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Abstract

This study presents the design and molecular dynamics (MD) simulation of novel
polycationic nano-linkers for connecting polyanions. Two types of multi-branched
linkers were designed, featuring a palmitic acid core and spermidine branches: one
with eight spermidine branches and the other with six. The stability of these linkers was
assessed over 20 nanoseconds at three different temperatures, confirming their
structural integrity. To evaluate their binding capability, two polyanions—DNA
origami and heparin—were selected as model systems. Following complex formation
between the linkers and these polyanions, MD simulations were performed. The results
demonstrated high stability in the complexes, with strong intermolecular interactions,
particularly in electrostatic and van der Waals energies. The designed polycationic
nano-linkers exhibited robust binding to both DNA origami and heparin, forming
stable complexes without significant structural deviations. Root-mean-square deviation
(RMSD) analysis confirmed structural stability across varying temperatures (300 K,
310 K, and 320 K), indicating their potential for biomedical applications under
physiological conditions. Energy decomposition analysis revealed that the octa-
branched linker (Linker 1) exhibited stronger interactions due to its higher number of
cationic branches, while the hexa-branched linker (Linker 2) also demonstrated
effective binding. These findings suggest that the proposed polycationic nano-linkers
are promising candidates for connecting polyanions in applications such as targeted
drug delivery, gene therapy, tissue engineering, disease diagnostics, and
nanotechnology. The study highlights the importance of computational modeling in
optimizing nanoscale molecular interactions for biomedical advancements.
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1- Introduction

Biological systems are rich in polyanions, including
nucleic acids, glycosaminoglycans, and
microtubules, which play critical roles in cellular
processes. Selective binding of polyanions is
essential for regulating molecular interactions, yet
their similar charge densities pose challenges.
While methods like using dendrimers or self-
assembled structures exist, they often face
limitations in structural control and tunability. This

study introduces novel polycationic nanolinkers,

designed with a palmitic acid core and multiple
spermidine arms, as a potential solution for bridging
different polyanions. Specifically, we aimed to
design and computationally evaluate two such
linkers (with 8 and 6 arms) for their ability to
connect DNA origami and heparin using molecular
dynamics (MD) simulations. These linkers offer
potential advantages in controlled architecture and
biocompatibility, with prospective applications in
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drug  delivery, tissue
nanomedicine.

engineering, and

2- Research Methods

2-1 Modeling

e Linker Design: Two linkers were designed
using Avogadro software: Linker 1 (palmitic
acid core, 8 spermidine arms) and Linker 2
(palmitic acid core, 6 spermidine arms).
Structures were optimized using the UFF force
field with Steepest Descent and Conjugate
Gradient algorithms (Figurel, Figure2).
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Figurel: Design of Linker 1 with eight spermidine branches in
Avogadro software. a) Front view, b) Side view
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Figure2: Design of Linker 2 with six spermidine branches in
Avogadro software. a) Front view, b) Side view
e DNA Origami: A simple double-stranded
DNA structure was designed using caDNAno
and converted to PDB format (Figure3).
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Figure3: Design of double-stranded DNA origami to custom size
in caDNAno software. a) Side view, b) Front view
e Heparin: A heparin fragment structure (PDB
1D: 1HPN; C54H75N5087814; ~4.5 nm) was
obtained from the PDB (Figure4).
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generated via CGenFF. Systems were solvated in
TIP3P water, neutralized with ions, and energy
minimized. Following NVT/NPT equilibration (500
ps total) at 310 K and 1 bar, production MD runs
were conducted for 20 ns at 300 K, 310 K, and 320

~45mm K. A 1.2 nm cutoff was used for vdW interactions,
Figure4: Structure of heparin in PyYMOL software PME for electrostatics, and LINCS for bond
constraints, with a 2 fs timestep.

~1.5nm

e Complex Formation: Two complexes were

assembled for simulation: Complex 1 (DNA- 3- Results and Discussion
Linker1-Heparin) and Complex 2 (DNA-
Linker2-Heparin) (Figure5) e Structural Stability: Visual inspection and

RMSD analysis over 20 ns simulations at 300
K, 310 K, and 320 K confirmed the structural
stability of both individual linkers and the
DNA-linker-heparin complexes. The RMSD
values plateaued after initial fluctuations,
indicating  stable = conformations  were
maintained across the tested temperatures. The
linker arms consistently interacted closely with
both DNA and heparin in the complexes
(Figure6 , Figure7)

(b)

Figure5: Structures of six complex samples, including DNA,
linkers, and heparin, before simulation in PyMOL software. a)
Structure of Complex 1, b) Structure of Complex 2

2-2 Molecular Dynamics Simulation

Simulations were performed using GROMACS
2018.1 with the CHARMM36 force field.
Parameters for the linkers and heparin were
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Figure6: Final structures of the complexes and Linkers after 20 ns of simulation at three different temperatures, as visualized using PyMOL
software. a) Structure of Linker 1, b) Structure of Linker 2, ¢) Structure of Complex 1, d) Structure of Complex 2
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Figure7: RMSD plots of the complex and linkers samples over 20 ns and their comparison at three different temperatures. a) Structure of
linker 1, b) Structure of linker 2, ¢) Structure of Complex 1, d) Structure of Complex 2.

o Intermolecular Interaction Energies:
Calculations of interaction energies between
the linkers and the polyanions within the

complexes showed consistently negative

values for both electrostatic and van der
Waals  contributions, strong
attractive forces and stable binding. Complex
1 (8-arm linker) exhibited slightly more

indicating
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negative interaction energies than Complex 2
(6-arm linker), attributable to the higher
number of cationic arms, confirming stronger
binding. However, both linkers demonstrated
effective  bridging  capabilities,  with
electrostatic interactions being the dominant
driving force (Figure8).
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(b) Elec. energy between Heparin and Linkers 1 and 2
Figure8: Comparison of electrostatic energy diagrams over a 20
ns simulation for complexes 1, 2

e Comparison with Previous Studies: The
strong, stable binding observed suggests these
rationally designed linkers are competitive
with  other
dendrimers or self-assembled structures used

polycationic  systems like
for polyanion binding. The key potential
advantages are the defined, tunable
architecture and use of biocompatible building
blocks (palmitic acid, spermidine)

4- Conclusion and Future Perspectives

This computational study successfully
demonstrated the design and stability of novel
palmitic acid-spermidine based polycationic
nanolinkers capable of stably bridging DNA

origami and heparin. MD simulations confirmed

structural integrity and strong intermolecular
interactions across relevant temperatures. The 8-
arm linker showed slightly stronger binding than the
6-arm linker.

These findings highlight the potential of these
nanolinkers as tools for connecting polyanions in
various biomedical applications. Future work
should involve experimental synthesis and
biophysical characterization to validate these
results. Potential applications include targeted drug
delivery, gene therapy, tissue engineering, and
biosensing.
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