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Pulmonary gene delivery has demonstrated high specificity for respiratory diseases, offering great 
control on dosage of therapeutics and side effects. On the other hand, intrinsic barriers in pulmonary 
systems impose new challenges such as crossing the pulmonary surfactant and evading mucus 
entrapment. Differences in hydrophobicity of plasma membrane and pulmonary surfactant require 
different chemistries of gene carriers to improve efficacy. Large-scale coarse-grained (CG) molecular 
dynamics simulations would facilitate the screening of gene carriers and understanding of the 
molecular mechanisms involved in pulmonary delivery. Among non-viral carriers, polyethyleneimine 
(PEI) has been a promising candidate that can be synthesized with various molecular weight, degree 
of branching, and functionalization. In this work, CG models are developed for PEI and its lipid-
functionalized form, within the Martini framework, to provide a platform for exploring structure-
function relationships of PEI-based pulmonary delivery systems. Special attention is focused on 
parameterizing the non-bonded interactions associated with CG PEI, to ensure compatibility with 
Martini proteins, short interfering RNA, and phospholipids that are essential components in pulmonary 
gene delivery. The non-bonded parameters are validated by comparing all-atom (AA) and CG potential 
of mean force (PMF) curves, where the root-mean-square deviations between the AA and CG PMF 
curves are shown to be comparable to or smaller than those reported in Martini literature.
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Pulmonary diseases pose a significant global health burden, driving the need for advanced therapeutics1. 
Pulmonary gene delivery, which involves introducing genetic material directly into the lungs, could revolutionize 
treatment for respiratory diseases2. Pulmonary systems impose unique challenges such as the complex 
structure of airways, potential mucociliary clearance3, the barrier of pulmonary surfactant, and the threat of 
neutralization by macrophages4,5. Mucociliary clearance involves entrapment of particles by negatively charged 
mucins (glycoproteins) and their removal by upward motion of cilia beneath the mucus layer, complicating 
drug/gene delivery3,6. The physical barrier of pulmonary surfactant is composed of diverse phospholipids, such 
as 2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-Dipalmitoyl-sn-glycero-3-phosphoglycerol 
(DPPG). These phospholipids are organized in mono- and multilayer structures at the interface between air and 
alveolar fluid, and these different structures cyclically transition between one another during respiratory cycles7. 
The presence of surfactant proteins (SP), such as SP-A, SP-B, SP-C and SP-D, are responsible for organizing the 
surfactants as well as providing protection against foreign materials3,8. Finally, macrophages in alveolar fluid can 
clear foreign pathogens and particles, such as therapeutic agents, using apoptotic pathways9. Further details on 
barriers to pulmonary delivery can be found in the extensive reviews by Whitsett et al.3. , de Souza Carvalho et 
al.10, Murgia et al.11, and Baliga et al.12.

Pulmonary gene delivery specifically targets lungs, offering high efficacy13 and reduced systemic side 
effects14. Recent advancements in non-viral delivery has improved the precision of transporting nucleic acids to 
specific pulmonary targets, such as the vascular endothelial cells for treating pulmonary arterial hypertension, or 
airway epithelial cells affected by cystic fibrosis15. Various gene delivery carriers, such as cationic liposomes and 
polymers, have been explored for pulmonary delivery16. Cationic liposomes typically consist of a hydrophobic 
group for bilayer stabilization and a cationic group for condensing DNA or aggregating RNA17. In pulmonary 
delivery, the interaction of pulmonary surfactant with the liposomes affects their stability, uptake efficiency and 
biocompatibility18. Liposomes can also be modified with ligands such as monoclonal antibodies19, glycoprotein20, 
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and peptides21 for improving specificity. Cationic polymers, such as poly-l-lysine (PLL) and polyethyleneimine 
(PEI), can condense DNA or aggregate short interfering RNA (siRNA), protecting them from degradation22. 
These carriers are promising for pulmonary gene therapy due to their high transfection efficiency and versatility23. 
PEI-based gene delivery systems, known for their high transfection rates in the lungs24, have the potential to treat 
pulmonary diseases such as cystic fibrosis25, pulmonary hypertension26, and lung cancer27. However, native PEIs 
characterized by their wide range of molecular weights presents inherent challenges in gene delivery, including 
cytotoxicity and limited target specificity27–31. Molecular functionalization techniques such as lipid substitution, 
PEGylation, and ligand conjugation have been demonstrated to be advantageous in addressing the limitations 
of native PEIs, while simultaneously improving transfection efficiency and biodegradability32–37. For instance, 
ligands can be specifically selected to interact with proteins unique to the target cell34,38,39. PEIs with attentive 
functionalization therefore offer significant advantages for pulmonary delivery, including enhanced transfection 
efficiency, targeted delivery to specific lung cells, reduced cytotoxicity, improved biodegradability, and enhanced 
stability40,41.

Fundamental understanding of mechanisms associated with PEI-based gene delivery can enable systematic 
and fast design of the carriers including their molecular functionalization. All-atom (AA)42–44 and coarse-grained 
(CG)45–48 molecular dynamics (MD) simulations serve as valuable tools in exploring mechanisms at angstrom 
to nanometer scales that are typically inaccessible in experiments. These simulations have provided valuable 
insights into the structural characteristics and dynamics of PEI-based gene delivery systems, shedding light on the 
interactions between PEI and nucleic acids49–52, the formation of PEI-nucleic acid nanoparticle (NP)s46, and the 
behavior of the NPs at different stages of the in-vitro gene delivery pathway45,53,54. To the best of our knowledge, 
MD simulations exploring pulmonary systems have not been studied for PEI-based NPs. However, pulmonary 
surfactants have been studied in other contexts. For instance, Duncan et al.55 studied phase transitions in lung 
surfactants, and Baoukina and coworkers56,57 explored their monolayer-bilayer transformations. Investigations 
concerning the impact of NP shape58, surface charge density59, and lipid coating60 on their translocation through 
pulmonary surfactant were studied for NPs with simple geometry. A comprehensive understanding of how NPs 
interact with key components of the surfactant is necessary for the rational design of NP delivery systems in 
pulmonary applications. Compared with AA simulations, the use of CG MD is advantageous for investigating 
PEI NPs in pulmonary systems, as it allows for efficient exploration of the interactions between NPs and the 
complex pulmonary environment, at more realistic length- and timescales.

The goal of this work is to develop a CG model for PEI and its lipid-substituted form, for the simulation of PEI 
NPs in pulmonary gene delivery. We chose the Martini force field, due to the existence of many parameterized 
biomolecules in Martini such as nucleic acids and proteins, as well as its wide application in simulating NPs 
in complex environments61. Although Martini CG models have been successfully developed for linear and 
branched PEIs62 including our prior work47, a notable gap remains: there is currently no Martini model available 
for PEIs with molecular functionalization such as lipid substitution47. In addition, the compatibility of existing 
Martini models with CG PEIs, especially after lipid substitution, is not guaranteed and requires meticulous 
parameterization and validation. This consideration is essential for ensuring the accuracy of CG simulations 
in investigating the interactions between PEI NPs and the pulmonary environment. For this purpose, Martini-
compatible models are developed for a native PEI and its counterpart with lipid (caprylic acid (CA)) substitution. 
The interaction of PEI and lipid-substituted PEI with nucleic acid (an siRNA) and key components of pulmonary 
surfactant (DPPC, DPPG, SP-B) are reparametrized and validated against AA simulations. SP-B is chosen over 
other SPs as it has been observed to modify properties of pulmonary surfactant that are important to gene 
delivery such as permeability63 and folding56. CA is chosen as the lipid substitution due to its efficacy and the 
strong correlation between the degree of substitution and cellular uptake64.

Methods
AA and CG models
A 2  kDa branched PEI65 (hereafter referred to as “PEI” for simplicity) with a protonation ratio of 40% to 
simulate PEI at a pH of 5 to 666 was used as the base model (AA structure shown in Fig. 1). The PEI with CA 
substitution, hereafter referred to as “PEI-CA”, was prepared by grafting a CA to one or three of the branches on 
PEI (substitution sites numbered 1, 2 and 3 in Fig. 1). When grafting CA to only one branch, substitution site 1 
was used. Force field parameters for the AA PEI models, developed based on CGenFF67, were directly adopted 
from Sun et al.65.

The CG models for both PEI and PEI-CA were created based on their AA counterparts. The CG PEI model 
was previously developed47 by mapping each ethylenimine monomer “CCN” to P1 (for groups with uncharged 
nitrogen) or Qd (for groups with charged nitrogen) beads, with the bead types determined based on hydration 
and partitioning free energies of ethylamine68. The CG model produced accurate interactions with salts, water, 
and DNA47. The bead mapping of the “CCN” groups is visualized by the red, blue, and black ellipses in Fig. 1. 
For the CG PEI-CA, atoms on the CA tail were grouped and mapped into the “(O=)CCCC0.5” and “C0.5CCCC” 
beads, named formaldehyde and alkane beads respectively (green and orange ellipses in Fig. 1), following a 4.5:1 
mapping. Here, C0.5 represents a carbon atom that is shared equally between two beads. Consistent with Marrink 
et al.68, the bead types were determined based on hydration and partitioning free energies64. Specifically, the free 
energy of “(O=)CCCC0.5” was calculated from the average free energy of “(O=)CCC” and “(O=)CCCC”, and the 
free energy of “C0.5CCCC” was considered to be the average free energy of “CCCC” and “CCCCC”. Based on the 
free energies, Na and C1 bead types were respectively assigned to the formaldehyde and alkane beads.

The parameters associated with bonds, angles, and dihedrals of CG PEI were determined in a previous work 
and used without any alterations47,69. Additional bonded interactions required for CG PEI-CA were determined 
using an automated bottom-up scheme69 (details in “Bonded interactions”). The non-bonded interactions of CG 
PEI and PEI-CA with Martini polarizable water70 and salt were kept unaltered, while their interactions with CG 

Scientific Reports |         (2025) 15:4377 2| https://doi.org/10.1038/s41598-025-88848-x

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


phospholipids, SP-B, and siRNA were validated by comparing the CG potential of mean force (PMF) curves to 
their AA counterparts (details in "Non-bonded interactions"), and non-bonded parameters were reparametrized 
if necessary. As PMF calculations are costly, the smaller 500 Da subsection highlighted in Fig. 1 was used in these 
simulations. To facilitate the reparameterization, an uncharged PEI (hereafter referred to as “uncharged PEI”) 
that contained only P1 beads was introduced as an auxiliary model which allows P1 beads to be reparametrized 
independently of Qd beads. The uncharged PEI is obtained by removing a hydrogen from each of the three 
protonated amine groups of the 500 Da subsection in Fig. 1.

The AA and CG DPPC, DPPG, siRNA, and SP-B models were used for validating or reparametrizing their 
CG non-bonded interaction potentials with CG PEI and PEI-CA. The sources for these models along with the 
CG bead types are provided in Table 1. The AA models of DPPC and DPPG bilayers were generated using the 
CHARMM-GUI71 membrane builder72,73 and the corresponding CG models were created using the CHARMM-
GUI Martini Maker72,73. The AA siRNA, sequence given in Table 1, is a smaller portion of a therapeutic siRNA 
that has been shown to treat lung cancer by inhibiting B-cell lymphoma-2 (BCL-2) expression74. The AA 
structure was generated in the B-form using NAB module of AMBERTOOLS75. The CG siRNA was created 
from the AA model using the Martinize-nucleotide python script76. Stiff elastic bonds with a cutoff of 1.0 nm 
and a force constant of 500 kJ mol− 1 nm− 2 were added to preserve the secondary structure of the CG siRNA. 
The SP-B is a highly hydrophobic protein that has been shown to produce large oligomeric structures77, but for 
the purpose of parametrizing PEI only one dimer was used in this work to allow for realistic simulation time 
for the AA simulations. The AA SP-B created using homology modeling was generously provided by Olmeda 
et al.77,78. The Protonate 3D application within Molecular Operating Environment (MOE)79 was used to predict 
the protonation state, charge the terminal protein residues, and determine the rotamer and tautomer states of 
protein residues in water at 300 K and pH of 6.9 in the absence of salts. A pH of 6.9 was chosen to match the pH 
of lung surfactants80. The CG SP-B was generated from the AA SP-B using the Martinize python script81. The CG 

Fig. 1.  Molecular structure, protonation sites, and lipid substitution sites of PEI (2 kDa), with the portion 
enclosed by the black box depicting a smaller PEI (500 Da) used for parameterization of non-bonded 
interactions. Blue, red, green and orange ellipses show the mapping of atom groups to P1, Qd, Na, and 
C1 beads, respectively. The black ellipse highlights a substitution site where CA can be grafted. With CA 
substitution, P1 is assigned to the black bead. In the absence of CA substitution, a proton is added to each 
substitution site, turning the black bead into Qd. An auxiliary uncharged PEI is also used in parametrization, 
for which the red (Qd) beads are replaced by blue (P1) beads. This structure was generated using ChemDraw 
22.2.0.
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topology maintained the cysteine bonds from the AA topology. Additionally, elastic bonds (lower cutoff: 0.5 nm, 
upper cutoff: 0.9  nm, force constant: 500  kJ mol− 1  nm− 2) maintained the secondary structure of individual 
monomers. The CHARMM27 and Martini 2.1P force fields were respectively used for the AA and CG models of 
DPPC, DPPG, siRNA, and SP-B.

Bonded interactions
The bonded interactions in MARTINI 2.1P81 include bond stretching, bond angle bending, and dihedral angle 
potentials. The bond stretching potential, Vb, is harmonic,

	 Vb (rij) = 1
2 Kb

ij

(
rij − req

ij

)2 � (1)

where rij  is the bond length, Kb
ij  is the force constant, and req

ij  is the equilibrium bond length between beads 
i and j. The bond angle bending potential, Va, is cosine-harmonic,

	 Va (θ ijk) = 1
2 Ka

ijk

[
cos (θ ijk) − cos

(
θ eq

ijk

)]2 � (2)

where θ ijk  is the bond angle, Ka
ijk  is the force constant, and θ eq

ijk  is the equilibrium bond angle between beads 
i, j, and k. The dihedral angle potential is given by a sum of 2W periodic functions,

	
Vd (ϕijkl) =

2W∑
w=1

Kd, w
ijkl

(
1 + cos

(
nϕijkl − ϕeq, w

ijkl

))
� (3)

where ϕ ijkl is the dihedral angle, Kd, w
ijkl  and ϕ eq, w

ijkl  are respectively the wth force constant and the equilibrium 
dihedral angle for beads i, j, k, and l. Parameter n is an integer given by,

	

⌊
n = w + 1

2

⌋
� (4)

where ⌊⋅⌋ represent the floor function.
Beads, bonds, bond angles, and dihedrals within CG PEI and PEI-CA are assigned names consistent with 

our previous work47. Bead names p, s, t, pq are used respectively for the primary, secondary, tertiary, and 
protonated primary beads in PEI and PEI-CA. Additionally, formaldehyde and alkane beads in CA are named 
‘ f ’ and ‘ a’, respectively. Since each bead has two terminal atoms that bind with other beads, a direction is 
assigned to it, pointing from the terminal with lower atomic weight to the one with higher atomic weight while 
neglecting the fractional weights of atoms within a bead. For example, “-CCN-”, and “-C0.5CCC(= O)-” both have 
directions from left to right. Note that in the formaldehyde bead, the rightmost carbon is bound to an oxygen 
atom, making the right terminal heavier than the left. In the alkane bead the terminals are identical, therefore 
the bead is symmetric and has no associated direction. To avoid ambiguity caused by asymmetry in PEI beads, 
directions are also assigned to a bond connecting two beads. The directionality of a bond is determined by 
combining the directions of the two beads it connects, e.g., “CCN-CCN” and “CCCCC0.5-C0.5CCC(= O)” has 
a single direction →  while “CCN-C(= O)CCC0.5” has a mixed directionality of ⇄ . This allows for a simple 
nomenclature of all CG bonds, angles, and dihedrals using their bead names and associated directionality of 
bonds. For example, “CCN-C(= O)CCC0.5” is a bond represented by s ⇄ f , “CCN-C(= O)CCC0.5-C0.5CCCC” 
is an angle represented by s ⇄ f ← a , and “-CCN-(CCN)-CCN-C(= O)CCC0.5-” is a dihedral represented 
by t (→ s) → s ⇄ f . All bonded interactions were categorized using this nomenclature and collectively 
parametrized.

Parameters already determined from previous works47 were used without change, while any missing 
parameters (those including f  and a beads) were determined using an automated bottom-up technique69. 
Specifically, AA trajectories from the simulation of a single 2 kDa PEI-CA in water were mapped into reference 

Molecule or system Source of the AA model Source of the CG model
Martini beads in 
the CG model

DPPC Bilayer CHARMM-GUI71 Membrane Builder 72,73 CHARMM-GUI71 Martini Maker81 Q0, Qa, Na, C1

DPPG Bilayer CHARMM-GUI71 Membrane Builder72,73 CHARMM-GUI71 Martini Maker81 P4, Qa, Na, C1

siRNA
Sense: 5’-​U​G​U​G​G​A​U​G​A-3’
Antisense: 3’-​A​C​A​C​C​U​A​C​U-5’

Smaller portion of siRNA for silencing BCL-2 
gene.74 Initial structure using AMBERTOOLS 
NAB.75

Built from AA structure using Martenize-
nucleotide python script76

SN0, SNda, TN0, 
TT2, TT3, Q0, 
TG2, TG3, TNa, 
TA2, TA3, TY2, 
TY3

SP-B
Sequence of a monomer chain:
LPYCWLCRALIKRIQAMIPK
GALAVAVAQVCRVVPLVAG
GICQCLAERYSVILLDTLLGR
MLPQLVCRLVLRCS

Homology modeling by Olmeda et al.77 Built from AA structure using the Martenize 
python script81

C1, C2, C3, C5, 
SP1, SC4, SC4, 
P4, P5, N0, Na, 
Nd, Nda, Qa, Qd

Table 1.  Description of AA and CG models of non-PEI molecules or systems.
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CG trajectories using the mapping scheme discussed in "AA and CG models", which were used to generate 
the reference CG distributions for bond lengths, bond angles, and dihedral angles. For simplicity and to avoid 
confusion with distributions obtained from CG simulation trajectories, these reference CG distributions are 
hereafter referred to as AA distributions. The initial guesses for the parameters in Eqs. (1)-(3) were determined 
by direct Boltzmann inversion of the AA distributions. The automated algorithm was then used to iteratively 
adjust the parameters to minimize the differences between the means and standard deviations of distributions 
obtained from CG and AA trajectories69.

The final comparison of the AA and CG bonded distributions was quantified using the root mean squared 
deviation (RMSD) and normalized-RMSD (NRMSD). Generally, in this work, if a function f (u) evaluated 
from AA and CG simulations are compared, the RMSD is defined as,

	
RMSD =

√
1
n

∑
n
i=1[fAA (ui) − fCG (ui)]2, � (5)

where fAA (u) and fCG (ui) are the value of the function at ui evaluated from AA and CG simulations, 
respectfully, and n is the total number of data points. The NRMSD is defined from the normalization of RMSD 
by the difference between the maximum and minimum values of fAA (u),

	 NRMSD = RMSD
max(fAA(u))−min(fAA(u)) � (6)

For the AA vs. CG comparison of each bonded distribution, u represented the variable for that bonded 
interaction (e.g., bond length, bond angle or dihedral angle), while f (u) was the corresponding probability 
distribution.

Non-bonded interactions
The non-bonded interactions in Martini 2.1P81 include electrostatic interactions between charged beads 
described by the Coulombic potential and van der Waals interactions described by the 12 − 6 Lennard-Jones (LJ) 
potential. The Coulombic potential is given by,

	 Vel (rij) = qiqj

4π ϵ 0ϵ rrij
� (7)

where rij  is the distance between beads i and j with charges qi and qj , respectively, ϵ 0 is the permittivity of 
free space, and ϵ r  is the dielectric constant of water medium. The LJ potential is given by,

	
VLJ (rij) = 4ϵij

[(
σ ij

rij

)12
−

(
σ ij

rij

)6
]

� (8)

where ϵij  and 21/6σ ij  are the depth and location, respectively, of the minimum in the LJ potential.
The quality of non-bonded interactions was gauged by comparing the AA and CG PMFs between the 500 Da 

PEI/PEI-CA (Fig. 1, portion enclosed by the black box) and one of the molecules or systems listed in Table 1. 
Alignment of the PMFs was examined both visually and by comparing the RMSD and NRMSD between AA 
and CG PMFs to those reported in classic Martini literature. The RMSD and NRMSD were calculated using 
Eqs. (5) and (6) where f (u) was identified to be the PMF as a function of its reaction coordinate, Z (details 
in “Simulation details”). If significant differences were observed between AA and CG PMFs, LJ pair interaction 
parameters between PEI and the molecule were modified, while keeping other pair interactions unchanged. 
Since electrostatic interactions are determined by the charges of the beads and the water model, they were left 
unaltered. Fig. 2a shows a flow chart that demonstrates the six-step parameterization and validation process. First, 
PMF curves for AA and CG PEI were generated and compared using the default Martini 2.1P parameters68,81. 
Second, if a poor matching was found, AA and CG PMFs for the auxiliary uncharged PEI were generated, and 
the LJ interaction between P1 beads in the uncharged PEI and beads in other molecules were reparametrized. 
After a reasonable agreement was found, the new parameters were considered “Stage 1” parameters. Third, the 
CG PMFs for PEI were regenerated with Stage 1 parameters for P1 beads and default parameters for Qd beads, 
followed by comparison with the corresponding AA PMF. Fourth, for an unsatisfactory matching, the Qd beads 
in PEI were reparametrized (with P1 bead parameters unaltered), and the parameters that produced acceptable 
matching were considered “Stage 2” parameters. Fifth, the Stage 2 parameters for PEI and default parameters 
for CA beads were used to generate the CG PMF for PEI-CA which was compared against the corresponding 
AA PMF. Finally, similar to previous steps, Na and C1 beads in PEI-CA were reparametrized to generate a good 
agreement with the AA PMF, and the finalized parameters were referred to as “Stage 3” parameters.

Reparameterization at each stage was conducted by trial-and-error tuning of ϵij  and σ ij  in Eq. (8), guided by 
the difference between the CG and AA PMFs. Special care was needed to reparametrize non-bonded interactions 
between a specific pair of molecules without altering their accurate interactions with other molecules. To ensure 
that only intended bead pairs were subjected to reparameterization, the bead types of a pair of molecules were 
duplicated and renamed before modifying the cross interaction between them. An example is shown in Fig. 2b 
where the interaction between Qd beads in PEI and Q0 beads in DPPC required modification. Within the 
general Martini topology, the LJ parameters for Qd and Q0 bead types were duplicated to generate new bead 
types “Qdx” and “Q0z”. Qdx and Q0z were identical to Qd and Q0, respectively, when interacting with default 
Martini beads. Additionally, self-interactions were identical to default Martini, e.g., Qdx-Qdx interaction was 
identical to Qd-Qd interaction. Then, the LJ parameters between Qdx and Q0z beads were altered to fine-tune 
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PEI-DPPC interactions, without changing how PEI (or DPPC) interacts with itself or other molecules, or how 
other molecules interact with each other.

Simulation details
To determine the bonded parameters for PEI-CA, AA simulations were run for PEI-CA with 1 CA (substituted 
at site #1 in Fig. 1) and 3 CA (substituted at all 3 sites in Fig. 1) substitutions. For each simulation, a single PEI-
CA was placed in the center of a cubic box sized to allow a 2 nm margin around the PEI-CA that was oriented 
along its principal axes. The box was filled with TIP3P82 water, and Cl− ions were added to neutralize the system. 
The energy of the system was first minimized using steepest decent followed by NVT equilibration for 100 ps at 
300 K and NPT equilibration for 100 ps at 300 K and 1 bar. The temperature was maintained using the stochastic 
velocity-rescaling thermostat83 with a time constant of 0.1 ps and the pressure was maintained using the 
Berendsen barostat84 with a time constant of 2 ps and compressibility of 4.5 × 10−5 bar − 1. During equilibration 
all bonds involving hydrogen atoms were constrained using the LINCS algorithm85 and position restraints with 
a force constant of 1000 kJ mol− 1 nm2 were applied on the backbone atoms of PEI-CA. Finally, PEI-CA was 
simulated for 40 ns in the NPT ensemble at 300 K and 1 bar without any position restraints. The temperature 
and pressure were maintained using the stochastic velocity rescaling thermostat83 and the Parrinello-Rahman 
barostat86 with the same time constants and compressibility used during equilibration. The final 20 ns of the 
simulations were used for analysis. In all AA simulations, a cutoff of 1.2 nm was used for short-range non-bonded 
interaction, and long-range electrostatic interactions were handled by the Particle Mesh Ewald method87. The 
equations of motion were solved using the leap-frog integrator with a time step of 2 fs and periodic boundary 
condition was applied in all directions.

The CG simulations for a single PEI-CA were initialized by converting the final frame of the PEI-CA in 
the AA simulations to a CG structure using the mapping scheme discussed in "AA and CG models" The CG 
PEI-CA was solvated with Martini polarizable water using a van der Waals radius of 0.095 nm70 to ensure the 
box dimensions remained stable during NPT equilibration. The simulations of PEI-CA in water used default 
Martini bead types as specified before, and the bonded interactions were parameterized iteratively as described 
in “Bonded interactions”. During each parameterization step, the CG systems underwent steepest descent 
energy minimization and NPT equilibration (1 ns), followed by production NPT simulation (5 ns) at the same 
temperature and pressure as the AA systems. NVT equilibration was excluded as CG simulations eliminate the 
high-frequency low-amplitude fluctuations in the potential energy surface that require NVT equilibration88. The 
same minimization method, thermostat, and barostats as the AA systems were used except that the pressure time 
constants for the NPT equilibration and production simulation were changed to 3.0 ps and 5.0 ps, respectively. 
The short-range electrostatic and LJ potentials were cut off at 1.1 nm and smoothly shifted to zero between 0 and 

Fig. 2.  (a) Flowchart of the process for parameterizing non-bonded interactions associated with PEI and PEI-
CA. (b) An example of reparametrizing the interaction between a Qd bead in PEI and a Q0 bead in DPPC. 
The red dashed line represents the updated cross interaction while the black lines show the standard Martini 
interactions that remain unchanged.
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1.1 nm, and long-range electrostatics were handled using the reaction-field electrostatics89. A relative dielectric 
of 2.571 was used for the polarizable water. A periodic boundary condition was applied in all directions and 
the equations of motion were integrated using the leap-frog algorithm with a time step of 10 fs. The best set 
of bonded parameters were used to extend the NPT production simulations to 20 ns and the last 10 ns of the 
simulation was used for further analysis. Both the AA and CG MD simulations for PEI-CA in water were run 
using Gromacs 2020.490.

PMFs were generated by performing umbrella sampling (US) simulations with data analyzed by the weighted 
histogram analysis method (WHAM)91. Each PMF curve required a predefined reaction coordinate, Z. Figure 3a 
shows the reaction coordinate for the interaction of PEI-CA with SP-B, which was the z-component of the 
separation between the centers of mass (COMs) of PEI-CA and SP-B. The reaction coordinate for the interaction 
between PEI-CA and siRNA was defined in the same way. Figure  3b shows the reaction coordinate for the 
interaction between PEI-CA and a DPPC (or DPPG) bilayer. A cylinder of 4-nm diameter was first defined 
with its axis passing through the COM of PEI-CA and perpendicular to the bilayer. The COM location of the 
lipid molecules within this cylinder was determined and its distance to the COM of PEI-CA was defined as the 
reaction coordinate. This allowed the simulations to account for localized deformation of the bilayer at small Z. 
Reaction coordinates for the PMF between PEI and siRNA, SP-B, DPPC bilayer, or DPPG bilayer were defined 
identically to those in the PMF calculations of PEI-CA.

For AA US simulations, the box dimensions varied for each pulmonary gene delivery component (Table 1) 
that PEI-CA (or PEI; the same approach was applied for PEI and hence not repeated in the description below) 
was simulated with; these dimensions are found in Table S1 (Section S1 of the Supporting Information). The z 
dimensions of the boxes were sized to be at least twice the largest reaction coordinate. For the systems involving 
a lipid bilayer, the x and y dimensions of the box were sized to allow for a 3 nm margin between PEI-CA and the 
edge of the box. The lipid bilayer was generated using CHARMM-GUI72,73,92 with the same x-y dimensions. For 
the systems involving siRNA or SP-B, the x and y dimensions of the box were sized to allow for a 1.5 nm margin 
around the largest molecule. A single PEI-CA molecule was placed at a sufficiently large reaction coordinate 
such that the non-bonded interactions would be neglibible82. The simulation box was filled with TIP3P water​​37 
and neutralized with Cl− or Na+ ions. The system was first energy minimized using the steepest decent algorithm 
with a force maximum of 100 kJ nm− 1 mol− 1. Then, the system was equilibrated for 100 ps in the NVT ensemble 
at 300 K, followed by 100 ps NPT equilibration at 300 K and 1 bar. During the equilibration, position restraints 
were activated on all molecules excluding water, ions, DPPC, and DPPG. The thermostat and barostat, including 
their time constants and compressibility, were the same as what was used for the single PEI-CA simulations. 
Next, position restraints were removed except for those on siRNA and SP-B, and a short pulling simulation 
was run to move the PEI-CA at the speed of 0.01 nm ps− 1 towards the bilayer, siRNA, or SP-B. The pulling 
simulation was conducted in the NPT ensemble at 300 K and 1 bar using the Nose-Hoover thermostat93 with 
a time constant of 1 ps and the Parrinello-Rahman barostat86 with a time constant of 3 ps. Frames were taken 
from the pulling simulation to create initial configurations for the US simulations, where the PEI-CA molecule 
was positioned in 0.2 nm increments along the reaction coordinate. Each US system was subject to a 100 ps 
NPT equilibration (same position restraints, thermostat, and barostat as described above for equilibration), 
followed by US simulation of 20 ns (same thermostat and barostat as described above for pulling simulation) 
where a biasing potential was applied on the reaction coordinate with a spring constant of 500 kJ mol− 1 nm2. 
In the US simulations involving SP-B, the PEI-CA molecule was observed to drift in the x-y plane. Because the 
reaction coordinate was defined along the z-axis, drifting in the x-y plane increased the distance between PEI-
CA and SP-B without the increase being reflected in the reaction coordinate. To address this issue, an additional 
position restraint was placed on the x and y coordinates of the PEI-CA COM to keep it centered in the x-y plane 
during the pulling and US simulations. This effect was observed to a lesser extent with the PEI-CA and siRNA 
simulations and was irrelevant in the PEI-CA and bilayer simulation due to the planar structure of the bilayer 
(infinitely large in the x-y plane under periodic boundary condition applied in all directions). In all AA US 
simulations, non-bonded interactions were handled identically to the AA simulations with a single PEI-CA. 
The equations of motion were solved using the leap-frog integrator with a time step of 2 fs. Constraints were 
applied to bonds involving a hydrogen atom via the LINCS algorithm85. The first 5 ns of the US simulations were 
discarded during analysis.

The CG US simulation box was constructed similar to its AA counterpart and also used the box dimensions 
in Table S1 (Section S1 of the Supporting Information). For the systems involving a lipid bilayer, care was taken 
to ensure that the area per lipid was consistent between AA and CG simulations. Each simulation box was filled 
with Martini polarizable water (van der Waals radius of 0.095 nm) and neutralized with Martini Cl− or Na+ ions. 
The simulation settings of the CG US simulations were identical to the AA US simulations, except for skipping 
the unnecessary NVT equilibration. Simulation parameters such as thermostat, barostat and integration time 
step were identical to the single CG PEI-CA simulations. A simulation length of 20 ns for each US window was 
found to be sufficient because extending the simulation caused minimal change in the PMF and the first 5 ns of 
the discarded during analysis. Both the AA and CG US simulations were conducted using Gromacs 2020.490.

Results and discussion
Accuracy of bonded interactions
The comparison of AA and CG distributions for representative bond length, bond angle, and dihedral angle 
in the CG PEI-CA is shown in Fig. 4a–f. The remaining bonded distributions that involve the CA beads are 
presented in Section S2 of the Supporting Information. The CG bonded parameters generated by the bottom-
up scheme are reported in Table S1. The bonded interactions unrelated to the formaldehyde or alkane beads 
are not shown as they have been previously validated for the CG PEI model47. Both CG PEI-CA models, with 
different degrees of lipid substitution, successfully reproduced the position and height of the peaks in the AA 
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distributions. This is expected as the bottom-up parametrization scheme69 adjusts the force field parameters 
based on both the mean and the standard deviation of the AA distribution. The bond length distribution for 
PEI-CA with 3 substitutions has the largest discrepancy between the AA and CG models (Fig.  4d) because 
skewed distributions are not easily reproduced by harmonic potentials. The CG distribution is slightly narrower 
in this case, but the similarity between AA and CG is comparable to the bonded distributions of CG PEI47. The 

Fig. 3.  The reaction coordinates in AA US simulations for the interaction of PEI-CA with (a) SP-B and (b) 
a DPPC bilayer. The reaction coordinates in the corresponding CG US simulations were identically defined. 
Molecule visualizations were generated using VMD 1.9.4.
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NRMSD between the AA and CG distributions calculated according to Eq. (6) are given in the top right corner 
of the subfigures. The NRMSDs range from 10 to 25% which is within the range of those calculated from classical 
Martini works94.

Accuracy of the bonded interactions is further validated by comparing AA and CG end-to-end distance ( Re

) and radius of gyration ( Rg) of PEI-CA (Fig. 4g and h). For both CG PEI-CA with 1 and 3 lipid substitutions, 
Re is defined based on the main backbone chain of PEI (between the tertiary bead in the lower left and the 
charged primary bead in the upper right of Fig.  1). The mean of AA Re and Rg  is comparable to the CG 
results, and the largest deviation (11%) is observed for Rg  in PEI-CA with 1 substitution. The AA standard 

Fig. 4.  Comparison of AA and CG distributions of representative bond length, bond angle, and dihedral angle 
in 2 kDa PEI with (a–c) 1 and (d–f) 3 CA substitutions. Percentage reported in each subfigure is the NRMSD 
calculated according to Eq. (6). Comparison of the end-to-end distance (Re) (g) and radius of gyration (Rg) (h) 
of AA and CG 2 kDa PEI-CA with 1 and 3 CA substitutions. Error bars in (g) and (h) represent the standard 
deviation.
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deviations for Re and Rg  are reproduced by the CG model for all cases, which is a feature of the bottom-up 
parameterization technique69. The standard deviations of Re are larger than those for Rg , which is consistent 
with previous results for PEI47. The AA and CG Rg  increases with the number of CA substitutions, due to the 
increase in molecular volume induced by additional CA tails. Considering the standard deviation, the number 
of CA substitutions has little influence on Re regardless of the type of the model (AA or CG).

Reparameterization for interaction with siRNA
The PMFs calculated between PEI/PEI-CA and siRNA are shown in Fig. 5, with the shaded region depicting 
the estimated error from bootstrap analysis95. The CG PMF between uncharged PEI and siRNA with default 
Martini parameters shows large discrepancy with the AA PMF (black curves in Fig. 5a). The CG uncharged 
PEI exhibits large attraction with siRNA (deeper PMF well) that is missing in its AA counterpart. To reduce the 
attraction, the ϵij  values in the LJ potential (Eq. 8) between the uncharged PEI beads (P1) and siRNA beads are 
decreased (see "Non-bonded interactions" for details). In particular, ϵij  values associated with siRNA backbone 
beads and sidechain beads are modified separately with the goal of matching the long-range slope and short-
range energy minimum in the PMF curve, respectively. This strategy is used during every reparameterization 
step for siRNA. Updated parameters in Table S2 (Section S3 of the Supporting Information) demonstrate a good 
agreement between CG and AA PMFs for the uncharged PEI, as shown by the black curves in Fig. 5b. In contrast 
to the uncharged CG PEI, the PMF of CG PEI is more repulsive than the AA PMF (red curves in Fig. 5a). This 
repulsion is expected to further increase after correcting the unrealistically large attractions between uncharged 
PEI beads and siRNA. Following the same strategy, ϵij  between charged PEI beads (Qd) and siRNA beads are 
increased to enhance their attraction. Table S2 (Section S3 of the Supporting Information) lists the LJ parameters 
that produce good matching between CG and AA PMFs for PEI, as seen in Fig. 5b. These optimized parameters 
are applied to PEI-CA, along with the default Martini parameters for the beads in CA substitution (Na and 
C1). The CG PMF for PEI-CA demonstrates a good match with its AA counterpart (Fig. 5c), as a result, further 
parametrization for CA substitution is deemed unnecessary. The RMSD and NRMSD before and after each stage 
of parameterization are given in Table 2.

Reparameterization for Interaction with lipids
Large differences between the CG and AA PMFs for the interaction of PEI with DPPC bilayer are observed with 
default Martini parameters (red lines in Fig. 6a). The CG and AA PMF curves for uncharged PEI demonstrated 
a satisfactory match (black lines in Fig. 6a), and modifications to P1 bead parameters are unnecessary. Instead, 
parameters are adjusted between the charged PEI beads (Qd) and the headgroup beads of DPPC (Qa and Q0) 
to reduce the large repulsion between CG PEI and DPPC bilayer (Fig. 6a), as well as to capture the local minima 
at Z = 1–2 nm observed in the AA PMF. The ϵij  and σ ij  parameters between the PEI Qd beads and the DPPC 
Qa and Q0 beads were systematically adjusted. Among all adjustments, altering σ ij  between Qd and Q0 yields 
the best CG PMF (Fig. 6b) and stage 2 parameters. These optimized parameters (stage 2) are applied to PEI-CA; 
however, the CG and AA PMF result did not match well (see the dotted line in Fig. 6c). To achieve a better match, 
ϵij  parameters between CA beads (Na, C1) and DPPC head group beads (Qa, Q0) are decreased to reduce the 
large attraction at Z < 1.5 nm observed with default parameters for lipid substitutions. Among all modifications 
tested, reducing ϵij  for Na-Q0 interaction results in the best match between CG and AA PMF (dashed line in 
Fig. 6c). The optimized LJ parameters are provided in Table S2 (Section S3 of the Supporting Information).

The default Martini parameters produce a reasonable agreement between the AA and CG PMFs for 
interactions between DPPG bilayer and PEI (Fig. 6d), and PEI-CA (Fig. 6e). Therefore, no further adjustments 
to the CG parameters are made. The RMSD and NRMSD for both DPPC and DPPG bilayers before and after 
each stage of reparameterization are found in Table 2.

Reparameterization for Interaction with SP-B
The CG PMFs between PEI and SP-B based on the default Martini parameters match well with corresponding 
AA PMFs (Fig. 7a), consequently, the LJ parameters are not altered. In contrast, the CG PMF between PEI-
CA and SP-B (with stage 2 parameters) deviated significantly from the AA PMF (Fig.  7b). The CG PMF 
demonstrated an uncharacteristic attraction for Z < 3 nm and a global free energy minimum at Z = 1.8 nm. 
Similar to the CG PMF, AA PMF demonstrate an attraction for Z < 3 nm, but such attractions only result 
in a local minimum at Z = 2.3 nm. The observation that AA and CG PMFs match well in Fig. 7a but not in 
Fig. 7b indicates an overestimated hydrophobic attraction between the SP-B and CA beads (C1 and Na). This 
is confirmed by visualizing the AA and CG trajectories in the US simulations, when the reaction coordinates 
were at their respective PMF local minima (2.3 nm in AA, Fig. 7c, 1.8 nm in CG, Fig. 7d). In both cases the 
CA atoms/beads act as an anchor, attaching PEI-CA to SP-B. The effect is stronger in the CG system, shown by 
the consistently closer CA-to-SP-B distance over time (Section S4 of the Supporting Information). To weaken 
the hydrophobic attractions in the CG system, ϵ ij  between the CA beads (Na, C1) and SP-B beads is reduced 
following the same steps used to reparametrize siRNA-PEI interactions. Specifically, backbone and sidechain 
beads are parameterized separately to match the long-range slope of the PMF and short-range energy minimum, 
respectively. The resulting stage 3 parameters (listed in Table S2 in Section S3 of the Supporting Information) 
render the good agreement between the AA and CG PMFs (Fig. 7b), with RMSD and NRMSD before and after 
the reparameterization given in Table 2.

Discussion
A CG PEI-CA model is developed with an automated bottom-up coarse-graining technique69, and it successfully 
reproduces the mean and variance of the local structural correlations (bonded distributions). Additionally, the 
CG model accurately predicts global structural properties of PEI-CA such as the end-to-end distance of the linear 
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backbone and the radius of gyration. To improve the CG nonbonded interaction of PEI or PEI-CA with siRNA, 
SP-B, DPPC bilayer, or DPPG bilayer, a systematic three stage parameterization is introduced that aims to match 
the AA and CG PMFs between them (Fig. 2). Although trial-and-error is at the core of the reparameterization 
process, the CG parameters are changed strategically. First, the influences of charged (Qd), uncharged (P1), and 

Fig. 5.  AA and CG PMF curves for the interaction of siRNA with (a) PEI and uncharged PEI using default 
Martini parameters (before stage 1 in Fig. 2), (b) PEI and uncharged PEI using modified Martini parameters 
(after stage 2 in Fig. 2), (c) PEI-CA using modified parameters from (b) (after stage 2 in Fig. 2). Inset in (b) 
shows an enlarged image for the PMFs of uncharged PEI.
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lipid-substituted (Na, C1) beads in PEI-CA, are decoupled by calculating the PMFs for an auxiliary uncharged 
PEI (only P1 beads), standard charged PEI (P1 and Qd beads), and PEI-CA (P1, Qd, Na, and C1 beads). The 
LJ parameters of PEI/PEI-CA with siRNA, SP-B, DPPC, or DPPG are improved systematically by considering 
the beads that would be responsible for long-range (backbones in SP-B and siRNA, head groups in DPPC and 
DPPG) and short-range (side chains in SP-B and siRNA, lipid tails in DPPC and DPPG) interactions. The 
decrease in RMSD and NRMSD between the AA and CG PMFs shown in Table 2 after each reparameterization 
stage demonstrates the effectiveness of our reparameterization strategy. The PEI-DPPC bilayer and uncharged 
PEI-DPPG bilayer interactions exhibit the largest improvements, with their NRMSD reduced by an order of 
magnitude. The final RMSD and NRMSD of the PMFs from our work (shaded cells in Table 2) are comparable 
and often lower than those obtained in classical Martini works in the literature (Table 2).

Despite the improved accuracy, one should be aware of the discrepancies between the AA and CG PMFs and 
their influences in replicating physical properties or processes. The discussions on the accuracy of uncharged PEI 
are avoided due to its lack of relevance in gene delivery. The CG siRNA-PEI pair experiences stronger repulsion 
than AA at Z < 1 nm and the location of minimum in the CG PMF is 0.4 nm larger than that in the AA PMF 
(Fig. 5b). These results indicate CG siRNA-PEI complexes would be more swollen than their AA counterparts. 
However, the long-range CG siRNA-PEI interactions and the minimum PMF value exactly reproduce the AA 
results, indicating accurate modelling of long-range siRNA-PEI attraction and free energy of association. Similar 
analysis of CG PEI-CA and siRNA interactions indicate accurate modelling of free energy of association but an 
underestimation of long-range attraction (Z > 2 nm; Fig. 5c).

The CG PMF between PEI and DPPC bilayer is lower than its AA counterpart for Z < 2 nm (Fig. 6b), suggesting 
an overestimated attraction between PEI and DPPC. Therefore, when simulating a PEI NP crossing the cell 
membrane or pulmonary surfactant containing DPPC, a higher association is expected. Similar analysis reveals 
underestimated attraction between PEI and DPPG (Fig. 6d). Together, the overestimated attraction between 
PEI and DPPC, and underestimated attraction between PEI and DPPG, might have certain compensatory effect 
when simulating a cell membrane or pulmonary surfactant containing a mixture of both types of phospholipids. 
For CG PEI-CA at Z < 1 nm, attraction with DPPC (Fig. 6c) is underestimated and attraction with DPPG (Fig. 6e) 
is overestimated. Similar to PEI, a compensatory affect is expected between PEI-CA and cell membrane or 
pulmonary surfactant containing a mixture of DPPC and DPPG. Above 1 nm, the CG PMF between DPPG and 
PEI-CA also predicts underestimated attraction, and no compensatory affect is expected. The interactions CG 
PEI and PEI-CA have with SP-B accurately models the AA interactions and no significant difference between 
AA and CG results are expected.

Table 2.  RMSD and NRMSD between AA and CG PMFs before and after each reparameterization stage (1, 2 
or 3).
Crossed-out cells represent situations where reparameterization was not needed. Shaded cells represent the 
values for the finalized parameters. RMSD is given in units of kJ mol-1. RMSD and NRMSD between AA and 
CG PMFs calculated from data in classical Martini literature are included for comparison.
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Fig. 6.  AA and CG PMF curves for the interaction of DPPC bilayer with (a) PEI and uncharged PEI using 
default Martini parameters (before stage 1 in Fig. 2), (b) PEI and uncharged PEI using modified Martini 
parameters (after stage 2 in Fig. 2) (c) PEI-CA using modified parameters from b), as well as parameters after 
stage 3 in Fig. 2. AA and CG PMF curves for the interaction of DPPG with (d) PEI and (e) PEI-CA, both using 
the default Martini parameters. Inset in (a) shows the entire range of data for CG PEI. Vertical scale in (b) is 
different from the other subfigures to more clearly show the data.
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The reparameterization of CG parameters within the Martini framework faces challenges due to fixed 
functional form of the interaction potentials. Efforts are made to further improve the matching between AA 
and CG PMFs by exploring the LJ parameter space around the default parameters, but without success. For 
example, in the case of DPPG, extensive reparameterization was attempted for both PEI and PEI-CA but it only 
resulted in an increase in RMSD and NRMSD. Given that the PMF comparisons with default Martini parameters 
produces an NRMSD similar to those from classical Martini works (Table 2) the default parameters are accepted. 
An automated algorithm that can run US simulations, compare CG and AA PMF curves, adjust LJ parameters 
based on the comparison, and re-run the US simulations would allow for more effective reparameterization. It 
is of interest to establish such an algorithm in the future, but it would require (1) careful design of the objective 
function(s), (2) development of an iterative scheme to systematically optimize the force field parameters, and 

Fig. 7.  AA and CG PMFs for the interaction of SP-B with (a) PEI using default Martini parameters (before 
stage 1 in Fig. 2) (b) PEI-CA using default and modified Martini parameters (after stage 3 in Fig. 2). 
Visualizations of hydrophobic interaction anchoring PEI-CA to SP-B in (c) AA and (d) CG systems. PEI 
is represented in light blue with a purple CA tail. The SP-B dimer is represented by one red and one yellow 
monomer, and the helices in (d) are represented using Bendix96. Molecule visualizations were generated using 
VMD 1.9.4.
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(3) consideration on the computational efficiency due to the high computational cost associated with PMF 
calculations.

Implications and future applications of developed CG models
The CG models developed in this work represent a significant advancement in the computational study of 
interactions between PEI-based NPs and the pulmonary environment. Parametrized and validated against AA 
simulations, the Martini compatible native and lipid-substituted PEI models are valuable tools for enabling 
rational design of pulmonary gene delivery systems with a systematic exploration of NP properties such as 
size, shape, charge, and surface functional groups. For example, understanding the role of lipid substitution in 
potentially enhancing the NP’s ability to cross the pulmonary surfactant barrier and improving cellular uptake 
can guide the development of more efficient and targeted gene delivery vectors. Furthermore, these models can 
be extended to simulate the transport of NPs across the mucociliary barrier and their uptake by epithelial cells. 
However, such extensions will require further parameterization to accurately represent components like mucins 
in the mucociliary barrier and epithelial cell membranes’ complex lipid and protein composition.

While motivated by pulmonary gene delivery, the developed CG models are not restricted to this particular 
application. In the literature, Martini-based CG models have been successfully applied to study a wide range 
of biomolecular processes such as protein-ligand binding97–99, protein folding61 and aggregation100, protein-
protein100,101 and DNA/RNA76,94 interactions. They have also been used to explore membrane biophysics102, 
viral capsid assembly103, enzyme activity104, and drug delivery mechanisms105,106. The CG model of PEI-CA 
developed in this work is the first for PEI with a lipid substitution, and the Martini strategy to parametrize 
it can be extended to PEIs with other molecular substitutions. This work therefore lays the groundwork for 
parameterizing CG models containing new PEI substitutions that would allow the investigation of substitution-
function relationship in various biological contexts including intravenous gene delivery. Since PEI and PEI-CA 
have been validated against DPPC and DPPG bilayers, one can explore the barriers associated with crossing of 
not only pulmonary surfactant but also cell membrane. MD simulations that explore protein-PEI interactions 
are limited in the literature107 and none are in the context of gene delivery. High accuracy of CG protein-PEI 
(and PEI-CA) interactions demonstrated in our models would allow one to explore the specificity of the gene 
carrier based on the protein compositions of a cell membrane or pulmonary surfactant, as well as screening of 
cytotoxic effects due to protein-PEI interactions. In the context of pulmonary delivery, SP-B has been theorized 
to facilitate folding of the surfactant77,108 and permeation of charged particles through the lipid layers63. It is of 
great interest to investigate the effects of SP-B on the mechanisms and efficacy of PEI-based pulmonary gene 
delivery systems in the future.

Conclusion
A Martini compatible CG model is developed for PEI and its lipid-substituted variant, essential for simulating 
PEI NPs in pulmonary gene delivery. CG Native (“PEI”) and caprylic acid substituted PEI (“PEI-CA”) models 
are developed by determining their bonded and nonbonded interaction parameters. The bonded parameters 
are obtained from an automated bottom-up parameterization tool, which give rise to accurate predictions of 
local (probability distributions of bond lengths, angles and dihedrals) and global (end-to-end distance, radius of 
gyration) structural correlations when compared with the AA counterpart. Parametrization of the nonbonded 
interactions focuses on PEI and PEI-CA interactions with siRNA and key components of pulmonary surfactant, 
including DPPC, DPPG, and SP-B. These parameterizations also make PEI and PEI-CA compatible with the key 
components of cell membrane and can be used to study intravenous gene delivery. A three-stage parameterization 
strategy is introduced to improve the match between AA and CG PMFs for (Stage 1) an uncharged PEI, (Stage 
2) charged PEI without lipid substitution, and (Stage 3) PEI-CA. With the final adopted parameters, the relative 
differences between the AA and CG PMFs are comparable to or smaller than those reported in the Martini 
literature. The models presented in this work are expected to facilitate CG simulations that study PEI and PEI-
CA based pulmonary (and intravenous) gene delivery systems and contribute to strategy development that 
enhances their efficacy of the delivery.

Data availability
Final bonded and non-bonded parameters for PEI, siRNA, DPPC, DPPG, and SP-B can be found in the Support-
ing Information. Other data generated and analyzed in this study are available from the corresponding author 
on reasonable request.
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