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ABSTRACT: It is widely accepted that deciphering biomolecular structure
and function requires going beyond the single-molecule or single-complex
paradigm. The densely packed macromolecules, cosolutes, and metabolites in
the living cell impose crowding effects on the biomolecular structure and
dynamics that need to be accounted for. Molecular simulations have proven
to be a powerful tool to advance the current molecular-level understanding of
such a highly concentrated, complex milieu. This Mini-Review focuses on
summarizing the understanding achieved so far for the effects of crowding on
biomolecular processes using computational methods, along with highlighting
a new direction in employing crowding as a tool for tunable nanomaterial
design. The two schools of thought that form the pillars of the current
understanding of crowding effects are discussed. The investigation of crowded
solutions using physics-based models that encompass different time and
length scales to mimic the intracellular environment are described. The limitations and challenges faced by the current models and
simulation methods are addressed, highlighting the gaps to be filled for better agreement with experiments. Crowding can also act as
an effective tool to modulate the structure−property−function relationships of nanomaterials, leading to the development of novel
functional materials. A few recent studies, mostly experimental, have been summarized in this direction. The Mini-Review concludes
with an outlook for future developments in this field in order to enable accurate mimicking of the intracellular environment using
simulations and to bridge the gap between biological processes and nanomaterial design.

1. INTRODUCTION
Biomolecules attain their characteristic three-dimensional
functional structure in the intracellular environment, which is
tightly packed with high concentrations of macromolecules
(200−300 g l−1) and small cosolutes.1 Such a distinctive
feature of the crowded cellular interior results in a significant
fraction of the cellular volume (≈20−30%) being physically
occupied, which becomes unavailable for other molecules. This
steric exclusion is expected to generate consequent effects on
biomolecular self-assemblies, biochemical reaction rates, and
equilibria. These effects induced by large macromolecules are
popularly known as macromolecular crowding ef fects. Often, the
effects induced by high concentrations of small metabolites
and cosolutes are also termed molecular crowding ef fects. In
addition to the volume exclusion effects,2,3 the dense
intracellular milieu results in extensive nonspecific interac-
tions4−6 between the biological macromolecules that can play a
crucial role in determining the self-assembly or aggregation of
these macromolecules. Despite the significance of these
ubiquitous effects, crowding effects have remained unacknowl-
edged over several years.1c

The single-molecule or single-complex view has hitherto
provided a wealth of insights into biological structure and
dynamics with limited or no consideration of cellular crowding.

Recently, the significance of accounting for these effects has
attracted various studies, both in vitro and in silico, to
investigate their influence on biomolecular self-assembly,
dynamics, and function. Some of the recent studies are
summarized comprehensively in the latest reviews.7

One of the most recognized effects of the crowded
environment has been to induce collapse in polypeptides to
transform them into functional proteins, to promote the self-
assembly of oligomers into larger ordered protein aggregates,
and to promote rates of enzymatic reactions that involve
protein−ligand binding.1b One of the earliest theories that
originated the idea of crowding was given by Asakura and
Oosawa, explaining the physics of colloidal aggregation in a
solution of macromolecules. The theory attributed aggregation
primarily to the excluded volume effects of the macromolecules
(crowders) that induced entropically favorable depletion
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attraction among the test colloidal particles.2 This theory relies
on the assumption that the crowders are “intert” to the
reaction of interest and steric repulsions of the crowders or, in
other words, that their size effects are the most crucial. The
energetic consequences generated by these steric effects are
assumed to have an insignificant influence on biomolecular
compaction or self-assembly. Since such an assumption may
not provide a complete view in the case of charged, polar
biomolecules, recent advances have been made to reassess the
classical view. The new focus has been on quantifying the
effects of the soft, attractive energetic interactions on
biomolecular structure, dynamics, and function.7

Considering that the most crucial effect of macromolecular
crowding is controlling the intermolecular interactions,
chemical reactions, and diffusion of molecules, this has
attracted materials scientists to explore the employability of
crowding as a versatile tool for controlling molecular or
colloidal self-assembly.8 It can act as an effective tool to
modulate the structure−property−function relationships of the
materials, leading to the development of novel functional
materials. Moreover, recent advances have been made to
employ nanostructured materials as substitutes for the

synthetic polymers that are usually used to generate crowded
environments in experiments.8a

Even though crowding effects have gained recognition, they
have remained underappreciated.1c One of the reasons is that
the investigation of the impact of a crowded environment on
biomolecular processes in vitro is generally limited due to the
high concentrations of the macromolecules that have to be
dealt with. However, with increasing computational resources,
it has been possible to investigate these systems in silico.
Molecular simulations can be an effective tool to microscopi-
cally elaborate the influence of intermolecular interactions
between biological macromolecules and unravel the thermody-
namic driving forces underlying these biomolecular processes.9

However, the field of molecular simulations is faced with
several challenges, such as the lack of accurate models with an
intricate description of the cellular environment (see Figure
1(a)). Several theoretical studies have provided quantitative
descriptions of the macroscopic phenomena at the cellular
level with mathematically complex but relatively physically
simplified models that do not capture the detailed
intermolecular interactions and their consequences.9a The
other challenge lies with the spatial and temporal modeling
scales of these systems and the cellular phenomena, which

Figure 1. (a) Cartoon representation of a living cell indicating the crowded cytoplasm and the number of molecules involved in constituting the
heterogeneous crowded milieu. Adapted from ref 10. Copyright Garland Science 2012. (b) The right panel shows a schematic of the traditional
view of macromolecular folding-unfolding equilibria (top) and nanomaterial self-assembly (bottom) indicating the volume exclusion effects and
depletion attraction. Reprinted with permission from ref 11. Copyright 2016 Elsevier Ltd. The left panel shows the schematic of overlap in excluded
volumes when there is biomolecular collapse, aggregation, helix formation, or chromatin folding. Reprinted with permission from ref 1c. Copyright
2006 The Rockefeller University Press. The lower-most figure describes the Asakura−Oosawa theory schematic to explain colloidal aggregation in a
solution of polymers. Reprinted with permission from ref 12. Copyright 2021 AIP Publishing. (c) Emerging view that explains crowding effects by
including the enthalpic interactions via preferential adsorption of the crowders. The left panel indicates direct preferential interactions of crowders
with biomolecules or nanorods. Reprinted with permission from ref 11. Copyright 2016 Elsevier Ltd. The extreme right panel summarizes the
thermodynamic forces in an enthalpy−entropy plot for various crowders. The regions indicate both enthalpically and entropically favorable driven
protein folding. The schematic at the bottom indicates the solvent-mediated enthalpic mechanism and volume exclusion entropically stabilizing
mechanism. Reprinted with permission from ref 13. Copyright 2013 Elsevier Ltd.
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form the bottleneck for the simulation studies.9b Another issue
is whether the generally used crowding agents such as ficoll,
dextran, or sythetic polymers like polyethylene glycol are
sufficient to mimic the true crowded cellular environment.
This Mini-Review aims to provide an overview of the role of

macromolecular crowding on biomolecular processes and its
role in designing controlled self-assemblies of nanomaterials
from the perspective of computational investigation. The
review focuses on summarizing the understanding achieved so
far from molecular simulations, addressing the challenges
associated with the simulation models and methods, and
highlighting the gaps to be filled for better agreement with
experiments, along with future prospects of this field that aim
to bridge the gap between biological processes and nanoma-
terial design.

2. TWO SIDES OF THE SAME COIN
This section provides an overview of the basic theories that
have formed the foundation for explaining the effects of
crowding on biomolecular collapse or association. There are
two views, the classical entropic view and the emerging
enthalpic view, that have generally been successful in
explaining the elementary mechanisms. While the entropy-
centric classical view is well-established, the role of the
enthalpic interactions in crowded systems still remains elusive
and needs to be further quantified.
2.1. Traditional View: Entropic Origin. The current

understanding of macromolecular crowding effects dates back
to 1954 when Asakura and Oosawa proposed that the
nonadsorbing polymers mediate attraction between the
colloidal particles by exerting steric effects on the colloidal
particles when the colloids are dispersed in a high
concentration of polymers.2 They proposed a two-phase
hypothesis. The colloidal particles were modeled as extended
interfaces (plates), representing the surfaces of large colloidal
particles separated by a certain distance in a solution of
polymers (see Figure 1(b)). The polymer−colloid interaction
was assumed to be a hard-core repulsive interaction that
defined the excluded volume of the colloids such that the
polymers were not allowed to penetrate. The polymers were
modeled as permeable spheres that were excluded from the
volume between the surfaces of the approaching colloids once
the distance between the surfaces decreased to less than the
diameter of the macromolecules. This space could be assumed
to be phase 1 (the local domain), and the macromolecules in
solution outside the colloidal interface could be assumed to be
phase 2 (the bulk domain). These two phases would have an
osmotic pressure difference, with the second phase having
higher osmotic pressure. Such a difference was proposed to
exert an attractive force inward between the two plates. Two
other cases were also examined: the case of the parallel plates
in rod-like macromolecules and the case of two spherical
bodies in a solution of spherical macromolecules. In each case,
the attractive inward force was found to be proportional to the
osmotic pressure difference. Such a volume exclusion effect
inducing the depletion of macromolecules from the inter-
mediate volume between the approaching colloids was entirely
entropic in origin, which primarily regulated the colloidal
attraction.1b

One of the first studies by Minton and co-workers in 1981
introduced the concept of cellular crowding and its impact on
biomolecular structure and function.3 It was proposed that the
excluded volume effects of the crowders could be accounted

for in the nonideal component of the chemical potential of the
reactants by correcting for their thermodynamic activities. Due
to the volume exclusion effects of the inert crowders, there
would be a reduction in the available free volume accessible to
the reactants, thereby increasing their thermodynamic activity
accordingly. The activity coefficients could be computed by
using the scaled particle theory of hard spheres. This theory
was applied to explain the addition of globular proteins,
altering the catalytic activity of the dehydrogenase enzyme by
promoting the self-association of the enzyme to form a
tetramer. Later, this theory was applied to explain various other
biomolecular processes in crowded solutions. Crowding effects
were attributed to the nonspecific steric repulsions of the
crowders with the biomolecule of interest that led to
compaction of the biomolecule. In the “effective hard sphere
model”,1b these interactions were shown not to strongly
depend on the local details of the chemical nature of the
macromolecule but rather to depend on the global features
such as the size, net charge, dipole or multipole moment, and
shape. Later, this effective attraction between the test
biomolecules was coined as depletion attraction since it was
induced by the depletion of the nonadsorbing crowders from
the solvation shells of the biomolecules. The release of the
crowders into the bulk led to an entropically favorable state of
the system that could drive the process and is, therefore,
sometimes also referred to as entropic depletion attraction (see
Figure 1(b)). Such a theory is based on assuming that the
enthalpic soft interactions of the crowders with the test
biomolecule have negligible consequences. Even the effective
hard-sphere models that are parametrized from experiments for
single-protein solutions have worked well for a mixture of
proteins that have similar pI or are electrostatically repulsive.
However, for proteins having attractive interactions, this model
may be inadequate to describe the true behavior of
biomolecules.14 In 1970, Ogston presented the view that an
incompatible phase transition between solutes of different sizes
can occur if the size difference between the solutes is large. He
took the case of a mixture of spheres and rods, where the
molecular covolume (overlap in excluded volume) of the pair
of solutes interacting via purely entropic forces could be
identified using molar second virial coefficients between like
molecules or molar interaction coefficients (molar excluded
volume between unlike molecules). These molar covolumes
were expressed in terms of the volume exclusion due to rod−
rod, rod−sphere, and sphere−sphere interactions. This view
was analogous to the crowded environment inside the cell
where macromolecules of different sizes and shapes interact via
volume exclusion.15. In 1994, Meijer and Frenkel reported a
simulation study on colloids dispersed in a polymer solution.5

They presented a phase diagram based on polymer-induced
interactions with the colloidal particles (Figure 1). The
partition function of the three-segment lattice polymer was
computed by assuming that the sites occupied by the spherical
colloidal molecule were not accessible to the polymer. They
tested the accuracy of scaled particle theory and thermody-
namic perturbation theory to conclude that the many-body
additivity of polymer-induced attraction between the colloidal
particles cannot be neglected and has a pronounced effect on
the phase behavior of the colloid−polymer mixture. This study
was among the first ones to indicate that the many-body
intermolecular attractions in such complex solutions could play
an important role.
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2.2. Emerging View: Role of Soft Interactions. In
addition to the well-established classical view, an emerging
view of crowding is shaping up that is based on the significant
nonideal solution behavior of crowded milieu due to the high
concentrations of macromolecules, metabolites, and ions. The
nonspecific effects of physical occupation of the volume by
crowders and strong intermolecular interactions between the
solution components, both attractive and repulsive (distinct
from van der Waals repulsions due to steric effects), lead to the
nonideality. Such a feature can lead to counterintuitive effects
of crowding, namely, destabilizing the native biomolecular
structure or promoting unfolding of biomolecules instead of
compaction. One of the first studies to indicate that crowding
can destabilize the proteins was by Lee and Lee. They showed
that poly(ethylene glycol) (PEG) as a crowder destabilizes
different kinds of proteins. The decrease in the melting point
of the proteins was directly correlated to the hydrophobic
content of the proteins.16 In 1982, McConkey introduced the
term quinary structure of proteins beyond the primary,
secondary, and tertiary structure of proteins, which arises as
a consquence of numerous macromolecular interactions with
the protein given the complexities of the intracellular
environment.4

In 2012, Pielak and co-workers investigated the debatable
contributions of entropy and enthalpy in crowded solutions.6

They pointed out that protein stability can be affected by
either the hard-core repulsions (entropic excluded volume
effect) or the weak, nonspecific chemical interactions
(enthalpic effect) in the crowded solutions. The interactions
of the direct cosolute with the proteins can destabilize the
native state, such as that found for the effect of urea on protein
native structure (see Figure 1(c)).17 Harries and co-workers
demonstrated that the depletion force must have contributions
from both enthalpic and entropic components.7a,17c There can
also be enthalpically mitigated depletion forces, where the
driving force is still entropic but stabilization is decreased due
to the unfavorable interaction energy. This could be the case
for protein stability where the crowder has steric interactions
(entropic) and there is an enthalpic penalty from the sticky
crowder that has attractive interactions with the protein. In
contrast, the enthalpically dominated depletion forces involve
enthalpy as the major driving force being opposed to the
destabilizing entropy. The authors also proposed the role of
cosolutes or crowders in inducing changes in the hydration
water ordering at the biomolecular interface, leading to loss in
entropic degrees of freedom and resulting in concomitant gain
in enthalpy for the folding process (Figure 1(c)). Attractive
interactions with the native state can also lead to stabilization
of the native state. It was found that the synthetic polymers
such as PEG, dextran, and glucose could stabilize the structure
of a β-hairpin peptide, but the origin of this effect was
enthalpic rather than entropic with increasing crowder
concentrations.17d Senske and co-workers found that dextran
and glucose as crowders enthalpically stabilize but entropically
destabilize the native state of ubiquitin.17e Unlike the hard-core
repulsions that always have a stabilizing effect, the soft
attractive interactions can lead to either a stabilizing or
destabilizing effect. Aside form macromolecular crowders, the
role of the interaction energy of crowders has been found to be
significant even for small-sized molecular crowders. Our group
has shown that for simplified hydrophobic and hydrophilic
polymers the strength of the crowder−polymer interaction can
determine the weakening and strengthening of the hydro-

phobic collapse. The results indicated that the stronger
dispersion interactions of the molecular crowders (trialanine
peptide) with the polymer could unfold the polymer via
preferential interactions of the crowders with the polymer.18

Moreover, charged model molecular crowders have been
shown to induce collapse in polymers via preferential interaction
with the polymer interface rather than preferential depletion.18b

There are several other studies that have reassessed the
entropic-centric view of crowding for protein folding,
aggregation, and association.19

3. MODELING THE CROWDED ENVIRONMENT FOR
BIOMOLECULAR PROCESSES

Although the single-molecule view has tremendously pro-
gressed the understanding of biomolecular processes, account-
ing for the influence of multicomponent intracellular environ-
ment has been computationally challenging. The development
of realistic models for the cellular environment is conceivable if
the wide range of length and time scales associated with this
complex environment can be accounted for. Cellular
dimensions range between 300 nm and 1 μm, whereas the
atomistic detailed molecular processes occur at the scale of a
few nanometers. The dynamics of molecules in the living cell at
the biologically relevant time scales range between nano-
seconds to microseconds and even seconds to hours for
complete biological processes. Developing all-atom models for
such time and length scales is computationally demanding.
Therefore, several studies (as discussed below) have resorted
to multiscale modeling as one of the viable strategies where
low resolution and less computationally demanding, yet
physically accurate, models of such complex environment
have been developed. However, it is critical to investigate these
systems with an accurate representation of the chemical details
and intermolecular interactions in order to obtain a
comprehensive and microscopic view of the crowding effects.
3.1. All-Atom Models. First, we summarize a few studies

that have adopted all-atom models to investigate biomolecular
structure in crowded solutions. The study by Feig et al.
investigated the structure and dynamics of chymotrypsin (CI)
protein in the presence of a crowded solution of lysozyme or
bovine serum albumin (BSA) proteins using all-atom models.20

BSA was found to interact weakly with CI and therefore only
affect the diffusion of the protein, whereas lysozyme was found
to interact strongly with CI, which induced structural
fluctuations, destabilized the native structure and led to a
significant reduction in diffusion rate of CI due to strong
association between the two proteins, as shown in Figure 2(a).
The study highlighted the role of enthalpic interactions, as well
as their dependence on the local environment of the protein. In
a recent study by Sterpone and co-workers, the thermal
stability of chicken egg white lysozyme was investigated in an
extremely crowded solution with a 60% packing fraction in
water and glycerol.21 Using all-atom models and an enhanced
sampling method of replica exchange with solute scaling
(REST2), they showed that the flexibility of the protein
crowders plays a crucial role in determining the stability of the
lysozyme. At a high temperature of 350 K, the flexibility of the
protein crowders increases, as reflected in the RMSDs relative
to the crystal structure. It renders the excluded volume effects
no longer tunable, which has no effect on the melting point of
the lysozyme protein, as shown in Figure 2(b). The simulation
results agreed with the in-house calorimetric experiments
where the specific heat of unfolding for lysozyme protein was
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similar in pure water and in self-crowded aqueous solution at
350 K. Atomistic simulations have also been successful in
identifying the role of intermediate unfolded conformations of
superoxide dismutase protein in determining the thermal
stability of the protein in a crowded solution of BSA proteins
with different packing states.22 At a given temperature, the fully
or partially unfolded intermediate states were found to interact
more with the crowder proteins than the folded structures.
This implies the crucial role of the weak, transient (quinary)
interactions in these solutions that lead to the unfolding of the
protein. These quinary interactions represent the fifth level
organization in protein structure, beyond the quarternary

structure, that arises due to the interactions of proteins with
other biomolecules in the crowded cellular environment.
3.2. Coarse-Grained Models. Another approach for

investigating these complex solutions is to simplify the internal
degrees of freedom of the macromolecules and make use of
coarse-grained models. Crowders are generally modeled as
hard spheres with hard-core nonspecific repulsive interactions.
The proteins are also modeled using coarse-grained resolution,
such as with the side-chain Cα (SCM) model.

23 It is a two-
bead model per amino acid of the protein, where one bead is
the Cα atom and the other one is the center of mass of the side
chain. In one of the studies, the structure of an aspherical VlsE
protein (using SCM model) was examined in the presence of
Ficoll as the crowder, modeled using hard spheres, and the
denaturant urea. The free energy landscape showed that with
increasing denaturant concentration, the crowders trigger a
shape change in the protein such as a football, a sphere, a bean,
or the unfolded state, as shown in Figure 3(e). The effect of
the shape of the crowders on the protein structure has also
been examined using low-resolution models. Cheung and co-
workers used spherical and rod-like coarse-grained crowders to
model dextran and examined their influence on the structure of
the native state of apoazurin protein in 6 M urea solution.24

The rod-like crowders altered the urea-unfolded ensemble of
apoazurin to an extended or unfolded ensemble, underscoring
the counterintuitive effect of the crowded environment. The
spherical model of crowders did not produce elongated protein
ensembles, whereas the rod-like crowders stabilized the
unfolded protein conformations via effective attractions.
Authors explained that the elongated shape of the crowder
could break the symmetry of the isotropic depletion force,
which could create an anisotropic force to sandwich the
protein backbone. At high crowder packing fractions, the
compaction of apoazurin was observed. An increase in the
excluded volume effects of crowders disintegrated the bundles
because of the hard excluded volume interactions between the
crowder particles, which increasingly suppressed protein−
crowder interactions (see Figure 3(d)). Klumpp and co-
workers investigated the effects of spherical and polymeric
crowders on the folding of a 89-residue HigA protein using a
structure-based coarse-grained model and molecular dynamics
simulations.25 It was found that the protein folding temper-
ature decreased with increasing size of spherical crowders and
increased with the chain length of polymeric crowders, with
the latter trend being in line with qualitative predictions by the
Flory−Huggins theory. Hence, crowders may enhance the
stabilization of the folded protein state either by lowering the
size of the spherical crowders or by elongating the length of the
polymeric crowders. Hall and co-workers examined the effect
of hydrophobic crowders on the aggregation of a heptamer of
the Aβ40 protein using discontinuous molecular dynamics
simulations with an intermediate resolution PRIME20 model
for the protein.26 The crowders were modeled using a hard
sphere potential, and the atoms or pseudo atoms of the
polypeptide were modeled as hard spheres with softer square-
well or square-shoulder potentials. The results indicated that
beyond excluded volume effects, introducing crowder−peptide
interactions and tuning the hydrophobicity of the polypeptide
results in the formation of different types of aggregates of the
protein, such as β-sheet oligomers, disordered oligomers, and
fibrils as shown in Figure 3(c). Besides the crowder size and
polypeptide hydrophobicity, the volume fraction of the
nanoparticle crowder has also been found to influence the

Figure 2. Investigations of crowding effects using all-atom models. (a)
Snapshots of the simulated CI-lysozyme and CI-BSA systems along
with the radial density of the heavy atoms of crowders (BSA, left and
lysozyme, right) around Cα of CI. Reprinted with permission from ref
20. Copyright 2012 American Chemical Society. (b) Snapshots of
lysozyme in a self-crowded solution (left), specific heat of unfolding of
lysozyme in aqueous and glycerol solutions (center), and the fractions
of the folded state of lysozyme as a function of temperature (right).
Reprinted with permission from ref 21. Copyright 2021 American
Chemical Society. (c) Snapshots of the crowded protein-G system
(PG4) and protein-G/villin headpiece proteins system (PGVH5),
anomalous mean squared displacement of water as a function of time
for PGVH5 system, and decrease in the dielectric constant of water
with protein volume fractions. Reprinted with permission from ref 30.
(d) Reparameterization of AMBER ff99SB-ILDN dispersion inter-
actions to reproduce the experimental osmotic coefficients of amino
acids at high packing fractions. Reprinted with permission from ref
34b. Copyright 2023 Royal Society of Chemistry.
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oligomerization of the amyloidogenic peptide. Thirumalai and
co-workers demonstrated that the spherocylindrical crowders
destabilized the peptide oligomers to a greater extent than the
spherical crowders.27 Using the Asakura−Oosawa theory, they
computed the excluded volume of the crowders and peptide
oligomers in ordered and disordered states. They found that
the spherical crowders destabilize the small oligomers of the
peptide. When the peptide concentration was increased, the
spherical crowders stabilized the large-sized peptide oligomers
due to the lower volume excluded by the ordered oligomer
compared to that in the disordered state. The work highlighted
the role of nanoparticle-induced complexity in the conforma-
tional preferences of the amyloid oligomers. Other than
proteins, coarse-grained models of chromosomal material have
also been employed to understand the collapse−swelling
transitions of these biopolymers in a crowded environment.
Slater and co-workers treated the supercoiled DNA structural
monomers and small protein crowders as coarse-grained

models with truncated Lennard-Jones interactions.28 The
simulations quantified the effective excluded volume of each
monomer using the WCA potential. The change in the radius
of gyration prediction with increasing depletant volume
fraction indicated an entropy driven depletion-induced
attraction between the monomers that was sufficient to cause
a coil−globule transition, similar to that observed for a freely
joined polymer chain in good to poor solvent conditions. The
authors concluded that in order to observe the first-order
phase transition, other effects such as enthalpic interactions
and confinement effects must be included.28a In another study,
Kang et al. investigated the reason for the coil−globule
transition of DNA that is observed at very low crowder
concentrations.28b Using self-avoiding walk polymer in explicit
crowders showed the collapse of the polymer with increasing
crowder volume fraction. They proposed that the crowder-
induced polymer collapse can be defined by a parameter, which
is the ratio of the radius of gyration of the polymer and the

Figure 3. Investigations of crowded systems using coarse-grained modeling. (a) Conformational phase diagram of VlsE in the ϕC-T plane indicating
different shapes: football (C), bean (B), spherical (X), and unfolded (U) states. Reprinted with permission from ref 23. Copyright 2008 The
National Academy of Sciences of the USA. (b) (Top) Snapshots of the apoazurin in spherical and rod-like crowder solutions. (Bottom) The
decreasing asphericity of apoazurin with increasing volume-fraction of rod-like crowder in 6 M urea solution. Reprinted with permission from ref
24. Copyright 2019 American Chemical Society. (c) Crowder size and interaction effects on the global conformational phase diagram of the types
of aggregates formed by the heptamer of the Aβ protein. Reprinted with permission from ref 26. Copyright 2015 Biophysical Society. (d) (Left)
Snapshots of enzyme NS3/4A surrounded by CG crowders. (Right) Number of conformations of NS4A with the wrapping coefficient of N-
terminal tail wrapped around NS3 in crowded solutions. Reprinted with permissions from ref 29. Copyright 2021 Biophysical Society. (e) Average
number of unique neighbors encountered by each molecule (left) during the simulation of the model cytoplasm with 50 macromolecules (right).
Reprinted under the terms of the Creative Commons Attribution License from ref 31.
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crowder volume fraction-dependent distance between crow-
ders. Based on this parameter, a phase diagram was proposed
that could explain the collapse of DNA in a small amount of
PEG, whereas an IDP with large number of monomers would
not collapse even at high crowder volume fraction. In the work
by Chaboche et al., a mean field approach was adopted to
model the two-body effective interactions between the
monomers in a bath of crowders.28c The square-well potential
with a range equal to crowder size was employed. Such an
approach smoothly interpolated between the inelastic (glob-
ule) state of the polymer, where the short-range attractive
energy was constant with the crowder density, and the elastic
state (coil) of the polymer, where the energy linearly increased
with the crowder density. Their model was able to account for
solvent concentrations where jamming of the solvent (polymer
collapse) could be achieved.
3.3. Multiscale models. Another commonly used strategy

for the accurate representation of crowded environment is
adopting multiscale modeling of the crowded systems. The
modeling involves reduced chemical details, increased
computational speed and can cover higher length and time
scales for biological processes. For instance, in the study by
Ostrowska et al., the internal dynamics and diffusion of
hepatitis C virus proteases NS3/4A were examined in a
crowded solution of PEG. The enzyme and water were
modeled at atomistic resolution, whereas the PEG crowders
were modeled using atomistic and coarse-grained (CG)
models.29 The all-atom PEG accounted for the protein−
crowder interactions. The folded PEG chains were modeled
using a bead−shell CG model representing mainly the solvent
excluded volume effect. The model comprised of 42 carbon-
sized beads or pseudoatoms on the surface of a large central
sphere that stabilized the spherical structure and prevented the
collapse of the surface pseudoatoms. The mass of this crowder
was made equivalent to the mass of 28-mer PEG. The
crowder−crowder interactions were kept purely repulsive, and
protein−crowder interactions were modeled via Lennard-Jones
potential. The CG crowders led to the formation of more
compact conformations such that the NS4A tails could interact
more with NS3 (see Figure 3(b)). This facilitated the
formation of the NS3/4A TM helix precursor and its
positioning near the membrane surface to enhance membrane
anchoring and thereby viral replication.
3.4. Modeling the Solvation. An alternative method to

reduce the computational expense in these complex environ-
ments is to model water as an implicit solvent. Water is known
to affect the conformational preferences of the biomolecules.
In addition, the diffusion and hydrodynamic properties of
water also play critical role. The implicit representation of the
solvent using a dielectric continuum is well within the
framework of Poisson−Boltzmann theory. However, using
explicit water models comprising representations of dipole
interactions, hydrogen-bonding, and other nonspecific inter-
molecular interactions can help improve the understanding of
solvation in the complex intracellular environment. Harada and
co-workers investigated the effects of crowding on the
hydration shell structure and dynamics of two globular
proteins, i.e., protein GB1 and a villin headpiece, using all-
atom molecular dynamics simulations.30 The tetrahedral
arrangement of water molecules was shown to be disrupted
in crowded solutions, as indicated by the low tetrahedral order
values, implying random orientations of water molecules in the
hydration shells. They also found that the dielectric constant

was substantially reduced to 30−50 for high crowder packing
fractions, as shown in Figure 2(c). Such a low dielectric
response is expected to affect the hydrophobic interactions and
therefore the protein structure stability. The self-diffusivity of
water is significantly reduced, with an anomalous diffusion
regime observed at short times scales (<10 ns) and a normal
diffusion regime observed at larger time scales (>10 ns) due to
constrained water motion (see Figure 2(c)).
3.5. Cellular Model. One of the ambitious goals has been

to model a complete living cell using physics-based models.
This involves correctly modeling the excluded volume effects,
nonspecific interactions, and hydrodynamic interactions.
Elcock and group presented a cytoplasm model of Escherichia
coli comprised of 50 macromolecules, out of which 45 were
proteins and 5 were RNAs or RNA−protein complexes, as
shown in Figure 3(a).31 The model was comparatively
sophisticated since it included the representation of
intermolecular interactions such as electrostatic and hydro-
phobic interactions, unlike the previous cellular models. First,
the authors performed Brownian dynamics simulations and
computed the translational diffusion coefficient of green
fluorescent protein (GFP) in the cytoplasm “steric model” in
which only steric interactions operated. It was found to be 3−
6times higher than the experimental estimates. When the
electrostatic interactions were included, it was found to be 2−5
times higher than the experimental value. To make the model
more realistic, denoted as “full model”, short-range attractions
were added via the Lennard-Jones potential with an adjustable
well-depth parameter (ϵ). With a value of ϵ = 0.285 kcal/mol,
the translational diffusion coefficient was found to be within
the experimental error. The folding free energies of several
proteins and the protein−protein association free energies,
such as those for RNase and SH3 proteins, were also found to
be within the experimental estimates in this cytoplasm model.
3.6. Computationally Efficient Methods to Inves-

tigate Crowded Systems. Several attempts have been made
to reduce the computational cost associated with investigating
such complex systems. One possibility is to perform
postprocessing of the trajectories using the particle-insertion
method.32 Zhou and co-workers developed an FFT-based
method that allows the computation of the chemical potential
change for proteins from conformational ensembles in the two
end states in the crowded solution.32a It was denoted as FMAP
(FFT-based method for modeling protein-crowder interac-
tions) algorithm. Theoretically, the change in chemical
potential due to interactions of the protein with crowders
can be written in terms of the protein−crowder interaction
energy. The protein−crowder interactions are assumed to be
hard-core repulsions such that the protein−crowder inter-
action energy will be either infinite when the protein clashes
with the crowder or zero otherwise. The simulation cell is
treated with grid points, and the crowders are mapped onto the
grid. From another simulation of the protein alone, the protein
is mapped to the center of the grid. The mapping of the grid
points and clashes are taken into account by the correlation
functions that finally contribute to the chemical potential
change. Another approach to ease the computational cost of
investigating crowded systems was developed by the groups of
Feig and Sugita, who developed a new MD package called the
Generalized-Ensemble Simulation System (GENESIS). This
package was designed to perform MD simulations of large-
scale macromolecular systems efficiently on general-purpose
supercomputers.32b It has two MD simulators: first ATDYN
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(atomic decomposition dynamics), which is parallelized on the
atomic decomposition algorithm for atomistic and coarse-
grained Go models, and second SPDYN (Spatial decom-
position dyanamics), which is parallelized on the domain
decomposition algorithm to perform large-scale MD simu-
lations. In 2015, on the K computer, the simulation of crowded
solution with 103.7 million atoms showed scalability up to
260 000 cores, resulting in a simulation time of 6.5 ns per day.
With the currently increasing computational power, the
scalability has been seen to be enhanced for larger-sized
systems. A recent study from the same group implemented
coarse-grained molecular dynamics (CGDYN) in GENESIS
and showed scalability on 4096 nodes on Fugaku super-
computer with a performance of 50 million steps per day,
showing a promising efficiency to simulate large biological
systems.32c

4. LIMITATIONS OF THE EXISTING COMPUTATIONAL
METHODS

The previous sections have highlighted the effective capability
of computational methods to provide insights into the
molecular behavior of biomolecules in a crowded environment.
However, given the complexity of the crowded environment,
there are still several challenges faced by computational
methods that must be addressed in order to accurately
mimic the cellular environment. One of the concerns has been
that the current generation of biomolecular force-fields
overrepresent the strength of protein−protein interactions in
dense solutions, which can induce artificial aggregation or
compact disordered states of proteins. A recent study by
Gruebele and co-workers investigated the folding of a 33-
residue GTT WW domain protein in an all-atom model of the
E. coli bacterial cytoplasm using more than 200 μs long
molecular dynamics simulations and three force-fields for the

Figure 4. Intracellular stimulus for nanomaterial self-assembly. (a) Crowding effects of synthetic and biomolecular crowders on the coil−globule
transition temperature (LCST) of the thermoresponsive nanoemulsions. Reprinted with permission from ref 8b. Copyright 2022 American
Chemical Society. (b) Schematic illustrating the self-assembly of polymer-grafted gold nanorods in a crowded solution of PEG via different
mechanisms. Reprinted with permission from ref 35a. Copyright 2018 American Chemical Society. (c) (i) Broadened melting curves of the non-
base-paired DNA-capped AuNP in crowded solutions of PEG, indicating mild melting transition. Reprinted with permission from ref 35b.
Copyright 2012 American Chemical Society. (ii) Schematic of the melting of DNA-linked AuNPs in the presence of PEG crowders, increasing the
excluded volume of AuNPs. This is reflected in the increase in the melting point (bottom) of the AuNPs as a function of crowder molecular weight.
Reprinted with permission from ref 35c. Copyright 2011 American Chemical Society. (d) (Top) Variation in effective radius of ssDNA-capped
gold nanoparticles (AuNPs) in crowded solutions of single and mixed amino acids. (Bottom) The variation of the solvation free energy, solute−
solvent energy, and entropy of ssDNA-AuNP in different crowded solutions. Reprinted with permission from ref 35d. Copyright 2024 AIP
Publishing.
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protein.33 All force-field models showed inhibition of the
folding of the protein due to sticking of the unfolded protein
with the other macromolecular crowders in the solution. This
implies the limitation of the current force-field models for
proteins, which can underestimate the in-cell folding of
proteins. Recent attempts have been made to calibrate the
strengths of solute−solute nonbonded interactions in con-
centrated solutions of amino acids.34 It was proposed to
increment the size parameter of the mixed Lennard-Jones
interaction parameter of the interaction between the
zwitterionic amine and the carboxyl group of the amino acid
termini. This reparameterization was systematically compared
for different force-fields for reproducing osmotic coefficients of
the solutions close to experimental values. We assessed this
strategy in our recent work for the AMBER ff99SB-ILDN
force-field for crowded concentrations (>2 M) of a few amino
acids.34b The modified force-field improved the agreement of
the simulated values of osmotic coefficients, density, viscosity,
and self-diffusivity of amino acids with the experimental values
(see Figure 2(d)). The reparameterization also improved the
solute solvation shell structure, solute interaction energy, and
radial distribution function tail convergence, which would aid
in further accurate computation of the thermodynamic
quantities. In the other biomolecular processes such as of
protein−protein binding, crowding is expected to influence the
protein structure and diffusion, which could play a crucial role
in the binding process. However, Grassmann et al. summarize
in their review that once the proteins are close in contact, they
bind as if they were isolated. This raises an interesting open
question as to whether the current force-field models for
proteins would be sufficient to predict the binding affinities of
the protein complexes.34c A limitation in the simulation
methods is the relatively short time scale of the atomistic
simulations of crowded systems, which has limited the
investigation of dynamics to submicrosecond scales.9 The
choice of water models, such as the TIPnP family and SPC/E,
being used in the simulations also affects the dynamics and
sampling of the conformational landscape of biomolecules.
These water models are known to differ in reproducing the
experimental viscosity, diffusivity, and dielectric constant and
therefore would be expected to alter the accurate modeling of
the crowded environment. Such a sensitivity of the properties
of intracellular water to the choice of water model could limit
the accurate modeling of the cellular environment.

5. CROWDING-ASSISTED NANOMATERIAL
SELF-ASSEMBLY: A NEW DIRECTION

Recent advances in the understanding of macromolecular
crowding have inspired several applications in nanomaterial
design. Particularly, the frontier of nanomedicine and materials
chemistry has inspired the design of advanced smart materials
that can selectively respond to the conditions of the
intracellular environment.8 Eastbrook et al. designed oil-in-
water nanoemulsions that could be stabilized by thermores-
ponsive poly(2-oxazoline) amphiphiles.8b They are known to
stabilize the nanoemulsions below the LCST but are ineffective
at temperatures higher than the physiological temperature. The
dynamic light scattering experiments indicated that nano-
emulsions fused and aggregated above the LCST. The authors
found that in the presence of synthetic polymers and sugars at
crowded concentrations, such transformations observed in the
nanoemulsion above the LCST could be induced at
physiological temperatures, as shown in Figure 4(a). A similar

“crowder-responsive” fusion of nanoemulsions was observed in
crowded solutions of proteins such as of bovine serum albumin
(BSA), as summarized in Figure 4(a).
Macromolecular crowding can be a useful tool to control the

self-assembly and colloidal behavior of nanomaterials and their
functional properties.35 Decreased diffusive transport and
enhanced depletion attraction have been shown to control
the self-assembly of gold nanorods grafted with PEO in
crowded solution of polyethylene glycol (PEG).35a PEG was
shown to guide the self-assembly of polymer-grafted gold
nanorods through two kinetic processes. Small-angle X-ray
scattering (SAXS) experiments revealed that at low polymer
concentrations the gold nanrods exhibited reaction-limited
aggregation, where the strong depletion attraction and fast
nanorod dynamics were the primary driving forces. At high
polymer concentrations, slower dynamics and stronger
depletion forces led to a transition to a diffusion-limited
aggregation process, as shown in Figure 4(b). This interplay of
the dynamics and cohesive forces was highlighted to be crucial
in determining the reversibility of these aggregation processes.
In another work by Shin et al, the self-assembly of citrate-

capped and DNA-capped gold nanoparticles (AuNPs) was
examined in crowded solutions of PEG.35b The experiments
showed that the citrate-capped AuNPs were stable in a
crowded PEG solution, where they did not aggregate. The
DNA-capped AuNPs were, however, found to aggregate in the
crowded polymer solution. The authors attributed the
differences in the stability of the AuNPs to depletion repulsion
in the case of citrate-capped AuNPs and depletion attraction in
the case of DNA-capped AuNPs. In the crowded PEG
solutions, a sharp melting transition with an increase in the
melting point was observed for the DNA-capped AuNPs where
linker DNA was present, implying melting of the DNA. In
contrast, in the case where no linker DNA was present, a broad
melting transition with an increase in the melting point was
observed in the crowded PEG solutions (see Figure 4(c)(i)).
The authors concluded that the melting transition was not due
to the denaturation of DNA but rather due to depletion
attraction between the AuNPs induced by the polymeric
crowders. On heating, the overall entropy favors the
disassembly of the nanoparticle aggregates.
Self-assembly of DNA-functionalized gold nanoparticles

through 24-mer linker DNA was also examined by Zaki et al.
in the presence of high-molecular-weight PEG to mimic
crowded solutions.35c Interestingly, heating the functionalized
AuNPs melted the DNA and enhanced the excluded volume
effects from AuNPs in addition to the excluded volume effects
exerted by the PEG chains. This resulted in a further increase
in the melting point of the AuNP aggregates, as shown in
Figure 4(c)(ii). The results showed that the increase in the
excluded volume change upon melting of the AuNPs amplified
the stabilization effect of the PEG crowders. They also showed
that with the increasing size of the AuNP there was an increase
in the excluded volume change and therefore the change in the
melting point.
As summarized so far, there are several experimental studies

that have focused on modulating the self-assembly or
aggregation of nanomaterials in the presence of macro-
molecular crowding. Very few simulation studies have been
performed in this field that focused on elucidating the
molecular driving forces for these effects. Moreover, there
have been simulation studies explaining the collapse−swelling
transitions of polymers in poor and good cosolvents using the
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view of entropic origin either due to depletion forces36 or due
to the direct cosolvent interactions with the polymer
surface.36b For instance, one of the studies by Mukherji et al.
explained the collapse−swelling−collapse transition in poly-
mers in a mixture of poor (repulsive) solvents due to the
interplay of reduced depletion forces and the bulk solution
properties.3636aOther studies by van der Vegt and co-workers
have explained that cosolvent effects on coil−globule polymer
transitions were determined by the entropic effects arising due
to the preferential binding of cosolvents on the polymer
surface leading to fluctuations in the attractive polymer−
cosolvent interaction energy.36b However, in particular, very
few simulation studies have focused on understanding the
interaction of nanoparticles with biological fluids considering
the crowding effects, which is crucial for applications in drug
delivery and biodiagonostics. In an attempt to understand this,
we recently investigated the structure and solvation of ss-DNA
(T10) capped AuNPs in crowded solutions of amino acids
(Gly, Ser, Lys) and their mixtures (Gly + Ser, Ser + Lys, Gly +
Lys) using molecular simulations.35d Our results showed that
Gly exhibited the highest preference to adsorb on the surface
of AuNP, followed by Ser and Lys. Such differential adsorption
of the crowders on the Au surface resulted in the increase in
the effective size of the AuNP in the following order: Gly < Ser
< Lys (i.e., increasing crowder size), as shown in Figure 4(d).
Gly bends the ss-DNA chains on the Au surface through
cohesive interactions with both Au and ss-DNA, reflecting a
“glue” effect that decreases the overall size of AuNP.
Interestingly, in the mixtures of Gly + Ser at crowded
concentrations, the effective size of the AuNP additively
increased more than that in the single amino acid solutions.
Since both Gly and Ser showed a good tendency to adsorb on
the Au surface, steric effects of the crowders on the Au surface
prevented the bending of ss-DNA chains. However, in the Gly
+ Lys and Ser + Lys mixtures, the effective size of the AuNP
decreased, implying a nonadditive effect of the crowders. Since
Lys adsorbed poorly on the Au surface and preferentially on ss-
DNA chains, the Gly could induce the “glue” effect to decrease
the effective size of the AuNP. Such differential crowding
effects were also reflected in the solvation thermodynamics,
where the free energy of solvating the AuNP decreased with
the increase in the effective size of the AuNP. Using the
structural estimators of entropy, i.e., the pair correlation
functions, the entropy of solvent reorganization was computed.
The solvation process was found to be entropically (including
ligand conformational entropy and solvent reorganization
entropy) favorable in both the single and mixed crowded
solutions, where the solvent reorganization entropy was found
to play the dominant role. Therefore, amino acids that can be
considered as small molecular crowders (or cosolvents) are
shown to induce structural changes in the ss-DNA-capped
AuNP, highlighting the role of intermolecular interactions
rather than the excluded volume effects in such a crowded
environment.
The self-assembly of synthetic dyestuffs under the influence

of a crowded environment has recently attracted investigation.
These organic dyes tend to form long-range fibrils (J-
aggregates) similar to those observed in amyloidogenesis and
exhibit a sharp fluorescence peak at 575 nm close to the
absorption peak. Huber and co-workers investigated the effects
of crowded solutions of PEG, triethylene glycol (TEG),
sucrose, and Ficoll-400 on the aggregation of the cationic
pseudoisocyanine chloride or 1,10-diethyl-2,20-cyanine chlor-

ide (PIC) dye molecules.37 It was found that Ficoll-400
increased the threshold temperature and promoted the
formation of J-aggregates, unlike the crowded environment
of PEG, TEG, and sucrose that inhibited J-aggregation of PIC
dye by lowering the threshold temperature. These results
indicated the role of excluded volume effects of the Ficoll-400
crowders in inducing aggregation. A recent simulation study
supported these observations and highlighted that the
oligomerization free energy of PIC dyes becomes less favorable
in crowded solution of ethylene glycol relative to that in pure
water. The ethylene glycol molecules were found to interact
favorably with the dye molecules, reducing the favorable dye−
water interaction energy and thus disfavoring the dye
oligomerization.37c

6. FUTURE OUTLOOK AND CONCLUSIONS
Much of the understanding of biomolecular structure and
function has been derived from dilute solutions, and even if
dense solutions with high packing have been investigated, they
lack the heterogeneity of the crowded solutions. This raises an
intriguing question as to how the other components of the
crowded cytoplasm contribute to the macromolecular
crowding effects. Therefore, modeling and examining the
role of mixed crowding on the stability and protein dynamics of
the protein native structure is gaining attention, but a lot
remains unexplored. The role of the presence of different types
of charged and neutral proteins of varying sizes and strengths
of specific or nonspecific interactions needs to be further
explored. It is well-established that the physical behavior of
interfacial water is different from that of bulk water. It is,
therefore, expected that the behavior of water as a solvent
would significantly differ in the presence of the macro-
molecular crowders. The effect of crowders on the hydration
structure and dynamics, the expected decrease in the dielectric
constant, and the increase in viscosity can alter the
thermodynamics and kinetics of the biomolecular process in
question. Moreover, whether the current force-field models of
water are sufficient to mimic intracellular water needs to be
investigated. Another feature of a crowded environment is that
it also comprises cosolvents such as urea, trimethylamine oxide
(TMAO), or metabolites at high concentrations. It is
intriguing to ask how these small-sized cosolvents interact
with the densely packed macromolecules in the living cell,
where there would be possibilities for direct, specific
intermolecular interactions. Such interactions can modulate
the effect of macromolecular crowders on a given biomolecular
process such as protein association or aggregation. The
combined effects of confinement induced by the membranes
and crowding macromolecules need to be investigated further
in biomolecular processes. In particular, protein aggregation of
certain intrinsically disordered proteins involves the interaction
of the protein with the membrane. The physical origin of the
confined space effects of different shapes such as cylindrical or
two-dimensional slit-like spaces has been explored for flexible
polymer chain collapse in the presence of spherical crowders of
different sizes.38 The results showed that molecular crowding
effects become effective when the crowder size is equivalent to
the monomer size and that these effects are insensitive to the
shape of confinement. Another crucial phenomenon for which
the crowding effects are unknown, is that of liquid−liquid
phase separation (LLPS), which mediates several processes,
such as signaling and RNA metabolism. Certain proteins such
as IDPs are known to associate with each other via weak
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noncovalent interactions resulting in formation of gel-like or
liquid-like droplets that phase separate. The role of the
crowded environment in inhibiting or promoting such phase
separation remains elusive. The use of machine learning
methods to improve the parametrization of current force-fields
such that they are not overly “sticky” in terms of intermolecular
interactions at high concentrations of biomolecules could be
another route to make the efficient computational methods to
explore such complex solutions. Other ways to reparameterize
force-fields for these complex solutions could be scaling the
partial atomic charges of the ionized groups of biomolecules,39

as implemented in the derivative of CHARMM36 force-field
called prosECCo,39b targeting to balance the protein−protein
and protein−water interactions,39c or mapping the diffusion
and dynamics of biomolecules in crowded media accurate-
ly.39d,e The existing solvation theory such as the Kirkwood−
Buff theory, which connects the microscopic correlations in the
system with the macroscopic thermodynamic quantities, needs
to be reassessed for the accurate computation of thermody-
namic quantities for the dense, crowded solutions. The lack of
computational studies in the literature specifically for using a
crowded environment to design self-assembled nanomaterials
indicates a dire need to explore this direction to motivate new
experimental design and synthesis.
To conclude, this Mini-Review summarizes the recent

developments in understanding the role of intracellular
crowded environment on various biomolecular processes,
with a view of computational strategies employed in examining
such systems. It is evident from the recent findings that these
crowding effects play a crucial role in determining
biomolecular structure and function. Computer simulations
can be an effective tool to probe molecular-level phenomena
associated with crowding effects and thus lead to a
comprehensive understanding of these densely packed systems.
The challenge associated with the long simulation times and
computational cost of the modeling these systems has been
tackled by several studies by adopting low-resolution coarse-
grained models or multiscale modeling. Several other studies
have focused on using all-atom description to retain the
chemical details of the macromolecules and therefore to obtain
a microscopic view of these effects. The interplay of size effects
(accurately described by coarse-grained models) and the
interaction energy effects (accurately modeled by the all-atom
models) in modulating the biomolecular processes has yet to
be understood completely. The emerging view of crowding
supports the role of both crowder size and attractive
intermolecular interactions in determining the conformational
equilibria of the biomolecules. There are several limitations
associated with the current models and methods for
investigating crowded solutions, which are discussed in this
review. Finally, a new direction that is attracting several
applications in materials science is the crowding-assisted self-
assembly of nanomaterials. Crowding can act as a stimulus for
nanomaterial self-assembly, which is discussed in this review.
The future directions that have yet to be explored for crowding
effects are also summarized.
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