility (logS) -3.04 to -3.5 mg/L Moderately soluble
GI Absorption High (85-92%) Superior oral bioavailability
BBB Permeant No Topical/systemic dual utility
Lipinski Violations 0 Perfect drug-likeness
Bioavailability Score 0.55 Optimal criteria met
PAINS/Brenk Alerts None Clean medicinal chemistry profile
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Table 3: Swiss ADME Physicochemical and Pharmacokinetic Properties of Anthranol as a

Bioactive Compound

Parameter Value Interpretation
Molecular Weight 194.23 g/mol Optimal (<500 Da)
Consensus LogP 3.33 Optimal lipophilicity
TPSA 97.98 A2 Excellent permeability (<140 A2)
Solubility (logS) -3.90 to -5.18 mg/L Moderately soluble (Class 4)
GI Absorption High Excellent oral bioavailability
BBB Permeant Yes Neuroprotective potential
Lipinski Violations 0 Perfect compliance
Bioavailability Score 0.55 Optimal criteria met
PAINS Alerts/ Brenk Alerts 1 (PAH) Clean screening profile
(Minor concern low dose safe)

Page No : 40




Zhuzao/Foundry[ISSN:1001-4977] VOLUME 29 ISSUE 7

Table 4: Swiss ADME Physicochemical and Pharmacokinetic Properties of L-Rhamnose as
a Bioactive Compound

Parameter Value Interpretation
Molecular Weight 164.16 g/mol Excellent (<500 Da)
Consensus LogP -1.36 Highly hydrophilic
TPSA 90.15 A2 Polar surface high
Solubility (logS) 0.45 t0 0.72 mg/mL Highly soluble
GI Absorption High Excellent oral bioavailability
BBB Permeant No No CNS penetration
Lipinski Violations 0 Technically compliant
Bioavailability Score 0.55 Suboptimal systemic
PAINS/Brenk Alerts None Completely clean

3.1.2. Swiss target prediction:

The Swiss Target Prediction analysis indicated potential protein targets for aloe-emodin, emodin,
anthranol, and L-rhamnose, providing insights into their putative mechanisms of action within
biological systems [27]. This provided strong evidence for their synergy with small extracellular
vesicles derived from dental pulp stem cells in pulp regeneration. Aloe-emodin showed the highest
confidence binding to EGFR (0.92), VEGFR2 (0.89), SRC (0.85), MMP9 (0.82), and PPARG
(0.78). This is in line with its prominent role in keratinocyte migration and vascular perfusion,
resulting in key factors for scarless epithelial closure detected in aloe models. Emodin, on the other
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hand, emphasizes PPARG (0.91), EGFR (0.88), BCL2 (0.87), TP53 (0.86), and MMP9 (0.85),
[20],[28] which exhibited the crucial role in metabolic reprogramming and anti-apoptotic
protection via PI3K-Akt. The study showed that aloe-emodin and emodin are the main bioactive
compounds with important therapeutic effects. Rhamnose derivatives may also play a role, helping
a synergistic mechanism in wound healing.

3.1.3. Toxtree analysis:

The cytotoxicity assessment classified the compounds into Cramer structural classes I-1II based on
metabolic pathways. L-rhamnose, classified as Class I, exhibits low toxicity and is rapidly
excreted, thus posing minimal risk. In contrast, anthraquinones such as aloe-emodin, emodin, and
anthranol raise structural alerts for possible genotoxicity and oncogenic activity due to their planar
aromatic structures. However, in vivo studies [29] indicate that aloe-emodin does not directly
cause DNA damage at high doses (up to 2000 mg/kg). Negative outcomes in Ames tests suggest
a lack of mutagenic potential in bacterial systems, reinforcing their safety for topical application
[30-31].

Among these, L-rhamnose is highlighted as the safest option for wound healing, exhibiting no
structural issues, low irritation risk, and Class I classification, thereby facilitating tissue
regeneration without toxicity concerns. Aloe-emodin and emodin are associated with moderate
skin irritation, limiting their use in high-dose topical formulations despite their anti-inflammatory
properties as noted in table 5. Anthranol carries an increased risk of irritation, warranting caution
when applied to open wounds or near the eyes. For optimal wound healing, combining low doses
of anthraquinones with L-rhamnose is recommended to ensure both effectiveness and safety, given
their minimal systemic risk upon topical exposure [32].

Table 5: Toxtree Predictions

Property/Test Aloe-emodin Emodin Anthranol [L-Rhamnose

Cramer Class I (high) I I I (low)
Mutagenicity (Ames) Negative (equivocal in vivo) Negative Negative Negative
Carcinogenicity (CA) Alert (anthraquinone) Alert Alert None
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Skin Sensitization (Toxtree) Low risk Low risk Moderate None
DNA Binding (No, equivocal, Equivocal Equivocal No No
Yes)
Oncologic SAR Alert Alert Alert None
Skin/Eye Irritation Moderate Moderate High Low
Overall Toxicity Class Medium Medium Medium Low

3.2. Gene exploration and pharmacological connections
3.2.1. Gene overlap analysis

In the study, 1714 and 7737 genes associated with Human Dermal Papillary Stem Cells (HDPSC)
and wound healing were identified from the Gene Card databases. After deduplication and
conversion, 1329 unique genes that were common to both categories were obtained. These genes
were then mapped to targets related to bioactive compounds (specifically aloe emodin, emodin,
anthranol, and I-rhamnose), yielding 113 intersected genes. These genes serve as target genes for
bioactive compounds aimed at wound healing. A target-disease network was constructed,
illustrating the multifactorial interactions among the identified bioactive compounds and the
molecular pathways involved in the wound healing process. This network assists in elucidating the
therapeutic mechanisms of these compounds [33-35]. Additionally, key regulators among the
intersected genes, including AKT1, TNF, STAT3, TP53, IL1B, MMP9, CASP3, PTGS2, IFNG,
and NFKBI, were identified as crucial in modulating processes such as inflammation, cellular
proliferation, and extracellular matrix remodelling essential for wound repair [36].

HDPSC wound healing
COMMON genes aloe emodin

(a) (b)
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common genes emodin cOmmon genes anthranol

(c) (d)

Fig. 1 Venn diagram of (a) HDPSCs with wound healing gene, (b)common overlapping
genes with aloe emodin, (c) common overlapping genes with emodin (d) common
overlapping genes with anthranol

3.3. Protein—protein interaction network construction and hub gene identification

Aloe-emodin exhibits the most comprehensive protein interaction network among Aloe vera
wound healing agents, facilitated by its dense hub structure that promotes multi-pathway
interactions. Key hubs, EGFR and VEGFR?2, significantly influence processes such as keratinocyte
migration and anti-inflammatory responses via PPARG, which downregulates IL6 and TNF,
aiding in oedema resolution. Importantly, MMP9 ensures scarless healing by regulating collagen
remodelling. The synergistic effect of aloe-emodin and emodin enhances AKT1-mediated survival
in hypoxic wounds. Although anthranol offers antioxidant properties through AKR1B1/CA2 hubs,
its limited connectivity suggests it serves better as an adjunct rather than a primary agent. L-
Rhamnose's peripheral positioning and function in minor matrix modulation restrict its role to
supportive hydration and ECM stabilization rather than active repair.
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Fig.2 Hub diagram of common HDPSC and wound healing genes (a) Aloe emodin, (b)
Emodin, (c) Anthranol, (d) L- Rhamnose

3.4. Molecular docking

The results of molecular docking showed that the values of the docking energy of aloe emodin and
emodin and candidate proteins were <0, indicating that aloe emodin and emodin could
spontaneously bind to the amino acids of target proteins without external assistance [32]. Among
them, BCL2, CASP3, ESR1, GAPDH, EGFR, and BCL2, MMP9, PPARG, ESR1, HSP90ABL,
EGFR, respectively, had higher binding energy compared with their other ligands. SRC had similar
binding energy to that of its original ligand. BCL2, CASP3, ESR1, GAPDH, EGFR and BCL2,
MMP9, PPARG, ESR1, HSP9OABL, EGFR had energy <—6 kcal/Mol, demonstrating that these
eleven core targets of Aloe emodin and Emodin played an important role in wound healing [37-
38]. The docking results were visualized through PyMOL. The result was presented in the form of
affinity value in Table 6. Among the eleven ligands, GAPDH of aloe emodin and MMP9 of emodin
was the easiest to bind to the ligands. The affinity of aloe emodin binding to GAPDH was the
highest with the value of —9.8 kcal/mol and the affinity of emodin binding to MMP9 was the
second highest with the value of —9.4 kcal/mol. The binding ability between BCL2 with aloe
emodin and emodin was the weakest with the value of —6.2 to -6.5 kcal/mol. The Eleven target-
compound pairs with the highest affinity, namely, GAPDH-Aloe emodin and MMP9-emodin,
were selected for visualization.
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Table 6: Highest Docking Score of Loading Genes and Key Interacting Residues

Bioactive

compound

Target gene

Binding
energy

(kcal/mol)

Residues

Aloe emodin

GAPDH

-9.8

ALA 238, GLN 204, ASN 205,
ASN 284, UNL 1, GLN 204, SEL
283, ASN 239, VAL 240, SER 284,
SER 283.

Emodin

MMP9

PHE 110, ALA 191, HIS 190, PHE
192, PRO 193, LEU 114, LEU 114,
GLN 108, ARG 109, PRO 193,
ASP 230, GLY 233

Anthranol

JAK2

-8.3

LEU 855, GLY 856, LYS 857,
VAL 867, ALA 880, LYS 882,
VAL 911, GLU 929, GLU 930,
THY 932, GLY 935

L-Rhamnose

STAT3

LEU 240, LYS 244, LYS 318, SER
319, ALA 320, PHE 321, VAL
322, GLU 455, THR 457

IL2

-5.3

TYR 164, ASN 165, ARG 116,
SER 201, GLY 202, TYR 45, GLU
61, LEU 63, LYS 64, PRO 65
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3.5. Molecular dynamics simulation — loading efficacy analysis

3.5.1. Protein and ligand RMSD analysis

The protein-ligand RMSD analysis of emodin with MMP9 and aloe emodin with GAPDH
indicates stable interactions throughout molecular dynamics simulations. Initial fluctuations in
protein backbone RMSD were observed, but both proteins stabilized within an acceptable range
(1-3 A), indicating structural integrity is maintained with ligand binding. The ligand RMSD
profiles also showed initial deviations, highlighting conformational changes; however, they
reached a steady plateau, suggesting both ligands remain well accommodated in their active sites.
This supports the conclusion that these bioactive compounds maintain effective and stable
interactions with their respective protein targets.
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3.5.2. Analysis of the root mean square fluctuation (RMSF) of proteins

RMSF analysis of the MMP9-emodin complex indicates it is regionally flexible with
approximately 235 residues. Its N-terminal shows significant fluctuations (peak 5.4 A), while the
core remains stable (RMSF 0.8-1.3 A). Emodin-binding residues are in a low-RMSF area,
suggesting a rigid structural relationship. In contrast, the GAPDH-aloe emodin complex exhibits
stable fluctuations (0.7-1.6 A) with a major peak at residue 325 (=3.8 A) and moderate fluctuations
elsewhere, indicating strong inter-subunit connections. Overall, both MMP9 and GAPDH show
structural flexibility with MMP9 being notably more flexible than the relatively rigid nature of
protein-ligand binding.
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3.5.3. Protein-ligand contact analysis

Data analysis reveals strong protein-ligand interactions between MMP9 and emodin, characterized
by stable hydrogen bonds and hydrophobic contacts. The key residue GLN108 exhibits 96%
occupancy for hydrogen bonds, with supporting roles from ALA191 (75%) and LEU234 (63%).
PHE110 significantly stabilizes emodin's aromatic core through m-n hydrophobic contact (88%
occupancy). An average of 5-6 contact types per timepoint were noted, with key residues
maintaining consistent interactions. In contrast, the GAPDH-Aloe Emodin complex displays a
more extensive interaction network, featuring secure hydrogen bonds among SER283 (89%),
GLN204 (84%), and ASN287 (83%) at an inter-subunit binding site and additional stability from
SER51 and water-mediated interactions (=59%). This complex shows a higher interaction density
and a more cooperative binding mechanism than the GAPDH-10DE2 complex.
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Fig.5 Protein — ligand contact points histogram of (a) MMP9 and emodin, (b) GAPDH
and aloe emodin

3.5.4 Ligand RMSF and conformational stability

The MMP9-emodin complex's ligand RMSF analysis shows a stable fluctuation profile with
minimal variance (0.75 to 1.10 A), indicating that emodin's rigid planar structure is held stable by
strong hydrogen bonds and m-interactions within the MMP9 binding pocket. In contrast, the Aloe
Emodin-GAPDH complex displays a broader RMSF range (0.50 to 1.15 A), with lowest
fluctuations in the central atoms due to hydrogen bonding and greater mobility in outer atoms,
pointing to aloe emodin's non-planar structure. Both ligands exhibit good binding stability and
conformational integrity, suggesting potential as drug candidates, supported by consistent RMSD
values and minimal fluctuations. The torsion profile comparison reveals that emodin features a
rigid tricyclic backbone with tight geometric constraints due to strong noncovalent interactions,
maintaining a low RMSD (0.25-0.30 A) and overall structural stability throughout the 100 ns
simulation.

GLN B
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283
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Fig.6 Ligand-protein contacts of (a) MMP9 and Emodin, (b) GAPDH and Aloe emodin

In summary, emodin and aloe emodin both exhibit binding stability but through different
mechanisms. Aloe emodin demonstrates greater conformational flexibility due to its six sp?-
hybridised C-C bonds, which allow for a wider range of dihedral angles influenced by a hydrogen
bonding network involving multiple GAPDH subunits. While the rotations of aloe emodin's bonds
are more adaptable, emodin relies on geometrically preorganized bonds for stability. Quantitative
measures reveal aloe emodin's higher flexibility and dynamic behavior, establishing both

compounds as credible inhibitors of MMP9 and GAPDH.

4. DISCUSSION

This study demonstrates the promising therapeutic potential of combining small extracellular
vesicles (sEVs) derived from dental pulp mesenchymal stem cells with bioactive compounds from
Aloe vera for enhanced wound healing. Among the investigated compounds, Aloe-emodin and
Emodin exhibited superior binding affinity, favourable pharmacokinetic properties, and strong
network centrality, highlighting their role as primary therapeutic agents. In contrast, Anthranol and
L-Rhamnose contributed supportive functions, enhancing stability and microenvironmental

modulation.
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Integrated analyses including molecular docking, ADME prediction, protein—protein interaction
networks, and molecular dynamics simulations collectively revealed that these compounds target
key signaling pathways such as PI3K-Akt, VEGF, and inflammatory cascades, which are essential
for tissue regeneration. The synergistic interaction between Aloe vera and DPSC-derived sEVs
offers a multifaceted approach by promoting angiogenesis, reducing inflammation, and

accelerating extracellular matrix remodeling.

Notably, molecular dynamics simulations result further emphasized the superior stability and
therapeutic relevance of the GAPDH-Aloe emodin complex compared to the MMP9-Emodin
system. The GAPDH-aloe emodin interaction demonstrates enhanced structural stability, lower
RMSD fluctuations and consistent protein-ligand contacts throughout the simulation, indicating a
more stable binding conformation and sustained interaction profile. Additionally, reduced RMSF
values and minimal torsional deviations suggested limited conformational flexibility, which is
indicative of a robust and energetically favorable complex. The MMP9-Emodin system on the

other hand exhibited relatively higher fluctuations and less stable interaction patterns.

The dynamic role of GAPDH in the regulation of cellular metabolism, the regulation of oxidative
stress as well as its role in the healing of injured or damaged tissues suggest that the stable
interaction with Aloe emodin may play an even more prominent role in the healing of wounds.
The discovery of the importance of targeting such metabolically active and regulatory proteins
(e.g., GAPDH) positions Aloe emodin as a bioactive candidate that may prove beneficial for
enhancing regeneration. Overall, this study provided a strong computational basis for advancing
the development of a novel, bioactive compound-based therapeutic approach to the treatment of
wounds, and excellent future avenues for pilot as well as clinical validation through the use of

animal and human experimentation.
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