ABSTRACT

WANG, KYE WON. Development oComputerSimulationModek for Drug Delivery
Applicatiors. (Under the directiof Dr. Carol K. Hal).

We developed coarse grained and implicit solvendetsnf DNA and lipids for the
purpose of studyingydroges and lipid bilayes. Those models are designed for use
discontinuous molecular dynamics (DMD) simulatiohise DNA models used tcstudy the
spontaneous formation of DN#ediated hydrogels. The lipid mdds used to investigate the
structuralpropertiesof lipid bilayers. Ourresearchn selfassembled hydrogeand lipid bilayes
is intended tdhelpidentify their potentiafor useasdrug delivery vehicles.

First, wedevelopa coarse grained nucleotide model for simulating lagde aptamer
basedhydrogel networkKormation In the model, ach nucleotide is represented by a single
interaction site containing sugar, phosphate, and baseominuous molecular dynamics
(DMD) simulationsare performed to simulatermation anddenaturation of oligonuctdide
duplexesas a function ofemperatureThe simulated melting temperatures of oligonucleotide
duplexes are calculated in simulations of systems with different sequences, lengths, and
concentrations of oligonucleotides, and compared to datatfre@ligoAnalyzer tool.The
denaturation of oligonucleotide triplescontaininga hybridized structure of three different
oligonucleotides is analyzed using both simulations and experiments. The nucleotide model is
foundto be a good predictor of the oligonuzlé i Hybridlized state foboth duplexesand
triplexes.This coarse grained model has wide ranging applications in the development or
optimization of DNAbased technologiescludingDNA origami, DNA-enabled hydrogels, and
DNA-based biosensors.

Secondwe present the results of discontinuous molecular dynamics (DMD) simulations

aimed at understanding the formation of Dif¥diated hydrogels and assessing ttheig



loadingability. Poly(ethyleneglycol) (PEG) precursors of 4 and 6 arms that are covalently
functionalized on all ends with oligonucleotides are crosslinked by a single oligonucleotide
whose sequence is complementary to the oligonucleotide conjugated to the precursor. We show
that heprecursors witharge molecular weighand many arms amvanageous in forming
threedimensional percolati network.Analysis of the percolated networks shows thapibre
diameter distribution becomes narrowsitlaeprecursoiconcentration, the number afims, and
the molecular weighihcrease. Miepore throatliameter the sizeof the largestnolecule that can
travel through the hydrogel netwonkgthout being trappeds determinedThe percolated
network slové the movement of moleculé@sside the poresvioleculeslarger than the pore throat
diameterhavemorerestrictions ortheirmovemenin the percolated network than those with
smaller sizes

Next, we suggesanimprovedintermediate resolution implicit solvent modet lipids,
designed for use with discontinuous molecdiamamics (DMD) simulationslhe nodel
improvesupontheoriginal LIME (Lipid Intermediate Resolution Modedp as tanore
accurately represetite formation ofipid bilayers.The model lipid is DSPHt has16 coarse
grained siteshat are classifié astypesl through6. Asin theoriginal LIM E, the parameters for
the connectivity and stiffness are extracted from the exqsladitent atomistic simulations of
lipids. Howeverunlike theoriginal LIME, the improved modetxpresses intermolecular
interactionsn terms ofmultiple square wedl. In additiona multi-statelterativeBoltzmann
Inversion scheme is used to find the interaction parameters, so that a single set of interaction
parametes between coarsgrained sitegan beusedto represent the lipid bilayers at different
temperaturesThe CG lipid bilayer formedquantitatively reproduces thayer thicknessand

produces lipid structures that compare well vaitbmistic simulationsesults
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CHAPTER 1
Motivation and Overview
1.1 Motivation
Drugdelivery systemsising nanopatrticles kiabeen developed to maximize therapeutic
efficacy and minimize drug side effects by increasing residencdriinieo and selectively
delivering drugs to target siteé% Naroparticles (NPs) are typicallyth 100 nm in siz€, and can
be made of a variety of materials, including metdjsceramic®, polymer§™®, and
biomoleculs**2 Because ofheir small sizenanoparticlesan pass through various barriers in
the body, such as the blobdain barriet*'*. Since nanoparticlesan be synthesir to have a lot
of space inside of thentheycan deliver large amowswf drug™. Most d the nanoparticles used
in drugdelivery systeraare watersolublé®!’, so that they can be administered intravenously,
and can be discharged through normal metabolic functions without accumulating in tHe“body
In the development of nargized vesicles for drug delivery applications, the self
assembly of bieor biocompatible molecules hasracted attentio??®*. The advantages of self
assembled biomatelsaare that they arsimple to make and can contain a variety of
functionalities such as stimuksponsivairug releas&?, protection fronthehuman immune
systeni*?°, and selective targeting to diseased &4 Micelles, hydrogels, liposomes, and
colloidosomes are sommepresentativstructures that can be formed via self asseffiblywe
are interested in DNAnediated hydrogsland lipid bilayes becausehey areboth
biocompatible, and easy to assemble and disassEmble addition, hydrogeland lipid
bilayers are valuable as drugmrceers because they have roomn $boring substances inside ithe

structures
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In order to realize the potential of biomolecular technology, a tool that can better
represenbiological molecules and nanoparticleas the molecular level isequired Computer
simulation is an appropriate tool for visualizing and understanding the behavior of biomolecules.
Molecular dynamics (MD) is representative computer simulation tool that eorapts and
guides experimental reseaftHt canbe used togst hypotheses about mechanisms underlying a
physical phenom®n, and can be easierperform and less expensive, than real experiments. In
addition,MD simulationsallow us to observe the behavior of particles on a molecular level
which is rarely possible in experiments. Although simulations are based on appraxantiey
are a good methodology for understanding and analyzing phenomena in nature.

Molecular dynamics simulatios dividedinto two types depending on thesolution
high-resolution models and loevesolution models. Highesolutionmodek, also cakdatomistic
models arebased on detailed andealistic representation afioleculargeometry so that the
movement of an atom is determined by the relationship with every other atom and with every
solvent aton’f. Oneweakness oéitomistic models is that thietaileddescriptionof molecules
increasse computationdbadand preventapplyingthemto largesystemsor long time scales.

On the other handow-resolution models, which are alsalledcoarsegrained modelgjescribe
the geometry andnergetis of molecules in aimplified method***. Coarsegrainedmodes
group severahtomson a moleculénto interaction site, the molecule is then representgch
collection of interaction siteg hissimplification decreasdbe number ofinteractionsites whose
dynamicsmust becomputedimproving the simulationspeedand allowing access to longer time
scales

Simulatiors-basedesearcton molecularself-assenbly canbe used tanvestigatedesign

parameters fodrug delivery vehiclesThe work in this thesis focuses on the developments of



3

coarse grained models for usaliscontinuous molecular dynamissnulations that can be used

to studytheformation of hylrogels and lipid bilayers.

1.2 Overview

In this section, we summarize Chagt2ii 5 of this thesisChapter 4s a prdiminary
study of DNA models for use imydrogelsimulatiors. Chapter3 is a study of actual hydrogels
usingthemodel introducedn Chapter 2. Chaptet describes an improvement to the original
coarsegrairedlipid model| LIME. Finally, Chapter5 briefly outlines future workEachchapter
includes a literature review and a bibliography.

Chapter 2 describes tldevelopmenobf an implicitsolvent coarse grained model for
DNA. The DNA model was designed for use with discontinunogecubr dynamics
simulations of DNAmediated hydrogel§-hebase, sugar, and phosphate are grotpgether
into a single coarse grained siféne model has foutistincttypes ofnucleotides cytosine,
guanine, thymine, and adenine. The model predicts the melting temperatures of oligonucleotides
with different sequences, lengths and concentrations. In additiotetiag¢uratiorof
oligonucleotide triplegscontainng a hybridized structure of three different oligonucleotides
capturedoy the DNA modelthis will be usedasthe crosslinking moiety in hydrogel formation.
The melting temperatas measured in the simulati@rein agreement with the experimental
data

In Chapter3, we simulate the formation of oligonucleotideediated hydrogslusing the
DNA modeldevelopedn Chapter 2and assess the drug carrying ability of the hydrogel. In this
work, thePEG precursors are covalently functionalized on their aitisoligonucleotides

Various shaped precursors areparedvith different physical properties (molecular weight and
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number of branches of PE®@ur simulation results show thatecursorsvith largemolecular
weightandmanyarms are advantageous inrfong network structureshfydrogel3. The arerage
pore size of the network is obtained freime pore diameter distribution anlde pore throat
diameter is measurdxy poreconnectivity analysisHard spheres of various sizes are placed in
the network to calulate their measquare displacementledrug carrying ability othe
hydrogel is quantified by comparing the mean square displaceofaiifterent size spheres
Chapterd provides a description of initial work performed to develop an improved
versionof LIME, an ntermediate resolution impliegolventmodel for lipid molecules
developed intheHall group. The multiscale modelirggpproachused to develothe original
version ofLIME is modified to calculate newarameters for the improvedodel The
parameters for this model are obtained by collecting data from an atomistic simulation of DSPE
lipid bilayers with explicit solvent.To overcomethe drawbacks of LIME, multiple square wells
are used taescribehe intermolecular interactiometweerCG sies anda multistate
Boltzmanninversion scheme is applied to find the interaction energy paramidteile the
original model, the new modphrametersan be used in simulations at different temperatures.

In Chapters, we describdéuture workon hydroges and lipid bilayes for drug delivery



1.3References

1. Peer, D.; Karp, J. M.; Hong, S.; Farokhzad, O. C.; Margalit, R.; Langer, R., Nanocarriers
as aremerging platform for cancer therapNature Nanotechnolog®007,2, 751.

2. Senapati, S.; Mahanta, K.; Kumar, S.; Maiti, P., Controlled drug delivery vehicles for
cancer treatment and their performartgignal Transduction and Targeted Therapy
2018,3(1),7.

3. Singh, R.; Lillard, J. W., Nanoparticleased targeted drug deliveBxperimental and
molecula pathology2009,86 (3), 215223.

4. Buzea, C.; Pacheco, I. |.; Robbie, K., Nanomaterials and nanoparticles: Sources and
toxicity. Biointerphase2007,2 (4), MR17-MR71.

5. Shankar, S. S.; Rai, A.; Ankamwar, B.; Singh, A.; Ahmad, A.; Sastry, M., Biological
syntesis of triangular gold nanoprisniMature Materials2004,3, 482.

6. Grzelczak, M.; Pereduste, J.; Mulvaney, P.; Lidlarzan, L. M., Shape control in gold
nanoparticle synthesi€hemical Society Revie@808,37 (9), 17831791.

7. Hodes, G., Semiconductoréneramic nanoparticle films deposited by chemical bath
deposition Physical Chemistry Chemical Physg807,9 (18), 21812196.

8. Roy, I.; Ohulchanskyy, T. Y.; Pudavar, H. E.; Bergey, E. J.; Oseroff, A. R.; Morgan, J.;
Dougherty, T. J.; Prasad, P. N., Ceresdased Nanoparticles Entrapping Water
InsolublePhot osensitizing Anticancer Drugs: A N
Photodynamid herapyJournal of the American Chemical Soci2803,125(26), 7860
7865.

9. Paul, D. R.; Robeson, L. M., Polymer nanotechnology: Nanocompd3dksner

200849 (15), 31873204



10.

11.

12.

13.

14.

15.

16.

17.

6

Balazs, A. C.; Emrick, T.; Russell, T. P., Nanoparticle Polymer Composites: Where Two
Small Worlds MeetScience2006,314(5802), 11071110.

Barker, K.; Rastogi, S. K.; Dominguez, J.; Cantu, T.; Brittain, W.; Irvin, J.; Betancourt,
T., Biodegradable DNAenabled poly(ethylene glycol) hydrogels prepared by cefrper
click chemistry.Journal of Biomaterials Science, Polymer EditR016,27 (1), 2239.

Xia, L.-W.; Xie, R.; Ju, XJ.; Wang, W.; Chen, Q.; Chu,-I., Nanastructured smart
hydrogels with rajal response and high elasticityature Communication2013,4, 2226.
Saraiva, C.; Praca, C.; Ferreira, R.; Santos, T.; Ferreira, L.; Bernardino, L.,
Nanoparticlemediatelrain drug delivery: Overcoming blobldrain barrier to treat
neurodegenerativéiseags.Journal of Controlled Releas?16,235 3447.

Grabrucker, A. M.; Ruozi, B.; Belletti, D.; Pederzoli, F.; Forni, F.; Vandelli, M. A.; Tosi,
G., Nanopatrticle transport across the blood brain baffissue Barrier2016,4 (1),
e1153568.

Lockman, P. R Oyewumi, M. O.; Koziara, J. M.; Roder, K. E.; Mumper, R. J.; Allen, D.
D., Brain uptake of thiamineoated nanoparticle§ournal of Controlled Releas#903,
93(3), 271-282.

Chen, Y.; Liu, Y.; Yao, Y.; Zhang, S.; Gu, Z., Reverse mieckdsed watesoluble
nanoparticles for simultaneous bioimaging and drug deliv@ryanic & Biomolecular
Chemistry2017,15 (15), 32323238.

Wan g, D. ; Mi |l |l er, S. Si ma, M. ; Kopel kov §,
WaterSoluble Polymeric Bond@argeted Drug Delivery SystenBioconjugate

Chemistry2003,14 (5), 8538509.



18.

19.

20.

21.

22.

23.

24.

25.

26.

7

Panyam, J.; Labhasetwar, V., Biodegradable nanoparticleésigrand gene delivery to
cellsand tissueAdvanced Drug Delivery Revie®803,55 (3), 329347.

Sinha, R.; Kim, G. J.; Nie, S.; Shin, D. M., Nanotechnology in cancer therapeutics:
bioconjugated nanoparticles for drug delivéviplecular Cancer Therapeus 2006,5
(8),1909.

Jang, Y.; Champion, J. A., Sélssembled Materials Made from Functional
Recombinant Proteingccounts of Chemical Resear2016,49 (10), 21882198.

Huang, C.; Quinn, D.; Sadovsky, Y.; Suresh, S.; Hsia, K. J., Formation and size
distribution of selfassembled vesicleBroceedings of the National Academy of
Science2017,114(11), 29162915.

Tayo, L. L., Stimuliresponsive nanocarriers for intracellular deliv@wpphysical
Review2017,9 (6), 931940.

Pandit, G.; Roy, K.; AgarwalJ.; Chatterjee, S., Sefssembly Mechanism of a Peptide
Based Drug Delivery Vehicl&CS Omeg2018,3 (3), 31433155.

Shen, Z.; Fisher, A.; Liu, W.K.;Li, Y., APEGyY | at ed fAstealtho nanop
liposomes A2 Parambath, Anilkumar. IBngineeing of Biomaterials for Drug Delivery
SystemsWoodhead Publishing: 2018; pg26.

Oltra, N. S.; Nair, P.; Discher, D. E., From Stealthy Polymersomes and Filomicelles to
i S e PeptideNanoparticles for Cancer Theragynnual review of chemical and
biomokcularengineering014,5, 281-299.

Habibi, N.; Kamaly, N.; Memic, A.; Shafiee, H., Saésembled peptideased
nanostructures: Smart nanomaterials toward targeted drug deMasry.today2016,11

(1), 4% 60.



27.

28.

29.

30.

31.

32.

33.

34.

Liu, Z.; Dong, C.; Wang, X.; Wang, H.; LW.; Tan, J.; Chang, J., Selissembled
Biodegradable ProteifPolymer Vesicle as a Tumdiargeted NanocarrieACS Applied
Materials & Interface2014,6 (4), 23932400.

Chen, M.; McDaniel, J. R.; MacKay, J. A.; Chilkoti, A., NANOSCALE
SELFASSEMBLYFOR DEUVERY OF THERAPEUTICS AND IMAGING AGENTS.
Technologyandinnovation2011,13 (1), 525.

Dan, N., Chapter 1Vesiclebased drug carriers: Liposomes, polymersomes, and
niosomes A2 Grumezescu, Alexandru Mihai. Design and Development of New
Nanocarriers William Andrew Publishing: 2018; pp-35.

Israelachvili, J. N.; Mitchell, D. J.; Ninham, B. W., Theory of sseembly of lipid
bilayers and vesicle®iochimica et Biophysica Acta (BBABiomembrane4977,470
(2), 185 201.

Alder, B. J.; Wainwright, TE., Studies in Molecular Dynamics. |I. General Methidte
Journal of Chemical Physid959,31 (2), 459466.

Lindahl, E.; Hess, B.; van der Spoel, D., GROMACS 3.0: a package for molecular

simulation and trajectory analysiolecular modeling annu&001, 7 (8), 306317.

Marrink, S. J.; de Vries, A. H.; Mark, A. E., Coarse Grained Model for Semiquantitative

Lipid Simulations.The Journal of Physical Chemistry2B04,108(2), 756760.
Curtis, E. M.; Hall, C. K., Molecular Dynamics Simulations of DPPC&ita Using
ALI MEo, a -GrainedMbdellrhesleurnal of Physical Chemistry2B13,117

(17),50195030.



Chapter 2
Development of a simple coarsgrained DNA model for analysis of oligonucleotide
complex formation
2.1 Intr oduction
Nucleic acids,ncluding ceoxyribonucleic acid (DNA)havefound application in a
number of areas of biological and biomedical resedrichy havebeen used for the assembly of
materials for over two decades dudlteir ability to bind to complementary stranldg, thereby
driving reversible, sequenapendent macromolecular organizafi®h Nucleic acidshave
been used in the preparation of micaad nanescaled materials including DNA origami
structures [3] and DNA hydrogelg[4]. In these systems, DNA chains are uselinkers to form
threedimensional macromolecules driven by hybridization between complementary strands.
Furthermore, DNAcrosslinked polymeric hydrogels have been prepared by hybridization of
DNA-tethered polymer chairj§-13]. Similarly, functional nucleic acids in the form of aptamers,
catalytic DNA and RNA, and aptazymes have brought about the possibility of generating
intelligent materials that can respond to interactions with specific moldadle$5] Aptamers
are nucleic acid oligonucleotides selected through systematic evolution of ligands by exponential
enrichment (SELEX) that bind molecular targeiacluding small molecules, proteins, and even
whole cell® with high affinity in a manner similar to that through which antibodies bind to
target analytegl6-18].
We are engaged in a computational and experimental research phojedtat usinghe

bindingspecificity of functimal biopolymerso develophio-enabled responsive materi#tiat
could be used for drug delivel@ur long-termgoak areto develop DNAenabled micreand

nanascaled hydrogels that can deliver therapeutic agentieorand upon interaction with
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moleculartargets that are secreted in high levels by diseased tissue, and to evaluate the potential
of thesehydroges as molecularkgontrolled drug delivery system®urmain hypothesiss that
nucleic acids, and more specifically aptamers, can be incorporaggd@siral and functional
components of hydrogelssingtheir ability to identify and interact with molecular targets as a
mechanism to trigger hydrogel degradation and consequently releasdmbergstion of the
hydroge$ with the target moleculeséspected to result in rapid disintegration of crosslinks due
to preferential binding of the aptamer to its taryéhen the hydrogels are formed in the
presence of therapeutgents, these agents are physically entrapped and moledtitpgbred
hydroge degradatiorwill lead to drug releas&his paper is the first in a thrgart series
describing development of a coag@ined model for simulation of hydrogel formation,
assessment of the hydrogetirug loading capacity, and hydrogel degradation when
encountering target molecules.

In this paper, wintroducea coarse graine®NA modelthat can be used with
discontinuous molecular dynamics to efficiently simulate hydrogels crosslinked with a large
number of oligonucleotides. Coarse grained (CG) mtdecnodels treat groups of several
atoms as a single interaction site. Althougkasdim models have been widely used to analyze
the structure and thermal properties of short oligonucleotide seqyé&Be&s|, coase grained
models have the advantage that they reduce the computational aestis€ G modelshave
been used to represent the structure of DNA and analyze its thermodynamic and mechanical
propertied22-29]. To enable longtime observation of the hydrogel formatiand target
responsegwe use tscontinuousnolecular dynamic@©MD), analternative to traditional MIn
which the forces on the particles are calculated only when discontinuities in the potential are

encounteredl1]. DMD simulations are orders of magnitude faster than traditional MD, allowing
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sampling of much wider regions of conformational space, longer time scales, and larger systems
[30]. DMD has been widely used in a variety of fietdguiring longtime scale simulationsuch
asprotein folding[31, 32] self assembly of biomolecul§3, 34] and structural analysis of
colloidal self assemblf85]. The combination of a CG DNA modahdDMD simulation allows
us to analyzéybridizationand denaturation of oligonucleotides. Moreover, it provides a
frameworkfor the future study of hydrogel formation, which requires simulation of large
systems for long times.

The main consideration in developing a coarse grthimodel for DNA is that it should
be capable of representing oligonucleotide hybridizadiwh dehybridizatiorDNA
unhybridization also referred to as DNA denaturation, is the probgsghichdoublestranded
deoxyribonucleic acigdsDNA) is unwound andgeparated intbwo single strand (SSDNA) The
temperature at which this phenomenon is observeallsdthe meltingtemperaturéT,,), a
property that is intrinsito eacholigonucleotidecomplex The percentage of GC content of DNA
has a significant edict on T,. The length andoncentratiorof oligonucleotide alsoaffect the
hybridization abiliy. Severalstudieshaveconfirmedthat T, canbe estimatedvith formulas
based orthe numbesof GC and AT bas€86]. In this paper, we describe the development of a
DNA model that can be used for simugt hybridization of complimentary DNA strands and
ultimately, the formation of DNAbased hydrogels. Our model was designed to give a faithful
estimate of the melting temperatures of oligonucleotides with different sequeddésraint
concentrations, ith predicted melting temperatures that are very dogke real melting
temperature

In addition to enabling quantitation of paired and unpaired nucleotides and visualization

of the hybridization/denaturation state of oligonucleotides, the model wéifeddo also
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enable correlation to experimentally measurable paramé&ténster resonance energy transfer

(FRET) iswidely usedo experimentallyanalyz the denaturatiorof oligonucleotidesand

calculate melting temperatures. This methoghsurethe cegree of energy transfer that occurs
betweerdonor and acceptdiuorophores or quenching between a donor fluorophore and a non
fluorescent broatband absorber molecule (quenchést are attached to the oligonucleotidés

the donor and acceptor areciose enouglproximity, energy is transferred from the donor to the
acceptorso that emission afonorfluorescence is reducebh these mechanisms, energy transfer
requires that the wavelength of therandgp@inor 6s f
the acceptordos absorption, and that both dono
(less than ~ 10 nm)n fact, the efficiency of fluorophor@) /quenche(Q) energy transfer

processes is a function of the donor/acceptor distaneedetailed byEquation 1:

0 - (1)

whereEr represents the efficiency of energy transfer Badepresents the Forster
distance, the distance at which the efficiency of energy transfaisfmcific donor/acceptor pair
is 50%.In our model, an ks tetheredo one oligonucleotide aralQ is tethered tis
complement oligonucleotidso that the F and Q face each othben their respective strands
form a duplexThus,theextent of oligonucleotide hybridizatios reflededin the fluorescence
of thedonorfluorophore This method allows us to derive information about the asdembly
and stability ofour modeloligonucleotides.

In this workwe performsimulations to verify bw well our DNA modelcalculates an
oligonucleotideds melting temperatureEachCG nucleotide is designed tepresent augar,a
phosphate, andbase as singleinteraction siteWater is treated implicitlyAlthough the model

sacrificessomeof the details of the molecular level structltavell representthe Watson
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Crick base pairing ruleA-T and GG). The FandQ moleculesnvolved in FRETarealso

coarsegrainedto measurdluorescence intensityat would be obtained froexperimental
FRET analyss (F-Q method) These moleculeare tetheredb the end of selected
oligonucleotide andf its complementary oligonucleotid8imulations start from an initial
configuration in which oligonucleotides dmgbridizedto their complements (the oligonucleotide
duplex) and randomly located in a simidatbox. The average distances between F and Q are
measured throughout the simulation to obtain the fluorescence intensitymtita&isns are
performedon oligonucleotides with different sequences and lengthsfraibigon of
oligonucleotides that is ughridized (nhybridized fractiopis calculated and compared with the
simulated fluorescence intensity to see how well the legtlrcs the extent of oligonucleotide
hybridization. Each oligonucleotiGesimulated melting temperature is calculated férdint
oligonucleotide concentrations, from 0.1 to 2aAN). At each concentration, the melting
temperatures compared with thestimatedneltingtemperatur@btained fromintegrated DNA
Technologie®ligoAnalyzer Toolaninternetbased software that mhets melting temperatures
of oligonucleotideswww.idtdna.con). By so doing, we demonstrate that our DNA model is
capable of representing the shift in the melting temperature as the oligonucleotide concentration
changesWe alsoperformexperiments to meare the fluorescence intensity of oligonucleotide
triplexesformedwhenthree different oligonucleotiddsy/bridize In total eight different
oligonucleotide triplex systems are prepared. The fluorescence intensities of each system are
measured by usingspectrophotometeFinally, we compare the simulated fluorescence
intensity with the experimentaHlgbtained values for the eight oligonucleotide triplexes.
Highlights of theresultsare as followsThe fluorescence intensity curas a function of

tempeatureis constructed for the model oligonucleotides and their complements based on the
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degree of quenching between F and Q in simulatiba.shape of the curve is sigmoidal, and the
simulation melting temperaturedeterminedrom the temperature at witi the intensity is 50%.
Theunhybridizedraction and fluorescence intensity show veimilar values at most
temperatures, which means tha fluorescencentensityis a goodndicator of thehybridization
state of oligonucleotides. We find a lineaiat®nship between th@mulationtemperature and

the real temperature, allowing us to convertdineulationmelting temperatures to real melting
temperature. The resulting melting temperaturesnackse proximity tahemelting
temperaturepredictedusing the OligoAnalyzer for oligonucleotides of lengthh@base pairs

(bp). The simulated melting temperatures increase as the oligonucleotide concentration increases,
consistentvith the characteristics @éal oligonucleotides. Finally, the values ohsiated

melting temperatures for the oligonucleotide triplexes agree with the experimentally obtained
melting temperature3.hus, our DNA model shows the capability to predict fluorescence
intensities and melting temperatures not only for a duplex butal$oplex structures of

oligonucleotides.

2.2 Materials and Methods
2.2.1 Computational Model
2.2.1.1Model Development

Figure 2.1 shows the coarse grained representatfaligonucleotidesn our DNA
model Four different kinds of nucleotides ar@deled to represent DNA: adenine (green),
thymine (purple), cytosineprange), and guanine (blue). Each nucleotide (including the
phosphate, sugar, and base) is represented as acsagie graineddead.The yellow bead

represents F, which &carboxyfuorescein (FAM6)andthe black bead represents Q, which is

Black Hole Quenchet (BHQ-1). Thebeadd i a met er , 0, ahdforFaadQin nucl eo't
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the system is 10.0 A . Oligonucleotidgeemodeled as linear chains ®f 16 connected
nucleotide beadwith the givemucleotide sequenc&éheF bead isattached taheend of the
oligonucleotide anthe Q bead is #ached to the end dihat oligonucleotidés complementThe
nearest distance between F and Quisstitutednto Equation 1 to determine thieidrescence
intensity. The fluorescence intensity of the system is the average vialhe mtensity ofall of
themolecules & any gven time point and temperature

The oligonucleotide model has three kinds of bonds to maintain oligonucleotide
structue: covalent bonds, pseudobonds to maintain bond angles, and pseudobonds to maintain
torsional angles. In an oligonucleotide, the bonds between adjacent CG nucleotide beads are
covalent bonds (Figur21b-i). Pseuddonds for bond angles are invisible bonstween one
CG nucleotidédbeadandits norradjacennearest neighbdFigure2. 1b-ii). Pseudobonds for
torsional anglsare alsanvisible bonds but they armposed between the referer€&
nucleotidebead and theeconenearest nomadjacent neighbor CQueleotide bead.e. the CG
nucleotide bead three positions awkigure2.1b-iii). Bond stretchingf all typesbetween two
CG nucleotide beadsn the same chain is limited minimum and maximum bond lengtialues
Supplementary Figure2.1 explains all ypesof minimumand maximum bond lengths
graphically Whenbonded CGucleotidebead reactthe minimum or maximum bond length,
an infinite repulsions generated so that they return to the prescribed bond length[Bah @S]

The minimum and maximum bond lengthetweenCG nucleotidesn DMD simulation
is obtained from atomistic simulation results. The bondtledistributions for all typewere
extracted fromGROnNingen MAchine for Chemical SimulatiofGROMACS) simulations of
united atom and explicit solvent mosdeif oligonucleotide chairet 310 K (body temperature)

with Assisted Model Building with EnergydinementfAMBER). GROMACS is a molecular
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dynamics package developed for simulations of biomole¢@88sandAMBER is a set of force
fields for biomoleculeg40]. Two GROMACS atomistic simulations were conducted. The first
simulation contained one oligonucl eota6e with
A x 60 A x 60 Aimulation box with6,980 water moleculesdded to fill the box, and the other
system contained the complementary sequence with the same number of water mdleeules.
number of sodium cations and cht&ianions in the simulation box was 21 each in order to
mimic 160 mM saltonditions The tempeature was maintainezbnstanusing the Berendsen
thermostat with a time constant of 0.1[#%]. Pressure was also kept constant (1.0 bar)
throughout the simulatiof.hetrajectory of the oligonucleotide was collected 30 nswith a

time step of 0.001 p3he centers of mass for each of the cogrséned nucleotides on the
oligonucleotidewere calculated during the two simulatiomie bond length distributiawere
obtained from these data by averaging the distanesveerthe centes of massof all bonded

CG nucleotides, and the minimum and maximum bond lengths were extracted. The bond
distribution plots arelisplayedn Supplementary Figure2.2.

The extracted mimum and maximum bond lengtfa thethreetypes ofbonds usedtb
maintain the stiffness of CG oligonucleotides are as followsdiStébutiors for bonds, angles,
and torsional angles similar to thoseatdmisticsimulation resultgan be realizety limiting
theminimum and maximum distanodtained from th@tomisticsimulation to an appropriate
range. The minimum bond and pseudobond lengths were refined by fihdismallest distance
at which the bondistribution functiorreache 30% of its maximurpeakvalue, andhe
maximum pseudobond length was determined by findingrialest distanc@arger than the
maximum peak distanc@here the bond distribution functioseache80% of itsmaximumpeak

value CovalentlybondedCG nucleotides on the sanshainwereallowed to oscillatdetweera
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minimum of4.15A anda maximum 06.22A . The pseudobond length for the bond angsah

minimum of8.18A and a maximum 3.82A , and the pseudobond length for the torsional angle
hasa minimum of11.57A and anaximum 0f14.00A. The bond distribution plots of CG
oligonucleotide areompared with those from atomistic simulations of the oligonucleotide in
Supplementary Figure2.2. Thebondlengthparametergn our model are the mean valldes
all CG nucleotidesindicating that they do not depend on the specific spddleaneasured the
persistence lengtlhatis the length over which the orientation of a polymer segment persists,
the CG oligonucleotides used in this stuttyconfirm the validity of the bongarametersThe
persistence length dgefinedas follows:, 003 T & wherelis the endo-end
vector of a CG oligonucleotidé, is the vector between the first and second CG nucleotides, and
| is the average bond distance betweenadjaentCG nucleotide$42].

The measured persistence lengths okthgle strand and double stra@
oligonucleotidesvith 8, 10, 12, 14, 16 bps asbown inSupplementary Table2.1. The
persistence lengths of single strand oligonucleotide arei 22887 nm depending on the number
of bps, which is close to thaluefor unstacked ssDNA calculated in the experimental work of
Mills and ceworkers (2.0° 3.0 nm)[43]. The persistence length of double strand
oligonucleotide is known to be approximately 50 nm for 150 base[ddirsBased on our
simulation results, weofuind that thelsDNA persistencéengthfor 150 kase pairss predicted to
bearound26 nm by linear regression, which means our model represents da®biingnore
flexible than it actually is.

The nteraction between nucleotidesour CG model isepreented singasquarewell

potential. The square well potential;, between nucleotidesandj is defined to be
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wherer is the separation distange, is thespherediameter,_, is the well width, and
- is the interaction energy between two nucleotidasdj. The hard sphere diameter was
chosen to be 104 and he well width was chosen to h8.0A. These parameters were chosen
so thatthe averagevidth of pairednucleotidesin a duplex structuresould be 2325 A, which
corresponds to the actudibmeter of thé3-DNA helix [45]. The value of the interactin
energesbetween complementary nucleotidesreassigned based dhe number of hydrogen
bonds between base pailtss well known that cytosine and guanine base pairs are the result of
theformation ofthree hydrogen bonds, and adenine and thymine faiss are the result tife
formation oftwo hydrogen bond$dowever, the actual intermolecular energy does not increase
proportionally to the number of hydrogen bond
energy of AT and GG pairsin waterwas 1 : 1.3546]. Thus, the energy values-of and
- aresetto 1.0 and 1.3%espectively. All other interactionexcept AT and GG, areregarded
as hard spherateractiors. The modeled andQ moleculesdo not have any interactions
between thenor with other nucleotides as wellote that since water is modeled implicitly in
these simulations, the interaction potentials between nucleotides are essentially potentials of

mean force.

2.2.1.20ligonucleotide Simulations
The details of th€G oligonucleotidesimulations are as follows$oroligonucleotide
duplexsimulation, twenty oligonucleotide duplexes were randgoidgedin a cubic boxwith

the aim ofdetermining the extent of hybridization aoltainingfluorescence intensity curves
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a function of temperatur@he lengths of ez side of the box werghoserto achievethe molar
oligonucleotide concentratiord 0.1, 0.25, 0.5, 1.0, 5.0, 10.0, 15.0, and 20.0 uM. The calculated
box lengths were 6926.0, 5103.0, 4050.0, 3214.5, 1879.5, 1492.0, 1303.5, and 1182.5 A for the
respectiveeoncentrationsin the simulation of oligonucleotide triplex, the number of triplexes
was 50 and the length of the simulation box was 9387for a concentration of QM. The
Anderson thermostat was used to keepéhgperatureonstant In thistechngue the velociy of
abeadistunedt o mai nt ai n t hiBoltanam velcty dstridd@okomites Isdt
temperaturg¢47]. The simulation temperature Tis unitless andlefined to be the trend line that
matches the simulation melting temperature with the actakling temperaturef
oligonucleotides

The fluorescence intensity in sitationsis related to the efficiency of energy transfer
which is givenin terms ofthe donor/acceptor distanceas described bgquation 1The
separation distance between theteesiof the CG donor and acceptor is used for the
donoracceptodistanceThe Forster distanda the equationR,, depends on the naturetbe
fluorophoreand quencher molecules. In our warg,for the FAM6/BHQ1 pairused in the
experimental work§edion 2.2) wasset to 55 A/48]. Since the efficiency of energy transfer
between the fluorophore and quencher melamptoportion of energy that is not emitted as
fluorescence, the fluorescence intensity is determined by subtracting the value of the efficiency
of energy transfer from 1. The average distance between the centers of mass of the CG donor and
accepter in theystem is inserted into Equation 1 to gives the efficiency of energy transfer
corresponding to the hybridization state of oligonucleotides, allowing the calculation of the

fluorescence intensityzor example, if we assume the distance-J &t a certailemperature to
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be 63.3 A, the corresponding energy transfer efficiency will be 0.30 by the equation, and the
fluorescence intensity withereforebe 0.70.

The fluorescence intensity values @digonucleotideduplexes or triggxesin the DMD
simulation as function of temperature were obtained using the following protocol starting from
a low temperature. (1) A simulation was conducted for uphidlion collisions at a fixed
temperature and the average value of the fluorescence intensity was cal2)atbd.
temperature was then increased by 0.03 and a new simulation was performed. The initial
configuration of the new simulatiomasthe final configuration generated from the previous
simulation, and the average value of the fluorescence intensityalcasated as well. Steps (1)
and (2) were repeated until the temperature at whiefluorescence intensity reached 1.0.

Theestimatedneltingtemperature of oligonucleotide duplexes were obtained from the
OligoAnalyzer Tool, and compared with the siateld melting temperaturesagiven
concentration. For oligonucleotide tripkescthe fluorescence intensity curves of simulation were

compared with those of experimeat a fixed concentration of OM.

2.2.2 Experimental Studies
2.2.2.1Experimental Model i Oligonucleotide Triplex es

As a starting pointdr thedemonstration of thealidity of themodelfor the design of

DNA complexes relevant to the preparation of molecularly responsive hydrogels, we focused on

evaluation of the ability of the model predict the behavior of an oligonucleotide triplex
containing an aptamer. In this wotke aptamecontaining DNA structurswitching probes
specific to adenosine that were first introduced by Nutiu arjd9liwere utilized In their
design, an aptamer is first synthesized with an oligonucleotideseate Two additional

partiallycomplementarg t r ands, one of which i s ndandthd e d

Wi
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ot her with a quencher Fgure2i2A).dVhéh@omplexed, theaspattal al s o

proximity of the fluorophore and quencher results in an initial low level of fluorescence. An

activation trigger such as interaction with a perteghplement of the aptamer strand,

bi orecognition of the aptamerds target, or te
dehybridization of thériplex, resulting in a measurable increase inftherescence signal of the

system. In the workresented, thewek nown adenosine aptamer (sequ
ACCTGGGGGAGTATTGCGGA GG AFGaH a mal@g]. Inwddison, 6
carboxyfluorescein (FAM6) and Black Hole QuenchgBHQ-1) were used asé fluorophore

and quencher, respectiveiyAM6 has absorption and fluorescence maxima at 495 nm and 520

nm, respectively, and an extinction coefficient of 20,960 L mi*. BHQ-1 has a broad

absorption spectrum with a peak at 534 nm, and a molar eatircgiefficient of 8,000 L mol

lem* [51]. The chemical structures and spectra of FAM6 and BHQ1 are providéglire

2.2B.

2.2.2.2DNA Sequences
DNA oligonucleotides wereltained from Eurofins Genomics (Louisville, iKY
Oligonucleotides were first dissolved in deionized water (obtained with a Millipore fEjfect
water purification system equipped with a Biofaolisher and autoclaved &iminate
DNAses) at a concentratianf 100 e M and f-2506Cz Alwials, pipet éips,iamdu ot s a
deionized water were autoclaved prior to Weosphate buffered saline (PBS, pH 7.4) was
obtained from Kirkegaard & Perry Laboratories (KPL, Gaithersburg, MD) as a 10X concentrate.
The 1X PBS solution is formulated as 10 mM sodium phosphate and 150 mM sodium chloride.
Table 1lists the oligonucleotide sequences for the eight systems utilized in the

experimentastudies. Each system consists of three oligonucleotides: (1) a link&rdhyl that
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contains an aptamer sequence (red) with an ex
strand(greent hat i s compl ementary to the 50-end of 1
modified strand that is complementary to the aptaf®k6 was used as the fluorophore on
strand A1l. FAM6 was -endphasphate of Alyoligbnualentide strands.t he 5
BHQlwas <coval ent |-enddbaigomudeotidestrantsdBB.3 0

Two main system types were utilized, as showiTable 1 The triplex systems in Type
1 (systems 1 through 7) utilize Linker 1 (L1) as an aptegoataining moiety. In this system
type, the quencher strands hybridize partially to the aptamer and partially to five of the aptamer
extensionds ma8btdndype 2 uliliees a sh@tgragtaecentaining strand (L2)
in which all of strand B8 hybridizes directly

extension.

2.2.2.3 Estimation of Melting Temperatures

Estimated melting temperatures were olgdifrom Integrated DNA Technologies
OligoAnalyzer utilizing 2.1 uM oligonucleotide and60 mM Nd concentrationsmatching the
conditions utilized in experimental wodnd in simulationsSupplementary Table2.2 lists the
estimated melting temperaturds,} for each A and B strand with its perfect complemaiit.
sequences were checked to ensurettieme wereno undesired stable selfmers, hairpins, or

heteradimers occurred using the OligoAnalyzer.

2.2.2.4 DNATTiplex Hybridization
Appropriatevalme s of t he appropriate oligonucl eoti
buffered saline (PBS), and deionized water were mixed under sterile conditions to make

solutions in which each oligonucleotide concentration®asiM (1:1:1 molar ratio) and PBS
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wasata 1 X concentration. As an example, 20 gL of
of 10X PBS, and 8,940 €L of water were mixed
of this mixture were then transferred int® InL microcentrifuge tubes, hed slowly and

maintained at 95 °C for 10 minutes in an Eppendorf thermomixer. The mixturesheare

allowed to come to room temperature in the thermomixer overpigitto use

2.2.2.5 Demonstration of Formation and Thermal Melting of DNAtriplex
Hybridized oligonucleotide solutions were transferred into a quartz roiorette. The
fluorescence of the oligonucleotide complexes as a function of temperature was measured in a
Varian Cary Eclipse fluorescence spectrophotometer from Agilent Technologrda (Sara,
CA) equipped with a Cary Temperature Controller, a Temperature Probe Series Il, and a Peltier
4 Position Multicell Holder accessory. Samples were heated and cooled from 5 °C to 95 °C over
three cycles at a rate of 1 °C/min, pausing for 5 mimatethe highest and lowest temperature.
Sample temperatures were monitored within the cuvetteat@mperature probe coupled to the
temperature controller. The gf=l AUOrS5esrAB2OMTe wa s
The melting temperature of each system was deterrfioedthe fluorescence
measurementis-irst, the raw fluorescence of eagfstem was normalized by making the
minimum fluorescence equal to zero and the maximum equal to 1. This was achieved by
subtracting the minimum fluorescence from all data points and then dividing the corrected data
by the maximum of the corrected valueexty theT,, was determined as the temperature at

which the normalized fluorescence was equal to 0.5.
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2.3 Results and Discussion
2.3.1 Melting Temperature Determination of Oligonucleotides from Simulated
Fluorescence Intensity Curve
Figure 2.3ashows tle simulation values of thBuorescence intensity verstise
simulationtemperaturdor the exampl®ligonucleotide sequenc® 6 CACGCCAACCCTGCF ¢
with its perfectcomplementtanoligonucleotide concentratiasf 0.1 uM. The black line
represents the fih8uorescence intensity curve of the oligmheotide which isthe average of
20runs at each temperatuiiéhe standard deviations of average fluorescence intensity at each
temperature are used as error bars. Figudte shows snapshots aligonucleotids at the
beginning and end of the simulatidfar illustrative purposea red artificial bond is placed
between the two C@ucleotideghat base paso that the hybrid state of the nucleotide can be
identified easily.Belowthe melting tenperature, the @onucleotides likely to form a duplex
structure SinceF is locatedclose enough to th®, the fluorescence intensity is los the
temperature increases p#st meltingpoint, the fluorescence intensity increabecause the
oligonucleotides are segaded from each other anicereforethedistance betwee® and Fis
larger As expected, the general shape ofdineulatedfluorescence intensity curigsigmoichl.
As shown in Figur.3a, the simulation melting temperatrd 56 CACGCCAACCCTGC
and ts perfect complement is @9, which is the temperature at which ti@rescence intensity
is 50% This analysis is applied to the simulations of various DNA hybrid sequences in the

following sections.

2.3.2 Comparison of Fluorescence Intensity to Nueotide Hybridization Extent
Thesimulationvalues offluorescence intensitywere compared tthe total numbeof

base pairs as a function ©imulationtemperature to see how accuratelyftberescence
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intensity curvaeflects the hybridedstate of arligonucleotide. Experimentally,

oligonucleotide hybridization occuos the molecular scale and is therefore difficult to monitor
directly. Because of this, melting points and thermal stability of duplexed oligonucleotides can
only be deducedsingindirect analysesuch as thuorescence quenching-®) method.
Simulation enables direct monitoring thfe hybridized fraction of oligonucleotide with single
nucleotide resolution. Th@mulatedhybridized fractions the number of base pailormed
dividedby the number of possible base pairings in the syateamy giventemperatureThe

simulatedunhybridized fractionis simply expressed as:

YEQ Q1 QOMMAND DE & )

Figure 2.4 compares the simulated fluorescence intensity c{imhaek)and thesimulaed
unhybridized fraction curvéed)of the oligonucleotidésequence 6 AT AC G T J&@dHts 3 6
complemenatanoligonucleotide concentratiarf 0.1 uM. Thesimulationmeltingtemperature
of the oligonucleotide sequenisedetermined aB.454from the fluorescencéntensitycurve
Thesimulationtemperaturevhen thehybridized fractiomeache$0% is0.451 As the
simulationtemperature increasabove0.5, therate ofchangen both the fluorescence intensity
and the unhybridied fractionslow down, reachng a maximum of 10 at approximatelyhe
simulation temperature & 6. Thus,we sedhat thesimulatedfluorescence intensityalculated
via the FQ simulation method ialmost identical téhe simulated unhybridizettactionof the
oligonucleotide®vera range of simulatiotemperature.

Fourotheroligonucleotide®f differentlengths(up to 16 bpandrandomsequences were
simulated to test whether the consistency between fluorescence intengtg amtybridization
fraction appliego everycombindion of oligonucleotide lengtandsequencéSupplementary

Figure 2.3). Table 2 shows a comparison of tlsenulationmelting temperatures estimatedm
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the fluorescence intensity curaadthe 50%unhybridizedfractiontemperaturedn all cases, the
difference betweerthe melting temperatures and 50% unhybridizatemperaturearesmall;
the oligonucleotidevith the largest differencels €CACGGTGGATCCAS Ybetween the two
temperatures Isan absolute differencef about0.01Q Thereforewe findthatthe FQ
simulationmethod adequately reflects thehybridized state of the oligonucleotidamples that

we investigated.

2.3.3 Correlation of Simulation and Real Temperatures

To identifytherelationship betweesimulationtemperature and real temperauand
enable comparison of simulation results with experimeateterminedhe melting
temperatures of oligonucleotides wit8 different lengths and sequencaa the FQ simulation
method Theoligonucleotiddengths were8, 10, 12,14,and B, and heoligonucleotide
sequencewere randomly selecteBupplementary Table2.3 showsall thesequences of
simulated oligonucleotidassed in this studytheir simulationmeltingtemperaturesbtaned by
the simulated ¥) method and he predictedmelting ponts fromintegrated DNA Technologies
OligoAnalyzer toolat oligonucleotide concentration of uM and N& concentration of 160
mM. Figure 2.5 shows a plot of the real melting temperatures versus the simulation melting
temperatures dhe 18 differentoligonucleotides. The relationship between the real melting
temperature from the OligoAnalyzer tool in Kelvin and simulation melting temperature by the F
Q method in terms of simulation temperature unity i€ffound to bel'(K) = 11495 Ts+
24597 K (red dished line). Thus, the calculated melting temperatures in dimensionless units are
converted to real temperatures using this relation$lapexamplean oligonucleotide with a
sequenCECGGBEGTCBI® 3 06 s5% fluarescence intensity at ¥ 0.5791in

simulation,and thiscan be converted to the real temperatur@l@f41 K. The melting
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temperaturg@redicted for this same sequence ushegOligoAnalyzer tools 313.40 K, making
the gap between the two temperatures small, 0.9hK average differena# the real melting
temperature and the converted melting temperature is of 2.44 K for all 18 oligonucleotide
sequences. Thus, we conclude that the simulation temperature can be expresseddrger first

relationship to the real temperature.

2.3.4 Effed of Concentration on Oligonucleotide Duplex Stability

To ensureghatthe concentration dependence of oligonucleofidedting temperatures
well representeth our simulations, weneasuredhe melting temperatuseat different
concentrations. One intesting property of DNA hybridization is that the stability of hglmed
oligonucleotidesncreases with the concentration of the oligonucleditt thereby increases
their melting temperature as weltigure 2.6 compares simulateseltingtemperatures éd
circles to thepredicted melting temperatur@idack squares)btainedfrom the OligoAnalyzer
for the SOEGACEGECc @&s@Fudction of concentratiofihe change ofiswulated
melting temperatureith concentratioragreeswith thepredictedmelting temperaturgariation
within the concentration range used in this study. While the melting temperature increases with
the oligonucleotideg®concentration, its rate of increase gradually decreasestendency can be
explainedn terms ofthefrequeng of intermolecularcollisions between oligonucleotidgrands
The higher the probability of intermolecular collisibacomesthe higher the probabilityat
unhybridized oligonucleotides wilbrm duplexeswill be. Highly concentrated oligonucleotides
are more likely tgoin togetheiin duplex structures than dilusgstems obligonucleotides at the
same temperaturand therefore higher concentration system neeigher temperaturdbana

lower concentration to reach 508&naturation and therefor@% increase in fluorescence
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intensity Our DNA modelis thereby abl¢o reasonablyalculatethe melting temperature of

oligonucleotides adifferentconcentrations.

2.3.5 Comparison of Experimental and Simulated Oligonucleotide Triplex Stability and
Melting Temperatures

We measurethe fluorescence intensigand unhybridized fraction versus temperatfre
the oligonucleotide tripleas listedn Tablel in simulationsat 0.1uM to see if the triplex
fluorescence intensity reflects the hybridization stateedl as it doedor theduplexesAs
described in Table 1, each triplex is composed of a long Linker strand (L), as well as two
partially complementary strands A and B labeled with a fluorophore (F) and quencher (Q),
respectively. Strand A forms a londgybridization pair with the Linker strand, and therefore
forms a morestable complex with higher melting temperature than Strand B. Between systems 1
and 7, the Linkefsequence5 6 CCT GC C A C G COACTEEACCTGGGGRAGTATTG-
CGGAGGAAGGT3 Yand Strand Aseqence 3 6 GGA CGGT G CHbd 6gueriees
stay constant; only strand B diffdarsits length it is longest in System 1 and shortest in System
7. Thus the melting temperature difference between Strand A and Strand B is at a minimum in
System 1, and at aarimum in SystenT. Figure 2.7 compares the simulated fluorescence
intensity (black), and the unhybridized fractions of Strand A (blue) and Strand B (gtesm)
hybridized to the linkefor two representative cases, Syssdnand 3. The sequence of Strahd
inSystem1is8 QT GACT GGA CC,ar@ @at th &ystem 3 iSGGTGACTGGACCC
5 @rhere are two major differences between the graphs of Systems 1 and &héiiosal
unhybridized fraction curvesf Strandg A andB (red inFigure 2.7a) shows a normalsigmoidal
profile in System 1. Howevethe total unhybridized fractioturve in System Bas arextra

inflection point around 33K (red inFigure 2.7b). Anotherfeature of System 3 that differs from
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System1 is thatie simulatedfluorescence intensity cve (black in Figure2.7b) and the
unhybridized fraction curve @trand B(green in Figur@.7b) are nearly identicakFrom
analysis ofall of the systems iBupplementary Figure2.4 a-g, we find that SystesB through
7 showaninflection in the total uhybridized fraction curvandagreemenbetweerthe
simulated fluorescence intenstyrvea nd St rand BOs unhihisbehadiorzed fr
is a result of the large differences in thermal stability of Strands A and B in these sghtems
meltingtemperature differences between Strands A and B for these systems are greater than 17.6
K). This difference causes sequendighs opposed to simultanedusidehybridization; first
Strand B dehybridizes and then Strand A dehybridizes. As Strand B leavegléixe ERET
guenching immediately decreases, leading to the changes in fluorestensiyassociated
with the hybridized stat®f Strand BA similar phenomena occurs f@ystem §Tmal Tmp =
17.9K), but in this casd is less pronounced than inet other system@&upplementary Figure
2.46). In summaryour simulations suggest thahenStrands A and B composing the
oligonucleotide triplex have melting temperature difference above 17,G1H€ fluorescence
intensity ofthetriplex is decided byhe unhybridizatiorof the oligonucleotidewith thelower
melting temperaturdn contrast, whethe melting temperature difference between the two
oligonucleotides is beloW7.6K, the fluorescencetensityis the result of the simultaneous
denaturatiorof thetwo oligonucleotideshat jointhe triplextogether

We thencomparedhe simulated fluorescence intensmjlues forthe oligonucleotide
triplexes listed inTable 1to the fluorescence intensiklues from our owexperimens over a
range of tempetturesFigure 8shows a comparison between the simulation (black line) and
experimental (red line) fluorescence intensities versus temperat8gstem JLinker :

50CCTGCCACGCOACTBCACTGGGCGAGTATTGCGGAGGAAGGT3 OStrand A
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: GGACGGTGCGAGGCGESLg ard Strand B: @G T GACT G GA §.Cle reSuidts for

Systems 12 and 48 can be found irBupplementary Figur25 a, b, and d h. The simulated
fluorescence intensity cunfer Systenm3 isin reasonablagreement with the experimental
fluorescence intensityurve.The simulateanelting temperature @ystem3 is 325.94 K, very
similarto the experimental value of 383 K. Table 3 shows thecalculatedmelting

temperaturefrom simulationsand the experimentally determined melting temperatures 8f all
oligonucleotidetriplex systemsThe average difference between the simulated and experimental
melting temperatures B73K, although the largest differenceli$.8K for System?. It is worth
mentioning that the experimental determination offthéor systemsontaining shorter
oligonucleotides (Systems 5, 6, anch@sproblemsdue tothe low temperatures required to

reach complete hybridization. Below 5 °C, the required temperature range to reach hybridization
stability for these systems, cooling resittsignificant condensation outside of the cuvettes

used for fluorescence spectroscogyd thisprevents accurate data collection. This issue is
especially important for System 7 which would require temperatures below 0 °C to reach 100%
hybridization, someithg that is not experimentally possible in our se&xcept for System 7,

the simulated melting temperatwalues determined by our model generallyee with the
experimentalalues. Weconcludethat our model iggoodenough to allow calculation of the

melting temperatures of any oligonucleotide triplex in which the experaireasurements can

be madeaccurately.

2.4 Conclusion
We have developegicoarsegrainedmodelof oligonucleotide strands for use with
discontinuous molecular dynamisgnulatons.The model has 4 different nucleotide types:

adenine, thymine, cytosine, and guanine. Each nucleotide is represented by a coarse grained bead
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that contains augar, a phosphate, antd@se Eacholigonucleotide strand & chain of coarse
grainednucleotides arranged irsequencerder. Adenine beads are designed to interact with
thymine, and cytosine beads are designedtéact with guanine to satistile WatsorCrick
base pairing ruleThe values of the interaction energies fef And GG were obtaed from
Stofer[46]. We introduced three types of bonds to maintain oligonucleotide stifift@ssent
bonds, pseudobonds to maintain bond angles, and pseudobonds to rt@isitanal angle The
distributionsof the length®f thethreetypes of bondused in DMD simulationvereobtained
from GROMACSs atomisticsimulation datan oligonucleotids.

Simulationswereperformedo see how well our CG DNAodelrepresergthe
hybridization of actuabligonucleotides (duplex form) undeariousconditions First, we
constructed fluorescence intensity curves of oligonucleotides with different |¢BgtBdps)
using the CG DNA modeThe values of the fluorescence intensity were calculated by
measuringhe energyransferefficiencybetween a model fluoroph®donor and accepter
tethered to the end of an oligonucleotide and its ceamght. The meltingempeaturewas
defined to be theemperaturet which the simulated fluorescenogensitywas 50%. The
number of unhybridized pairs of oligonucleotides versus temperature was also calculated from
the simulations. The temperatures at which the fluorescencsiiytevas 50% corresponded to
that at which the unhybridization fraction was 50%. This implies that the value of the simulated
fluorescence intensity represents the unhybridized fraction of oligonucleotides at a given
temperatureNext, we measured the ey temperatures of oligonucleotideser a range of
concentrationsnd compared this with theredictedmelting temperatures obtained from

OligoAnalyzer. The simulation results for melting temperatures at various concentrations
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corresponded to their preted values. This shows that our CG model can be used at various
concentratios.

Thesimulated fluorescenaatensitywas compared with the simulatedhybridized
fractionof oligonucleotide triplegs and the simulated melting temperatures were compared
with experimental melting temperatur&sght different types of triplexes were prepardtk t
Strand A and Linker sequenddst make uphe triplexesverethe samédor the eight triplexes
but the lasbligonucleotidgStrand B) wa®f adifferentlength A graph of the simulated
fluorescencentensityof all the triplexes versus temperature shows a sigmoidal shape as in the
case of the oligonucleotide duplex. Although the fluorescence intensity of the oligonucleotide
duplex correctlyeflectedthe unhybidization state between oligonucleotide and its complement,
the agreement between the simulated and experimental fluorescence intensity for the
oligonucleotide triplex depends on the differences between the melting temperatures of the two
strandsWhen themelting temperature differentetweerStrandg A and B isabovel7.6 K, the
fluorescence intensity aheoligonucleotide triplex mects theunhybridization state dhe
oligonucleotide witlthe lower melting temperature due to the sequential sepamattiStrand A
and Strand BHowever, when the meltinigmperature difference is beldw.6 K, Strands A and
B separatdérom the triplex simultaneously and itnet useful tanterpret the fluorescence
intensityin terms ofthe unhybridizabn state of specific oligonucleotide. The experimental
fluorescence intensity curve of the triplexes was sigmandsthape as welF-rom the
fluorescence intensity curve of the oligonucleotide triplex, we obtained the temperatures at
which the intensity was 50%nd tlencomparedhem withthe valuesobtainedexperimentally
The difference betweeiné simulatedmelting temperatuseand the experimental values are 2.73

K onaverage.
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This study lays the foundation for future work on analysis of hydrogels crosslinked by
oligonucleotides. The CG DNA model that we have developed is capable of representing an
oligonucleotide dupless hybridization state at different temperatures. Moreover, we have shown
that our model is useful for analyzing the melting temperature of olayeotide triplexes which
consist of strand A, Strand B, and Linker. In future research, we plan to tether Strand A to the
end of one polymer chain (Precursor A), Strand B to the end of another polymer chain (Precursor
B), and use a Linker oligonucleotide ¢rosslink those two precursors, forming a hydrogel. The
fluorescence intensity analysistbétriplex will provide a basis fodetermining if a hydrogel
can beformedat any given temperature.

Althoughthe combination of CG DNAnodelwith the DMD apprach is able to simulatbe
melting temperaturesf oligonucleotidesit has some limitations.ifst, as the coarse graining
method groups the sugar, phosphate, and base into a single interaction site, it does not account
for the details of the interactisrat the molecular level such as hydrogen bonding &nd
stacking Nevertheless, although our model does not give a full description of the association and
dissociatiorbehaviorof DNA, it is well suited to the study of hydrogels that use DNA as a-cross
linker. Since this model gives a reasonabj@esentation of theybridization state of DNA at
specific temperatuszwe believe thait is meaningful enough to be ust this purpose.

Second, the DNA modelas developed to model one fixed salt concéinimg160mM). To
model melting temperatures at different salt concentrgtisasould make the CG DNA
interactionenergyparameters ba functionof the saltconcentration, or add a correction teton
therelationshipbetween the simulation temperaturelactual temperatute reflect melting
temperature shift caused bgtion concentrationhange. Third, our model does not display the

helical structure thaiccurswhen the oligonucleotideybridizes with its complement. This
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shortcoming can be remedibg making the base pair interactions anisotropic. FourehDINA

model isvalidatedonly for oligonucleotide systemsith relatively short length (less than 16

bp). Finally, although model is reasonable enough to find the melting temperatures of
oligonudeotide triplex, there are parts where the simulated fluorescence intensity graph does not

match the experiment because the exact location of occurring the energy transfer is not reflected.
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Table 2.1. Oligonucleotide Systems Utilized in Experimental Stéidy

System
No. Sequence$
Type 1
L1 5GCTGCCACGCTCCGB To CACTGACCTGGGGAGTATTGCGGAGGAAGGT 3 6
1 Al 3 &GACGGTGCGAGGCE QGTGACTGGACCCCGS o Bl
2 Al 3 &GACGGTGCGAGGCGE QGTGACTGGACCCGs 6 B2
3 Al 3 GGACGGTGCGAGGCGE QGTGACTGGACCCS 6 B3
4 Al 3 &GACGGTGCGAGGCE QGTGACTGGACCS 6 B4
5 Al 3 GGACGGTGCGAGGCGE QGTGACTGGACS o6 B5
6 Al 3 GGACGGTGCGAGGCGE QGTGACTGGAS 6 B6
7 Al 3 &GACGGTGCGAGGCGE QGTGACTGGS 6 B7
Type 2
L2 5 &ECTGCCACGCTCCGB Tdo ACCTGGGGGAGTATTGCGGAGGAAGGM 6
8 Al 3 &GACGGTGCGAGGCGE QTGGACCCCCTGCS 6 B8

& Linker strands Lind L2hybridize with the respective fluorophore or quendhabeled strands
A (blue) and B (green) by complementary base pairing to form systems 1 ti&ough

®|n each segence, A = adenine, T = thymine, G = guanine, C = cytoBireFAMS6, Q =

BHQ1




Table 2.2 Comparison of theimulationmelting temperature and tsenulationtemperature

whenthe actual hybrigationstateis 50%.

_ . Melting Temperature | Temperature of 50% | Relative
Oligonucleotide S .
by F-Q Method Hybridization State | Difference
Sequence
(Ts) (T (Ts)

TCTGACCG 0.481 £ 0.009 0.478 = 0.009 0.003
GTCGGCAGCA 0.609 + 0.013 0.601 £ 0.011 0.008
CACGCGCTGTTG 0.664 + 0.006 0.656 = 0.006 0.008
CCACGGTGGATCCA 0.750 = 0.005 0.740 = 0.006 0.010




Table 2.3 Simulated and experimental melting temperatureSysteml to 8.

* Experimentally determinedJis inaccurate. See discussion within text.

Sysem | eling Temperete | Expernerit Meting | oirence (g
1 334.26+1.24 332.24 2.02
2 330.49+ 0.76 329.49 1.00
3 325.94+ 079 32669 -0.75
4 318.69+ 051 320.® 1.36
5 307.67+£ 050 304.82 2.85
6 305.02+ 3.48 305.51 -0.49
7 302.31+ 0.42 290.5% 11.8
8 32440+ 1.09 32287 1.53

43



Table 2.1. Calculated persistence length of model oligonucleotides.

Oligonucleotide sequence

Persistence length (nm)

Single strand

Double strand

56TCTGACCGD
5AGACCACCGCD
5CCGCGGTGGATC3
5@CCGCGGTGGATCCAB
58CCGCGGTGGATCCACCS

1.88+0.26
2.07+0.34
2.19+0.45
2.28+0.56
2.37+£0.65

2.06+0.22
2.44+0.30
2.79+0.43
3.14+0.55
3.41+ 0.62




Table 2.2. Estimated |, for A and B Strands and Perfect Complement

45

Strand Estimated T, (°C) Estimated Ty, (K)
Al 65.1 338.25
Bl 56.5 329.65
B2 52.3 325.45
B3 47.5 320.65
B4 42.0 315.15
B5 35.4 308.55
B6 29.0 302.15
B7 22.8 295.95
B8 47.2 320.35
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Table .3. The sequences of the various oligonucleotides used in the simulation and thei

melting tenperatures isimulationtemperature anith unit of Kelvin.

Melting Temperature

Sequence . _ IDT OligoAnalyzer
Simulation
[K]
1 50 TCTGABCG 0.481 298.45
2 50 ATACGXHGC 0.454 295.15
3 50 TCTGC3BAC 0.469 300.55
4 50 AGACC2CG 0.496 299.15
5 50 AGACCamdi 0.609 316.95
6 5 GGACTGARILCC 0.581 312.05
7 50 TGCTCTBGGC 0.550 310.55
8 50 TGCCTGBCGA 0.555 314.45
9 50 CACGCGCT&T™ 0.664 324.95
10 5 CCACGGAGIHGT 0.653 323.85
11 50 CGCTCGCARAT" 0.626 320.75
12 50 CCACGCACHET: 0.663 320.45
13 56 C C GGTGGATCCA3b 0.750 333.15
14 5 ACCCGGCCGA: 0.789 332.05
15 56 CGTCCCAAGKLC 0.754 336.35
16 5 CCGAATGCG®G! 0.730 331.45
17 59 CCGCGGTGGABXE 0.841 337.75
18 56 TGCGTACGCAGK 0.820 340.15
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(@)

Cytosine Guanine

(b)
GGACGGTGCGAGGTCGF

JJO)JJJJQJ)JJJJ‘

CCTG C A GCTC G C Q
J l )
i i i

Figure 2.1 Schematic illustr&mn showing (a) the coarse grained representation of four

nucleotideand (b) a pair of model compl ement a
GGACGGTGCGAGGCG 36 | abeled momnhhi asfB3aoer
complement chaifabeled with a quencher maolde Q) o n i t sThréedypes of honds

represented in (b): a covalent bond (i), pseudobond for bond angle (ii), and pseudobond fi

torsional angle (iii).
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Figure 2.2. Schematic of Fluorescent StructtBavitching DNA Probe(A) Schematic of three
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Chapter 3

Computational study of DNA-crosslinked hydrogel formation for drug delivery

applications

3.1Introduction

Hydrogels are thredimensional networkof polymer chainsthatarecrosslinkedvia
physical or chemicahears’. Theyarevaluedfor their high waterholdingcapacity(> 90 %
water)>*, which givesthema flexibility that issimilar tothat ofnatural tissuand makes them
biocompatiblé®. Hydrogelsareusedin avarietyof applicationsncludingcontact lenss,
wound healing dressingg , tissue engineerin§'*, biosensors, and drug deliverif 2,

The porougor network)structure of the hydrogels makes them well suited for carrying
small molecules such as therapestfiand biomolecules such as growth factors, hormones and
proteintherapeutic® .. The size of pores iahydrogel controls the movement (diffusion) of
entrappesmall moleculs, and hadeen the subject okperimental® ?2?° and theoretical
investigation&®*°. In generaldrugswhose diameter ismaller tharthe averagepore size can
quickly diffuse througtthe structure of the hydrogddut drugs whose diametsrequal to or
greater thatthe averag@ore sizearedrasticallyslowed dowf> 3 The movement dd drug
moleculethrough a hydrogé non uniform pore structure also related tthe size of thépore
throat? %2 thatis the maximum sizéhat a molecule can be astil travelin the hydrogel
without limitations.In order to deliver drugs tatarget siteeffectively, it is important to
understand the relationship between theegtnucture and drug sizthe goal being to make
hydrogel networkwith appropriate pore sizistributions and thusinimize prematuredrug

loss.



61
Hydrogels prepared from poly(ethylene glycol) (PEG) have beenimsedide range of

biomedical applications becauB&G is a water solubknd nortoxic polymer®***. Among the
variousshape®f PEG hydrogelghoseformed by multiarm PEGs araseful when dighly
homogeneous internal structisedesired®*®. When he end of th€EGis modified with DNA

and complementary DNA added as a potential crosslinker, a hydrogelfaith between these
fprecursor@ as a result of theybridization betweeNA and its complemefit*. Hydrogels
formed in this wayhave the advantage that tie components are boompatible thatthe
crosslinking process spontaneoysand that the crosslinks can be reversibly disrupted thermally
and by competitive interaction with other complementary DNA stfdnlisinstances where

DNA aptamers are used, crosslinking can also be reversibly disrupted by the presence of the
DNA aptamer.

We are engaged in a coatptional and experimental research proyeaich aims to
developDNA-enabled microand nanesized hydrogel$ormed by multiarmed PEG molecules
This paper is theecondn a threepart seriesThe first paper describes the development of a
coarsegrainal (CG) model for simulation of DNAybridizatior”. In this, the second paper, we
simulate the formation of the DNAediated hydrogelisingthe dereloped modeland asseshe
hyd r o gdeug l6aslingability. In the third paper, we will simulate tdegradatiorof the
hydrogel when it encountetarget moleculeshereby releasing previouslyaded drugs

The goal of this research is to understhod the structure and concentration of the PEG
precursoraffecttheformation andstructureof hydrogels and to predict the size of therapeutic
molecules that can be entrapped anttamspored through themlhe characteristics of the
hydrogel structurgpore size) are derminedby the precursor concentration, precurstnucture

and degree of crosslinkifiy The sizes of representative drugs are knte the followingthe
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hydrodynamic radius aftuximabis 54 A ,trastuzumatis 69 A ,ranibizumab is 28\, and
afliberceptis 37 A**®. Rituximab is a chimeric monoclonal antibody used to treat several types
of cancer and autoimmune disorders. Trastuzumab is a monoclonal antibody that binds the HER2
receptor which is used for the treatment of breast cancer. Ranibizumab is a monoclonal antibody
fragment that acts as an inhibitor of angiogenesis for the treatmeet afjerelated macular
degeneration. Aflibercept is a recombinant protein that also acts as an angiogenesis inhibitor. It is
used for the treatment of macular degeneration and metastatic colon ddeerwe investigate
(1) how theprecursor concenttian required to form a hydrogdepends on theumber of arms
of theprecursors(2) how the pore diametelepends on the precursor concentration and number
of arms,and (3) how the pore structure affects the movememodéculeghroughthe hydrogel.
The benefitof thiswork is that we can find design parameters for preparati@N#-
crosslinkedhydrogels withdesiredpore sizeso as to optimize drug retention and controlled
release.

In thisproject we conduct discontinuous molecutginamics (DMD) snulations to
modeltheformation anddrug carrying ability of oligonucleotiderosslinked hydrogelS.he
PEG precursors are covalently functionalized on their ends with oligonucleotidesliffexent
structuresof oligonucleotidefunctionalizedPEG precwsors are modeled in CG representation
4-amed and 6armed Thecrosslinker is a C®ligonucleotide thais complementary to the
oligonucleotide orthe end of th& EGprecursorsThe precursors are hybridzevith crosslinker
oligonucleotids to form a hydogel network. Water is treated implicitlfhe gecursors are
randomly located in the simulation bmitially, andspontaneousetwork formation is obseed
as the simulation proceedghe percolation probabiilés of the networkgormedat various

precusor concentrations aemalyzedo determinghe lowesiprecursoirconcentration required
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for hydrogel formation for each precursor shapd molecular weighThe pore sizediameter
distributions arealculated ¢ learn howthe shape molecular weight, ahconcentration of
precursorsnfluence the hydrogel porositin addition, based on analysis of the pore size
distribution, we find the maximum size molecule that can travel through the hydrogel networks
without being trapped, i.e. the pore throat diamédtmally, © understand the effect pbresize
distribution on the migration of molecules in the network, the mean square displacéviin)s

of differentsizedspheres in the percolated networks are investigated.

Highlights of the results include thellowing. The network structures crosslinked by
different types of precursors are simulated using the CG representdt@network formed by
the4- and 6armedprecursos exhibits a higldegree of crosslinkinfpr all precursor
concentrationgvestigaed The 6armedPEG requieslower precursoiconcentratioato form a
hydrogelthanthe 4-armedPEG regardlessf the precursor molecular weigfthe pore size
distribution becomes narrowetith higherPEGmolecular weightpnumber of arrg and
concentratio, and heaverageore diameter decreasaccordingly All the percolated networks
have heterogeneous porous structures, which liminthemenof the molecules within them.
Molecules with a diameter equal to or smaller than the pore throat diametet baconfined
inside the hydrogel matrixastly, the dffusion coefficients of inserted spheres with various
diameters are calculatecim the MSD data, and tleduction inmovement for eachkizesphere
is estimatedThe MSD results for small sphereserted in the percolated networks demonstrate

the potential of oligonucleotidamediated hydrogels for use as drug delivery vehicles.
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3.2 Model and method

Each CCethyleneoxide (EO) repeat un{CH,CH,O) of PEG is represented by a single
sphere thatantains 2 carbons, 4 hydrogens, arak§gen. PEG molecules are modeled as linear
chains of connected EOs. Twpes of bonds are applied to maintain ¢benectivityand
stiffness of CG PE(ovalent bond andpseudobonsl The covalent bond is a real bond
between adjacent CG EOs, and the pseudobond is an artificial bond between nofléénded
EOs. Pseudobonds are imposed between a CG EO and theeaneist neighbor EO and between
a CG EO and the 3ndearest neighbor EQThe 2ndnearest neighbor indicates E®eparated
by one EO, and the 3mkarest neighbor indicates EOs separated by two EOs along thé¢ chain.
The distance between the CG EOs fluctuate between maximumiamedumbondlength
values. Wienthe bond lengtiheactesthe minimum or maximundistancean infinitdy-
repulsive forceis exertedso that theyeturnto theproperbond lengttrangé™*®,

The values of the minimum and maximum distances between bonded CG EOs are
determined by performing atostic simulations. Simulations of unitedom PEG (Mw : 546.65
Da, number of repeat unit : 13) are performed withGROMACSpackage to obtain the bond
length distributions. Molecular topology information was obtained by using Automated
Topology Builder (www.atb.com).The LennardJones iteractionparametergor theatoms in
PEG ard@aken fromHezavelis research data FifteenPEG chainsvere plaedin abox of 100
A x100 A x100 A, and32548water moleculesvereadded to fill the boxNinety sixsodium
cations anahinety sixchlorine anionsvere insertedo mimic 160 mM saltonditions The
simulationwas conducted for 20 ns at 31(akd 1.0 ba(NPT ensemble)Thevariousbond
length distributios wereobtained bycollectingthe center of mass distance betwdeCG

EOs CG distributions fothe covalenbondlengths and for the bon@nd torsional angle
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pseudobond lengttsmilar to thosen the atomistic simulation can kechievedoy limiting the
minimum and maximum distang® aproperrange. The minimumealbond and pseudobond
lengths wereselectedy finding the smallest distance at which the bond distribution function
reaches 30% of its aximum peak value, and the maximuoaal bond anghsseudobond lenggh
weredetermined by finding the distance (larger than the maximum peak distance) where the
bond distribution function reaches 30% of its maximum peak v@hesso-determined CG bond
lengtls are adollows. The bond length betweewvalentlybondedCG EOsfluctuates with a
minimumlengthof 2.985A anda maximumengthof 3.685A . The pseudobond length for the
bond angle asaminimum of4.945A and a maximum &.935A , and the pseudoborghbth
for thetorsional angle hea minimum of7.505A and a maximum df0.025A.

The radial distribution functions (RDF) between two intermolecular CG EOs are obtained
from center of mass data and used to define interaction parameters. The interavgen 3G
EO molecules are represented using the-Bphetre potential; this is becauke EGEO radial
distribution function has nooticeabldocal maximum as would havesultedf there were

molecular attractions’he hard sphere potential;, is

H S
T Y i

o i
wherer is the separatiodistanceand, is the sphere diametbetweerntwo EOsi andj. The
hardspherediameterrepresents the minimum possible disgabetween a pair of ndsonded
CG sites, and is determined by finding the shortest separation distance as reflected in the RDF
between the CG siteShe hard sphere diameisrdetermined to be 3.12%

Each micleotideis modeledas a single CG interaot siteto represensugar,phosphate,

and baseThe model has four differetypesof nucleotids (adenine, thymine, cytosine, and

guanine)According tothe WatsorCrick base pairing rulenly adeninghymine and cytosine
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guanine interactionseed to béaken into account he interactios between CG nucleotidese
represented usirthe squarewell potentiaj the model parametevgereestablished in our
previous researéh

Figure3.1 showsthe structuref the hydrogel precursors and crosslinker
oligonucleotides considered in the coarse grained representationydiogel precursors
containtwo distinctive moieties, PE(lack)and oligonucleote (blue and green). There are
two different types of PEGs:drmed, and @rmed.The number of EO beads in the branch is
determined by the ailecular weight of PEG. PESGwnith molecular weights of 2, 5, and 10 kDa
wereselected. Table 1 shows the numbeEGfrepeat units oone branchior the different
molecular weiglgand shape

The oligonucleotides are attached to the end of the PEG arms and act as crosslinking
sites Two different oligonucleotide sequences are useGGACGGTGCGAGGCGBH6(DNA
(A), blue in Figure3.1) andGTGACTGGACCCCQODNA (B), green in Figur&.1). These
sequences are chosen because their melting temperatures are higher than body temperature.
Thus, the given oligonucleotides could be used for crosslinking since the hybridized state
between those oligonucleotides and their compleswould be maintained in the human body.
The PEGprecursorfunctionalized by the oligonucleotide seque@@BACGGTGCGAGGCAs
cdledPrecursor A, and the PEG precursor functionalize@ bGEACTGGACCCCG s called
Precursor B. Tie sequence of the crosslinker oligonucleoisdsd
CCTGCCACGCTCCGCCACTGACCTGGGG@E3wvhich is theconcatenation of the
complementary oligonucleotides of the two oligonucleotides described édmbvaamatically

represent ed asA ON3A)( A.by)Baka pgoingsitdtween those
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oligonucleotides are the driving force for crosslinking. Thesslirking is formed by connecting
Precursors A and Bia thecrosdinker.

Discontinuous molecular dynamics (DMD) simulations is usesinimlate the formation
of hydrogels and the movement of sphd€medel therapeutics) throughe hydrogel. DMD is a
fast alterative to traditional MD thais applicable to systems of molecules interacting via
discontinuous potentials.d8ause theliscontinuougpotential forces on the particles are exerted
only when the particles collide, tikemputational costs of DMD atewer than intraditional
MD, and thisallows the studyf longer time scales and larger systeitee DMD algorithm
calculates the collisiotimes among all the paivise collisionsandadvances the time to the
point that the soonest collision occudslike conventionaMD, whichusesa constantime step,
the time stef DMD is differentin every calculation, so thdté progress of the simuian is
expressedh terms ofthe number of collisions.

The details of the CG DMD simulations of the hydrogel formation are as follows.
Initially, 20 Precursor A an@0 Precursor B chains are randomly placed in a box. The ngmber
of crosslinkemligonucleotidesin the box are set to be 100 and 4@ pectivelyfor 4-armed
and 6armed precursord..5 molar excess relative to DNA) and DNA(B)). The lengths of
each side of the box were selected to mimic precursor concentrations of 0.066, 0.158, 0.532,
1.038, 1.550, 1.936, 2.461, and 3.18/ol/L. The concentrations are calculated simply by ¢ =
Nprecurso/ (VooxNa), Where NyecursodS the number of precursors in the simulationg, 6 the
volume of the simulation boxes, and ¥ Avogadr@ number whicls needed for unit
conversionThe box lengths were 1000, 750, 500, 400, 350, 325, 300, andl @#3he
respective precursor concentrations. The temperatanairgained constarity usingthe

Anderson thermost&t Simulations are performed at body temperat8i® K) because the
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hydroges drug trasport should take place in the bodgeTsimulation body temperature is
takenfrom our previous paper {Tody= 0.58)*. In actual simulationghe temperaturis cooled
down by 0.1 for every 1 million collision from an initiary hightemperature of J= 8.0 until
thistemperature was achieved. The pwgof using high temperaturetheé starof the
simulationis to spread the precursors faninly around the simulation box before the actual
freactior occurs.

The percolation probabilit is used to determine if the netwameets the minimum
requirements to ba hydrogel or notWe defined an aggregate to be at leastgvezursorshat
are conected by a crosslink@rheaggregatés consideredifi per coetwarlbe d f t her e i ¢
connected path in treggregatehat spans from one end of the simulation box to the aibag
apaththatconnects to its own periodic image in one directidithough percolation in one
direction is a prerequisite for being aelpercolation in three dimsions seems to be
necessaryor this study in ordeto havea hydrogel withspacedgor storing small molecules
(Supplementary Figur&.1a).A network percolated in theand y but nothez directiors would
bea 2dimensional slab (Supplementary Fig@t&b),and a network percolated in one direction
would bean infinitdy long string polymer. We set the maximum percolation probability value to
be 3, which adds ugp the maximumpercolationprobabilitiesin the x, y, and z directiorte
describehe percolatedtate of networkThethreedimensionapercolation probability, is

defined as

whereNper, IS thenumber ofconfigurations which have aetworkthat is percolateth i
direction andNconfig IS thetotal number of configuratioriavestigatedThe angle brackets denote

an average over time. The percolation probability is recorded every million collisions after the
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system reaches the equilibrium state, and the percolation probabilityataghen temperature
is the averagérom the probabilities of Hifferent simulationstahat temperature

The pore diameter distributiona thepercolated network are calculatedqoantifyits
structureTo do this, a random position is selectedhia pore and the largest sphere that
encompases thatandom position is fourid The diameter of thaphere is chosen as the
diameter of the pore. The simulations ddxtainingthe pore diameter distributiomse conducted
for 50 million collisions garting withanalreadyequilibrated netwrk as an initial configuration.
Every 1 million collisions, Q00 random locationsre used to measure the pore diameters

To understand the effect tife pore structuren the migration of molecules in the
network asphere is inserted imthe percolated network and iteean square displacement
(MSD) is calculated. The sphere has no interactions tivélE Osor with thenucleotidesthe
point is just to focus on how netwaoskructureaffectsthe MSD. The sizes @pheransertednto
the hydrogehetworkare %, 60, 6570, and B A . The molar mas®f all the spheres is stt be
1.0 g/molso that the MSvariatiors becomea function ofspheresize only>. The MSD was
determined from the average of five simulation rdree starting positions of the sphevesre
the same for all the MSD calculatio@he directios and magnitudeof theinitial velocity of
the sphere were different in every simulation, thetvalueswere choseso that the kinetic
energy of the spheres corresponds to body temperaiure.MSDis defined as

- 3 0 00 YO 00

w h e rtis thedtime interval and r(t) is the position of the sphere at time t. The angle bracket
denotes an average over time. Thféudion coefficient is obtained from the slope of the MSDs

vs. time graph.
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3.3 Results and dscussion
Selfassembly of precursors in presence of crosslinker

Figures 3.2 a and bshowsnapshots ofheinitial and final configurationor the systems
of 6-armed/10 kDa precursorAt the initial configuration, the precursors of A (blue), B (green),
andcrosslinker strads (yellow) are randomly plac&t compacthapesAfter 8 billion
collisions, Recussor A and B molecules assemble together by hybridizing witbrthsslinker
strandsThe redartificial bondsare used to illustratine hybridizationbetveen precursors and
crosslinker strandshains ofconnected red bondghich look like laddersndicatecomplete
hybridization.The precursors A and B aegenlydistributed throughout the simulation box, and
several void spaces which represent the gafréhe hydrogel network are observed.

Therate of assemblgf the system iguantified by measuring the fractiongfecursors
and crosslinkerthat are hybridizedl'he hybridized fractiom the equilibrium states defined as
the number of hybridizenucleotide pairs between precursors and crosslinkers divided by the
total number of possible nucleotide pairdie systemFigure3.2c shows thdraction of total
hybridizedpairsof 6-armed/2 kDa precursogd various concentrations from 08® 3195
mmol/L. At the beginning of the simulatipthe hybridized fractions are loat every
concentrationHowever, as the simulation proceedssslinkergair withtheir complementary
oligonucleotide sequences the precursor@andthehybridized fractionincreass. The
hybridized fractionseach a plateaater about 4billion collisions the valuegor 4-armed and 6
armed precursors are821 0.88and0.867 0.90Q, respectively, aall examinedconcentrations.
Thedegreeof saturationis defined as the numbef crosslinkers that are hybridized to the
precursorslivided bythe number of crosslinkers neededully crosslinkthe networkTable 2

displays thaedegree okaturatiorfor thedifferent shapegbrecursor systemia the equilibrium
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state Thedegree®f saturation for the-4rmed and @rmed precursor systems are close to 90%.
The4-armed and @rmed precursormgchievehigher highlevels of crosslinkingegardless of the

molecular weights.

Three dimensional percoation; Formation of hydrogel

To checkwhether theclustersthat form in the simulationare truly interconnected
networls or justdisconnecte@ggregateghe threedimensionajpercolation probabiliesof the
crosslinkedstructureare calculated as a functioniecursor concentratioRecdl that unlike
the conventiongbercolationprobability which ranges from 0 to 1, the maximuatue of the
percolationprobability in our simulation is 3, which is the suntloé maximunpercolation
probabilitiesin x, y, and z directionddaving avalue ¢ 3 meanghat the system has percolated
in each otthex, y, and z directiongnd that there are void spaces surrounded by network
skeleton Thevalue ofpercolationprobabilityis determined by averaging the results of five
simulations performed at ttsame concentratiofrigures 3.3 aandb show the prcolation
probabiliies of crosslinkedstructures formedby 4-armed and &rmedprecursors with molecular
weighsof 2, 5, and 10 kDas a function of @ncentrationsOnce again telengthof a single
arm for each precursor isoff 4-armed precursor, 1#Os at2 kDa, 28 EOs at 5 ba, and57 EOs
at 10 WDa; for 6armed precursor, BOs a2 kDa, 19EOs at 5 Ba, and38 EOs at 10 Ra. Note
that the heavier precursors have longer PEG lengths. Regardikeeswainber of arms,
precursorsvith longer lengths percolatg lower concentrations. This implidsatlarger
precursors arbetter aforming a percolated network thdhe shorteprecursoratthe same
concentrationThe minimum precursor concentration reqdito form a thredimensional

percolated network is3:0 mmol/Lfor 4-armed precursors$n the case of thé&-armed
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precursors, three dimensional percolation is first observedaicentrationess tharl.0

mmol/L, relatively low compared to trearmedprecursorsA noteworthypointis thatthe
degreeof percolation fo6-armedprecursorsncreass abruptlyat a certain concentration, rather
than gently as imetworksformedby the4-armedprecursor. In sumary, the highethe number
of brancles in theprecursoland the longer thelength the lower the concentratisaquiredto

form a threedimensiondly percolatedstructure

Pore diameterdistribution

Thepercolatechetworks contairempty spacg poressurrounded bgrosslinked
precursos; the sze of these pores depends on the precursor concentration, molecular weight, and
structure. Highprecursorconcentration makes the hydrogels more likely to have relatively
uniform smallsized poreskigure3.4adisplays the pordiameteristributions for pezolated
networksof 6-armed /10 kDa prarsorat differentprecursor concentrationshe systems are at
higher precursor concentratiotian thethree dimensionglercolation thresholdn all graphsof
the pore diameter distributipmery small pore¢< 10.0A) are commonly found with a high
probability. These are formed wheseveral chainslustertogetherto form bundlescreating
innumerablesmallvoidsand correspond to the first peak in the figure. A better measure of the
topology of the availableqre space is the diameter associated with second peak in Bigure
the lo@l maximum occurring after 100 AVe wi || refer to this as the
Thethreedimensionallypercolated netwosddormed atrelativelylow precursor concentratisn
have a broad pore diameter distributiprofile. As theprecursoiconcentration increases, the
distribution profile gradually narronend peaks at a highprobability. The characteristigpore

diameter decreas@as the concentration increases, and rafrgen 55 A at 1.04 mmol/L tdl7 A
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at 3.20 mmol/LSupplementary Figurg.2 shows theore distributios at a variety oprecursor
concentratioafor al types ofprecursorsin all casesthe shapes of the pore diameter
distributiors are narrow anthe charateristicpore diameterare small at higiprecursor
concentrations.

The molecular weight dhe PEGsalsoaffects thepore structure of thpercolated
networks Figure3.4b displays the effet¢hat increasinghe precursogs molecular weighhas on
the poe distribution at a fixegrecursoiconcentratior{3.20 mmol/) and shapé6-armed) The
distributiors become narroer as the molecular weigincreases witltharacteristigpore
diameters o026, 21, and17 A for 2, 5, and 10 kDanolecularweightsrespectiely. Similar
results areseenfor the rest othepore distribution curves of percolated network generatet} by
armedand6-armedprecursors (Supplementary Fig82). Because the volume of the system is
constant, the larger the molecular weight of the ymsar, the smaller the volume occupied by
the pores, andventually the pore size decreasdwus, anegative correlatiobetweerthe size of
the poreandmolecular weight of the precursisrobserved

Lastly, precursors with many branches are found tadvantageous for forming uniform
porous structures. The influence of the number of branchéseqore size distributiocan be
seenby comparing the pordiameterdistributionsfor the4- and6-armedprecursorst fixed
precursor molecular weight andnzentration Figure3.4c shows the pore distributiosiof the 4
armed /1kDa (black)and6-armed /1kDa (red) networksat precursor concentration of 2.46
mmol/L. At afixed concentratiomnd molecular weighthe network formed bg-armed
precursohasa sightly narrowerpore diametedistributionthan the network formed ke 4

armed precursor3 o summarize the three pointslativelynarrowporediametes are
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establishedh thethreedimensionallypercolated network under the condisaf high precursr

concentration, largmolecular weight and more branches.

The non-uniformity of the pore structure

The nonuniformity of the pore structure limits the movement of molecules locati in
percolated network©bviously since there isdistributionof pore dianetes, therewill be pores
that molecules of a certain size can reachpmdsthatthey caid reach. Poresf a certairsize
that arereachablevithin the hydrogetan be identified by placing virtual spheres of that size in
many random locatianof thesimulationbox withoutoverlappingwith the hydrogel skeleton. .
Theshape of @orewithin the hydrogelcan be visually expressed as a conglomeration of the
virtual pores lumped together. The dark blue areas in FRjSbeshow the pore structuresit
small molecules of 40.A diameter can travel through, and those in Figie show the pore
structure that large molecules of 6@ @iameter can travel througho@paing the two figures,
thevolumethatmolecules o#40.0A diametercan travethroughis much larger than the volume
that molecules of 60.8 diameter can travel througim addition, he space in which small
moleculesof 40.0A can move is connected its own periodic images the x y, andz
directiors; i.e. the pore structure isapercolded stateOn the other hand, the spandhe
hydrogelwhere large moleculesf 60.0A can move islisconnectedTherefore relativelysmall
molecules in the hydrogel asdlowedto movealmost everywhere in the gel matrixhile
relativelylarge noleaules have very limited movemem¢cause of the hydrogelnoruniform
disconnected pore structure. It follows tHagreexistsa maximum sizenoleculethat can move

through the inside of the hydrogé@ihis is thefithroat diameterof the pore.
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The existence of the pore throat

Theexistenceof the pore throat diameter is confirmed by observing esesional
images of the percolated network. Fig@r@ shows the 3 crosssection of percolated network
formed by 6armed /10 kDa with precursor concetita of 1.55 mmol/L at x =50.0A.
Different intensities of blueepresent pores which molecules oflifferentdiameterfrom 20.0
to 60.0A cantravel respectivelyThe pore area where a moleculigh a diameter 020.0A can
travel isdistributed thraghout the networkAs themoleculesize increaseshe areaccessible
to molecules of that siz#ecreases graduallyery limited area are allowed for the motion of
molecules with diametetargerthan 60.0. Thus, the throat diameter of a pore is dateed

by investigating the pore connectivity of different diameters.

The pore throat diameter of the hydrogels

Thethroat diameter of hydrogels decreases as the precursor concentration increases. To
determine the throat diameter, virtual beads of 1femint diameters (fror@5 to 80A in 5 A
intervalg are placed in the pore region of percolated networks. We observe whether the virtual
beads are connected in the x, y, and z directfofie connectivity of the virtual beads is
verified usingthe percolation probabilitgoncept The percolation of the virtual beads is
guantified in terms of a pore connectivity probability for better understanding. The pore
connectivity probability is defined to have a value of the virtualbeadsorm a chan that
percolates across the simulations begardless of the directioand O otherwisgFigure3.7ais
a graph comparing the posezedistribution (black) and the poo®nnectivity probabilityblue)
of a hydrogel prepared usitggarmed10 kDaat a prearsor concentration of 55mmol/L. The

characteristic pore size for this cas@8%A. The pore connectivity probability is constant aipl
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to a pore diameter of 580 A .which means thahe pores arg@ercolatedHowever the pore
connectivity probabity drops to zerat 60.20A, which meanshatthe pores losconnectivity.
From this, we determine thatet throat diameter is 55.90which is the largest diameter that
maintains porg@ercolation The pore throat diameter of the hydrogel can be adjustedl6 to
170 A by varying the molecular weight, the number of branches, and the cdiureotrthe
precursos (Supplementary Figu®3). Figure3.7b is a grapltomparing the characteristic pore
diameterand thepore throat diameter fahe hydrogel madesing the6-armed10 kDa precursor
at various concentration§he characteristiporediametersand the pore throat diametefsthe
percolatechetworks decrease as theqursor concentration increases. When the precursor
concentration is less than 2.46 wih, thethroat diameters are greater ttiaacharacteristic
poresizes. However, when the precursooncentrations above 2.46 mmol/L, the throat
diameter becomes similar to tblearacteristicpore diametesuggestinghatthe connected pores
of thehydrogel ardike pipes with a constant diametedn other systemsxcept 6armed/10 kDa,
the pore throat diameter is always larger tharctiaacteristic idhmeteratthe precursor
concentrationsonsideredMolecules placed inside the hydrogel whobaracteristicsize is
greater than or equal thethroatdiameterof the porewill be completely trapped in the hydrogel
matrix. Ultimately, to deliver the drug to its destination without loss, a hydrogel with a smaller

throat diameter than the size oéttirug should be used.

The diffusion of molecules within the network

The movement o$mallmolecules in the percolated netwotkydrogel) ismore limited
than those in thanpecolatednetworkswhen the molecular weight and number of precursor
arms ardixed. To investigate the movement of a molecule inside the network spasts of

different sizes arssertedn the percolated network atice MSDof the spheres are measured.
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For the measurement of MSIyd networks with6-armed10 kDa at 0.1&nd1.55 mmol/L are

selectedone represents the unpercolated state and therefiresentshe percolated stat&he
diameters of thepheresare 50, 55, 60, 65, 70, and ASvhich are the size corresponding to the
diameter range afinibizumal(56 A) andaflibercept(76 A). Note that the mass of the sphere is
constant as 1 g/mol regardless of the diameter in order to maximize the movement of sphere per
unit time and avoid mass effects in the MSD. Mf&Ds of the spherg aremeasured by
insertingthemone by o into the network and trackintpeir positions. Figur&.8 shows the

results othe MSD measurement afifferentsized sphereis the two networksThe MSDs of

spheres in thanpercolatechetworkarenearly the same for the two sphere diameters (Figure

3.8a) This is to be expected because the unpercolated network does not have pores surrounded
by precursors. However, in tipercolatechetwork, the MSDs are significantly reduced

compared to those in the unpercolatetivorkregardless of the sphere diametagyife 3.8b).

This implies thabncethree dimensionglercolationis establishegthe movement of the
moleculeinside the networks constrainedby collisiors due to the structure of the netwoilhe

MSDs of relatively smaikized spheres are high even thotlge sphere is in the percolated
networkbecausegheyare small enough tmove freely without being disturbeds the sphere
diameter increases, the MSDs decrdassuséhe available void spadeecomes too small.

The movement of spheres in tteeedimensiondly percolatechetwork is quantified by
calculatingthediffusion coefficientfrom MSD dataTable 3 show the calculated diffusion
coefficients ofall size hardspheres measured in thepercolated angercolatechetworks The
diffusion coefficierts of the spheres itheunpercdated networkare3.78x 10" A %/reduced
time (t*) or moreihe dffusion coefficients of the spheres in thercolatechetworks are lower

Diffusion coefficients calculated ail concentrations an@verselycorrelaedwith the diameter



78
of inserted spheres. Tiffusivities of sphers with diameters5 A, 65A, and75A in the

percolated networl6-armed10 kDa, at 1.55mmol/L) areabout 2.30 %0.84 %, and 0.09 %f

thediffusivity of spheresn theunpercolateshetwork

3.4Conclusion

We describe the results of discontinuous molecular dynamics simulations of the
formation and the structural properties of an oligonucleatrdsslinked PEG based hydrogel.
Thehydrogelnetworks areformed by 4 and6-armed PEG precursotisat are covalently
functionalized on all ends with oligonucleotid@$ie crosslinker is a single oligonucleotide
whose sequence is complementary to the oligonucleotide conjugated to the precursors. Network
formation is achieved blgybridizationbetweenhe precursds oligonucleotide moiety and the
crosslinker. The formation of a network was investigated in the concentration range from 0.066
to 3.195 mmol/L for each precursorigH levels of crosslinkingreachievedor the 4 and 6
armed precursor Systes.

Whenthe network is percolatdad thex, y, and z directions atgivenconcentrationit is
believed tosatisfythe minimumrequirements$or beinga hydrogel.We calculatel percolation in
three dimensionkecause it ensures the formation of a hydraggh cargo space for small
moleculesThe simulation results show that tliteelihood of threedimensionapercolation
increass as theprecursoiconcentration increaséor all shape precursor§he concentrations
needed to forna stabe percolatedstructureare3.0 and1.0 mmol / L for thed- and6-armed
precursors, respectivelyegardless of the precursor molecular weighssthenumber of
branclesof the precursor increasglower precursoconcentratios are sufficient to achieve

threedimensionapercolation We canunderstandhis byimagininghow anidealhybridized
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structurefor eachshape precursavould look When they are crosslinked ideallyahd 6
armedprecursors can make a diamond lattice afate centered cubic latticeespectively,so
those precursors are ablecteate a thredimensional structurmtrinsically. However,asthe 6
armed precursor kanore hybridization sites thanatmed precursor, crosslinking can be
achieved more easilffhus,6-armedprecursorgorm stablehydrogelnetworls at low
concentrations.

Next, thepore diameter distributions within tipercolated network structures formed by
4- and 6armedprecursorsvereanalyzed. The pore diameter distributolepends othe shape
molecular weightand concentratio of the precursors. In order to foarhydrogelwith narrow
poresize distributionsa precursor should have manyabchesandhigh molecular weighand
should be crosslinked athigh concentrationAs the pore sizes in DN#nediated hydrogel are
not uniform, the maximum size ad material thatouldtravel freely within the hydrogehould
bedeterminedThis maximum size is called the pore throat diametkepbre throat diameter of
the hydrogels found to be highethan the characteristic diametergthost frequently observed
porediameter> 10A ) formost oftheinvestigated structures apdecursoiconcentrationsThe
reason why the throat diameter is larger tharct@acteristiciameter is because temalt
sizeddisconnected poresi(separatedhambes), which arenot associated witbonnected
pores, areincluded in thepore diameter distribution curv€he hydrogels crosslinked by 6
armed/10 kDa precursor at a concentration of 2.46 mmol/L or higher have a pore throat diameter
that is similar & thecharacteristiciameter. Thereasorthat trosetwo diametersaresimilar at
high concentrations ihat the sizes of the voids within the pores have become more uniform.
Measuring the distribution @fonnectedind di€onnectegores vould be a newesearch topic

for a deeper understanding of the structure of hydrogéten the hydrogel is used as a drug
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delivery vehiclgfor loading molecules that are smaller thaore throat diametermmerspn of
the hydrogel in a liquido load drug molecutinto the hydogelby equilibrium partitioning
would work However, at the same time, it would be possiblélfemoleculeso escape from
the hydrogel before it reaches the target site.

Lastly, the drug carrying ability of the percolated network (hydroga$ verified by
analyzing thaliffusion of spheresn thenetworks. Spheres of various size diameters (55, 60, 65,
70, and 75) were placed ipercolatechetworksformed by 6armed precursors at 1.55 mmol/L
precursor concentratipand the MSD of the beadvascalculatedAs a control, the MSD of the
same sized beads in a network formed at 0.16 mmol/L, an unpercolated network, was measured.
The MSDs of the various sized beads in the unpercotegedorkwith 0.16mmol/L are similar
because the void spacelarger than the size of the inserted beads. On the other hafdiSDs
of all size beads in the percolated netw(rls5 mmol/L) decrease becauke movement of
beadss reduced by colliding with thecaffolds of the network#&s the beadliameteiincreass,
the MSDgradually decreasebecause the pore space becomes too small for the beads to move in
the hydrogel networkWhen the size of thieead iggreater than thpore throatdiameter, the
MSD is relatively independent of the bead sipelicating tlat the materials entrappedFor
example, ranibizumab (a drug for macular degeneration with hydrodynamic diameté) 55.2
can be carried by the hydrogel formed witaréned/10 kDa at the concentration of 1.94 mmol/L
since its pore throat diameter is 43.0

The main conclusions that can be drawn from shaulationstudy of oligoncuelotide
crosslinked hydrogels are the following: 1) The required concentration for the formation of the
hydrogels by various precursor shapes is predicted to be; 3.0 mmiotHafmedprecursos and

1.0 mmol/L for 6éarmed precursors. 2) The structure of the formed hydrogel can be understood
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through the pore diameter distribution and pore connectivity analysis; pore size distributions
indicate the extent to which the pore stuiues are noainiform and the pore connectivity
probabilityallows determination of the pore throat diameter. 3) The-dauging ability of the
hydrogel can be analyzed by measuring the MSD of small molecules in the hydrogel; percolated
networks show lwer MSDs thamnunpercolateshetworks. 4) The size of drugs should be larger

than the pore throat diameter to deliver them without leaking. There results could be used to
design DNA crosslinked hydrogels for drug delivery application by adjusting the séractd
concentration ofhe precursasto control porosities.

In next stage of this projeavewill developa model of a target molecule (adenosine)
that triggers the DNA crosslinks to unhybridizaad consequently the hydrogeldegrae and
release drgs, by inclusion of a specific oligonucleotide (aptamer) sequence as part of the
crosslinler. The crosslinkr will beextendedo include araptamer sequence to react with the
target.Assuming a situation where thgdrogel meets thearget molecule, thedanosine will be
introduced into the hydrogel networkhe hydrogel network generated by the simulation will be
used as an initial configuration to observe interaction with molecular targets.

Although our CG simulations provide moleculavel understandig of the formation
and drug carrying ability of oligonucleotiggosslinked hydrogels, the model has several
limitations. First, the drug moleculedgsignedot to have any interactions withe hydrogel
componerd. In reaity, drug molecules would intact with thePEG orthe nucleotidevia
electrostatic interactions, hydrophobic interactions and/or hydrogen bonding, afteeting
movement of drug moleculeSecondwater is treated implicitlyn our simulation andhe
absene of hydrodynamicsiould hae distortedthe structure of the hydrogebmewhat

differently from the actual on&inally, in order topredictconditions under which hydrogel
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would actually form,we need to analyze not only the network percolation but alsgeithanical

properties sch ashemodulus.
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Table 3.1. Number ofCG EOs in one branctor eachshapeand molecular weigREG

precursor

2kDa | 5kDa | 10 kDa
4-armedPEG 11 28 57
6-armedPEG 8 19 38
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Table 3.2. The saturation degree of precursors with different shapes and molecular weights. Unit

1%

4-armed 6-armed
2 kDa 89.38 89.19
5 kDa 88.12 89.81
10 kDa 86.38 89.92
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Table 3.3. Diffusivity of spheres with various diameters in unpercolated (0.16 mmol/L) and three
dimensionally percolated (1.55 mmol/L) networks.

Sphere Diffusivity (cn / t*)
size | in0.16mmol/L | in 155 mmol/L
(A) (unpercolated) (percolated)
55.0 4.83x 10" | 8.69+3.33x10°

60.0 - 6.03+ 0.84x 10°
65.0 - 3.18+127x 10°
70.0 2.61+125x 10°

75.0 3.78x 10* 1.05+056x 10°
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(a) 4-armed

(b) 6-armed

W

(c) Crosslinker

~—— CGPEG AM\DNA(A) AM\DNA(B)
AW\, DNA (A) DNA (B’)

Figure 3.1. Schematic illustrations of (a}dmed, (bp-armedprecursorsand €) a crosslinker
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precursors versus time. Cusw different colas indicateresults obtained from different
precursor concentrations
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of concentrations(b) 6-armed/3.20 mmol/L at different molecular weights, and (c) 10 KD&6
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Figure 3.5.(a) The shape of hydrogel formed Byarmed/10 kDa at 1.55 mmol/L (bliie
Precursor A, green Precursor B, yellow crosslinker, and red artificial bond meaning
hybridization).(b) and (c) show the positions of theres(dark blue)in which moleculesf 40.0
and 60.0 A can move within the hydroghk), respectively.
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Y axis

Z axis

Figure 3.6.A contour map of pore of hydrogel formed 6yarmed/10 kDa at 1.55 mmolAt x =
-55.0A. The areas of the pores that can beleddy different sizes of metules (20, 40, and

60A) are shown in blueolors with different intensities
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(a) (b)

Figure S3.1.The projection views of (a)-8imensionally and (b)-Bimensionally percolated
networks with periodic duplications. Top to bottory,xy-z, and zx planes. The blue box
represents the simulation box.
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Chapter 4

Development of a Coarsésrained model of DSPE using multistataterative Boltzmann

inversion for discontinuousmolecular dynamics simulations: an improvel version of LIME

4.1 Introduction

Lipid bilayers result fromthe selfassembly of twghospholipideaflets. When
dispersed in watethe hydrophobic moietiesn lipid moleculesaggregatéo minimize thé
contact withthe surroundingqueousnediunt™. Thelipid molecules spontaneoudigrm a lipid
bilayer,joining togetherto hidetheir hydrophobic tailérom the surrounding watend exposg
their hydrophilic headsThe structure of lipid bilayer stablizedby theintermoleculavan der
Waals interactiost . Lipid bilayers areacommoncomponenof cell membraneand are
essential for the life dfving organism&®. Theyplay animportantrole in many biological
systemssuch as protein functisandcell signaling’™*. Lipid bilayers can formclosedspherical
membrane structusealled liposoms'?*3. Liposomes have components and structthasare
very similar toanimal and plant ceft§*>, sothey are used istudiesof cell membrane
function'®’’. Becauset is easy to add various functional groupdiposomes bynodifying the
constituentipid moleailes, liposomes areisedin avariety of applicationd*%°,

Liposomeshave recently attracted attention as drug delivery vehiclasstom treating a
variety ofdiseasesespecially cancéf?®. Many dugs, including DNAbased drugsare not able
to enter the target cefthenadministeredlirectly into the bloodstreanAn alternative is to

internally stoe or electrostatically bind driggo liposomes and then transport them directly to

cell$*%°. Hydrophilic drugs can be encapsulated in the aqueous phtsslipbsome core and

hydrophobic materials can be entrapped wi

t hi

n
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amphiphilic propert¥/. Fetterly et al. recently developed liposomes that incorporate paclitaxel, a
well-known drug for cancer treatméhtSimilarly, Felgner and colleagues first reported that
cationic liposomesvould beuseful for gene transfeand they havetudiedgene therapy using
liposomessince 1987

Varioussimulationmethods have been developerlexplain theoehavior oflipid bilayers
or liposomesThese rang&om atomistic(high-resolution)simulationsto coarsegrained (low
resolution) simulationgAtomistic simulations of lipid bilayers have been conducted to ghely
structure of lipid bilayes, the permeation abns ormoleculeghrougha lipid membrane, and the
interaction betweematerials andipid bilayers®*>!. One limitation of atomistisimulatiors is
that theér detaileddescriptionof a molecuhr geometry and energeticekes them
computationally intensiveSimulation efficiency can be improved byarsegrained(CG)
modelng in whichgroups ofseveral atomare combined togetherto asingle interaction unit
3233 Coarsegrainedmodeb areattractive for studying lipid bilaysbecaus¢heycan beused to
exanmne large systems of moleasat very lorg time scales The moswidely usedcoarse
grainedmodel is the Martini model developed by Mak®***°. The Martinimodelis able to
reproduce lipid bilayestructure, dynamic propertieermodynamig@roperties, and so on in a
short timeframe

Anothercoarse grainethodelfor lipidsis ALIME (Lipid Intermediate Resation
Model)d designed fouse withdiscontinuous molecular dynamics (DMD) simulatiis LIME
is an implicit solvent moddbr 1,2-dipalmitoylsnglycere3-phosphocholindDPPQ developed
by Curtisand Hall in which the intermolecular potential is a discontinuous function of the
separation between two molecul&se model parameters in LIME were obtained by using a

multiscale modeling procedure: radial distributfanctions(RDF) between bonded and
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nonbonded ges of CG sites along the phospholipid chain taken from atomistic simulations are
used to extract the LIME geometrical and the energy simulation paranid¢teextracted
energyparameters ar@potentiat of meanforceo, which are the effective potentiglgan der
Waalsinteractions pluglectrostatianteractions) between the groups of sites in wa&tD
simulations using the LIMEnhodel,formedlipid bilayersin short computation tinse LIME
predicted physical properties of lipid bilaybat were compalde to those predicted by the
atomistic simulations

LIME had a fewlimitations: 1) theRDFsof the lipid bilayercalculated fronthe
atomistic simulatiordo not match th&DFs from the coarsegrained simulatiomn detail 2)
LIME did not describe the ietmolecular attractions in detail it used onlsigle squarevell
potential to describe thateractions between coarse grained saesd3) theset of coarse
grained arametes extraced fromatomstic simulatiors at one temperaturare not necessarily
accurate at other temperatures.

In order to overcome these limitations dodlevelop a more accurate CG lipid moftel
LIME, weintrodue multiple squarewell intermolecular potentialanduse terative Boltzmann
Inversion(IBI) to find theinteractionparameterdModels in whichmultiple square wedlare
used in conjunction witbMD simulationsarethe following.Rutkowskiet al. analyzethe
phase behavior of dipolar colloidal rods by expressing the potential between the colloidal
particlesin terms ofthree square weft& Benneret al.developeda CG chitosan model using
multiple squaravells; the reproduced CG RDFs matchiad RDFs from atomistic simulatioa
almost exactly’. IBI derivescoarsegrainedpotentialsby optimizing a potential to match target
RDFsfrom an atomistic simulatidfi Recently, Mooreet al.developedan extension to the IBI

method to includéarget RDF$rom multiple states, adding constraints to the potential
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optimization proceds. By adding these constraintaeysucceeded in extractirgsingleset of
universal interaction paramesapplicable to multipléemperatures their study

In this paper, welevelopa more acgrate set oL IME parameters by applyingultiple
squarewell intermolecular potentialand applying multi state 1Bl method to calculate the CG
potentials. The improved LIME interaction parameters allow us to condu@MG simulation
of lipid bilayers for drug deliveryapplicationsat a variety of temperaturebhe model lipid for
this study isl,2-distearoyisn-glycera3-phosphoethanolamine (DSRPE)nlike thepreviously
derivedLIME force field, the improved LIME usasnultiple squarewells tomorefaithfully
represent the shape of RDRsatomistic simulations. laddition multi-stateBoltzmann
inversion is used tdeterminghe interaction energies between CG sites, thesgpgnding the
ability of LIME to model lipid bilayers aany temperature. We shdiat the discontinuous
molecular dynamics simulations using the improved LIME force field accunaetgsergthe
structure of a DSPE lipid bilayewer agiven temperature range.

The highlights of ouresultsare the followingsDifferent numbers ofcuare wellsare
needed for each of the 6 distinct CG type on DSRIEh intermolecular potential is expressed
using 3 or 4 square wells depending on the shaffeeatomistic RDFsFirst, the interaction
energiedor a single statare found usinghe modfied IBI schemdor discontinuougpotentials
at 298 K The values of energies are obtained after 40 iterations. Then the IBI method is
extendedo conduct multistate optimization. The intermolecukamergiesareadjustedo achieve
simultaneous convergea of CG RDFsfrom multiple stateso RDF fromatomisticsimulations
CG simulationsof DSPE lipid bilayer using the potentials franulti statelBl are conducted at

298, 340, 370 K, andhe characteristics of thgid bilayerare well predicte@teach
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temperatureThe bilayer thicknesses of CG lipid bilayer at variteraperatureare measured

andthey are comparablgith that of atomistic lipid bilayer.

4.2Model and method

The representation of a lipid molectite theimproved LIME models the sara as that
used intheoriginal LIME model. The improved LIME model has six coarse grained types to
represent the 190 atoms that compose a DSPE molecule. &ifysieows the alaitom, united
atom, and coarse grained representations of a DSPE moleculmarke graining scheme
massivéy reduesthe number of sites, so that the DSPE moletuimproved LIMEhas 16
coarsegrainedtypes The coarsgrained DSPE is composed of a polar head group which
includes an ethanolamine (blue), phosphate group (yeltaw)ester linkages (re@hd orangg
nonpolar hydrophobic alkyl group (cya@nd a terminal tail group (greeffhe mass of each
coarsegrained sitds the sum otheatom®molar massvithin eachcoarse grained site. Each CG
sitehasa unique interactio potentiathat is different than those tife other sites.

The CG parameters for the improved LIME model are extracted from the results of
explicit-solvent NPT ensemble unitedomsimulation The simulation contains 128 DSPE lipids
and 5888 water moleles. We used Gromacs simulation package (version4.5.4) with the
GROMOS96 53a6 force field. TheennardJones iteractionparameter$or DSPE lipidare
takenfrom the simulationresults of Qin et al.. The initial configuration of the system ajaie-
formedbilayer. The Berendsen thermostat was used to maintagyshemtemperature
throughout the simulation with a time constant of 0.1 ps. Three different temperatures (298, 340,
and 370 K) were selected, whictrrespond theolid phasesolid-liquid phasdransition

temperaturgand liquid phase. The simulations were run for 100 ns with a time step of 0.001 ps.
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The pressure was kept at 1.0 b&re trajectaes of all atoms wereollected forthe final20 ns
with a time step of 0.001 @sdused to calculatthe centers of mass for edeG site

To maintain theonnectivityandstiffness of CA@SPE, thredypes of bonds anesed
covalent bong pseudoborglto maintairbond angle, and pseudobarid maintaintorsional
angle.The covalent bond indicates alrbandbetween adjacent DSPE CG sitdhebond
angle is maintained viagseudobongan invisible bond betweenGG site andits nextnearest
neighbor CGsitealong theDSPEchain Thetorsional angles maintained via a pseudobond
betweera CG andts second nearest neighbGG site The lengths of all real bonds and
pseudobondBuctuate maximum anthinimumvalues. Aninfinite repulsionforceis exertedso
that theyreturnto the bond lengtivhenthe bond lengtiheactesthe minimum or maximum
distances

A total of41 real bonds and pseudobohesweenCG sitesalongof DSPEare defined.
The minimum and maximum bond lengths for those bonds are calculated from atomistic
simulation result$or the center of mass distance between bonded CGIsite&-DMD
simulationsdistributions forcovalentbondsandpseudobondsimilar to thosen atomistic
simulatiors can beachieveday limiting the minimum and maximum distantcean appropriate
range. The minimum bond and pseudobond lengths sedeetedy finding he smallest
distance at which the bond distribution function reaches 30% of its maximum peakN&ue
maximum pseudobond length was determined by finding the smallest distance (larger than the
maximum peak distance) where the bond distribution funcéaalres 30% of its maximum peak
value.Since our goalvasto obtainone parameteset of bondengthsthatis applicableto
various temperatures, vealculated the bond distributionthtree different temperatures (298,

340, and 370 Kandselecedthe minmumandmaximum bond lengtof thebondedsites to
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spanthe largestange amonghesethreevalues. Thedetermined minimum and maximum bond
lengths for all bonded CG sitesean Table S.1.

The intermolecular interactions between CG sites of DSPE arsesyted using hard
sphers and multiple square wel(or shouldes). The hard sphere diametérand squarevells
widths & are determined from the average of radiatributionfunctions between pairs of
nonbonded coarsgrained sites obtained at three different temperatords® atomistic
simulationsga avdr), where Aand ave stand for atastic simulation and average vajue
respectivelyHard sphere diameters for each pair of interaction sites were chosen by locating the
minimum nonzero separation distance between the two sites. The number of square wells or
shoulders for each CG pair ig se that the RDFs of the CG simulations can reproduce the RDFs
of the atomistisimulations this numbedepend on the shape of the RDFs. In general, the first
well width isselectedo cover the range from the hasghere diameter to the smallest vadfie
at whichga ave(r) is approximately 50% of the maximuheightof the first peak. The second
well width is selected to cover the range from the end of the first wislewmallest distance
(larger than the maximum peak distanaeyvhichga ave(r) is approximately 50%f the
maximum valueof the first peaklf ga ave(r) Shows a distinct second peak, the third wadith is
selected the location at whida ave(r) is atthemiddle point between the first local minimum
andthe maximum of the secomeak Thelast well is selected to cover the range from the end of
the third well to the cutoff distance.df ave(r) does not a second peak, then the third well is
chosen to cover thentireregionoutto the cutoff distancdzach intermolecular pair &G site
has 3 o#l discontinuous square well potentials. If the atomistic RDFs of intermolecular
interaction does not have noticeable local maximum, the interaction between the CG pair is

represented using the haspghere potential.
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Thediscontinuousnteraction energie$) between CG sites are determinecany
iterativeBoltzmanninversion schemeodified for discontinuous potentials the Bl method
for asingletemperaturgthe potential between the CG sitsschosen such théte RDFsof the
CG simulationsmatch theRDFsof theatomistic simulationThe initial approximations for all

CGdiscontinuougotentials are zerd@.hosediscontinuougpotentials are updated according to

Y i Y 1 QY R, (1)
whereUcg(r) is thecoarsegrained potential represents the current iteratjdg is the
BoltzmannconstantT is theabsolutegemperaturey; is the separation between particlgss(r) is
the CG RDFEandga(r) is the RDF between pairs of nonbonded coagmined sites in the
atomistic simulationsThe IBI method for mulple temperatureis similar to that foa single
temperaturgbut it hago bemodified to coveN statesThe initial potentialsbetweenCG types

are zeroThe potentials are updated according to

Y i Y i -B Qi JhL 2)
wherej representshe stategcg (1) is the CG RDF fojth state, and, (r) is the atomistic RDF
in thejth staté".

The detailsof the CG simulations used ftire IBI procedure are as follows. Each CG
simulation hathe same box siz&s theatomisticsimulatiors. A preformedlipid bilayer
consisting of 128 DSPEs is used as the initial configuratidime CG simulatiors. The Andeson
thermostat was used neaintainthetemperatureonstarntin this methodthe velociy of a CG
beadis adjustedokeept h e sy st eiBdltzmahharedoeity didtributioconsistent with
the set temperatur@he potentials are updated according ®Hl. (2) every 100 million

collisions.
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4.3 Results and discussion

SinglestatelBIl (SSIBI) is performedo find the values of square well depths between
each coarsgrained type for DSPRt T=298 K The btal number obquarewells betweerthe 6
types @ coarsegrained sites is 45, and the iteration process is conducted at 78@ K.
convergence percentage is defined as the number of squar¢haetisnverges the results of
CG RDFs and atomistic RDeserthe total 45 square wellBigure4.3a shows taconvergence
percentage over the number of iterations. After 40 iterationgptivergenc@ercentage rehes
100%. Figuret.3 b,c, and compare the atomistic (black) and CG (red) Rbé&sveen CG type
1-2, 24, and 33. CG RDFs fothosepairs replicatelosely thosdrom atomistic simulations.

The intermolecular potentiats three different temperaturasenextderived.Multi state
IBI (MS-IBI) is executed to find a single set of potentials that represent the target structure data
at multiple statesSSIBI finds theintermolecular potentials th#te convergace percentage is
100% However, in multistatelBl, thematching percentage aly 60% after 40 iterationsThe
convergenc@ercentagéncreass as the iterative calculation is repeatezhcling 90 %when
approximately 100 iteratioreweperformed After that thepercentage does nivicrease
significantly, andfluctuatesbetween thénigh 80s and thdow 90s. It reaches plateauafter 200
iterations and themaximumconvergencés 9% percent The second wellfor interaction pair 43
and 14 do not convergelhus, the set of intermolecular CG potentials are found, and the final
values are listed in Table S.2.

We simulate the formation dipid bilayers atdifferent statesisng the selecte@G
parameterfrom MS-IBI. The selected temperatgrae298, 340, and 370 K, indicating the solid
state, transitiometween the solid and liquid crystalline statesd liquid crystalline stataf

DSPE lipid bilayes, respectivelyFigures 4.5 a, b, andc aresnapshatof the lipid bilayer
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formed at each temperatuBue and dark yellow sphere@wdicateCG sites 1 and 2, which are
ethanolamine and phosphate, respectively. Red and cyan colors represent ester linkages and
hydrophobic tailsAt 298K, DSPEIlipid chairs arewell organizegdand the tilted gel phase is
observed, which is one of the solid state configurations of DSPE lipid bilayetdition,the

very clearboundarybetweertheupper and lower laysis identified. The snapshot of the lipid
bilayer at thetransitiontemperaturshows a bilayeconfigurationthatis very similar to that of
solid stateThe boundary between the upper and the lower $agstill observedbutthe carbon
tailsinside thebilayerareirregularas opposed to arrangddnally, at 370K, the arrangement of
the head groups colla@gaunlike the bilayers at 298 and 34(&. The hydrocarbon tailarealso
mixed together, resulting overlapbetweerthe upper and lowelayers In addition the

interface between the upper aoaver layershasvanishedFigures 4.5 d ande compae the
atomistic and CG RDHsetweersites 1-2 atthreetemperaturs. As shown in thd-igure4.5d, the
height of the first and second peaks in the astionmodel gradually decreasas the
temperature ineass. Similarly, in the case o£ G RDF (Fgure4.5e),the height ofthe peak
decreaseas the temperature increas@so, thedecrease in thend peak heightwuk to the
temperature changewell expressedn conclusionthe simulated CG lipid bilayefsund using
the LIME intermolecular potential parameters from the-lBmethodwell represent the
distinctivecharacteristicérom atomistic simulations in theariousstates.

The blayer thicknesss measured at various temperatures. Thaybil thickress is
defined to beéhe meandistance betweephosphatatomsin the upperand lowerayers. In the
case of atomistisimulations, the thicknessdirectlydetermined according to the definition.
However, inCG simulation, the thicknedgs measuredisingthe locations othe CG sites

containing phosphate. Figudes shows theDSPElipid bilayer thicknessn the atomistic
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simulation (red) anth theCG simulations using parameters obtained fromIBISblack) at
various temperatureés shown in the figureat low temperatures, the lipid bilayer thickness
theatomistic and CGimulationss high, reflecting theharacteristic of the lipid bilayer the
solid state As the temperature increasthe thickness gradually decresdee to the overlap of
theupperand lowerayers. Although te thickness variations of the bilayers obtained from the
atomistic andCG simulationsarevery similat a gap ®é about 2Angstromis found at all
temperaturesThisis becaus¢he CGphosphate isssumed to be locatedthe center of mass of
thesite, which is different from the position tife phosphate atom the atomisticsimulation
Thethicknesgsof CGlipid bilayers simulatedwith parameters obtained I35IBI (blue)are
displayed do not showcomparable resultsith that of atomistic lipid bilayersverthe
temperaturgange which reminds us of the necessity of using-M& Therefore, iis
demonstrated thahe set opotentiat obtained througVS-1BI is suitable forthe CG

simulations ofvarious temperatures

4.4 Conclusion

We havedeveloped of aimprovedversionLIME for DSPE lipics for usein coarse
grained simulationThe DSPE lipid has @listinctcoarse grained sitekike the original LME,
the improved_LIME extracts the parameters for the CG simolatiromRDFsbased on the
atomistic simulation resultén theoriginal LIME, the intermolecular interactions between CG
sites are represented useginglesquare welpotential] anda simplesinglestep Boltzmann
inversiontechniqueo extractthe intemolecular potentials between CG sites. Those

simplifications led tadiscrepancy between tiRDFs formed in CG simulatiosrandthosein
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atomistic simulationsThe improved model has multiple square wellsch gives us £G RDF
thatbetterreflects the abmistic RDF.

The originalLIME extracted C(parameterfrom atomisticsimulation results a single
temperature, which metthat theparameteswere likelyonly valid at one temperaturéG-
DMD simulatiors at a different temperatusthould in principle ave different parameter seto T
overcome tis drawback, we introduced a multistdiBd procesdo calculatea singleset of
intermolecular parametetisat can be applied at various temperatures.

Using theparameters obtained through NI, the CG DSPEipid bilayerwas
simulated at various temperatures from 298 tol870he accuracy of thenprovedmodelis
confirmed by comparison dfie CG and atomistiQDFs, the bilayer morphology, arttie bilayer
thicknessat variougemperature Thus, heobtainedparameters are well suited for use in
systems wher€G simulations should bperformedat various temperatures, such as lipid bilayer

phase behavior.
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Table $4.1. Minimum and maximum bond lengths for all bonded CG sites.
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CGsitei CGsite] Minimum (A) Maximum(A)
1 2 3.295 4.025
1 3 3.855 7.765
1 4 6.125 11.455
1 10 3.965 8.945
2 3 3.895 4.885
2 4 7.165 8.545
2 5 9.615 12.215
2 10 4.535 6.265
3 4 3.425 3.995
3 5 6.175 7.715
3 6 8.905 11.465
3 10 3.095 4.165
3 11 5.025 7.115
4 5 3.245 3.885
4 6 6.245 7.655
4 I 9.165 11.415
4 10 4.505 7.215
5 6 3.305 3.885
5 7 6.285 7.655
5 8 9.165 11.415
6 I 3.295 3.885
6 8 6.245 7.655
6 9 8.475 10.815
7 8 3.255 3.885
7 9 5.645 7.055
8 9 2.765 3.275
10 11 3.225 3.555
10 12 6.1%6 7.705
10 13 8.415 10.615
11 12 3.575 4.285
11 13 5.895 7.235
11 14 9.185 11.415
12 13 2.645 3.035
12 14 5.905 7.235
12 15 8.795 10.995
13 14 3.575 4.295
13 15 6.505 8.075
13 16 8.735 11.215
14 15 3.255 3.875
14 16 5.635 7.045
15 16 2.765 3.275




Table $4.2. Interaction energy for each pair of CG type.
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CGtypei CGtypej G (ev) G(ev) G(ev) G (ev)
1 1 -0.57246 -0.27457 0.19260 -0.30884
1 2 -0.37203 -0.75832 0.0832 -0.17206
1 3 -0.96813 -0.34573 -0.06778 0.0412
1 4 -0.36337 0.01094 0.35482 -0.06888
1 5 0.00000 0.00000
1 6 0.00000 0.00000
2 2 -0.18169 -0.34831 -0.18062
2 3 -0.53864 -0.11545 0.099% -0.27255
2 4 -0.52639 -0.29586 0.28110 -0.05991
2 5 0.00000 0.00000
2 6 0.00000 0.00000
3 3 -0.40208 -0.72231 -0.35277
3 4 -0.14873 -0.44539 -0.40409
3 5 0.00000 0.00000
3 6 0.00000 0.00000
4 4 -0.56751 -1.23612 -0.55366 -0.42000
4 5 0.00000 0.00000
4 6 0.00000 0.00000
5 5 -0.91002 -0.12000 0.37000 -0.08000
5 6 0.00000 0.00000
6 6 -0.063D -0.64551 -0.37375 -0.641D




123

, Typel
‘ Type 2

Type 3 ‘— —‘ Type 4
‘ ‘ Type5

C
(&

¢

¢

¢ ©
¢ €

€ € s

(a) (b) (c)
Figure 4.1.(a) All-atom, (b) uniteeatom, and (c) coarsgrainedrepresentationf DSPE. The
color scheme is: blue (typekthanolamine); yellow (type2phosphate group); red and orang:
(type3and4 - ester linkage); yan (type5- alkyl tail group); green (type6terminal tail group).
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Figure 4.3. (a) The convergence percentaggei(r) andga(r) in SSIBI. Comparison atomistic
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(a) 298K (b) 340K (c) 370K

(d) (e)
Figure 4.5. Snapshots of a DSPE lipid bilayer in CG DMD simulation at (a) T = 298K, ¢b) T
340K, and (c) T = 370 KRDFs from (d) atomistic an@) CG simulations at three temperatur



