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How can molecular dynamics simulations assist with gene medicines? 
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a b s t r a c t 

Molecular Dynamics (MD) simulations can provide a glimpse of complex atomistic and molecular events at the interface of biomaterials and biosystems. Gene 

therapy efforts that deploy biomaterial mediated delivery of nucleic acids could benefit immensely from such MD simulations. These efforts most commonly employ 

supramolecular assembly whose structure is highly dynamic and influential in the final outcomes. By careful analysis of the behavior of constituting elements, one 

can visualize the assembly as it makes its way though biosystems. We highlight the beneficial information to be gained from MD studies in this short perspective and 

outline a vision for future activity in the field. 
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Biomaterials have become an integral part of recent gene therapy ef-

orts to realize the clinical benefit of nucleic acids. The initial attempts

o deliver plasmid DNA (pDNA) based expression systems have evolved

nto delivery of a range of nucleic acids with different functionalities.

he latter include short DNA based antisense oligonucleotides (ASO),

hort interfering RNA (siRNA) and aptamers, as well as larger DNA and

NA products in the form of linear DNAs and messenger RNAs (mRNA).

here is an increasing need to deliver more complex mixtures of nucleic

cids, in the form of DNA/RNA combinations and other mixtures of nu-

leic acids to enable CRISPR (clustered regularly interspaced short palin-

romic repeats) mediated gene editing [1] . The biomaterials designed to

nteract with nucleic acids facilitate formation of supramolecular com-

lexes in the form of nanoparticles (NPs), whose physicochemical and

iological features dictate the efficiency of delivery and resulting func-

ional outcomes in target cells. Biomaterial efforts have predominantly

elied on experimental approaches to assess and elucidate the underly-

ng mechanism of operation for designed gene medicines. An integrated

et of experimental systems has now become the norm in assessing the

eatures of NPs in order to reveal the operational principles of new sys-

ems. However, experimentation has its limits; it is often slow and ex-

ensive, the outcomes may depend on minor variations on the manipu-

ations of reagent conditions and may not always have the resolution to

eveal all that is necessary to understand about the investigated biosys-

em. Computational studies, in particular all-atom molecular dynamics

MD) simulations, offer a fruitful alternative approach in this pursuit. 

In a typical MD simulation, atoms are modeled as soft balls and bonds

s elastic sticks. The forces on the atoms are calculated from intra- and

ntermolecular interactions defined in the form of a potential energy.
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he potential energy of the simulated system is a function of geometri-

al variables such as atom distances and bond angles, as specified in a

alidated force field. Equations of motion for the atoms are integrated

ith respect to time to update their coordinates and velocities until

quilibrium is reached. MD simulations can provide detailed atomistic

nformation not accessible by experiments: structural information such

s conformational changes, formation and breaking of physical bonds

uch as ionic interactions and other reactive states [ 2 , 3 ], molecular ag-

regation and assembly; and energetic information such as free energy

f binding and potential of mean force. MD simulations are intrinsi-

ally limited by the computational power and algorithm efficiency. The

urrent state-of-the-art all-atom MD simulations can simulate millions

f atoms for microseconds, which is still much smaller than practical

ystems studied in experiments. In addition, validity of the MD results

elies on the accuracy of the force field [6] , which governs the force

alculations, computationally the most costly part of an MD simulation.

evertheless, with the fast-growing computing power [4] , integration

ith novel algorithms such as machine learning, great efforts on de-

eloping advanced and more reliable force fields, MD simulations hold

mmense potential towards modeling realistic time and length scales. 

Several aspects of the nucleic acid NPs have been intimately probed

ith the MD simulations. The supramolecular assembly process is ini-

iated with the functional groups on biomaterials that can interact

ith functional groups on nucleic acids; while charged species are the

rimary determinants of such interactions, the contributions of polar

roups and hydrogen bonding (H-bonding) are additional features that

an be illuminated. The ability to condense the nucleic acids and as-

embly into a cohesive nanoparticle will rely on such interactions, so

hat biomaterial features can be optimized (and guide the synthetic ef-

orts) based on the outcomes of MD simulations of such systems. Once
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ssembled in NPs, the details of the final structure, as well as various

olecular motions of the constituents can shed light on the stability of

he particle. Charge neutralization in local regions, overall charge of the

P as well as the bridging interactions among the constituent molecules

an be illuminated with such simulations. We have illuminated, for ex-

mple, the role of lipid moieties on the assembly and stability of nucleic

cid NPs in this way [5] . An unexpected observation on the effect of a

articular functional group (i.e., propionic acid) on experimental deter-

ined gene transfer efficiency was revealed with MD simulations that

uggested significant gradients in the intraparticle features, which was

ifficult to probe experimentally. 

An important requirement for gene medicines is the effective and in-

act transport of NPs through cellular membranes. Unlike coarse-grained

imulations that avoid the molecular motion at atomistic details, all-

tom MD simulations are revealing the highly dynamic nature of the

nternalization process from the moment of first interactions to pene-

ration and release from the lipid-rich phase. It has been possible to

isualize compression and expansion of nucleic acid NPs and motion of

he NP constituents during the transport in the lipid phase. The benefi-

ial effects of structural components that improve stability during lipid

embrane transport has been suggested from the experimental stand-

oint, and now MD simulations are providing specific clues that enhance

P stability for improved membrane transport. New insights have been

ossible on the role of nanoparticle features and the strength of interac-

ions with zwitterionic membranes not obvious from experimental ob-

ervations and with possible underlying mechanism(s) [6] . The force

alculations are providing quantitative parameters to estimate the de-

ree of resistance encountered by the NPs during the transport. The

xchange of membrane lipids between the inner and outer surface of

ipid leaflets, so called flip-flops [7] , has been observed; this may have

ignificant bearing on integrity of cell membranes (which needs to con-

rol the leakage of intracellular components) as well as cell fate on the

ong run, which will be adversely affected on the display of intracellu-

ar lipids on external surfaces. The MD simulations in these studies uti-

ized relatively simple membranes with a few constituent lipids. Natural

embranes with dozens of major lipids, and especially in their segre-

ated structures, are bound to behave differently; more realistic investi-

ations of NP transport will require more sophisticated lipid membrane

odels. The NP transport are bound to be drastically different between

he ‘fluid’ and ‘solid’ phases of the membrane and MD simulations could

robe details of the transport not accessible to experimental approaches.

t is additionally desirable to explore the role of proteoglycans especially

n lipid membranes, since they are expected to strongly interact with

Ps, which were suggested to be the primary source of destabilization

or NPs. Towards this goal, proteoglycan (heparin) models have been

uild that probed the role of free heparin interactions with nucleic acid

Ps, elucidating functional groups that strongly participate or do not

articipate in interactions with NP constituents [8] . Immobilizing such

roteoglycans on lipid membranes should allow more realistic simula-

ions of membrane transport. 

Further developments and dedicated efforts are needed to improve

he impact of MD simulations. An obvious limitation is the relatively

hort duration of simulations that can be currently attempted (usually

𝜇s). The computational power needed for longer simulations is sim-

ly lacking. Due to the fact that computational expertise has tradition-

lly evolved separated from the experimental biomaterial science, it has

een difficult to set up integrated studies where the predictions from

D simulations could be directly validated by experimental measure-
2 
ents. Such studies will go a long way to inspire confidence in com-

utational approaches in solving the problems of traditionally experi-

entally evolved biomaterials science. Beyond the simple binding and

ransport through lipid membranes, critical steps in functional perfor-

ance of nucleic acid NPs remains to be explored; (i) the changes in the

tate of the NPs as the particles encounter different pH environments

emains to be explored. This will be vital to illuminate the endosomal

ransport and escape of the NPs; (ii) the interactions of the competing

pecies in cell cytoplasm with the NP constituents will be critical to bet-

er understand unpacking of the nucleic acids on their way to functional

ites. This will help us to identify the species responsible for release of

ucleic acids and may help to design improved carriers more responsive

o intracellular milieu of the cell; (iii) nuclear uptake, the critical step

or gene expression, remains to be unprobed with MD simulations. Is the

ransport through plasmid membrane (or endosomal membranes) same

s nuclear membrane? It is expected that these detailed studies will pave

he way for increased adaptation of MD simulation in nanoparticulate

elivery of exogenous cargo to cellular systems. 

There are specific physiological processes that cannot be addressed

ow by MD simulations due to less than predictable nature of many

nteractions between synthetic NPs and highly dynamic cellular sub-

tructures [9] , so that experimentation is indispensable in this regard at

he moment. However, one could envision the possibility of the whole

rocess of delivery and implementation of functional activity of gene

edicines to be simulated one day. Metabolism of exogenous nucleic

cids may be followed up based on simulations of chemical changes

nalogous to peptide bonds. This will be a significant leap from today’s

ctivity where the simulations are typically restricted to illuminating

he atomistic details of delivery and functioning. Realistic cellular mod-

ls amenable for MD simulations [10] combined with significantly ex-

anded computation power may replace traditionally experimental bio-

aterials science and engineering. 
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