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Abstract— The clinical translation of CRISPR-Cas9
genome editing technology for cancer therapy is severely
constrained by the lack of safe and efficient delivery
systems capable of protecting sensitive ribonucleoprotein
(RNP) complexes from enzymatic degradation while
enabling precise targeting to tumor tissues. Herein, we
present the rational design and comprehensive in-silico
evaluation of a novel Magneto-Lipobot (MLB) -- a
magnetically guidable internal microbot encapsulated
within a folate-targeted liposome -- for the targeted
delivery of CRISPR-Cas9 RNPs to polo-like kinase 1
(PLK1) in folate receptor alpha (FRa)-overexpressing
ovarian cancer cells. The MLB architecture integrates a
superparamagnetic iron oxide (Fe304) helical microbot
core (<60 nm) within a pH-responsive liposomal shell
(=195 nm) composed of an optimized quaternary lipid
formulation (DLin-MC3-DMA/DSPC/cholesterol/DMG-
PEG2K at a 50:15:33.5:1.5 molar ratio) and decorated
with folate-PEG-DSPE targeting ligands. Through
molecular dynamics simulations (500 ns, AMBER force
field), the Cas9-sgRNA: PLK1 DNA ternary complex
demonstrated exceptional conformational stability with
a mean RMSD of 3.98 + 0.11 A and sustained
intermolecular hydrogen bonding. AutoDock Vina
molecular docking identified an optimal sgRNA-PLK1
binding pose with a binding energy of —42.8 kcal/mol and
14 hydrogen bonds. Physiologically based
pharmacokinetic (PBPK) modeling predicted a plasma
half-life of 4.6 hours for the MLB system -- 3.1-fold
longer than conventional liposomes -- with tumor
accumulation reaching 14.8 %ID/g at 48 hours under
magnetic guidance, representing a 2.4-fold enhancement
over non-magnetic controls. In-silico cell uptake studies
demonstrated FRo-mediated endocytosis with 78.5%
cellular internalization in SKOV3 ovarian cancer cells,
and pH-triggered endosomal escape was achieved
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through the proton sponge effect at acidic pH (<5.5).
Gene editing efficiency simulations predicted 61.2%
PLK1 knockout at an optimal Cas9 RNP concentration
of 5.0 nM, with a favorable safety index (IC50/EC50 =
3.7). These comprehensive in-silico findings establish the
MLB as a promising next-generation nanoplatform for
precision genome editing in FRo-positive malignancies
and provide a computational framework for expedited
preclinical development.

Index Terms— CRISPR-Cas9, liposome, microbot,
targeted drug delivery, folate receptor, ovarian cancer,
molecular docking, molecular dynamics, PBPK
modeling, ribonucleoprotein.

[. INTRODUCTION

1.1 The Challenge of CRISPR-Cas9 Delivery

The CRISPR-Cas9 (clustered regularly interspaced
short palindromic repeats -- CRISPR-associated
protein 9) system has emerged as a transformative
technology for programmable genome editing,
enabling precise modification of DNA sequences
through the introduction of site-specific double-strand
breaks (DSBs) guided by a single-guide RNA
(sgRNA) [1,2]. The therapeutic potential of CRISPR-
Cas9 for cancer treatment has been extensively
demonstrated through preclinical studies targeting
oncogenes, tumor suppressor genes, and genes
involved in drug resistance [3,4]. Among these, polo-
like kinase 1 (PLKI) represents a particularly
attractive therapeutic target, as this serine-threonine
kinase is a master regulator of mitosis and is
overexpressed in a wide spectrum of human
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malignancies including ovarian, lung, breast, and
prostate cancers [5,6]. Disruption of PLKI via
CRISPR-Cas9-mediated gene knockout induces
mitotic catastrophe and apoptosis in cancer cells while
sparing normal tissues, making it an ideal candidate
for targeted cancer gene therapy [7].

Despite these promising attributes, the clinical
translation of CRISPR-Cas9 therapeutics faces
formidable delivery challenges that have limited their
progression beyond preclinical evaluation [8,9]. The
Cas9 protein (=160 kDa, 1,368 amino acids in
Streptococcus pyogenes SpCas9) and the sgRNA (=30
kDa) are large, negatively charged macromolecules
that cannot spontaneously cross cellular membranes
[10]. When administered systemically, unprotected
CRISPR components are rapidly cleared from
circulation through renal filtration, subjected to
enzymatic degradation by serum nucleases, and can
trigger immunogenic responses through activation of
pattern recognition receptors [11,12]. Furthermore, the
delivery system must navigate complex biological
barriers including the endothelial wall, dense
extracellular matrix, and elevated interstitial fluid
pressure within the tumor microenvironment (TME) to
achieve therapeutically meaningful concentrations at
the target site [13].

1.2 Lipid Nanoparticle Delivery Systems

Lipid nanoparticles (LNPs) and liposomes have
emerged as the most clinically advanced non-viral
delivery platforms for nucleic acid therapeutics, as
evidenced by the global success of LNP-formulated
mRNA vaccines against COVID-19 [14,15]. The
canonical LNP formulation comprises four essential
components: an ionizable cationic lipid, a zwitterionic
phospholipid (helper lipid), cholesterol, and a
polyethylene glycol (PEG)-conjugated lipid [16]. The
ionizable lipid plays a dual role in facilitating
encapsulation of negatively charged cargo at acidic pH
and promoting endosomal escape through protonation
within the acidifying endosomal compartment [17,18].
Cholesterol enhances particle stability and promotes
membrane fusion during cellular uptake, while
PEGylation provides a hydrophilic stealth coating that
reduces opsonization, prolongs circulation half-life,
and minimizes immunogenicity [19].

Several LNP formulations have demonstrated promise
for CRISPR-Cas9 delivery in preclinical models. The
DLin-MC3-DMA-based formulation (Onpattro®) was
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the first LNP to achieve FDA approval for siRNA
delivery, and subsequent optimization efforts have
adapted this platform for CRISPR components
[20,21]. However, conventional LNP systems suffer
from several limitations that hinder their effectiveness
for CRISPR RNP delivery: (i) passive tumor targeting
relying solely on the enhanced permeability and
retention (EPR) effect results in limited tumor
accumulation (typically <5% of injected dose); (ii)
hepatic sequestration by the mononuclear phagocyte
system (MPS) leads to off-target delivery and potential
hepatotoxicity; (iii) insufficient endosomal escape
results in lysosomal degradation of the cargo; and (iv)
lack of active targeting mechanisms precludes
selective delivery to specific cancer cell populations
[22,23].

1.3 Microbot-Assisted Drug Delivery

Nano- and micro-robots represent an emerging
paradigm in targeted therapeutics, offering
autonomous or externally guided propulsion
capabilities that can overcome the limitations of
passive nanocarriers [24,25]. Magnetically actuated
microbots, in particular, have attracted significant
attention due to their biocompatibility, precise
directional control through external magnetic fields,
and demonstrated efficacy in navigating complex
biological environments [26,27]. These systems
typically incorporate superparamagnetic iron oxide
nanoparticles (SPIONs, Fe304 or y-Fe203) as the
magnetic core, enabling both propulsion and real-time
tracking via magnetic resonance imaging (MRI) [28].
Recent advances have demonstrated that magnetic
microbots can achieve velocities exceeding 700 um/s
under moderate field strengths (20-50 mT), penetrate
tumor spheroids, and deliver therapeutic payloads with
spatial precision at the micrometer scale [29,30].

1.4 Folate Receptor Alpha as a Therapeutic Target

Folate receptor alpha (FRa), a
glycosylphosphatidylinositol (GPI)-anchored
membrane glycoprotein encoded by the FOLR1 gene,
has emerged as one of the most promising targets for
precision cancer therapy [31,32]. FRa is
overexpressed in a broad range of epithelial
malignancies, with expression rates of 76-96% in
ovarian cancer, 72—87% in non-small cell lung cancer,
35-68% in triple-negative breast cancer, and 69-81%
in endometrial cancer [33,34]. Critically, FRa
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expression in non-malignant tissues is restricted to the
apical surfaces of polarized epithelia (kidney, lung,
choroid plexus), rendering it largely inaccessible to
circulating therapeutics and thereby providing an
exceptional therapeutic index [35]. The high-affinity
interaction between folic acid and FRa (dissociation
constant KD = 1 nM) enables rapid receptor-mediated
endocytosis, making folate-conjugated nanocarriers
exceptionally efficient at delivering cargo into FRa-
positive cancer cells [36].

1.5 Rationale and Objectives

In this study, we hypothesized that the integration of a
magnetically guidable microbot within a folate-
targeted liposome would create a synergistic delivery
platform that combines: (i) active magnetic targeting
for enhanced tumor accumulation; (ii) folate-mediated
cancer cell recognition and uptake; (iii) pH-responsive
cargo release for endosomal escape; and (iv)
protection of sensitive CRISPR-Cas9 RNP cargo from
enzymatic degradation. The specific objectives of this
in-silico investigation were: (a) to rationally design
and optimize the MLB architecture and lipid
composition; (b) to characterize the molecular
interactions between the Cas9-sgRNA complex and
the PLK1 target DNA through molecular docking and
dynamics simulations; (c) to evaluate the
pharmacokinetic profile and tumor targeting
efficiency through PBPK modeling; (d) to simulate
drug release kinetics and endosomal escape
mechanisms; and (e) to assess in-silico cytotoxicity
and gene editing efficacy in FRa-positive ovarian
cancer cells.

II. MATERIALS AND METHODS

2.1 System Design and Architecture

The Magneto-Lipobot (MLB) system was designed as
a multicomponent nanoplatform comprising: (i) an
internal magnetic microbot core for external field-
guided navigation; (ii) a pH-responsive liposomal
shell for cargo encapsulation and endosomal escape;
and (iii) surface folate ligands for active cancer cell
targeting. The architectural design was guided by the
following physicochemical constraints: overall
particle diameter of 150-250 nm to optimize tumor
penetration while minimizing renal clearance; zeta
potential of —15 to —25 mV for colloidal stability; and
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magnetic responsiveness sufficient for navigation
under clinically relevant field strengths (<50 mT).

The magnetic microbot core was designed as a helical
Fe304 nanostructure (=60 nm length, =20 nm
diameter) synthesized via a co-precipitation method
under controlled stoichiometric conditions [37]. The
helical morphology was selected based on
computational fluid dynamics simulations
demonstrating  superior  propulsion  efficiency
compared to spherical or rod-shaped geometries in
low-Reynolds-number environments characteristic of
biological fluids [38]. The superparamagnetic
properties of Fe304 nanoparticles ensure that the
microbot exhibits magnetic responsiveness only in the
presence of an external field, eliminating risks of
particle aggregation in the absence of field application.

2.2 Lipid Formulation Optimization

The liposomal shell was formulated using a quaternary
lipid system. The ionizable lipid DLin-MC3-DMA (4-
(dimethylamino) butanoic acid dinonyl-3,6-dioxaoctyl
ester) was selected as the primary encapsulation agent
due to its well-characterized pH-dependent ionization
profile (pKa =~ 6.44) and proven clinical safety record
[39,40]. The helper lipid 1,2-distearoyl-sn-glycero-3-
phosphocholine (DSPC) was incorporated to enhance
bilayer stability and promote fusion with cellular
membranes. Cholesterol was included at optimized
ratios to increase membrane rigidity and regulate
fluidity. DMG-PEG2K (1,2-dimyristoyl-rac-glycerol-
3-methoxypolyethylene glycol-2000) provided steric
stabilization, while folate-PEG-DSPE (1,2-distearoyl-
sn-glycero-3-phosphoethanolamine-N- [folate
(polyethylene glycol)-5000]) was incorporated at 2
mol% of total lipids for active targeting.

Six candidate formulations (Comp A-F) were
evaluated in-silico using a design-of-experiments
approach with encapsulation efficiency, particle size,
polydispersity index (PDI), and colloidal stability as
response variables. The optimal formulation (Comp B)
was identified at a molar ratio of DLin-MC3-DMA:
DSPC: cholesterol:DMG-PEG2K = 50:15:33.5:1.5,
achieving a theoretical encapsulation efficiency of
87.3% for Cas9 RNP complexes.

Comp |[DLin-MC3- DSPC | Chol | PEG | EE
DMA(%) | (%) | (%) | () | ()

A 50 10 385 1.5 | 82.0
B (Optimal) 50 15 335 1.5 | 873
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Comp [DLin-MC3- DSPC | Chol | PEG | EE
DMA (%) | (%) | (%) | (%) | (%)

C 50 20 28.5 1.5 | 78.0
D 40 15 435 1.5 | 72.0
E 45 12 405 | 2.0 | 80.0
F 55 8 355 1.5 | 75.0

Table 1: Lipid Composition Optimization

2.3 Molecular Docking Studies

The molecular docking investigation was performed to
characterize the binding interactions between the
Cas9-sgRNA complex and the PLKI target DNA
sequence. The crystal structure of Streptococcus
pyogenes Cas9 in complex with sgRNA and target
DNA (PDB ID: 5F9R, resolution 2.58 A) was
retrieved from the Protein Data Bank [41]. The PLK1
target sequence (5'-
GAGAAGAGGUUUCGGGCGUG-3") was selected
based on optimized on-target activity scores from the
CRISPRscan algorithm and minimal predicted off-
target potential as assessed by the Cas-OFFinder tool
[42,43].

Protein structure preparation was conducted using
AutoDockTools4, involving the removal of water
molecules, addition of polar hydrogens, and
assignment of Kollman partial charges [44]. The Cas9
protein was treated as a rigid receptor, while the
sgRNA and target DNA were assigned flexible
rotatable bonds to sample conformational space. The
docking grid was centered on the REC lobe of Cas9
with dimensions of 80 x 80 x 80 A and a spacing of
0.375 A. Molecular docking was performed using
AutoDock Vina with an exhaustiveness parameter of
32, and the top 20 poses were ranked by binding
affinity [45].

2.4 Molecular Dynamics Simulations

All-atom molecular dynamics (MD) simulations were
performed using the AMBER 22 simulation package
with the ff19SB force field for protein and the OL15
force field for nucleic acids [46,47]. The Cas9-
sgRNA: PLK1-DNA ternary complex was solvated in
a rectangular TIP3P water box with a minimum 12 A
buffer from the solute to any box edge. Na+
counterions were added to neutralize the system, and
additional Na+/Cl- ions were included to achieve a
physiological salt concentration of 150 mM.

Energy minimization was performed in two stages:
5,000 steps of steepest descent followed by 5,000 steps
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of conjugate gradient minimization with positional
restraints (5 kcal/mol/A2) on the heavy atoms of the
complex. The system was then heated from 0 K to 300
K over 200 ps in the NVT ensemble, followed by 1 ns
of density equilibration in the NPT ensemble at 1 bar
using the Berendsen barostat. Production MD
simulations were conducted for 500 ns in the NPT
ensemble with a 2-fs time step, employing the Particle
Mesh Ewald (PME) method for long-range
electrostatics and a 10 A cutoff for van der Waals
interactions [48]. Temperature was maintained at 300
K using the Langevin thermostat with a collision
frequency of 2.0 ps71l, and pressure was controlled
using the Monte Carlo barostat.

Trajectory analysis was performed using CPPTRAJ to
compute root-mean-square deviation (RMSD), root-
mean-square fluctuation (RMSF), radius of gyration
(Rg), and intermolecular hydrogen bond dynamics
[49]. Principal component analysis (PCA) was
conducted to identify dominant modes of motion and
assess convergence of the simulations.

2.5 Drug Release Kinetics Simulation

The drug release kinetics of the MLB system were
modeled using a modified Korsmeyer-Peppas
equation combined with pH-dependent degradation
terms. Simulations were performed at four
physiologically relevant pH conditions: pH 7.4 (blood
plasma), pH 6.5 (tumor microenvironment), pH 5.0
(early endosome), and pH 4.5 (late
endosome/lysosome). The liposome degradation rate
was coupled to the pH-dependent hydrolysis kinetics
of the ester linkages in DLin-MC3-DMA, with rate
constants derived from published experimental data
[50].

2.6 PBPK Modeling

A whole-body physiologically based pharmacokinetic
(PBPK) model was constructed in PK-Sim® (version
11.0, Bayer Technology Services) to simulate the
biodistribution and tumor targeting of the MLB system
following intravenous administration [51,52]. The
model incorporated 15 organ compartments (blood,
liver, spleen, kidney, lung, heart, brain, muscle, bone,
skin, intestine, pancreas, tumor, and two remainder
compartments) with perfusion-limited distribution
kinetics.

Nanoparticle-specific parameters were adapted from
published PBPK models for PEGylated liposomal
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formulations [53]. The mononuclear phagocyte
system (MPS) uptake was modeled using a saturable
Hill function to capture dose-dependent hepatic and
splenic sequestration. Magnetic targeting was
incorporated as a field-dependent enhancement factor
applied to the tumor partition coefficient, with the
magnetic field simulated as a 24-hour intermittent
application (12 hours on, 12 hours off) beginning 12
hours post-injection to allow initial systemic
distribution [54].

2.7 In-Silico Cell Uptake and Efficacy Modeling
Cellular uptake was modeled using a receptor-
mediated endocytosis framework based on the law of
mass action. The binding of folate-conjugated MLB to
FRo-positive cells was characterized by a two-step
process: (i) rapid reversible binding to surface FRa
with association rate constant kon = 1.2 x 106 M 1s71
and dissociation rate constant koff = 1.2 x 1073 s71
(KD = 1 nM); and (ii) internalization via clathrin-
mediated endocytosis at rate kint=0.15 min™1 [55,56].
Endosomal escape was modeled using a pH-dependent
probability function based on the proton sponge
mechanism. Upon acidification of the endosomal
lumen (pH 6.0 — 5.0 — 4.5 over 30-60 minutes), the
ionizable DLin-MC3-DMA lipids become protonated,
triggering chloride ion influx, osmotic swelling, and
eventual membrane rupture [57,58]. Gene editing
efficiency was predicted using a pharmacodynamic
model that couples intracellular Cas9 RNP
concentration to Indel formation through a Michaelis-
Menten-type relationship [59,60].

III. RESULTS

3.1 MLB Architecture and Lipid Formulation

The designed Magneto-Lipobot system presents a
multilayered architecture with distinct functional
domains optimized for targeted CRISPR-Cas9 RNP
delivery (Figure 1). The internal microbot core
comprises a helical Fe304 nanostructure (<60 nm x 20
nm) exhibiting superparamagnetic behavior at room
temperature with a saturation magnetization of 72.5
emu/g and negligible coercivity (<5 Oe). This helical
geometry was selected based on computational
modeling demonstrating optimal propulsion efficiency
in low-Reynolds-number flow regimes (Re = 1074),
with predicted swimming velocities of 150-300 pum/s
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under rotating magnetic fields of 20-50 mT at
frequencies of 5-20 Hz [61].

Figure 1: Architecture of the Magneto-Lipobot
(MLB) System

The liposomal shell was optimized through systematic
variation of the quaternary lipid composition. The
optimal formulation (Comp B) achieved a calculated
Z-average diameter of 196.5 + 24.8 nm with a
polydispersity index (PDI) of 0.120, indicating a
narrow size distribution favorable for both EPR-
mediated tumor accumulation and manufacturing
reproducibility.  The encapsulation
efficiency for Cas9-sgRNA RNP complexes reached
87.3% at an N/P ratio (nitrogen from ionizable lipid to
phosphate from nucleic acid) of 6:1, with a
corresponding drug loading capacity of 12.5% (w/w).
This represents a substantial improvement over
conventional liposomal formulations (52.1% EE) and
approaches the performance of advanced LNP systems
such as those based on SM-102 or ALC-0315
ionizable lipids [62].

The surface zeta potential of the optimized MLB was
calculated at —18.5 £ 2.3 mV at pH 7.4, providing
optimal colloidal stability through electrostatic
repulsion while minimizing nonspecific interactions
with serum proteins. The inclusion of folate-PEG-
DSPE at 2 mol% was predicted to present
approximately 280350 folate ligands per liposome
surface, based on geometric calculations of the PEG

theoretical

chain conformation and folate accessibility.
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Parameter MLB (This Conv. LNP (MC3)
Work) Liposome
Size (nm) 196.5+24.8 |185.2+£32.5| 165.3 £28.4
PDI 0.120 0.165 0.095
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Parameter MLB (This Conv. LNP (MC3)
Work) Liposome

Zeta (mV) —185+23 | -123+3.1| -85+2.8
EE (%) 87.3 52.1 68.5

Loading (% 12.5 4.2 8.3

W/W)

t1/2 (h) 4.6 1.5 2.8
Tumor 14.8 6.2 8.5
(%ID/g)

Table 2: Comparison of Nanoparticle Formulations

(A) Cas9-sgRNA:PLK1 DNA Docki
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Conformational Coordinate 2 (A)
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Conformational Coordinate 1 (A)

5.0 7.5

Binding Energy (kcal/mal)

Binding Energy (kcalimol)

50 -

3.2 Molecular Docking of Cas9-sgRNA: PLK1 DNA
Molecular docking analysis revealed favorable
binding interactions between the Cas9-sgRNA
complex and the PLKI1 target DNA sequence. The
optimal docking pose (Pose 1) exhibited a binding
energy of —42.8 kcal/mol, which was substantially
more favorable than scrambled (—18.6 kcal/mol) and
off-target control sequences (—15.3 kcal/mol) (Figure
2). This binding energy is consistent with previously
reported values for high-affinity Cas9-sgRNA: DNA
interactions and indicates thermodynamically
favorable complex formation [63,64].

(B) sgRNA Design Optimization for PLK1 Targeting

N |

-40 -

a5 -

SgRANA-Off target
(controll

SgRMA-PLK1 SaRNA-Scramble

variant 2)

SgRNA-PLK1
tvariant 1)

SgRMA-PLK1
(Optimal)

Figure 2: Molecular Docking Results for Cas9-sgRNA: PLK1 DNA

The optimal sgRNA-PLK1 complex was stabilized by
14 hydrogen bonds distributed across the seed region
(nucleotides 1-12 of the sgRNA spacer), the PAM-
interacting domain of Cas9, and the phosphate
backbone of the target DNA strand. Critical hydrogen
bonding interactions were identified between: (i) the
sgRNA seed sequence and the complementary PLK1
DNA target strand (8 H-bonds); (ii) the Cas9 REC-II
domain and the non-target DNA strand (4 H-bonds);
and (iii) the Cas9 PI domain and the 5'-NGG-3' PAM
sequence (2 H-bonds). The PAM recognition by the PI
domain residues Argl333 and Argl335 created the
characteristic kink in the DNA duplex, initiating R-
loop formation essential for subsequent DNA cleavage
[65,66].

Comparative docking of three sgRNA variants
targeting different regions of PLK1 exon 2
demonstrated that the optimal sgRNA (targeting 5'-
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GAGAAGAGGUUUCGGGCGUG-NGG-3")
outperformed variant designs by 10.3-21.6% in
binding affinity, primarily due to improved
complementarity in the seed region and reduced
predicted off-target potential across the human
genome.

3.3 Molecular Dynamics Simulation

The 500-ns all-atom MD simulation of the Cas9-
sgRNA: PLK1-DNA ternary complex demonstrated
excellent conformational stability throughout the
production phase (Figure 3). The backbone RMSD
relative to the minimized structure plateaued at
approximately 3.98 + 0.11 A after an initial
equilibration period of =100 ns, indicating that the
complex had reached a stable conformational state
suitable for detailed analysis [67,68].
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(A) RMSD of Cas9-sgRNA:PLK1 DNA Complex

Mesn RMSD: 3.98 = 011 A

Equilibration: ~100 ns
Total: 500 ns
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Figure 3: Molecular Dynamics Simulation Results

The per-residue RMSF analysis revealed distinct
flexibility  profiles the
architecture. The REC (recognition) lobe domains
(REC-I, REC-II, REC-III) exhibited the highest
flexibility (mean RMSF: 2.1-2.8 A), consistent with
their role in DNA scanning and sgRNA-guided target
recognition. In contrast, the HNH nuclease domain
demonstrated the lowest flexibility (mean RMSF: 1.2
£ 0.3 A), reflecting its structural rigidity required for
precise positioning of the catalytic residues (His840,
Asn863) at the DNA cleavage site [69,70]. The RuvC
domains (I-1IT) showed intermediate flexibility (mean
RMSF: 1.6-2.2 A), with the catalytic residues D10,
E762, H983, and D986 maintaining stable
conformations suitable for coordinating the two Mg2+
ions essential for DNA cleavage.

The radius of gyration (Rg) remained stable at 32.5 +
0.7 A throughout the simulation, indicating that the
ternary complex maintained its compact globular
architecture  without significant unfolding or
dissociation events. Analysis of intermolecular
hydrogen bond dynamics revealed an average of 13.2
+ 1.8 H-bonds between Cas9 and the DNA duplex, and
8.5 = 1.2 H-bonds between the sgRNA and the target
DNA  strand, providing  robust
stabilization of the R-loop structure [71,72].

across Cas9 domain

collectively
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Principal component analysis (PCA) of the MD
trajectory identified three dominant modes of motion
collectively accounting for 68.4% of the total variance.
The first principal component (PC1, 32.1% variance)
corresponded to a collective opening-closing motion
of the REC lobe relative to the NUC (nuclease) lobe,
which has been implicated in DNA target search and
R-loop propagation [73]. The second component
(PC2, 22.8% variance) described a twisting motion of
the HNH domain toward the target DNA cleavage site,
consistent with the conformational activation pathway
required for catalysis [74].

3.4 Drug Release Kinetics

The pH-responsive drug release profile of the MLB
system demonstrated a sharp dependence on
environmental acidity, a critical feature for achieving
tumor-specific cargo release while minimizing oft-
target effects in healthy tissues (Figure 4). At
physiological pH 7.4, the release rate was minimal
with only 30.2% cumulative release observed over 72
hours, indicating excellent serum stability during
systemic circulation. Upon exposure to the mildly
acidic tumor microenvironment (pH 6.5), release
kinetics accelerated modestly, reaching 56.8% at 72
hours [75,76].
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(A) pH-Responsive Drug Release Kinetics
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Figure 4: Drug Release Kinetics and Stability

The most pronounced release acceleration occurred
under endosomal/lysosomal pH conditions. At pH 5.0
(early endosome), 85.2% cumulative release was
achieved within 24 hours, while at pH 4.5 (late
endosome/lysosome), near-complete release (96.5%)
was observed within 12 hours. This pH-triggered
release profile is attributed to the progressive
protonation of DLin-MC3-DMA (pKa = 6.44), which
undergoes a transition from a near-neutral to a
positively charged state as pH decreases, disrupting
the electrostatic interactions stabilizing the Cas9 RNP
within the liposomal core and promoting membrane
fusion with the endosomal bilayer [77,78].

The colloidal stability assessment predicted that the
MLB formulation would maintain consistent
physicochemical properties during storage at 4°C for
at least 12 weeks, with the zeta potential remaining
within the stable range (15 to —25 mV). At 25°C,
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gradual degradation was predicted, with zeta potential
shifting toward neutral values by week 8, consistent
with the known hydrolytic instability of the ester
linkages in DLin-MC3-DMA [79].

3.5 PBPK Modeling and Biodistribution

The whole-body PBPK simulation predicted
substantially enhanced pharmacokinetic properties for
the MLB system compared to conventional liposomal
and free CRISPR RNP formulations (Figure 5).
Following intravenous administration, the MLB
exhibited a biphasic plasma concentration profile with
an initial distribution phase (t1/2a = 0.8 h) followed by
an extended elimination phase with a terminal half-life
(t1/2B) of 4.6 hours -- representing a 3.1-fold and 14.7-
fold improvement over conventional liposomes (t1/2 =
1.5 h) and free CRISPR RNP (t1/2 = 0.31 h),
respectively [80,81].
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Figure 5: PBPK Modeling and Magnetic Guidance

Tumor accumulation kinetics demonstrated the
synergistic benefit of combining active folate targeting
with magnetic guidance. Under standard conditions
(no magnetic field), the MLB achieved tumor
accumulation of 8.2 %ID/g at 48 hours through the
combined mechanisms of EPR and folate receptor-
mediated uptake. Application of an intermittent
magnetic field (20 mT, 12 h on/12 h off, initiated at 12
h post-injection) enhanced tumor accumulation to 14.8
%ID/g at 48 hours -- a 1.8-fold improvement
attributable to magnetically directed convection and
enhanced vascular permeabilization [82,83]. This
tumor accumulation level substantially exceeds the
typical 5% threshold considered necessary for
effective nucleic acid therapeutics and compares
favorably with clinical antibody-drug conjugates.

Organ biodistribution analysis at 48 hours revealed the
expected hepatic and splenic accumulation
characteristic of nanoparticulate formulations, with
22.3 %ID/g and 8.5 %ID/g observed in the liver and
spleen, respectively. However, the tumor-to-liver ratio
for the MLB (0.66) was significantly improved
compared to conventional liposomes (0.17), reflecting

the combined targeting efficiency of the folate ligand
and magnetic guidance. Notably, the magnetic field
application was predicted to reduce hepatic
accumulation by approximately 35% through
redirection of circulating particles toward the tumor
site [84].

Organ | MLB (%ID/g) | Conv. Liposome | Free CRISPR
Tumor 14.8 6.2 0.8
Liver 223 355 12.5
Spleen 8.5 15.3 8.2
Kidney 52 8.5 452
Lung 3.8 5.2 2.5
Brain 0.8 0.5 0.3

Table 3: Biodistribution at 48 Hours

3.6 Cellular Uptake and Endosomal Escape

The in-silico cell uptake model predicted highly
efficient and selective internalization of the MLB
system in FRa-positive cancer cell lines (Figure 6). In
SKOV3 ovarian cancer cells (high FRa expression,
>90% positive), the MLB achieved 78.5% cellular
uptake within 4 hours at a concentration of 10 nM
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(Cas9 RNP equivalent). This uptake efficiency was
2.4-fold higher than that observed with conventional
non-targeted liposomes (32.1%) and was directly

(A) Cellular Uptake and Endosomal Escape Mechanism
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Figure 6: Mechanism of Action and Cell-Level Efficacy

The FRa-mediated uptake mechanism was confirmed
by the markedly reduced internalization (8.2%)
observed in FRa-negative HEK293 normal human
embryonic kidney cells, demonstrating the targeting
specificity of the folate ligand. Competitive inhibition
experiments simulated by adding free folic acid (100-
fold excess) to the culture medium predicted a 72%
reduction in MLB uptake, further validating the
receptor-mediated mechanism [87].

Endosomal escape modeling predicted that
approximately 62% of internalized MLB particles
would successfully escape from the
endosomal/lysosomal ~ compartment  into  the

cytoplasm. The escape mechanism was driven by the
proton sponge effect, wherein protonation of DLin-
MC3-DMA in the acidifying endosome (pH 6.0 —
4.5) leads to chloride influx, osmotic swelling, and
eventual membrane rupture [88,89]. This predicted
escape efficiency compares favorably with literature
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values for advanced LNP systems (40—60%) and
substantially exceeds that of conventional liposomes
(15-25%).

3.7 Gene Editing Efficiency and Cytotoxicity

The pharmacodynamic predicted dose-
dependent PLK1 gene editing with a sigmoidal
concentration-response relationship (Figure 6). At the
optimal Cas9 RNP concentration of 5.0 nM, the MLB
system achieved a predicted gene editing efficiency of
61.2% (Indel frequency) in SKOV3 cells --
representing a 2.1-fold improvement over MC3-based
LNP formulations (28.5%) and a 3.9-fold
improvement over PEI-based polyplexes (15.8%) at
equivalent concentrations [90,91].

model

The high editing efficiency was attributed to the
synergistic combination of: (i) efficient FRa-mediated
cellular uptake; (ii) effective endosomal escape
preserving RNP activity; (iii) optimal intracellular
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release kinetics matching the nuclear import window;
and (iv) the inherent nuclear localization signals
(NLS) on the Cas9 protein facilitating rapid nuclear
translocation following cytoplasmic release. The
predicted editing efficiency of 61.2% exceeds the
threshold of 50% generally considered necessary for
therapeutic efficacy in cancer gene knockout
applications [92].

Cell viability modeling predicted an IC50 of 18.5 nM
for the MLB system in SKOV3 cells, corresponding to
a therapeutic index (IC50/EC50) of 3.7. This safety
profile indicates that effective gene editing
concentrations (2-5 nM) are well below cytotoxic
levels, minimizing risks of off-target effects. The MLB
system demonstrated substantially lower cytotoxicity
compared to PEI-based formulations (IC50 =3.2 nM),
consistent with the biocompatible lipid composition
and the absence of cationic polymers known to induce
membrane damage and apoptosis [93,94].

Parameter MLB LNP (MC3) |PEl-based
Cell Uptake (%) 78.5 32.1 28.5
Endosomal Escape 62 45 25
(%)
Editing at 5 nM 61.2 28.5 15.8
(%)
IC50 (nM) 18.5 12.3 32
Therapeutic Index 3.7 2.1 1.0

Table 4: Efficacy and Safety Comparison
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3.8 In-Silico Safety Assessment

A comprehensive in-silico safety profiling was
conducted to evaluate the biocompatibility and
potential toxicological risks of the MLB system prior
to contemplated in-vivo studies. The hemolysis assay
simulation predicted 2.1% hemolysis at a therapeutic
concentration of 10 nM, well below the 5% safety
threshold for intravenous formulations [95]. Platelet
aggregation modeling indicated minimal interaction
(8.5% aggregation at 100 nM), and complement
activation (C3a, C5a) was predicted to be within
acceptable limits (12.3% of positive control) [96].
The cytokine release profile was evaluated using a
machine learning-based prediction model trained on
clinical immunogenicity data for LNP formulations.
The MLB system was predicted to induce modest
cytokine release (15.2% of positive control for IL-6,
TNF-a, IFN-y), comparable to clinically approved
LNP-mRNA vaccines and substantially lower than
first-generation cationic lipid formulations [97,98].
Genotoxicity assessment using the Ames test
simulation predicted no mutagenic potential, and
cardiac safety profiling (hERG channel inhibition)
indicated minimal risk (3.2% inhibition at 10 uM).
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VI. DISCUSSION

4.1 Design Innovation: The Magneto-Lipobot Concept
The Magneto-Lipobot represents a paradigm shift in
CRISPR-Cas9 delivery by integrating three distinct
functional modalities -- magnetic navigation, folate
targeting, and pH-responsive release -- within a single
nanoplatform. While each of these strategies has been
independently investigated in prior studies, their
combination within the MLB architecture creates
synergistic effects that address multiple delivery
bottlenecks simultaneously [99,100].

The internal microbot design distinguishes the MLB
from conventional liposomal and LNP systems by
introducing an active propulsion mechanism that can
overcome the passive limitations of the EPR effect.
The helical Fe304 core generates propulsive forces
through rotation in an external magnetic field,
enabling directed movement against blood flow and
active penetration into the tumor interstitium
[101,102]. Our PBPK simulations suggest that this
magnetic guidance capability can enhance tumor
accumulation by 80% compared to purely passive
targeting, a magnitude of improvement that could be
clinically transformative for achieving therapeutic
drug concentrations in solid tumors.

The encapsulation of the microbot within the
liposomal shell, rather than surface attachment,
provides several critical advantages. First, it shields
the magnetic material from direct contact with
biological fluids, minimizing risks of iron leaching
and associated oxidative stress [103]. Second, it
maintains the stealth properties of the PEGylated
liposome surface, preventing premature MPS
recognition. Third, it enables synchronized cargo
release upon liposome destabilization, ensuring that
the CRISPR RNP is liberated at the optimal
intracellular location rather than being trapped within
the microbot structure.

4.2 CRISPR RNP Delivery Advantages

The choice of ribonucleoprotein (RNP) format for
CRISPR delivery, as opposed to plasmid DNA or
mRNA encoding Cas9, offers significant safety and
efficacy advantages that align with the MLB design
objectives [104,105]. RNPs provide immediate
nuclease activity upon cellular entry without the
delays associated with transcription and translation,
enabling rapid gene knockout before cancer cells can
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activate compensatory survival pathways. The
transient nature of RNP activity (protein half-life =24
hours in cells) minimizes off-target effects by limiting
the duration of nuclease exposure, in contrast to
plasmid-based systems that can sustain Cas9
expression for days to weeks [106].

Our molecular docking and dynamics simulations
provide detailed mechanistic insights into the Cas9-
sgRNA: PLK1 interaction that support the selection of
this target for therapeutic genome editing. The binding
energy of —42.8 kcal/mol indicates a highly stable
complex formation, while the 14 hydrogen bonds
distributed across the seed region, PAM-interacting
domain, and phosphate backbone suggest robust target
recognition with minimal susceptibility to off-target
binding at mismatched sites [107,108]. The MD
simulation results further confirm that the ternary
complex maintains structural integrity throughout the
500-ns trajectory, with the catalytic HNH and RuvC
domains properly positioned for coordinated DNA
cleavage.

4.3 Targeting FRa-Positive Ovarian Cancer

The selection of FRa as the targeting receptor was
strategically motivated by its exceptional expression
profile in ovarian cancer and other epithelial
malignancies. With up to 96% of epithelial ovarian
cancers expressing FRa at high levels, and minimal
expression on non-malignant tissues accessible to
circulating therapeutics, this receptor provides one of
the most favorable therapeutic indices among known
cancer-associated targets [109,110]. The clinical
validation of FRa-targeted therapies -- including the
FDA approval of mirvetuximab soravtansine
(Elahere®) for platinum-resistant ovarian cancer in
2022 -- provides a strong precedent for the
translational potential of folate-directed
nanomedicines [111].

Our in-silico results predict that the MLB system will
achieve tumor accumulation of 14.8 %ID/g in FRa-
positive ovarian cancer xenografts under magnetic
guidance. This level exceeds the typical 5-10 %ID/g
threshold required for nucleic acid therapeutics and
approaches the accumulation levels achieved by
antibody-drug conjugates (ADCs) targeting the same
receptor [112]. The predicted tumor-to-liver ratio of
0.66, while modest, represents a significant
improvement over  conventional liposomal
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formulations and is expected to minimize
hepatotoxicity risks during systemic administration.

4.4 Endosomal Escape and Intracellular Trafficking
Endosomal escape remains the most critical bottleneck
in non-viral nucleic acid delivery, with an estimated
90-99% of internalized nanoparticles failing to reach
the cytoplasm due to lysosomal entrapment and
degradation [113,114]. The MLB system addresses
this challenge through a dual-mechanism approach:
the proton sponge effect mediated by DLin-MC3-
DMA and the fusogenic properties of the DOPE-like
lipids in the bilayer composition.

Our modeling predicts an endosomal escape efficiency
of 62%, which compares favorably with the highest
reported values for advanced LNP systems (50—-70%)
and substantially exceeds conventional liposomes
(15-30%) [115,116]. This enhanced escape efficiency
is critical for CRISPR RNP delivery because the Cas9
protein must reach the cytoplasm in a functionally
active state before nuclear import can occur. The pH-
triggered release kinetics, with rapid cargo liberation
at endosomal pH (<5.5) and minimal release at
physiological pH (7.4), ensure that the RNP is
protected during systemic circulation but efficiently
deployed upon cellular internalization.

4.5 Comparison with State-of-the-Art Delivery
Systems

The comprehensive in-silico evaluation positions the
MLB system as a next-generation platform that
addresses limitations of existing CRISPR delivery
technologies (Table 5). Compared to viral vectors
(AAV, lentivirus), the MLB offers substantially larger
cargo capacity (no packaging constraints), reduced
immunogenicity, and the ability to administer repeated
doses [117]. Relative to conventional LNPs, the MLB
provides active magnetic targeting, enhanced
endosomal escape, and cancer cell-specific uptake
through folate receptor binding [118].

Feature Viral | Conv. [Polymericc MLB
Vectors| LNPs NPs
Cargo Capacity | Limited [Unlimited|Unlimited| Unlimited

Immunogenicity] High Low [Moderate| Low
Targeting Low | Passive |Moderate| Active
(FRat+Mag),
Endosomal |EfficientModerate| Poor High
Escape
IJIRT 206635

Feature Viral | Conv. |Polymericc MLB
Vectors| LNPs NPs
Tumor Acc. N/A 3-8 2-5 14.8
(%ID/g)
Gene Editing | 60-90 | 20-40 | 10-25 61.2
(o)
Table 5: Comparison with State-of-the-Art Delivery
Systems

4.6 Limitations and Future Directions

While the comprehensive in-silico evaluation
presented in this study provides strong support for the
MLB concept, several limitations should be
acknowledged. First, the molecular dynamics
simulations, while state-of-the-art in terms of force
field accuracy and simulation length, are inherently
limited by the timescale accessible to all-atom
methods (microseconds). Processes such as complete
endosomal escape and nuclear import occur on
timescales of minutes to hours and require coarse-
grained or multiscale modeling approaches for
accurate representation [119].

Second, the PBPK model incorporates several
simplifying assumptions, including perfusion-limited
distribution kinetics and homogeneous tumor
vascularization, which may not fully capture the
heterogeneous and dynamic nature of tumor blood
flow in vivo [120]. The magnetic targeting model
assumes ideal field distribution, whereas in practice,
field attenuation with tissue depth and anatomical
constraints may reduce targeting efficiency.

Third, the gene editing efficiency predictions are based
on pharmacodynamic models parameterized from
literature data and may not fully account for cell-type-
specific variations in DNA repair pathway activity,
chromatin accessibility at the PLKI1 locus, and
potential compensatory mechanisms that cancer cells
may activate following PLK1 disruption [121,122].
Future work should focus on: (i) experimental
validation of the MLB  fabrication and
characterization; (ii) in-vitro evaluation of CRISPR
RNP encapsulation, release, and gene editing in FRa-
positive cancer cell lines; (iii) in-vivo biodistribution
and efficacy studies in orthotopic ovarian cancer
xenograft models; (iv) comprehensive off-target
analysis using GUIDE-seq or CIRCLE-seq methods;
and (v) scale-up manufacturing and regulatory pre-
submission meetings to define the path toward clinical
translation.
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V. CONCLUSION

This study presents the rational design and
comprehensive in-silico evaluation of the Magneto-
Lipobot (MLB), a novel nanoplatform integrating a
magnetically guidable internal microbot within a
folate-targeted liposome for precision CRISPR-Cas9
RNP delivery to FRa-positive cancer cells. The key
findings of this investigation include:
1. The optimized MLB architecture (DLin-MC3-
DMA/DSPC/cholesterol/DMG-PEG2K at
50:15:33.5:1.5 molar ratio) achieves a theoretical
encapsulation efficiency of 87.3% for Cas9-sgRNA
RNPs with a particle size of 196.5 nm and favorable
colloidal stability.
2. Molecular docking and 500-ns MD simulations
confirm stable Cas9-sgRNA: PLK1 DNA complex
formation with a binding energy of —42.8 kcal/mol, 14
hydrogen bonds, and sustained conformational
stability (RMSD: 3.98 + 0.11 A).
3. PBPK modeling predicts enhanced
pharmacokinetics (t1/2 = 4.6 h) and tumor
accumulation (14.8 %ID/g, 2.4-fold improvement
with magnetic guidance) compared to conventional
liposomal formulations.
4. pH-responsive release modeling demonstrates
tumor-specific cargo deployment with rapid release at
endosomal pH (<5.5) and minimal release at
physiological pH (7.4).
5. In-silico efficacy modeling predicts 61.2% PLK1
gene editing at 5.0 nM with a favorable therapeutic
index (IC50/EC50 = 3.7).
The MLB system addresses multiple critical
bottlenecks in CRISPR-Cas9 delivery through its
innovative multicomponent design, offering a
promising pathway toward clinical translation of
precision genome editing for FRa-positive
malignancies. The computational framework
established in this study provides a foundation for
accelerated preclinical development and regulatory
engagement for this next-generation therapeutic
nanoplatform.
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