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ABSTRACT: Cells act as physical computational programs that
utilize input signals to orchestrate molecule-level protein−
protein interactions (PPIs), generating and responding to
forces, ultimately shaping all of the physiological and
pathophysiological behaviors. Genome editing and molecule
drugs targeting PPIs hold great promise for the treatments of
diseases. Linking genes and molecular drugs with protein-
performed cellular behaviors is a key yet challenging issue due
to the wide range of spatial and temporal scales involved.
Building predictive spatiotemporal modeling systems that can
describe the dynamic behaviors of cells intervened by genome
editing and molecular drugs at the intersection of biology,
chemistry, physics, and computer science will greatly accelerate
pharmaceutical advances. Here, we review the mechanical roles of cytoskeletal proteins in orchestrating cellular behaviors
alongside significant advancements in biophysical modeling while also addressing the limitations in these models. Then, by
integrating generative artificial intelligence (AI) with spatiotemporal multiscale biophysical modeling, we propose a
computational pipeline for developing virtual cells, which can simulate and evaluate the therapeutic effects of drugs and
genome editing technologies on various cell dynamic behaviors and could have broad biomedical applications. Such virtual cell
modeling systems might revolutionize modern biomedical engineering by moving most of the painstaking wet-laboratory
effort to computer simulations, substantially saving time and alleviating the financial burden for pharmaceutical industries.
KEYWORDS: cytoskeletal proteins, cell dynamics, protein−protein interactions, molecular dynamics simulation, artificial intelligence,
gene therapy, drug design, virtual cell

INTRODUCTION
Cells are active physical objects that perform a wide range of
physiological functions by generating, transmitting, and sensing
various types of mechanical forces.1−4 Cytoskeleton is a highly
dynamic network assembled by a substantial number of
proteins.5 Besides providing structural and mechanical support
to cells, the cytoskeleton is a direct player of innumerable
cellular dynamic behaviors, ranging from embryo develop-
ment,6,7 cell movement,8−12 cell division,13−15 immunological
synapse formation,16−19 and intracellular transport20,21 to
phagocytosis,22−24 endocytosis,25−27 and macropinocyto-
sis.28,29 The branched actin network, for example, is a primary
propulsive force-generating machinery.4,11 Through actin
filament polymerization, it produces pushing forces to drive
cell migrations (Figure 1a),4,5,8,30 carry out endocytosis for
drug and vaccine uptakes (Figure 1b),25,27,31,32 perform
macropinocytosis for antigen presentations (Figure 1c),29,33

and boost cytotoxic T cell killing target cells (Figure 1d).16,17,34

Dysfunctions of cytoskeletal proteins lead to a variety of

diseases and disorders, including some cancers, neurodegen-
erations, and immune system disorders. For example, over-
expression of the Arp2/3 complex, which assembles the
branched actin network, is correlated with tumor metastasis
and poor patient survival in lung,35 breast,36 pancreatic,37 and
colorectal cancers.38 Moreover, dysfunction of the tau protein,
which disrupts the formation of the microtubule network in
neurons, is thought to be related with the development of
Alzheimer’s disease (Figure 1e).39−42 Since the cytoskeletons
play key roles in many physiological and pathological behaviors
of cells, some of FDA-approved drugs target cytoskeletal
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proteins directly43−45 or indirectly via upstream signaling
pathways (Table 1).46−50

In the recent years, significant advances have been made in
experimental techniques for measuring mechanical properties
of proteins and cellular forces,51−55 and imaging the dynamic
behaviors of protein-stained living cells56−58 that interact with
extracellular microenvironments (ECMs). These techniques
provide an increasing correlation knowledge between protein
molecules, cell behaviors, and ECMs. On the basis of these
findings, more and more predictive biophysical mod-
els5,15,31,59−66 from the subcellular to multicellular scales
have been proposed at the intersection of biology,
mathematics, physics, and computer science. Because of their
huge advantages in performing quantitative analysis of cellular
processes, the biophysical models have effectively elucidated
the underlying mechanisms of many complicated biological
questions that are difficult for traditional experiments. On the
other hand, drug discovery and development is a highly
expensive and intricate process, typically spanning over 10
years and demanding substantial financial investment, while
also bearing a significant risk of failure.67,68 None of those
models currently simulating cellular dynamic behaviors can be
applied to pharmaceutical engineering to accelerate the drug
discovery and development process. This challenge arises from
the intricate spatiotemporal cross-scale computational hurdles
between molecular ligand−protein interactions and dynamic
cellular behaviors. Furthermore, it stems from the simultaneous
involvement of numerous proteins in single-cellular functions,
particularly in contexts where the cytoskeleton undergoes
highly kinetic and stochastic remodeling due to the coupling of
mechanical forces and biochemical cues. Consequently,
although developing the spatiotemporal multiscale cellular
models applicable to pharmaceutical engineering presents

enormous opportunities to accelerate healthcare advance-
ments,69,70 a computational framework to realize this goal is
still missing.
In this work, we first introduce the main cytoskeleton

proteins, their elasticity and dynamic properties, and different
types of cytoskeletal networks that perform distinct cellular
functions. Then, we review the major biophysical advances in
simulating protein-based cellular dynamic behaviors, ranging
from subcellular to multicellular scales for studying endocy-
tosis, cancer invasion, and embryonic development. Finally, we
discuss the limitations of the present models and propose a
comprehensive computational pipeline for developing virtual
cells by combining generative artificial intelligence (AI)
technology with spatiotemporal multiscale modeling. The
proposed pipeline can be applied to different cellular scenarios
with complicated mechano-chemo-biological mechanisms and
offers significant potential for accelerating drug discovery and
development in pharmaceutical engineering. By shifting a
substantial portion of labor-intensive wet-laboratory efforts to
computer simulations, the pipeline might shorten drug
development time, improve success rate, alleviate the financial
burden for pharmaceutical industries, and thus revolutionize
modern biomedicine.

CYTOSKELETAL PROTEIN ELASTICITY AND
NETWORKS
Cytoskeletal Filament Elasticity. Cytoskeletons are

mainly composed of three kinds of cytoskeletal filaments, i.e.,
actin filaments, microtubules (MTs), and intermediate
filaments (IFs).108−110 They are assisted by various binding
proteins, organizing into different types of cytoskeletal
networks (Figure 2). The cytoskeletal networks’ mechanical
properties and interactions with ECMs determine cell

Figure 1. The cytoskeleton performs various cellular functions. (a) Migrating cells generate a lot of lamellipodial protrusions (in blue boxes)
and employ the polymerization of lamellipodial branched actin networks to overcome the confinements of the 3D collagen matrix. Reprinted
in part with permission from ref 71. Copyright 2019, Springer Nature. (b) Polymerizing branched actin filaments carry out clathrin-
mediated endocytosis for cellular uptake of lipid nanoparticle−mRNA vaccine. The clathrin-mediated endocytosis forms vesicles with
diameter of 60−200 nm.72−74 (c) Polymerizing branched actin filaments generate membrane ruffles and conduct macropinocytosis to ingest
extracellular bacteria, nutrients, and antigens. In immune responses, antigen-processing cells, like macrophages and immature dendritic
cells, use macropinocytosis to sample potential antigens for presentation to T cells.29,33,75 The diameters of macropinosomes are normally
0.2−5 μm.76 (d) Cytotoxic T cells use the polymerizing branched actin network to form immunological synapse and exert mechanical forces
on target cancer cells. The force enhances perforin activity and thus potentiates cytotoxicity for killing cancer cells.17,34 (e) Microtubules, tau
proteins, and cortical actin rings form a long axonal cytoskeletal network. Mechanical stability of the network not only plays a key role in
transporting nutrients and proteins into the growing cones (driven by polymerizing branched and bundled actin filaments), but also helps to
sustain the normal functions of nervous system.
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behaviors, modulate cell fate, direct tissue development, and
instruct postnatal functions.111−117 Actin filaments, MTs, and
IFs are all semi-flexible,118 and their mechanical properties can
be described by the characteristic persistence length lp, which is
defined as the average length at which significant bending
fluctuations occur under thermal fluctuations and quantifies
the bending stiffness of the cytoskeletal filaments. lp can be
calculated from in vitro experimental measurements according
to ⟨τ → (0)τ → (s)⟩ = ⟨cos θ(s)⟩ = exp(−s/lp) where τ → (s)
is the unit tangent vector at position s along the contour of the
filament chains, θ(s) is the angle between the two tangent
vectors at positions 0 and s, and ⟨ ⟩ represents taking the
average value in statistic mechanics. Based on lp, the Young’s
modulus E of the filaments can also be approximately obtained
according to EI = lpkBT where I is the moment of inertia of the
cross section, kB is the Boltzmann’s constant, and T is the
absolute temperature. The implied Young’s modulus E is 0.5−
1.0 GPa for actin filaments and MTs, and is 6.4−200 MPa for
IFs based on protein types (Table 2).119 It should be
mentioned that cytoskeletal filaments, especially IFs,120,121

are viscoelastic, and thus their mechanical responses to loading
are frequency-dependent. In eukaryotic cells, the typical
contour lengths of actin filaments and MTs are normally
much shorter than their characteristic persistence lengths
(Table 2). As a result, the curved states they exhibit in cells are
primarily due to external forces acting upon them. The
stiffnesses, lengths, and diameters of the three major types of
cytoskeletal filaments and their binding proteins for organizing

different cytoskeletal networks for distinct biological functions
are summarized in Table 2, Table 3, and Figure 2.
Actin Dynamics. Actin dynamics plays a critical role in

driving cell membrane deformation impacting on diverse
biological functions.132−134 Actin filaments are polar biopol-
ymers and have two ends, namely, barbed end and pointed
end.30 The barbed end is much more active in actin
polymerization, and thus its elongation rate is 10 times faster
than that of the pointed end.135 The polymerization rate is
proportional to the concentration of actin monomers. Growth
velocity Vg of actin filaments based on polymerization can be
simply expressed by Vg = δ(konCa − kof f), where δ ≈ 2.7 nm and
is the growth length by adding an actin monomer to the
barbed end, Ca is the concentration of actin monomers, and kon
and kof f are polymerization and depolymerization rate
constants, respectively.136−138 Actin filament polymerization
is terminated by capping protein binding to its barbed end.139

Thus, the growth length of actin filaments is determined by the
ratio of single-molecule polymerization rate and capping rate.1

In a steady state where actin nucleation rate is equal to capping
rate, the growth length of actin filaments Lf = δ(konCa − kof f)/
(kcapCcap) where kcap and Ccap are capping rate constant and
capping protein concentration, respectively.140 It should be
noted that actin polymerization is also modulated by other
protein molecules, such as formin141,142 and VASP,143,144

which improve polymerization rate or protect from capping.
They regulate actin filaments to grow to different lengths for
different functions.

Table 1. FDA-Approved Drugs That Target Cytoskeletal Proteins Directly or Indirectly via Upstream Signaling Pathways

Drug Name Target Disease Company

Paclitaxel Tubulin (stabilize MTs and thereby stop mitosis).43−45 Breast cancer, ovarian cancer,
lung cancer

Bristol−Myers Squibb,
Pfizer, Hospira,
Novartis

Cilengitide Integrin (inhibit cell adhesion and thereby angiogenesis).77−79 Glioblastoma, melanoma Merck KGaA
Ixabepilone Tubulin (stabilize microtubules and prevent their depolymerization).80,81 Advanced breast cancer Bristol−Myers Squibb
Ripasudil Rho kinase (inhibit the Rho-associated protein kinase pathway and thus reduce

actomyosin contractility and actin bundle formation).82,83
Glaucoma, ocular
hypertension

Kowa

Docetaxel Tubulin (prevent MT depolymerization and thereby stop mitosis).84−86 Breast cancer, prostate cancer,
lung cancer, stomach cancer

Sanofi

Vinblastine Tubulin (inhibit its polymerization and disrupt MT dynamics).87,88 Hodgkin’s lymphoma,
testicular cancer, breast
cancer

Pfizer

Fasudil Rho-kinase enzyme (inhibit Rho-associated protein kinase to decrease phosphorylation
of myosin light chain and LIM kinase, resulting in reduced actomyosin
contractility).89,90

Vasospasm, pulmonary
arterial hypertension

Bayer, Daiichi Sankyo

Epothilones Tubulin (stabilize MTs, disrupt mitosis and induce cell death).91,92 Breast cancer, non-small cell
lung cancer, prostate cancer

Bristol−Myers Squibb

Imatinib Tyrosine kinase BCR-ABL (affect downstream targets, including focal adhesion kinase
and Rho GTPases, which are key regulators of cytoskeletal organization).46−50

Leukemia, gastrointestinal
stromal tumor

Novartis

Dasatinib BCR-ABL, c-Kit, Src family (disrupt Rho GTPase signaling pathways and inhibit Src
pathways to reduce actin cytoskeleton polymerizations and focal adhesion
turnover).93−95

Leukemia Bristol−Myers Squibb

Gefitinib Epidermal growth factor receptor (inhibit the formation of actin stress fibers and focal
adhesions).96

Non-small cell lung cancer AstraZeneca

Erlotinib Epidermal growth factor receptor (disrupt actin cytoskeleton dynamics).97,98 Nonsmall cell lung cancer,
pancreatic cancer

Roche, Genentech

Crizotinib ALK (alter downstream signaling of RhoA and Rac1 to regulate cytoskeletal
dynamics).99,100

Nonsmall cell lung cancer Pfizer

Carvedilol Beta-adrenergic receptors (reduce protein kinase A activation to reduce actomyosin
network contractions).101,102

Hypertension, heart failure GlaxoSmithKline

Entrectinib NTRK, ROS1 (inhibit downstream signaling of Rho GTPases and disrupt actin
dynamic).103,104

Nonsmall cell lung cancer,
solid tumors

Rozlytrek, Genentech

Propranolol Beta-adrenergic receptors (reduce protein kinase A activation to reduce actomyosin
network contractions).102,105

Hypertension, angina Wyeth

Memantine NMDA receptor antagonist (increase the expression of genes related to cytoskeletal
organization in hippocampus).106,107

Alzheimer’s disease Allergan, Lundbeck,
Merz Pharma
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Actin Networks and Cellular Functions. By connecting
with different actin binding proteins, actin filaments can
organize into three kinds of networks, i.e., branched actin
networks (Figure 2d), cross-linked actin networks (Figure 2a),
and actin filament bundles (Figure 2b and c). Branched actin
networks are mainly initiated by the Arp2/3 complex.145−147

They are not structurally isotropic, but with most of the
polymerizing barbed ends toward one direction (Figure
2d),5,30,148 which is closely related with cellular propulsive
functions.149 Polymerization of branched actin filaments is one
of the most important ways for cells to generate propulsive
forces to interact with ECMs and hence accomplish

physiological as well as pathophysiological functions. Thus,
the branched actin network participates in driving cell
migration and cancer invasion (Figure 1a),8,38 leading
dendritic spine formation,133 conducting clathrin-mediated
endocytosis and macropinocytosis for various size nanoparticle
uptakes (Figure 1b and c),29,150 and enhancing cytotoxic T
cells to kill target cells (Figure 1d).34 Strikingly, one important
function of the branched actin network is that it can sense
mechanical resistance from the ECM4 and adjust the filament
density accordingly to ensure the fulfillment of cellular
functions.8,151 Finite element simulations based on a multiscale
assembling model (Figure 3a) demonstrate that the branched

Figure 2. Overview of typical cytoskeletal networks and their locations in cells. (a) The cross-linked actin network is mainly assembled in cell
cortex and is a thin layer actin network with a thickness of 100−500 nm.60 Contraction of myosin motors in it regulates cortical tension,
ranging from 100−3000 pN/μm,60 which then modulates deformations and movements of the cell and nucleus. The lengths of actin
filaments and myosin minifilaments in the network are normally 500−1500 nm60 and 280−330 nm.194,195 (b) The stress fiber is an actin
bundled network, which is mainly assembled by actin filaments, myosins, and cross-linking proteins, such as α-actinins. Contraction of
myosin motors in the stress fiber generates pulling forces. During cell migration, in the front of the cell, the contraction pulls the nucleus
forward,196 and in the back of the cell, the contraction pulls the detachments of integrin-based focal adhesions.197 (c) The filopodial actin
bundled network is a finger-like, and drives cell migration through actin filament polymerizations at the leading edge. It normally grows out
from a branched actin network. (d) The lamellipodial branched actin network is a sheet-like structure with a thickness of around 150−200
nm, and is extensively assembled along the leading edge of migrating cells (Figure 1a). Because of its high stiffness1,5 and polymerization
force-regulated actin filament−Arp2/3 complex interaction,4 it not only plays a critical role in driving cell migrations8 but also acts as a
mechano-sensor of cells for figuring out the complex ECMs.4 (e) The lamina network is a type of IF network, and is formed under the
nuclear membrane. It provides mechanical stability for the nucleus, and serves a platform for anchoring nuclear pore complexes198 for
molecular transportations between the nucleus and cytoplasm, including mRNA and nutrients. Additionally, it also tightly interacts with
chromatins,199,200 and variations of mechanical properties regulate gene fates.201 (f) The microtubular network exists throughout the
cytoplasm, and is the key player of sustaining cell body stability and molecular transportations in cytoplasm. During mitosis, it forms a
mitotic spindle and exerts forces on chromosomes based on disassembly, pulling them apart. In neurons, it provides the main structural
support for axons (Figure 1e).

Table 2. Globular Proteins, Dimensions, Persistence Lengths, and Elasticities of Cytoskeletal Filaments and DNA118,122−131

Type Globular proteins
Diameter
(nm)

Persistence length
(μm)

Young’s modulus
(GPa) Contour length (μm, position)

F-actin actin 7 17 0.5−1.0 0.1−0.5 (cortex, lamellipodia) 1−20 (filopodia, stress
fibers)

MTs α-tubulin & β-tubulin 13 (inner) 1 × 103 to 5 × 103 0.5−1.0 1−10 (in cytoplasm) 50−100 (axons)
25 (outer)

IFs vimentin; lamin;
keratin

10 0.2−2.1 6 × 10−2 to 0.2 0.1−0.5 (nuclear lamina
network)

1−10 (in cytoplasm)

DNA nucleotide 2 5 × 10−2 0.3−1.0 2 × 106
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actin networks exhibit higher sensitivity to the variations of
filamentous actin concentrations and greater stiffness than
cross-linked actin networks,5 due to the relatively rigid Arp2/3
branched junctions.152 The stiffness of branched actin
networks primarily depends on cross-linking proteins (fila-
min-A and α-actinin) at low Arp2/3 concentration and actin
filaments at high Arp2/3 concentration.5 The cross-linked
actin network is another kind of actin network that is organized
by various cross-linking proteins, such as myosin, filamin-A,
and α-actinin (Figure 2a). The cortical cross-linked actin
network is anchored to the plasma membrane through ERM
proteins and is involved in controlling cell shape153 and
maintaining mechanical integrity.60,110 During cell migration,
the cross-linked actin network can significantly regulate cell
morphology, nucleus deformation, and cytoplasm bleb
formation through myosin contractions, facilitating the cell
to squeeze through narrow pores in ECMs.9,10,56 In addition,
due to the abundance of force-sensitive proteins on the cell
membrane, the cross-linked actin network, by modulating cell
membrane tension force, participates in many other crucial cell
behaviors, such as activation of signaling molecules154 and
formation of perforin pores during immune response.17,155 The
last type of actin network is actin filament bundles, which are
composed of parallel or antiparallel actin filaments cross-linked
by proteins, like fascin and α-actinin (Figure 2c). They are
finger-like structures with a diameter ranging from 50 to 300
nm,156,157 and can grow over 30 μm by actin polymerization.
They not only drive cell migrations and steer the growths of
nervous cells in tissues158−161 but also serve as communicating
bridges between remote cells.162 Besides the protrusion,
filopodial actin bundles can retract to generate pulling forces
for up-taking drugs76 and viruses.163 Moreover, when cross-
linked with myosin, actin filament bundles form contractile
stress fibers that attach to focal adhesions, exerting pulling
forces to regulate cell behaviors (Figure 2b).164

MT Dynamics and Cellular Functions. MTs are
assembled from α-β tubulin heterodimers, which stack head-
to-tail to form polar protofilaments.165,166 In each MT, 13
protofilaments associate laterally in parallel to form a hollow
cylindrical structure. Therefore, MTs are the stiffest among the
three main types of cytoskeletal filaments, with a persistence
length that can reach 5 mm.167 This stiffness enables MTs to
provide the primary structural support for cells,129 contribute
cellular polarity,168 and facilitate neuronal migration,169,170 as
well as act as linear tracks for intracellular trafficking.167,171

MTs are highly dynamic,172,173 and can abruptly switch
between growth and catastrophe (shrinkage).174−177 Such
dynamic instability stems from the peculiar chiral structures
and enables their tips to explore the cellular environment and
capture chromosomes during cell division.178 By disassembling
and shortening, MTs exert pulling forces to separate
chromosomes into two sets, accomplishing cell division
(Figure 2f).179 Because of their dominating role in cell
division, many anticancer drugs perturbing their dynamics,
such as taxane paclitaxel and nocodazole, have been developed
to prevent tumor development and exhibit good clinical effects
(Table 1).178 The biophysical mechanism of the high dynamic
instability of MTs can be explained from the perspective of
mechanics. According to the principle of minimum internal
energy, the α-β tubulin heterodimers that compose a
protofilament have intrinsic properties that cause the protofila-
ment to preferentially adopt a bent conformation. In the MT
lattice structure, however, the 13 protofilaments areT
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straightened by the lateral interacting forces between
them.166,180 These lateral forces result in MTs being
prestressed structures, which store elastic strain energy U.
The energy can be expressed by

= [ +

+ + ]
= =

U k l l k d d

k k

1
2

( ) ( )

( ) ( )

m n

N

long long long lat lat lat

bend bend bend tor tor tor

1

13

1

0 2 0 2

0 2 0 2

m

(1)

where Nm is the number of α-β tubulin heterodimers along the
mth protofilament; klong, klat, kbend, and ktor are coefficients of the
longitudinal stretching, lateral stretching, bending, and tor-
sional stiffness for a α-β tubulin heterodimer, respectively; llong,
dlat, θbend, and θtor are the longitudinal length, lateral width,
bending angle, and torsional angle of a dimer in the MT lattice
structure, respectively; and the superscript 0 represents their
counterparts in the bent protofilament at the equilibrium state.
Such a tensegrity-like structure lies at the heart of MT dynamic
instability. Once the β-subunit GTP hydrolyzes by releasing Pi,
the tubulin dimers in the MT lattice structure produce

unevenly distributed deformations, tightening longitudinal and
loosening lateral interdimer contacts.128,165 Consequently, the
lateral bonding can no longer counteract the strain energy
stored in each tubulin dimers, thereby triggering the
microtubule disassembling catastrophe.181 Although structural
studies indicate the seam protofilament site is the weakest in
the MT lattice, the seam is not the primary initiator of the
lattice opening, and MT catastrophe initiates at any of the 13
protofilament interfaces.128,165,180

IF and Cellular Functions. IFs are named because they
have an intermediate diameter compared to actin filaments and
MTs.182 They are composed of a family of related proteins,
such as keratins, vimentins, neurofilaments, and lam-
ins.6,183−186 They widely distribute from cytoplasm to the
nucleus.182,187 Their dysfunctions result in more than 30
diseases, most of which are difficult to treat.182 Compared to
actin filaments and MTs, they are nonpolar, are much softer,
and have greater stability.188 They can be extended to two or
three times of their resting lengths without breaking, allowing
them to absorb large amounts of energy.120,121,189 Since actin
filaments and MTs disassemble under moderate strains, IFs

Figure 3. Subcellular, single-cell, and multicellular models for investigating cell dynamics. (a) Protein-based assembling branched actin
network model investigates the dominating proteins in modulating lamellipodial stiffness. Adapted with permission under a Creative
Commons CC BY License from ref 5. Copyright 2020, Springer Nature. (b) Spatiotemporal RAP model investigates how protein molecules
dynamically regulate self-adaptive cancer cell invasions in complex ECMs. Adapted with permission under a Creative Commons CC BY-NC-
ND License from ref 4. Copyright 2023, National Academy of Sciences. (c) The coarse-grained molecular dynamics model studies the
endocytosis of nanoparticles with different elasticities, sizes, and shapes. The polymerizing actin filaments that generate a propulsive force
are neglected. Reprinted with permission from ref 258. Copyright 2019, American Chemical Society. (d) The motor-clutch model is used to
investigate cell migrations on substrates with different mechanical properties. (e) The biochemomechanical tensegrity model of cytoskeleton
is applied to study the single-cell oscillations. Adapted with permission from ref 272. Copyright 2023, Elsevier. (f) The vertex model
investigates oscillatory morphodynamics of multicellular system during embryonic development. Reprinted with permission from ref 278.
Copyright 2017, National Academy of Sciences.
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play a significant role in resisting severe deformations of both
cells and nuclei, and in maintaining their mechanical
integrities.190 Mechanical loadings on a single IF demonstrate
that IFs exhibit strong viscoelastic properties.121 Under a slow
loading rate, they are very soft, while a faster loading rate leads
to a substantial stiffening effect. Lamin IFs are the main
components of nuclear networks within the nuclear envelope
(Figure 2e). They are not only the primary mechanically
supports of nucleus,127,184 but also are engaged in the
organization of heterochromatin.191,192 Nuclear IF meshwork
also serves as a crucial platform for the assembly of nuclear
pore complexes, and fixes these complexes to the nuclear
envelope for transporting mRNA as well as various proteins
between the nucleus and cytoplasm.187,193 In addition to
nuclear lamin IFs, keratin IFs are the first major components of
the embryo cytoskeleton that display prominent cell-to-cell
variability, regulating cell lineage specifications in mammalian
development.6

SPATIOTEMPORAL SIMULATIONS OF
PROTEIN-BASED CELL DYNAMICS
Subcellular Simulations. Dynamic mechanical behaviors

of cytoskeletal networks determine the cellular performance in
biological functions. Overexpression, under-expression, or
aberration of cytoskeletal protein result in many diseases,
including cancer invasions, liver cirrhosis, pulmonary fibrosis,
and cardiovascular disease syndromes.40,182,237−239 A promis-
ing approach for identifying therapeutic targets for these
diseases is to construct spatiotemporal multiscale subcellular
models based on the behavior of single proteins and then
develop a corresponding dynamic biophysical computational
engine to reveal the key factors that govern cellular dynamic
behaviors.69 For example, to investigate how complicated self-
adaptive cell migration behaviors in complex ECMs emerge
from the millisecond-scale assembling activities of protein
molecules, a spatiotemporal ‘resistance-adaptive propulsion’
(RAP) theory and a dynamic multiscale modeling system were
developed.4 This model considers the polymerization-induced
conformational changes of actin filaments (eq 2 and Figure 3b)
and force-regulated PPIs

= [ + ]t s
s

p t
EI

t s s
( , ) ( )

sin ( , ) d
s

l t( )

0 (2)

where t, θ, l, and p are the polymerization time, bending angle,
length, and polymerization force of an actin filament,
respectively; θ0 is the initial angle between the straight actin
filament and the normal vector of the local cell membrane.
This modeling system successfully overcame the spatiotempo-
ral cross-scale challenges between single molecular proteins
and the cell, and revealed the biophysical molecular
mechanism that underlies how migrating cells mechano-sense
and make adaptive responses to complex ECMs.1,8,12,240

Specifically, the polymerization force-regulated actin filament-
Arp2/3 complex binding interaction remodels the density of
the polymerizing branched actin filaments based on the
magnitude of ECM resistance, thereby adjusting the propulsive
force and dominating self-adaptive cell migrations in complex
ECMs. It demonstrates that Arp2/3 might be a key target
protein for developing anticancer drugs, especially for patients
in the advanced stages of cancer. Additionally, in order to
reduce computational complexity, some other simplified
subcellular models171,241−244 were also proposed to investigate

cell dynamic behaviors. For instance, to elucidate the
biophysical mechanism underlying the complex kinetics of
growing axons, an active viscoelastic rod model of axonal
growth, which considers myosin, actin filaments, and MTs, was
recently proposed.171 It shows that it is the interplay between
cytoskeletal dynamics and axon−substrate adhesion that
determines the axonal state transition between growth, stalling,
and collapse. Moreover, cells work under highly dynamic in
vivo environments. To maintain functional stability and allow
time for adaptive response, cells show viscoelastic behaviors,
resisting suddenly imposed deformations.245 To investigate
these behaviors, some subcellular multiscale actin network
models246,247 were constructed. By using the combined finite
element and Langevin dynamics method, these computational
models systematically demonstrate the underlying mechanisms
of how the binding kinetics, deformability, and bond types of
cross-linking proteins affect the viscoelastic behaviors of actin
networks during cell deformation. Specifically, continuous
breakage and rebinding of cross-linking proteins lead to a
locally peaked loss modulus in the rheology spectrum of the
network, indicating the maximal energy dissipation when the
driving frequency aligns with cross-linking molecule dissocia-
tion/association rates.246 Because of the stabilizing effect of
forces on catch bond cross-linking proteins, the peak position
of the network’s loss modulus shifts to lower driving
frequencies with increasing applied prestress, which is in
contrast to the networks with slip-bond cross-linking
proteins.247 These computational results are in good agree-
ment with experimental observations and demonstrate the
underlying mechanisms of viscoelastic behaviors of cells.245,248

Clathrin-mediated endocytosis is the main mechanism by
which cells ingest nanoparticles that carry drugs, genes, mRNA
vaccines, and nutrients.27,249−252 Based on actin polymer-
ization force, a cell membrane wraps nanoparticles, whose safe
entry into cells is an essential step for achieving high-yield
therapeutic efficiency. Therefore, a fundamental understanding
of the biophysical interactions between cell membrane and
elastic nanoparticles is critical for designing highly efficient
nanoparticle carriers for delivering mRNA vaccines, drugs, and
genes.253−257 A coarse-grained molecular dynamics model
(Figure 3c) was applied to systematically investigate the
endocytosis of nanoparticles with different elasticities, sizes,
and shapes.258 It shows that the cell membrane wrapping
efficiency of nanoparticles is determined by a competing
relation between receptor diffusion kinetics and driving force.
Compared to the rigid nanoparticles, soft ones have less
efficiency in wrapping because of elastic deformations. Owing
to the oblate ellipsoid nanoparticles’ prominent large binding
area, they present a higher endocytic rate than sphere ones.258

In addition, some theoretical models based on continuum
mechanics were also developed to investigate the dynamic
uptake processes of endocytosis.31,32,259−261 These models
treat the lipid bilayer cell membrane as a thin elastic shell, and
the deformation energy during the wrapping process is
expressed by a modified form of the Helfrich energy

= [ ] +W H C K( ) ( ) ( )G
2

(3)

where W, H, and K are the deformation energy per unit area,
the local mean curvature, and the local Gaussian curvature,
respectively; C(θα), k(θα), and kG(θα) are the spontaneous
curvature, bending modulus, and Gaussian modulus, respec-
tively; θα represents the cell membrane surface coordinates.
During the endocytosis process, the deformation of the cell
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membrane follows a force balance ∇·σ + pdn = f where ∇ and
σ are surface divergence and stress vector, respectively; pd is
the pressure difference between the inside and outside of the
cell membrane; n is the unit normal vector of the cell
membrane surface; f is the polymerization force generated by
actin filaments. Spatiotemporal simulations reveal that the cell
membrane tension σ plays an important role in endocytosis.
More specifically, while high membrane tension increases the
difficulty of membrane endocytic internalization, the high
tension also directs more growing and pronounced bending
actin filaments toward the endocytic pit to increase the
polymerizing force, contributing to the endocytosis.31,32

Single-Cell Simulations. Cells migrate, oscillate, and
divide by coordinating the cytoskeletal actions, such as
adhesions,262 protrusions,4 and contractions,217 originating
from different parts of the cellular body. However, the whole-
cell cytoskeleton is too complex to be fully constructed and
computed. To achieve single-cell mechanical dynamic
simulations for interpreting biophysical mechanisms of cellular
behaviors, most existing models simplify the cytoskeleton by
representing its detailed network structures with different
mechanical components. These components typically include
actomyosin-based contractile elements, integrin-based adhe-
sion elements, and actin filament and MT polymerization-
based elements. Since the cytoskeleton undergoes frequent
remodeling due to the interplay of mechanical forces and
biochemical cues, it is critical to consider the biochemome-
chanical factors in these representing elements.3,61,263 Motor-
clutch models242,264−266 (Figure 3d) are often employed to
investigate cell migration behaviors in ECMs with different
viscoelastic properties. They have demonstrated that the match
between cellular adhesive binding time scales and ECM
viscoelasticity determines cell migration velocity and direction,
suggesting viscous dissipation plays an important role in
determining cell response.242,264,266,267 Change of ECM
viscoelasticity is a factor inducing disease progressions, and
might be a potent target that contributes to the development of
cell therapeutics.265,268,269 Because the cytoskeleton exhibits
both compressive and tensile forces and shares a high similarity
to tensegrity structures, tensegrity-based cytoskeletal models
are also often applied to investigate complicated single-cell
dynamic behaviors.270−272 Recently, for instance, a biochemo-
mechanical tensegrity-based cytoskeletal model (Figure 3e),272

which incorporates the reaction and diffusion of myosin and
RhoA, and the mechanical-chemical feedback mechanisms, was
proposed to explore the cellular oscillating behaviors that
appear in embryonic development.273 Elastic strings and bars
are utilized to simulate the actomyosin network contractions
and the MTs and actin bundle polymerizations, respectively.
The results show that the spontaneous oscillations of cells are a
consequence of the feedback loop between the active
contractile forces and chemical reactions. Additionally, shell-
like single-cell models based on simplified two-dimensional
multiscale cytoskeletal models14,15,63 and the Kirchhoff−Love
plate theory64,274 were also developed to investigate the
dynamic morphological evolutions of cells during asymmetric
polarization and division. These models revealed that the plane
of cell division tends to be perpendicular to the direction of the
maximum principal stress in the nucleus14,15 and explained the
biophysical mechanisms by which cells use torsional
deformation induced by chemical factors to carry out divisions
in confined spaces.274

Multicellular Simulations. Collective cellular dynamics
plays a crucial role in processes such as embryonic develop-
ment, tumor metastasis, and wound healing.275 To simulate
these behaviors, modified dynamic vertex models (Figure 3f)
that incorporate biochemical cues have shown promise as a
physical framework, and has been used successfully in various
multicellular studies.275−277 Based on the vertex model, the
mechanical energy in a monolayer cells is described by278,279

= + +U K A A k m L l1
2

( )
1
2J

c J
J

mJ J J
i j

ij0
2 2

, (4)

where Kc is the area stiffness of cells regulated by the
cytoskeleton, nucleus, and cytoplasm;237 AJ and A0 are the
current and preferred areas of the Jth cell, respectively; kmJ, mJ,
and LJ denote the elastic coefficient of cortical actomyosin
network,60 the contractile activity of myosin, and the perimeter
of cell J, respectively; Λ is the interfacial tension between two
adjacent cells due to adhesive junctions of cadherin
molecules;280 lij is the edge length between vertices i and j.
Then, the collective cell mechanical dynamic behaviors can be
simulated based on the force balance equation (ηdri/dt =
−∂U/(∂ri)) at each vertex where ri and η are the coordinates of
vertex i and the friction efficient from ECM, respectively. Since
the dynamic vertex models, as demonstrated by the above
equations, can effectively integrate all major biophysical factors
of a multicellular system, they are widely employed to
investigate the biophysical mechanisms that underlie collective
cell behaviors, including oscillatory dynamics,278 curvature-
dependent cell migrations,276,281 and morphological develop-
ment of tissues.275,282 Oscillatory morphodynamics of
collective cells is an essential phenomenon in embryonic
development that occurs in many living systems. A study that
employed a dynamic vertex model (Figure 3f),278 which
incorporates myosin activity through the Hill function,
successfully replicated the collective cell oscillations of
amnioserosa in the Drosophila embryo. This study found that
the oscillatory behavior results from a chemomechanical Hopf
bifurcation that relies on myosin-regulated contractile forces,
cell stiffness, and boundary conditions. Recently, a stress fiber-
reinforced vertex model283 was also developed to explore the
mechanisms by which the number of apical stress fibers scales
with cell area, ultimately limiting cell elongation.284 It is
revealed that imposed anisotropic biaxial stretching facilitates
cell rearrangement within the epithelial monolayer, resulting in
size-dependent elongation of the cells. Concurrently, the
formation of stress fibers aligning primarily with the main
stretching direction in cells aids in resisting the imposed
stretching, ultimately reducing the size dependency of their
deformation.283 These results show the vital role of dynamic
vertex models in comprehensively elucidating the complex
biophysical mechanisms that underlie collective cell behaviors.
A General Computational Pipeline for Developing

Spatiotemporal Multiscale Cell Models for Pharma-
ceutical Applications. A thorough comprehension of cell
mechanical and dynamic behaviors derived via the cytoskele-
ton is crucial for advancing our understanding of cell biology
and human health. Existing spatiotemporal models (see refs 5,
14, 15, 31, 32, 171, 241, 243, 264, 266, 274, 276, 278, 279, 281,
282, 285−288) have exhibited powerful abilities to reveal the
biophysical mechanisms and dominant factors involved in
various physiological and pathophysiological processes. How-
ever, none of them can be applied to pharmaceutical
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engineering, such as investigating the effects of drugs on cancer
invasion or neurodegeneration behaviors, to accelerate
pharmaceutical advances. A primary reason for their limitations
is that they are developed based on significant simplifications
of biological factors, without quantitatively considering the
precise working mechanisms as well as the highly kinetic
interactions of enzymes, ion channels, ligands, and receptors.
Even though the spatiotemporal RAP modeling system4 is
based on single protein level and conformational change-
induced protein−protein interactions (PPIs), it does not

incorporate the exact folding structures of proteins, making it
unsuitable for pharmaceutical engineering applications.
The discovery and development of an approved drug

typically entail staggering costs, amounting to 2−3 billion US
dollars, and a lengthy process spanning over a decade.68,289,290

This substantial investment of time and resources is mainly
because the wet-laboratory experiments are quite time-
consuming and often yield disparate results between in vitro
and in vivo conditions.289 On the other hand, biomedical
engineering is at a historic juncture, where a convergence of

Figure 4. A general spatiotemporal cross-scale computational pipeline automatically designs genome editing bases and drugs, and virtually
tests their therapeutic effects on cellular pathophysiological dynamic behaviors and generates quantitative feedbacks to optimize their
designs. Note that if there is no mechanical force acting on the protein in the native environment, the mechanical force is zero in the
parameters. This pipeline overcomes the spatiotemporal cross-scale challenges between molecules and cells. By moving most of the
painstaking wet-laboratory effort to computer simulations, it would substantially save time and alleviate the financial burden of
pharmaceutical industries, significantly accelerating biomedical engineering advances.
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biotechnologies and AI to address diseases through the precise
editing of specific base pairs or segments of DNA or designing
more effective drugs with generative AI.291,292 These
pharmaceutical challenges and the epochal advances in
biotechnology-based and AI-driven therapeutics inspire us to
ask whether we can develop spatiotemporal multiscale
modeling systems that can replicate and predict cell dynamic
behaviors driven by complicated molecular protein interactions
in the real physical world for biomedical applications. Such
virtual cell modeling systems integrating AI with biophysical
calculations can move most of the painstaking wet-laboratory
effort to computer simulations for testing the cellular effects of
drugs or gene-edited DNA sequences targeting specific
proteins and then generate quantitative feedback to optimize
the drug designs or gene-editing base pairs. To realize this
ambitious and promising goal, here we propose a general
spatiotemporal cross-scale computational pipeline, consisting
of three interconnected modules (Figure 4): a bioinformation-
driven artificial intelligence engine (BAIE), a molecular
dynamic engine (MDE), and a continuum mechanics engine
(CME). By leveraging the power of computation, we believe
that this virtual cell simulation pipeline could substantially
reduce both the time and the financial cost of pharmaceutical
industries and thereby may revolutionize both modern
therapeutic engineering and basic biomedical researches.
BAIE. Proteins, composed of amino acids, are fundamental

building blocks of life and synthesized in two key stages:
transcription and translation.293 During transcription, genetic
information encoded by DNA is transcribed into mRNA,
which is then transported to ribosomes where it assembles a
polypeptide chain by linking amino acids together in a specific
order, while losing water molecules.294 The resulting
polypeptide chain undergoes post-translational modifica-
tions295−298 and folds into its unique three-dimensional (3D)
structure, which ultimately determines the function of
protein.298−302 As a result, any alterations to the DNA and
RNA sequences encoding a protein303 or the binding of
molecular drugs to the protein may significantly change its
folding structure, and consequently modify its functional role
in performing cellular behaviors.293,304 On this basis, our BAIE
are designed to have two independent submodules: the gene−
protein submodule (GP), and the drug−protein submodule
(DP). The GP submodule utilizes a deep learning AI platform
to establish quantitative correlations between specific DNA
sequences (or RNA) and their corresponding protein folding
structures. The DP submodule is a deep generative AI platform
for molecular design tasks to discover the potential chemical
compounds, antibodies, or de novo proteins that interact with
target proteins based on existing pharmaceutical libraries.
GP Submodule. Over the past few years, significant

biomedical breakthroughs have been made in two areas.
First, CRISPR-Cas gene-editing technology has enabled
precise manipulation of cellular DNA sequences to alter cell
fates through gene insertion, replacement, or deletion.305,306

Second, the rapid development of deep learning models, such
as AlphaFold2,299 RoseTTAFold,300 and AlphaFold3,307

enables accurate prediction of the three-dimensional atomic
coordinates of folded structures of proteins and protein
complexes from their amino acid sequences.301,308−310 Many
human diseases, such as some kinds of cancers (breast cancer
caused by BRCA1 and BRCA2 gene mutations, lung cancer
caused by KRAS gene mutations, and so on), Huntington’s
chorea, hemophilia, and cystic fibrosis, stem from mutations in

genetic information.311,312 These mutations alter amino acid
sequences, leading to defective protein folding structures and
destructive consequences in cellular functions. Hence, the
convergence of two breakthrough technologies holds great
potential to reshape the treatment of diseases. Their
combination can quantitatively operate the behaviors of target
proteins and, thereby, cellular behaviors toward a designated
performance. Thus, the deep learning GP submodule P = F(G,
{Wig}) outputs the three-dimensional atomic coordinates of
proteins P based on the input of modified genetic sequence G.
Then, it delivers the structural information on proteins to the
MDE and CME modules for further predicting the effects of
gene-editing based therapy on cell behaviors. The function
F(G,{Wig}) represents deep neural networks where Wig is the
parameter matrix to be learned. The obtained proteins were
fed into the MDE for investigating PPIs. In addition to curing
diseased cells, the GP → MDE → CME pipeline can be
applied to test and optimize the performance of reprogrammed
cells for a specific function, such as chimeric antigen receptor
(CAR) T-cells, which are reprogrammed by adding a gene to
express a CAR to recognize the specific cancer cell antigen and
then attack the cancer cells.313−319

DP Submodule. Diseases are derived from aberrant
behaviors of proteins.293,320−322 Discovery of drug molecules
that can bind specifically and with high affinity to target
proteins for achieving desired therapeutic effects is a grand
challenge. This is because the size of the chemical space is
enormous. For small molecular compounds, it is estimated to
be on the order of 10exp(60) spaces.68,323 For antibody or T-
cell receptor drugs, complementarity determining regions with
20 amino acids have a 20exp(20) mutation spaces. These
spaces are far beyond the realm of what can be practically
screened and synthesized in laboratories.324 However, by using
computational methods to explore chemical or amino acid
mutation space, promising molecules for target proteins can be
more efficiently identified.68,324−330 In fact, structure-based
virtual screening of molecular compounds68,324−326,331 and
designs of antibodies and de novo proteins332,333 based on
artificial intelligence has gained great advances in recent years.
The DP submodule is a graph-based molecular generative AI

platform for drug design by predicting potential drug
candidates and binding scores for target pockets of proteins.
Although many generative AI models334 based on recurrent
neural networks,335−337 variational autoencoders,338−340 and
generative adversarial networks341,342 has been proposed, most
of them only generate one-dimensional (SMILES)343,344 or
two-dimensional (graph)334,345−347 representations of mole-
cules without using the structural and interactions information
on target pockets of proteins. The molecular generative AI
platform of the DP submodule requires a large data set of
known drug molecules, which should include information on
the structure, pharmacological properties, and the interacting
region of target proteins. It generates drugs D = (VD, SD, ED)
with desired properties based on the binding information on
target proteins Pt = (VP, SP, EP) where ×VD

N TD and
×VP

N TP represent one-hot atom types of the generated
drug and the target protein, respectively (ND is the number of
drug atoms; NP is the number of the protein atoms; T is the
number of the atom types.); ×SP

N 3P and ×SP
N 3P

represent 3D coordinates of atoms in the drug and protein,
respectively; ×ED

N ND D and ×EP
N NP P denote bond

features between atoms in the drug and its target protein,
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respectively. This deep generative AI model can be developed
based on diffusion probabilistic approaches, which include a
forward diffusion process and a reverse generative process that
are defined as Markov chains.348,349 The diffusion process
gradually introduces noise into the drug data from D0 (D) to
DR in R steps with q(D1:R|D0,Pt) = Πr = 1

R q(Dr|Dr−1,Pt), and the
generative process is to learn a graph neural network model pθ
to reconstruct the drug data D0 from the injected noise
distribution DR with pθ(D0:R−1|DR,Pt) = Πr = 1

R pθ(Dr−1|Dr,Pt).
To encourage docking with the target protein, the model can
be trained by minimizing the weighted sums of Kullback−
Leibler divergences of atom coordinates, atom types, and
chemical bonds. The generated molecules were stored and fed
into the MDE module for validations.
MDE. PPIs underlie all cellular processes and ultimately

control physiological behaviors.350,351 Numerous diseases
result from their changes.322,324 While AI algorithms have
been applied to predict the complex network of PPIs,352,353

they have limitations in accurately predicting the specificity
and binding affinity of these interactions due to the insufficient
data available.354,355 Particularly, many PPIs are regulated by
mechanical forces during cell dynamic behaviors. This leads to
force-dependent behaviors of their binding affinity, which is
commonly described by the force-dependent dissociation
constant KDF .

62,302,356−360 For example, during cell migration,
forces from cytoskeleton stretch integrin and open its bent-
closed conformation361,362 (Figure 4). This conformation
change improves integrin−fibronectin binding affinity and
thus strengthen adhesion formation to provide sufficient forces
for cell migrations.361,362 Moreover, stretching of DNA leads to
changes in the binding of DNA-interacting proteins363−365 and
regulates gene expressions.366 In fact, force-dependent KDF is
the essential mechanism by which cells obtain feedback from
extracellular environments and generate adaptive responses to
fulfill their functions. For instance, polymerization force of
actin filaments regulates their conformational changes359,360

and then modifies the binding affinity of the Arp2/3
complex4,367,368 to remodel the actin network. Relying on
this mechanism, cells can sense magnitudes of ECM resistances
and accurately determine the appropriate force generation for
fulfilling their functions.4 However, current AI models for
protein designs, including RF diffusion332 and Chroma,333 are
unable to capture these force-regulated PPI behaviors that
happen in native environments.369 Additionally, due to a lack
of training data, AI models often encounter challenges in
accurately predicting atomic-level conformational dynamic
changes in proteins upon molecule binding. Understanding
these dynamic changes and elucidating the subsequent
interactions between the resultant drug−protein complex and
the protein within the signaling pathway are important for the
development of efficacious treatments such as the study of
antibody−drug conjugates. MD simulations294,370,371 can
achieve this continuous dynamic view and detailed under-
standing of these PPIs, drug−protein interactions (DPIs), and
drug−protein−protein interactions (DPPIs). They are im-
portant methods for discovering the key amino acid residues
and identifying their precise interacting mechanisms.
Our MDE module is designed for performing MD

simulations of gene-modified PPIs (from the GP submodule),
DPIs, and DPPIs (from the DP submodule). MD relies on
force fields to calculate the interactions between atoms,
including covalent bonds, hydrogen bonds, van der Waals
forces, electrostatic forces, hydrophobic interactions, salt

bridges, disulfide bonds, and π−π interactions. The most
popular force fields that are commonly used in MD simulations
for proteins are AMBER,62,294,372 CHARMM,373,374 GRO-
MOS,375−377 OPLS,378,379 and MARTINI (coarse-grained
MD).380,381 Force fields describe the potential energy of the
system as a function of the positions and velocities of all atoms,
allowing prediction of the dynamic behavior of the system over
time. The potential energy can be expressed as
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(5)

where kibond, ri, and r0 are the bond stretching strength
parameter, bond length, and the equilibrium bond length for
each pair atoms, respectively; kiangel, θi, and θ0 are the bending
strength parameter, bending angle, and the equilibrium
bending angle for each triple atoms, respectively; kidihe, ni, ϕi,
and γi are the torsion strength parameter, multiplicity, dihedral
angle, and phase angle for each quadruple atoms, respectively;
eij, δij, and rij are the well depth, atom diameter, and the
distance between two atoms, respectively; qi and qj are atom
electrostatic charges; e0 is the permittivity of free space. The
equilibrium configuration of molecules can be computed by
minimizing the potential energy through solving the Newton’s

equations of motions =U mr( )i i t
rd

d
i

2

2 with numerical
iteration algorithms based on Taylor expansion and finite
difference method where ∇, mi, ri, and t are the Nabla
operator, atom mass, atom motion vector, and time,
respectively. It should be mentioned that since proteins often
involve a large number of degrees of freedom and have
complex energy landscapes with numerous local minima
separated by high-energy barriers, standard MD simulations
may get trapped in local energy minima and fail to explore the
full conformational space. Enhanced sampling techniques382

including replica exchange molecular dynamics, umbrella
sampling, metadynamics, and simulated annealing are often
used to explore rare events or large conformational changes in
protein systems. These methods introduce biases or additional
potentials to accelerate the exploration of specific regions of
configuration space or enhance the sampling of rare events.
Once the GP submodule has generated gene-modified

proteins or the DP submodule has produced drugs (including
compounds, antibodies, and de novo proteins) for target
proteins, they will be inputted into the MDE module to
calculate PPIs, DPIs, or DPPIs. It should be noted that protein
conformations are very sensitive to forces,4,357,383 and many of
them work based on force regulations in the native cellular
environments.17 For example, stretching and bending of cell
membrane can trigger the different behaviors of G protein-
coupled receptors for cell dynamics, such as immune system
activities.384 In absence of forces, isolated proteins tend to
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undergo conformational collapse toward energetically favor-
able compact states, which can lead to the burial of critical
residues that are involved in binding interactions with drug
molecules or other proteins. Thus, in MD simulations of our
MDE module, in vivo forces acting on proteins during cell
dynamics should be applied properly, which is crucial to
increasing the likelihood of successful drug discovery out-
comes, and identifying the real interacting amino acid residues
of proteins that happen in the in vivo environments. By
applying steered MD simulations,385 force-dependent dissoci-
ation constants of gene-mutated PPIs KD,GPdt·P

F , DPIs KD,D.Pdt

F , and
DPPIs KD,D.Pdt·P

F can be obtained by calculating the changes of
free energy ΔG.62 In theory, the Helmholtz free energy G is
given by

=G k T ZlnB (6)
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where Z is the partition function of the system; N is the
number of atoms in the system; and H(p,r) is the Hamiltonian
total energy for a given configuration described by conjugate
momenta p and position r. U(r) and Ekin(p) are the potential
and kinetic energies of the system, respectively. However, since
the protein systems normally include a large number of atom
interactions, it is hard to get the analytical formulas of the
partition functions Z to calculate their absolute free energies G
and the changes of the absolute free energies ΔG upon
receptor−ligand binding.386 Molecular mechanics Poisson−
Boltzmann surface area (MMPBSA) is an end-state method to
calculate the free energy changes ΔG of ligand−receptor
binding in solution.387−389 Because the primary free energy is
contributed from water molecule interactions, and this energy
fluctuation is normally an order of magnitude greater than the
binding energy, the calculation requires a considerable amount
of time to converge. Thus, MMPBSA divides the simulation
system into a vacuum state and a solvated state based on the
thermodynamic cycle. The binding free energy ΔG is
calculated by.

= + +G U G G T Svac sol,p sol,np vac (8)

where ΔUvac is the potential energy change of the molecules
upon binding in vacuum state and can be calculated by eq 5;
ΔGsol,p and ΔGsol,np are the solvation free energy differences
contributed by the polar electrostatic interactions and the
nonpolar van der Waals hydrophobic interactions, respectively;
ΔSvac is the change of entropy. To compute the polar solvation
free energy term ΔUsol,p, it is necessary to first determine the
distribution of electrostatic potential φ(r) by solving the
Poisson−Boltzmann equation (PBE). PBE is derived by
employing a mean-field approximation to the system’s average
potential of mean force and is expressed by386,390
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where ε(r) is the dielectric distribution in the MD system; λ(r)
is the predefined ion-exclusion function; ci and zi are the bulk

number density and the charge of the ion type i, respectively;
ρ(r) is the charge density distribution of ligand, receptor, or
their complex; zieφ(r) is the potential of mean force of the ion
type i. The electrostatic potential distribution can be
determined by solving the PBE by using the finite difference
method. When the absolute value of ions’ electrostatic
potential is very small, the PBE can be simplified to Debye−
Hückel Equation by exp[(−zieφ(r)/(kBT)] = 1 − (zieφ(r)/
(kBT)) through Taylor expansion. With the electrostatic
potential distribution, the polar solvation free energy difference
can be calculated by ΔGsol,p = ∫ φRL (rRL)ρRL(rRL)drRL −
∫ φR(rR)ρR(rR)drR − ∫ φL(rL)ρL(rL)drL where the subscripts
R, L, and RL denote the receptor, ligand, and receptor−ligand
complex molecules, respectively. The nonpolar solvation free
energy term consists of two highly different interactions. One
component is the repulsive free energy, which is approximately
proportional to the solvent accessible surface area (SASA) of
the receptor, ligand, and their complex. The other one Uvdw is
the van der Waals attractive interaction potential energy
between solute (ligand, receptor or complex) and water
molecules. Thus, ΔGsol,np = γ(SASARL − SASAR − SASAL) + b
+ (Uvdw,RL − Uvdw,R − Uvdw,L) where γ is surface tension and
takes a value of 0.0378 kcal/(mol·Å2); b is a correction term of
SASA and takes a value of −0.569 kcal/mol.391

= =U Vr r r( ) ( )dk
N

kw kw kw kwvdw 1 vdw
s where Ns is the total

number of solute atoms, ρkw is a solvent distribution function
around solute atom k at a given distance rkw, and Vvdw is the
attractive van der Waals potential.392 Entropy is a measure of
the disorder of a system. Thus, the final entropy energy term
can be computed as −TΔS = kBT ln⟨exp((ΔUp,np)/(kBT)⟩
where ΔUp,np = Up,np − ⟨Up,np⟩ represents the fluctuation of the
electrostatic and van der Waals potential energies around the
ensemble average energies.393 It should be mentioned that
although MMPBSA is an effective method and can be applied
to study both the external force-induced and drug-variation-
induced binding affinity changes, its solving process of PBE is
normally based on approximation, and this affects its accuracy,
particularly for strongly charged molecular systems. Addition-
ally, MMPBSA treats water molecules implicitly.388,389,394

Thus, its prediction accuracy can be further improved by
considering the potential structural water molecules.
For the drug-variation-induced affinity variation conditions,

free energy perturbation (FEP) and thermodynamic integra-
tion (TI) methods also can be employed. The two alchemical
methods are theoretically more rigorous and accurate, albeit at
the expense of considerably higher computational costs.
Although it is challenging to compute the absolute free energy
with eqs 6 and 7, the free energy difference ΔG due to drug
change can be calculated. For example, an antibody is mutated
from a to b. Based on the FEP method, its free energy
difference can be expressed by395−397
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The kinetic energy from momenta p does not contribute to
the energy difference after equilibrium. Therefore, only
potential energy U(r) exists in eq 10. The free energy
difference can be reformulated into the following form for
calculations398
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By sampling both the systems a and b, the following Bennett
acceptance ratio method399,400 can also be applied to calculate
the free energy difference ΔGba, and it has a better statistic
accuracy.
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FEP theory requires the two systems a and b to be
sufficiently similar so that their microstates r can largely
overlap, which is important for accuracy. Therefore, in FEP
calculations, a hybrid structure in the variant region needs to
be constructed to ensure that systems a and b have an identical
atom set. Then, by introducing a series of λ (0 = λ1 < λ2 ··· < λi
< ··· λM = 1) to perturb the hybrid local structure, intermediate
systems that gradually morph a to b can be defined in a series
of steps.400 During the calculation process, Hamiltonian replica
exchange is utilized to exchange replicas between neighboring
systems to calculate potential energy changes ΔU = [U(ri+1,λi)
+ U(ri,λi+1)] − [U(ri,λi) + U(ri+1,λi+1)]. Finally, the free energy
difference is ΔGba = ∑0

MΔGi+1,i. It should be noted that λ is an
implicit variable in the FEP method. The free energy difference
can also be computed with the TI method, where λ is directly
employed to perturb the Hamiltonian. Thus, the TI free energy

difference =G dba
U r

0

1 ( , ) . After obtaining the free

energy difference of receptor−ligand complex ΔGba,RL in a
vacuum environment and the free energy difference of ligand
ΔGba,L in a water environment, the ligand-variation-induced
affinity change can be computed with ΔΔGba = ΔGba,RL −
ΔGba,L according to the thermodynamic cycle.
On the basis of MMPBSA, FEP, or TI calculation results, the

amino acid residues or the small molecule chains at the binding
sites that contribute to the binding free energy of PPIs, DPIs,
and DPPIs can be analyzed. The obtained KD,GPdt·P

F , KD,D.Pdt

F , and
KD,D.Pdt·P
F and the identified key amino acid residues in the MDE

module will give feedback to the DP and GP submodules to
optimize the gene-editing sequences or the design of drug
molecules for the target proteins. After the desired gene-
modified proteins or drug molecules are obtained, they will be
fed into the CME module to examine the impact of genome
editing or drugs on cellular physiological and pathophysio-
logical dynamics. It should be mentioned that MD simulations
currently still remain slow in computational speed, and it is
impractical to compute the interactions between a large
number of proteins in the singling pathways. However, the
efficiency of MD simulations is significantly improving under
the assistance of AI and supercomputer development;401 and
in the future, it will be feasible to carry out extensive protein−
protein interaction calculations with technology advances.
CME. CME is a continuum mechanics engine that simulates

cell mechanical dynamic behaviors spatiotemporally from PPIs
at the single protein level. It connects the signaling dynamics,
involving protein phosphorylation, calcium influx, and the

activation of transcription factors, with the mechanical
dynamics of the cytoskeletal proteins (Figure 4), which
ultimately determines the behaviors of cells,.16,133,402,403

While signaling dynamics and mechanical dynamics opterate
differently, they are closely interconnected: signaling pathways
can modulate the cytoskeleton, and cytoskeletal proteins can
influence signaling by generating force. Their connections
(Figure 4) are essentially important for understanding cell
behaviors and building physical virtual cells. The cytoskeletal
proteins are normally rod-like structures. From the principle of
continuum mechanics, they can be regarded as beams in
mechanical calculations.5,404,405 Based on the KD,GPdt·P

F , KD,D·Pdt

F ,
and KD,D·Pdt·P

F of the target protein and drug and their
interactions with cytoskeletal proteins in signaling pathway
network, the three-dimensional kinetic assembling model of
the cytoskeleton can be constructed5,406 through the
mathematical function of biochemical reactions C =
fcsk(KD,GPdt·P

F ,[GPt],[P],[OPs],ks) (for the GP → MDE →
CME pipeline) or C = fcsk(KD,D.Pdt

F ,KD,D.Pdt·P
F ,[D],[Pt],[P],

[OPs],ks) (for the DP → MDE → CME pipeline) where
[GPt], [Pt], [P], [D], and [OPs] represent molar concen-
trations of gene-edited target protein, target protein, the
protein that directly interacts with the target protein, drug, and
a series of other proteins in the signaling pathway network of
cellular PPIs; ks represents a series of on-rate kon and off-rate
koff constants of other proteins and can be obtained from
experimental results.
The calculation process of CME is performed in 4 steps. In

the first step, the assembled cytoskeleton, cell membrane, and
ECM at time tm are divided into small different elements. For
instance, the cytoskeleton is regarded as the topological
structure composed of a lot of beams, where each actin
filament, MTs, IFs, and cross-linking proteins can be divided
into beam elements.4,5 Then the geometric non-linear 3D
Euler−Bernoulli4,407 or Timoshenko beam408 theory is applied
to describe their deformation behaviors including stretch,
compression, bending, and twist during cell mechanical
dynamics. In the second step, we establish the field functions
of displacement, strain, and stress of elements. Generally, the
displacement vector field in a beam element is ue,t dm

= N(x)qe,t dm
,

where N(x) is the matrix of shape function and qe,t dm
is the

nodal displacement field at the time tm. According to the
strain−displacement relationship, such as εij = (ui,x dj

+ uj,xdi
+ uk,x di

uk,x dj
)/2 where ui,xdj

= ∂ui/∂xj represents the gradient in the 3D
space x and i,j = 1,2,3, the strain filed is written as εe,t dm

= B(x)
qe,t dm

, where B(x) is the strain matrix that contains linear B1 (x)
and non-linear Bnl(x) components. The stress field σe,t dm

can be
obtained based on the stress−strain relationship σe,t dm

=
D(E,v)εe,t dm

where D(E,v) is the elastic matrix and E, v are
the material Young’s modulus and Poisson’s ratio, respectively,
which are measured from experiments.5,383 In the third step,
according to the principle of minimum potential energy
∂Π(qe,t dm

)/∂qe,t dm
= 0,409 the final governing equation of the

element is [ ] == =T kT q T P( )e
N

e e e t e
N

e e t1
T

, 1 ,m m
where N is the

total number of elements; Pe,tdm
is the vector of the element

nodal force at the time tm; k is the element stiffness matrix that
is composed of the linear k0 and non-linear knl components;
and Te is the element coordinate transformation matrix.409 By
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solving the nonlinear govern equation with iteration methods,
the whole displacement field qt dm

of the cytoskeleton and cell
membrane at the time tm can be calculated. In addition, the
strain εp,tdm

and stress σp,tdm
fields of each cytoskeletal protein

(actin filament, MT, IF, and cross-linking protein) can also be
calculated via the strain−displacement relationship and stress−
strain relationship, respectively. In the fourth step, the
cytoskeleton at time tm+1 remodels Ct dm d+1

= Ctdm
+ δCtdm

based
on the force-induced deformation (εp,t dm

)-dependent PPIs
(KD,GPdt·P

F , KD,D·Pdt

F , and KD,D·Pdt·P
F ). Then, the remodeled

cytoskeleton Ct dm d+1
will be computed in the next cycle (steps

1−4) to obtain the qt dm
, εp,tdm

, and σp,t dm
at the time tm+1. The

dynamic behaviors of the cell B = f CME(Ct dm
, Ctdm+1

, Ct dm+2
, ···,

Ct dm+n
) driven by PPIs from the time tm to tm+n in a millisecond

scale4 can be obtained, and is described by a series
displacement fields B = [qt dm

, qt dm+1
, qt dm+2

, ···, qt dm+n
].

Although calculating the dynamics of a whole cell at the level
of single protein behavior is difficult because of the complexity
of cells, CME can be readily applied to simulate the local
behaviors of cells. As most of cellular behaviors, such as
endocytosis for drug and mRNA vaccine uptake,53,254,410−412

lamellipodial and filopodial protrusions for cell migrations,4

macropinocytosis,29,76 and immune cells for killing cancer cells
synapses,17,19,155,205,413,414 are driven by local cellular cytoske-
letons, CME has a wide range of applications in studying cell
dynamics. The spatiotemporal cellular modeling system in our
previous work4 is developed based on CME. Here, we take it as
an example to demonstrate how our BAIE (GP/DP) → MDE
→ CME computational system can be applied to pharmaceut-
ical engineering. Polymerization of Arp2/3 complex-branched
actin filament network at the leading edge is an essential way
that drives cancer invasions35−38,415,416 and immune cell
migrations19,58,71,204 in ECMs. In cells, the behavior of
Arp2/3 complex assembling the branched actin filament
network is simultaneously regulated by two opposite
mechanisms, Rac-Arpin-Arp2/3 inhibitory circuit and Rac-
WAVE-Arp2/3 activatory circuit.417 Both Arpin and WAVE
have a C-helix that binds to the barbed end of Arp3,418

influencing the Arp2/3 complex’s binding to actin filaments
and thus cell migrations. Based on the GP → MDE → CME
subpipeline, we can directly investigate how to reprogram
immune cells by modifying the DNA sequence of the gene
encoding Arpin, WAVE, or Arp2/3 complex to manipulate
their PPIs to enhance immune cell migration ability. This is
significant for the immunotherapy of solid tumors because the
tumor physical environments often impede immune cells from
penetrating the tissues and thus pose a challenge for the
effective immunotherapy.419,420 Based on the DP → MDE →
CME subpipeline, we can design drug molecules targeting the
Arp2/3 complex, Arpin or WAVE to regulate their PPIs, and
test their effectiveness in reducing the invasive ability of cancer
cells. Although here we mainly employ actin as examples to
elucidate the applications of our computational pipeline, other
cytoskeletal proteins, such as MTs, IFs, and myosin filaments,
play equally crucial roles in various cellular functions. For
instance, during cancer invasion, the nucleus, as the largest
organelle, is the final determining factor of migration through
ECM pores.9,10,71,421,422 Myosin contraction,9,10 nuclear
lamina network stiffness,421,422 and polymerizing MTs227 all
play roles in regulating nuclear deformations, enabling the

nucleus to adapt its shape and squeeze through narrow pores
in ECMs. With the GP → MDE → CME subpipeline, we can
explore how to modify the amino acid sequences of lamins to
increase the lamina filament interactions for improving nuclear
lamina network stiffness to impede nuclear deformation,
thereby confining cancer cells to their original locations.
Similarly, with the DP → MDE → CME subpipeline, the drugs
disrupting myosin contraction or MT polymerization can also
be designed to reduce the pushing pressures powering
nucleues adaption to ECM pores. Consequently, our pipeline
can also be applied to investigate the gene-editing and drug
effects on nuclear behaviors by targeting nuclear lamin, myosin,
MT, or their upstream singling pathways. Overall, by
integrating AI with physics, our BAIE (GP/DP) → MDE →
CME computational pipeline links genes and molecule designs
with protein-driven cellular dynamics, effectively overcoming
the spatiotemporal cross-scale challenges between them. It has
versatile and broad applications in the usage of gene-editing
technology311 and the designs of drugs,370,423 antibodies,319,424

molecular glue degraders425,426 and de novo proteins351,427 for
cell therapies. Its combination with wet-laboratory exper-
imental validations may substantially save time, improve
success rate, and alleviate the financial burden of pharmaceut-
ical industries, accelerating the biomedical advances. It should
be mentioned that cells for different functions are normally
much different from each other due to DNA methylation and
epigenetic modifications. Since it is the mechanical forces that
shape many physiological and pathological behaviors of cells
and all the behaviors are fundamentally driven by atom
interactions,2 this general computational pipeline might be
applied able to different scenarios of cell dynamics and
constitutes an essential step toward building virtual cells, which
will revolutionize both biomedical engineering and researches
in the future.
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