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Al m of tshe t hes.i

The aim of this work is the devel opment of met h

simul ati ons -lIfeovre | maoil mescougtfbtxd i ver i ng ™MdDn sp anutl iad li @ .

have been proven valuable in other research ar ez
of smallécul e drugs. Hence, the application of MD
delivery systems i s Aas puledmi ddtnigona pgpfr oD hr esul t s
met hods i s hitghdnysurmpotriteanrtel i ability of,trhewly i

presented work comlsit mevéi ecshomplud nd i warayy ment s .

A geniemtarloducti onstpr ¢ Wikhchoadd,wvihe¢ ch firstavabdbtabbke
si RNA del i vaermrdy gveerhe rcd le sd asmisR NlAe rda€thi eounesr ty hbee htihnedo r vy
MD simul ationandsdeMpétaenlerdi ques are highlighted

| €hapt,pr elvli ous | yappuholaicshhreesd t o the wutilization of

nanopamddicdteed si RNA dcalmmaern ¢ ed

Chapt droclulsles on the mol ecul a-amiongaasteltdsoe(dP BAEY)
pol ymeric nanoparticles (polyplexes). -HMhesd nves:
synthesized grompirnmgar B AEsfr antyidosophi | i @ h@olnyscat i
(spermine) to hydr opdioaiircs .ol @oyydrasmda né@r mxiideed ( CG)
s h eevdt he -asseslefmb | y of polypl exes on a molecul ar

composition anfcheN/pR esant esweMiralricdathedviakeyy of

experamemet hbdsl uding Nucl earHMOAYREt acndREs ama me e
Electron Microscopy (TEM).

Chaptvwadvances to the investigation of the inte
bi ol ogi cal environment . In this case, thepidter .
nanopalLiNPwil teh (endhomomé&i ng membranes was simul at e
as particle hydrophopamnd tme mkemar e owemegh dusili tdipddre d
through | ar ge scal e CG and compl ementary AA N
comput ati owalceorrerseuMiatipde d f or mance di ff ernteveeceas tdlese

partiolestro






Chapt-&renler al |l ntr od

1 Shornhterfering ribonucleic acid (si|

1. 1RNA induced gene silencing

Through the process of ri bonucleic acid interfe
cl eaive da s esgpueecailciivigm nley t hei nRINAcced si |l encing compl
cel l endogenol]s RnN8Cl easactivated by binhdorntg of
interfering RNA (siRNA) to the [AZgoAAjgutae r2sUAGO
targeted mRNA, compl ementary to the bound si RN/
transl ated (imitgdpe protein

Cleaved and
degraded
mRNA

Binding of
target mRNA

RISC
L
MRNA
Genomic DNA Transcription
Fi gulrle Simplified schematic overview of t he RNAI



As an endogenous mechanismtraaebtsi ptiobobnak R&d4ul
expression, protection from trangp@gaos @hnl et helse meengt
cells cleavesatrandedo(glkdksée RNA to pafapgprcexismatrdl y
2025 bask2pai es, the si RNA.

However, through the intf6dudtei oomecdcdhfans g mt lodt iRN,
directedanaygadesitred mMRNA sequence, making it a
applications

To increase performance and stability, but al so

si RNA is chemiZl]aMd ¢i imio chaf ffieectyr sa&amands and cover
from the modificai®OMen aofd) S8gMNet heboée s (OFijite kpaa p

modi fi cati omappdmm@y] Neonndet hel es s, only a few appli
chemically modified si RNA, administered without
has demonstrated therapeutic efficacy in humans.

and treabmehtr ofli seases vil[al.0jnStyrsatveimirceaalll yi najdencit
naked sihRNpsoor cellul ar uptake and short circul
clearance, which can be i mpr ¢ \1.& HWibtyh ntamiop aap p rcod «
first proof ofdesludéveeersysimaihwes 8B Ahi e v[feldTh enr f0d0e ,

it is widely accepted that mo st t herapeutic si

nanotechnol ogies to achieve effective delivery.

As of 2025, sever al si RNA therapies aappruoawded goi
si RNA t hdRBapdeldhumans are alreadygse narteh ed erairvkeerte
si RNA conjugat-ed ettoy Itgrail vaaclteonstanN ne ( Galt MA@)e,t ewh i c
gene knockdowrn.5i]®t hemaaenj ugation approaches, fo
beisonatgudi ed to enable targeting 1t6dThbé heanvgiérsasii es o
delivery systems devel oped so f arbafsuverdt hneart eirn call s
browadriodt ypo-bgmed nanoparticl ebasydt eanpsp(r Piagihredsi p i
12) 1.7 ]
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Fi gulr2e Over vsioemve bohfe mo st stwdiread momRNA del.ii very s
12 Li pNlachoparticles

The use of | ipids in the concept ot dbhlpcsleeme $§ yas
as 19168 ftowr vyeams 2i04dB8er the FDA apprpavedilOfe si R
demonsttrhaati nlgi pi ds are also capable of safely an
of Iipid nanopar ttihcerfedse r(,L NtPlrse .-in8BMvwa @OMWh &s devel o
Moderna and Bi oNTech/[PZ.0]zTeord awer e N®gpraocwedt he mo

researched RNA sdeThegrgreebommenl y composed of

f

ratios: A sterol (typically cholesterol )[,2.1a] hel p
Li Kenhe Gal NAc conjugat es, t lp&t iLSNiPr afno r prrud cad mioma nut
hepatowhied has been postwuwhataedundanmecesudft &p olmi
(ApoE) in the protein corona that fl[2ci2mmFoafountet
advance LNP technology, selective targeting to\
desirabl e. For instance, the incorporation of a



called selective organ targeting (SORT) LNPs, wh

to the spleen, [RBAS&Ssj |l lor khenegsarch for novel
formul ations is ongoing, often aided by comput a:
| arge | ibraries by méageMéne | earning algorithms
Whil e the PEGylated | ipid in LNP formulations 1is

size and maintaininlgl]fadlllyoidedli netadabinlgi tyhe i ndi vi
l i pid component to RNA encapsulation or Forner pa
exampl e, dependionfg tdcre thped,pihiagiadpitd 2,8 hpamgd paarttiiocs
si[z29]t he inner structure of an oligonucl eotide

to inverse hexagonal struComnsecguamtdl W, sloifgiad edo m
LNR argel y diettseranbinleisty to fuse with biological

di fferences in downstream processes I[i2kre. t3lDd e
Sophisti catseudc hrBeashadgés-BayX Scattefdi2®@ghISAXEd unvei
the inner organization of LNPs. Li kewise,-LNP st
aided met hods, |l i ke Mol ecul ar DynamrcaevtebnrMbe si m
highly [32,,.g833f ul

13 Polymer based delivery systems

Due to the highly versatile nature of polymers,
pol ymeric nanonsutnmeurcotuisoeve var g even though severa
entered cli3@diloal phbayendsnanoparticle formakation
been approvedt masdat @ h(ez2 @dYy) .

Polycationic structurebpelfyfdrrciiemitd b & dikiddoaegth wi
electrostatic interactions. The most prominent p

i mtlsi near or branched forms WBBhAB&kRyhnhaRgi mes ecno

pol-y N2dN met hyl ami no) et hyl met hacr yd aa ves S i pndi M AgEr
encapsul ation abiliteyf fhuwti elnewe rc ptBEan & fdip w doiy GPEE) |

(PLL), which comes with the a[ddM3anRalgy( amfi dbaimn g
( PAMAM) on the other hand are wel/l known in the

branched, wel-tli chefhs$inendal hp eldy3nBe]Hiowediteirglt t wateisoni
charge densities found in many pol yplnexasidnor e of
vivb3,. 3Ad]vancheanveentlse en bac hcioembechi ng pol ymers wit |
materi al s such asceagpayolco(liact iadi3@cbgg PLIGRAGr easi
bi odegrpdabi bytyncorporating stealth moi(eRE®&)S, ¢
grafted variants. PEGyl ation of polymeric nanofy

ti mes,siwhulltecanedusl|l wg the cytotoxicity of pol yce



dense [reh, oddh] the other hand, a dense PEG | ayer
decrdgassensfection efficiency by[ 43]ndering cell ul

As hydrophobic modifications ofemphdrwmensf ecthi dn
effi¢iddnkyamphi phi Iriecc epioneydmeassi njg4.&]tltne ntthiosn r ega

bl ock copolymeric structure facilitates the forr
cof49]Nucleic acids can be |l oaded into polymeric
electrostatsicmihaerncpobompériiesnabi ther in the ¢

of the[ W0 kFeolrl epol ymeri c micell by &€badedowt,ahi oucl
the term micell eplex has Ioé airncersetBasbel d esrhfeadr. maBiecsei
mi cell epl exeshyhwe mefhiotbi Er cmntr-absembhyg , powhad &@dds s
results in incredddd. Gddwev @ra,]l asmphbiidhitlyi ¢ pol yn
have a strictly bl ock copolymeric-amitnoctewsrnte,r ) s
( PBAEY®4] whi caht thraavret ed i ncdrueea stion g hientrerbd sotdegr ada

versatility. PBAEMi ahaebymfdda sibadr Plyat e and pr
which enables the simultaneous introdhuajfth®n of h
l1.4Universal chall enges of the si RNA deliver
Al t houghrmondelivery vehicles vary widely in the
chall enges throughout tihdee ndteilfiiveedd y process can b
Before reaching the target tissue, the hurdles a
the delivery route. Serum proteins-caddsedbipnrgpttd

coronaneméagr narpapparet itol désnmunol[o5g6i]t¢ al coatoa@gsitt i @

nanoparticles must additionally diffuse through
cel| b.g]
The conjugation of targeting |igands ttowahassur:

specific tisspbB8] ut cteHd domppessi ti on of t he proc
influence HQi203di stri buti on

Cellul ar upt ake of nanomedicines i S mostly me

mechaniwhms,h depend on both part i cWhe | mr opheer tprecsc

phagocytosis is restricted to certain cell type
observed in most ce[l3GFitgpBrada r§liamghdridietge e esendocyt
( CME) , a pathway exploited by many napedqiéfdici ne:

610dbr red epterr[nédejnrntt act bet ween p-abpttebde pabhd oha
pl asmeambr ane. During CME, particdeast adevesiteraa)| |

Ssubsequently undergo intractlyksolkamatr piatiheoliyngl| &



cavedleppeendent endocytosis and clathrin/caveol in
the |ysosomal 6@¢dmpart ment

Which endocytic mecha@hvmam odpoanritniactlees ffoorrmual at i on ¢
factors such as pafrédildlog dinzd agdlrperdameokadocyt
favors smaller p@b}licles than CME

Finall vy, achieving highmecellksguarn aynu petea klei gdo etsr am
efficiency df5.3d1 het matdat soRNA must be released f
escape from endocyt i el yvseossiocmaels ,c.oinpBEa.ritsniebnttt endpo e f
as the bottleneck of nucl eic acid delivery, an
di scussed. EE of LNPs is Dbelieved to occur t hr
membra®@&]resulting in exchange of ' i pids and th
escape. For polyrcapionecwimatl elde plsow,t on sponge ef
been proposed but is unlikely [t306,n(dgnrdkBsBaniTot he
dat e, EE remains a highly research®,d 4a8s]pifcur wihteh
di scussed in Chapter |1 V.
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Pinocytosis
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2 Mol ecul ar dynamics (MD) simulati ons

2. 1MD simulfatri ophsar maceutical applications

Mol ecul ar Dynamics (MD) simulations are a broad

sciences. Especiall-molecuhe dongedt sobvemgl | MD i
as i ti naardget model |l i ng, binding paesd pmes@estion
valuabl e tool in viibBali sewiesa,i nggd wamcemesretss ha

apply MD in drwvaldabéleomgmeritr:i but idornusg isnpcld,Quibdiel istty
protein fldOmahdt hnanot ech.nol2dgi es

22 Thphysi cal background of MD si mul ati ons

MD simul ations visualize the motion of particle
equations of motion. The potential energy of suc
component s, i . e.-bormded eidn taenrda cntoino n si. n vBolnwes df d rnd e
bet ween covalently bound atoms of a molecule, na
both proper and i mpr opebrondiehde dirnatlesr,a cwh eornesa si nrcd ru

frame Lekhomasd potenti al an(dFieglwic&.3]Jost ati c forces
These interactions are defined within a force
framewor k of an MD simul ati on. However, accur at e
specific systemriremali nsasknoAs suchopnemda rodf iMbDe

force fields continues to be an active area of r

Force fields can be developed braagddiohf eapeir o meo
magnetic resonance (NMR) data. Alternatively, th
(QM) <calcul anaboimedlt csulkolrd easnist y functi onfarlom haeor y
combination of both QWM74dnd 7Fckrpceer i fmeenlt dd dan abe
accordtimegi nt oapipeéi chi@ebds (t hatf @anhe optmumiazeadn of
type of bi ompat¢) pbano| ebeli es resol ution disstei nbcetli cow)
bet ween additivfeoranmac pind lae[s inalddéne addi ti on -t o bono
bonded i nteractfimrncse afpiodblachd zbt et he response of
changing electrostatic environmenift 58] Hwhwecvhe ri, n drhe

inclusion of additionabhtmatilgamdiicaalt cé&MMpstadnes

I n summary, all force fields are basedYe®tndwulkre co
to the incorporatsioanmicefst dief f e r e ffift orr dcaseaftie e Imscosmee
suitahbslpeecfidri ¢thaertophers. The choice of the for

t her sftorommmgfillyuence [iI888] outcome

N M



Utotal =

( Ubona + Uangle *+ Up_dine + Ul-dine ] +(ULennardJones + Uelectrostatic]

Bonded Interactions Non-bonded Interactions

1
— 2 V (kJ/mol)
. r . Zikb(r o) Ubond
«—>

bonds

1
Z Eka(e - 90)2 Uangle .
)6 angles

r (nm)

Pz _ Ciive
246”((r~) (ru) ) ULennardJones
i ij ij

Va
z —[1 + cos(ng -8)] L
0—/-. torsions z UProper dihedral V (kJ/mol)

Do
( k¢ ,
A Z 2 (@ijke = #o) Ulmproper-dihedral
g ’ 23 mpr r (nm)
qi q;
Ti} Uelectrostatic
L )kelec )
Fi gulde Basic representation of the interactions ¢
within an MD simulati on.
23 Al l Sitmound ati on
MD simul ations can be designed at different | eve
simul ations tr eapgaretaicchh eatwint hasi ndi vi dual i nter a
increasing availability and capability of compu

example acceleration through [@rdahpdh itchse pirnoccoer spsoirnac
ar t iifntcd lallhiagse necndeAMIDe ¢ i mul ati ons of increasingly |
complmdcdcel of Cod& SARSI [ BHEVEDWpRET, mo, rAéA c ommo
simul atrieomp plyisecemt c¢i zes below 50 nm andd®&Bilmul at i
Sever al additive AA force fields with distinct

AMBER family encompasses a variety of force fiel
as proteins, nucl 8®t] adiedsnosdand elciemitd s<CHARMM f or
CHARMM3%R2 pr Dbi omol ecules and the CHARMM Gener al

organic mol ecsulasmsl aamdd cmonmpounds. Parameter extens
for speci flie3 mo® 4ejwal s as extensive, Motbel | gener

N N



contrast ,-AAhkeorO®Pe Sfield is particularly wel/ S ui
l ess advanced for[ 96Jomacromol ecul es

24 CoarGreai Bedul ati ons

Coarse Grained (CG) MD simulations make use of &
commonkpr eseidt ihre@avy at oms|[ @GFiogibr)eb®laids reducti o
particles ismbtshandsyat giye deegreassesof freedom in a

Additi onaglrwajncogre@mabl es | arger integration ti
(e. qg., hydrogen bonds) ar e no l onger represen
smoof ®&81Overall, tmicsg elassa@ds nt ¢ i &du loartdieorns toif memabgyn
in comparison to an equally sized AA simulation
consumpa9]oWwi t h CG simulations, boxes wel | aboy
acces[si(®@dlas well as timescales ¢gfilOsdgveral tens o

The most popular CG force fiwad iBsrsbhbeudMadtimi20
a gener al model for ploM&iecel 2024 mMaati ans has
its third, refi pd] Vlkeeg saiom, ofMaMai nini3 3 was to
previous versions, such as over s[tla®d]a nadxag @md of
the variety of bead types, t hevraghiyi nii n c3r ecaasni nihge t
tpl104]JAs described above, force fields, especi al |l
on experimental data and quantum mechanical date

were validated by reprodiukcingaesperidemid earma tge¢

miscibility data. Consequently, a variety of si
ot her experimental odr e M\oANn ssti rmeutl iant g osnt rreersaullotf si, mpr o
the fof®©&]lfn edalner al , CG results are often refin
the quality of a newly parametrized mol ecul e mo

setppel,.sSLaék the publication of Martini 3, par .
such as caf koabnydd rcahtodl sk Ghfalereolbecome publicly avail
automated tools to generate CG input haawde been
generation of protein model s, membr anes, and

resol[Wwtoi8q.n 1FOU9r]t her mor e, the titratable Martini 3
of protonation depending on {h#&O0pwHeRr@ealmampmemd

approdicihess., restoritmgaAAimad @abhetdi 6§ sa¢ geualciherdi um

in a CQ@® meltpppt o combine simulations [oflll]Jarge sys

Nevertheless, even with MartisnhilZBJFor oiomsfancempM

faitltedreproduce experi ment-madotdaitm icmtherea aiti in@n P,r o

=z
Il



optimization of t h[el XfSdjrndd afril e/l, d ii me o ehees eccagslel yo fdi ¢
proteins, Martini 3 needed mo d i f-a{ic aarito nA A tfoo rhbceel
fidglldsflHence, AA and CG simul ations coexist syneil

A. o
Lgﬂ/\)‘\o/\/\/
\(D
NH,
—
H2N®
o"
B.
All Atom (AA) representation:  Coarse Grained (CG) representation:
1682 atoms 425 beads
Fi gulrke Al | At om versus Coar se .GrA.i n\ids uveDl iszianuiloant

coargreai ning process of B8 . Ohoonl peacr ui | secs nf RAdfA mmaltec ul e i
AA and CG resolution.

N O



25 Advanced sampling techniqgues

A variety of techni qscefs rearaéh | eev eMDt s i tntwdita theireen n o t

ti mesohl el assical equilibrium MD.

The umbrell a sphphbpdhgpnlgi eme thhaordnoni ¢ biasing poten
interest, restraining it to overlapping windows
biased distributions obtained from these windows¢
using thedWdigh ogram Anal ydil$ ]t e trheocdo n(sWH AIM)t t ho
probability di stribution. From this, t he pot en
represent iennge rtghye pfrroefei | e al ong the reaction coor
Si mi Ilnmerntlayd,ynami ¢cs si mul-enerognys sduerrfiavcee sf r(eFeE S) of

predefined CVs. During the simulation, Gaussi al
dependemnetr . maThi s enables the system to overcome

time discouraging the system [tbl%]levisit previous

accel erated MD (aMD), no prior knowledge of
d no defiarei omqolihreEunset hod r ai ses enetrlgg mi ni
rriers the system must metaswmalteotpladpfberfr

contrast to these methods,amRéplsi anaul Expha&ngeph

o 9

Q9 O <K< o @9 S O

stem at di fferent temperatur eEx ohanwietsh oifn dreg®

nfigurations allow the system to cross energet

w O u

mpling even at [IldWwdr temperatures

2. 6Li mitations of Cl assical MD si mul ati on

Whil e being extmnemelnyeicghopamngrsftuilc i nsi gbtecesseshbi
and mol ecular interactions, MD si mul atcioovnasl ednot no
bon[d&4]The simulation of chemsgahdrehets onpetdhfere
For this tygpk iomolkiénosuilgaghrt ,dynami cs ( AseDg ¢t rwdn icc
propewnti etshe system uhdanilmomwevast.iabbherhehleMD | vy,
simul ations are extremely computationally expen:t
pi cose[clo2nld]Al t ernatively, hybrid quantum mechanic
simulations apply accuratereggabhumt emeebni esgtop
pocket of ,anwhenzeytmee eateimag nder wiftaht dilea $sgyrsctael m
filela2]

Al t hough great advances have been made, the avai
a | imiting factocCoheeqWM®mahhyuMdd pspdniyshipd § ftiocat i on

N T



t he s yusntdeem i nVversit,i,oidlloen ex plif @wictalesy i ncreasing
complexity of dilBuwll]ated systems

Additionalmley,c athlegg bf ol ogi cal |l y r el etveampto rparlo creasnsge
accessible to T™Drseifromrdeame mnisoned above, rare eve
observed i n e gsuiimuil baraii orm s M es s i aelvadced sampl i

technfii ga®ls
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Chaptedow Ican si mul
ald our understandiI
nanopa¥mteidalag ed siI RN
del i very?

The following chaparere dviaSdrpiualpdkestbhedr gs

Kat har.iSna& i M eagngde rOl.Mer & eM

AHow can simulations aid oume duinadteerds tsainRINMg of na
del i viehreyr?adpeut ivo | d e l1i6y &r-6(1290.25) : 617

doi :10.1080/20415990. 2025.2505397
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Wi t h artificial i ntledded emeehamdsd Isa anurhiartg omor e
increasing role of computational approaches in |
includes Mol ecul ar Dynamics (MD) si mulaaltudtoinsn w

since[] 12ds MD has already proven -mall eaablle dmudg:

and protein research, it is now emerging as a p
delivery systems as wel |l

Shoritnt erfering RNA (si RNA) i s duded ngo gdownr avg u |
organi sm, of fering broad applications in treati
conditions. Yet , due to fast degradati omsfoudl exo
delivery of si RNA strongly depends on the for mul

achi eved@acwittyh gl act osami ne (Gal NAc) si RNA conjug
strategies f oc wshadenn a hles sdoecld isavtderAhA Wsi )r uosr t he enc aj

si RNA into nanoparticles. The materials wused for
inorganic gold nanoparticles, via the more pr omi
nanoparticles, peasr.t iRceuglaarrdilye spso loyfp lvehxi ch mat er i al
based on, they all have a complexity in common w
a formulationsd behavior challenging. MD provide
such adgetrmali mrganization of a nanoparticle, ac
experiment al mert ehyo dssc sstutcenr iareg xappr oaches.

Altalt om ( AA) MD simul ations show the molecules of
this is a big advantage for the observation of

di sadvantage of AA simul ati onse slihmu lhdtgiho m umbsetr

for l eads to a I|limitation concerning size of t
simul ati on. Neverthel ess, AA MD studies reveal

They can be used t o i nvesn i gdt epfodrymilnad reatti oir
pol yméesg,wil2lB]nucl eic aci ds, unveiling binding s
cargo, as well as [plr26%]egredmbj odi ggosietes. minor
Ot her applications allow insights on how modi fi
hydrophobic uni t s to hydrophilic polyethyl en
per f or[naaC]e

Similarly, AA simulations are used in the develc

predict the degree of pf@8tLdhhitd oins odr wmi alonfi @ra bl
pKa of a Ilipid within an LNP (fAapparent pKao) c
Second, insights on the geometryldi,wdm2fdr cam rAaf g

MD strongly contribute to the understanding of L

NY



capable of depicting polypl exes or LNPs at t h
nanoparticle sizes.

To access |l argergraaynteamyg,CGJodrogece fields have b
popul ar being t he9.™MLrotairrsie fgarad eni fnigelrdkdduces t he
simulation by reducing the resolution, as group
predefined properties such as degree of hydropho
systems u®@ nm ar e Osi mul ated, but al so timescale
accessible. To avoid wrong conclusions based on
of a CG model , t he simplified model s mu st be \
expertialendata before festakri sked PSomgmeaes | i n nu
e. g. PEI , have therefore [b3ehnd sa smull aart efirl a@¢G Amo dr
Her e, the CG approabb whbbwsrbhogeowvér experi ment
wei ghts of PEI. CG simulations also expand the |
formul ati on parameters, such as the role of diff
in the dnowapsawleamat to negative charges of the RNA
of si RNA encapsul ation or t he presence of ul
formul] a84nmilarly, CG i mul ations shape the und
l i pids form LNPs with sup%$08@ajottihalrl ysi dniufl fae n emts v
changes i n LNPs upon pH changes i n t he envir
rearrangement of | ipids in an L[NB5BRark mhaipgli ynzge d r
CG resolution to AA is the chance to combine t'
structures in CG MD and observing atomistic det ¢
reapplied to the molecul esg, Pei ssmdt hod reamear ol
interplay of the dif[f®2YXnt | ipid types in an LNP
As si RNA delivery does not end with the format:i
research also expand to the interactions of nan
application is the widely debatedffjuesénbnentoéc
escape of the si RNA, which is necessary for it
Advanced mi croscopy met hods provide val uabl e [
combinati on wi t h endogdb&@a]Wheée $ eaptehemar kneeetshod s
correlation of particle properties with endosom

l ed i

mol ecul ar

det ai nf ormati on

process of
comprehensi ve
and

composition charge

N ®

on
ende s7ralma |

under st andi

underlying mechani sms.
1095lcawengobber v:
mechanistic

LNP

of backg

ng

n an on its ability



vi sualized. Additionally, the role of di fferent

t horoughly discussed when mpti23pbservable by a s

With the rapidly growing number of publications
for faster preparation of simul ations increases
generation of membranes[ W3 7%,lprild3d&H]ierxd d | o rppp g iotciod n
LNPs in CGJ[ t@8rjel uptuibolni cly avail abl e. Certainly,

progression of MD simulation in the field of siR

It can be concluded that MD si mul atneodnisataei dd soiuRNA
delivery by making processes Vvisible and under s
simulation data must always be careftall y ewallitda:
avoidiowverpretation and false conclusions. For n
and explanation of experimental observations, wh

the devel opment of si RMA cdoeldei.very systems is yet

Il
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ChapteMolledul ar Dyn
SI mul aEliwbanisdat e t he
Mol ecul ar Organi zat
Pol y(-bmt@ao ester) B

Pol yplexes for si RN

Kat harina M, SthesndAb’)emBedasgbidnFStiuBmiitidleer
Adrian P.3 EKMgk&€ase pa,f yBenj ami n2 QidrOK é Ivjian M ‘Mer ke

8L udwMagx i mi-Uniiavnesr si ty Munich, Department of Pharmacy, 81377
PLudwMagx i mi-Uniiavnesr si ty Munich, Department of Chemistry, 81377
cCenter for NanoSci eMlaxd mi-Ga NM®esr sLugwMgni ch, 80799 Munich, G

dComprehensive Pneumol ogWM) ,CeHdlemh dMutnz cMu n(iCPHC, Ger man Center
(bzL), 81377 Munich, Germany

The foll owing c¢hapst esrciveandiiffaincd iasrdttdtdelres

Kat har.iSna&i Melggres ,All mendinger, Seb&shPadrer St Admj a
P. E. Kr oMrel -Ca sKmaurt y Benjamin Wi nkeljann, OIlivia
AfMol ecul ar Dynamics Simulations EIl uci eaanti e@ ot he Mc
ester) Based PolyplekKasof bwedls.e RBUA, DR I{1LHF@DL). 0 156
doi :10.1021/ acs.nanolett. 4c04291

Polyplex Formulation ) .
Parameters CG MD SlmuI;tlon
el

Polymer N/P Ratio /Z] g @,
[ g
1 e
Buffer pH \

NMR | | TEM 4

|
I

s L

Experimental Validation
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1 Abstract

Cationic polymers are known to efficiently deliwv
the cargo into nanoparticles. However, the mol e
often not fully explored. Yettankhi soimpi exma@air 6 n c
and the role influencing factors playgmrdai ned er
mol ecul ar dyDg miemsab(l @38 modeling of systems in t

providing meaningf uli nitnesriachttiso nsnthoe tmod eenc up calry me r

Herein, the particle assembly ofamiairoi aetsitoenrs) ofP B
with si RNA was simulated to investigate the infl
and buffams oondianioparticle structure. Simulation

including nucl ear magnetic resonance ( NMR) and
Therefore, this worM emprud saitz eosn st lhcaatn QG ovi de unc
texperi mentally observed nanoparticle propertie:
polypl exes.

2 Il ntroducti on

Shoiriterfering ribonucleic acid (si RNA) as ther
phar maceuti cal mar k e t-a pipnr 02v0eld8 , p rwoi dtuhc tfsi[ dcud et | y

mode of action is downregul ati on wiftahter ammesdraing tsino
of RNA interference (RNAi) in the target <cell s.
therapies is growing, all pr esentl9y,-ladpgpprAo vmead og i R

challenge therefore remalih43Jwhi thndnabl dekffeciye

other organs and simultaneously avoid early degr

The five marketed si RNA therapies rely either or
trivadlaeret yl gal act osamine ( GalllN3ASc]Be ¢ iod eass swirreald ey
alternatives for delivery vehicles include pol
negatively charvgieed eBNAomaBah] 5 ]Jifnotremmiancgt i ssmisc al | ec
micell eplexes. Using polymers as dellidvde ) ylssellet or
as broad tunability and good biodegradability. T
nonviral vectors for safe and effici dgnrtdedoe]l i ver
The explored materials cover a broad chemical

(PEILSO0,, vimBlrbohydr at es sjuth2]ae mbi e oscaompl e x m
structures suami ac ot g(l5et|ARBAE) s



PBAEs were first introduced as polycatildammd¢ vect
stand out due to their almost unlliikne teystasdmpt BB
all ow various combinations of diacrylates for tt
mol ecul ar[ 1s5tbrJulkcd uiret roducti on of amphiphilicity
hydrophobic side chains within one poljymee6] was
Subsequentl vy, a mpahmiprho | ¢ €t epro)l y(BPBARB) s, containi
polycationic spermine and | ipophilic oleyl amine
successfully deliver si RNA, achieemwciireg @mdr il ioavu Ipa
tRNA rfaitbols

Understanding the intearsrselmbotedamiod gtpilexesf caal fl
rel evant formul ati on parameters and t o I i nk t
propegr3tsileSubsequent| vy, t he intracellul ar behavi
el uci[dda8,ed7HYperi ment al met hods i ncluding Trans
( TEM3IS5,0r519%Bapgl-RaX Scattefildb@aueSAXeSen applied to
particle shapes. Ot hers have exposed the role o
explicitly screening i ts i Nfli5wWe Me anwhmi | len o cNaloa
Dynamics ( MD) simulations have developed into a
devel opment of dr[ulg3 3,el li.evoEs pleselyi]atl é ms wi t h t he ref
grained (CG) model s, MD all ows for simulating sy
100 nm at timescal es [0lf3 5s,e vlebr2al mi croseconds

Herein, PBAEs comprising spermine as polycationi
have been mapped and parametrized in [CG]Jresol uti

3 Results and Discussi on

The parametrizati on, baslelA)o,n wihel dneadp pd inggt r(iFbi ugtui
interactions in gooAtamrehamentefneBtbAtB)e( RTlyarreer
studied PBAE polyplexes are exposed to an acidic
of 7.4 upon administration and again acidic pH

comparifmglAtccor dikag vtad utelse dgt er mi ned by Density

al | amines of the polymer were protonated at pH
and the tertiary amine of the OA | inkdde .i Ml htehe
remaining amines in the spermine moiety were coOI

effects of the protonatkeBRyecPBAEr Mmodmi sBesve( Ei ge
pol ymers with varying %OA between 1i0gh ta n(dMW5 %. f

Il
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di fferences wupon particle formatuitomni d uwicsi bihe
around RNA phospBB)esf (Ftpbgaresi mulati onkDaere ¢
model s. Mi cell e formati on ofl LtBhe waansp hciopnhfiilrincte dp ok
i maging |l @E)gurdg nami ¢ | i ghFi guld®)t, e rainndg a( plyS)ene a
critical micellar cohBSéhtr ai it hn deCMErs{ Rigg CME s
%0OA i ncreased.

B. Simulation snapshots of micelles

A. pKa values and mapping to Martini 3
7.55

pKaat25°C — N4a

\}5 SQ4p

g

D. D, of micelles in DLS and MD

C. TEM of PBAE micelles (70 % OA) n 160
: ObLs 19 mM
=MD mM
10
E
5
5
o I = — " 70% OA
30%OA  55%OA  70% OA L
Fi gulrlal PBAE mapping and mA.dVeoll e alll iad a tsitornu.ct ur e e
val ues AaCt 0X5 t he PBAE <copol ymer wi t h a (srpieg mti )n e |
subunit Mapping to CG resolution wiBtB8i mulMatrit omi
snapshotksDaofpod ymers in 10 mM HEPES a®s pHLi5Spdphisl im
component s i n gr ey, charged beads i n red. Exempl
pol ymer mol ec ulCeMipceer|l | ceosl ofrar med of PBAE 70% OA a
i magibn@Gomparison of hydrodynamic diameters in DLS
l ow and high ionic strength buffer conditiioms. DL .
peak belnanw b¥0i ntensity. MD results are mean of D h
calculated from mean square deviation (msd) bet we



To validate the behavior of the polymer model s,
and the average hydrodynamic dviameatne rs qafarmi delvli e
(msd). The micelle sizes in simulation IwikbD) in g
and foll owed the trend of increasing micelle siz
of TEM i mages yielded a diameter of 18.8 N 3.8 n

which is larger than DLS (9.4 Ns2d8vhnm)iandwsbsma

to the increased visibility of |l arger micelles i
Anot her explanation can be an increased sampl e c
of |l arger polymer alggregapeci amolry dawvoirddri ng th

70% OA pol ymer.

Previi museixtpreo i ments with this[ ltSy7plend fo tPiBehkEe BBAD |

studiléesjowed a strong influence of the pol ymer ¢
transfection efficiency. Hence, the %OA iinnthe p
si liincvoesti gati on. Upon simulation of particle as:
the first Os . Polycationic spermine moi eti es r
electrostatic interactions with the nAkg@Figwedg
I 2IA) . Over ti me, this | ed tokeéhfeorf ormatmionelolfesa

sizes cannot be directly compared between simul a

does not contain enough material to form real si

Il
av)



A. Simulation output after 5 ps simulated timespan

% OA 10 30 50 70 85
B. TEM of polyplexes at N/P 10 C. Simulation output (70% OA) at increased

box size (75 nm)

om BB OA  70% OA'

Figdred . I nfluence of polymer | ipophilicity on particl
at N/ P.Slionju.l a#ion output after 5 Os of pairte¢cwO®Aaskemt
the polymer (10 %, 30 %, 50 %, 70% and 85% shown) from
turqubB.iPaeticles formed with eitth8r mbl5&t ioan 7WE pQA ionf
assembly wunder the safnoer c700n% i @A olmwst aisn ian AAubi ¢ box wi
containing @2useBRNASmM®Is . Orange color represents pol
particles.

Zhao [et2d®]monstrated in an AA simulation setup th
with the major groove of si RNA. Notably, this ex
our modell SGRHi,guwhed ch could be attributed to the
anchored in the PBAE backbone at GC fesclkufiend

i ncludtindgpahnomonbondpd64]htaewrea chteieonnsr eported. The
smaddal e interactions profit from the MPpliiscat i c
advantageous for | arge scale simulation setups

resour ces.

The particle morphology was strongly influenced
pol ymers formed undefined particles with rugged
Abeawehstrd nge particles, as peevipou ypdh ed €@ntlryi bed
above OAQ% compact particl@®) fomdmEdMd i MEdegdBr)e( Fi gu
confirmed a change in particle shape, with 55% C
and 70% OA pol ymer particles appearing condens
bet ween MD and TEM i810 % hGA rnaingghet fbreo mamvtOre do uttiende tc

>



assembly during the simulations. -Fmienes %t AOARNA
phosphates) particle assembly was therefore exte
slightly condense further but did noted eiarc ht lae s
corresponding TEM HbmagehAs (gFadargtuirel e assembly in
requires incubati oernantgiemest hien ptrhoec ensisnuctoeul d be t o
in simulation to the final sdtaiten dozeeovokr mheeci
box does affect particle assembly, the 70% OA po
box with 99 si RNA 1®)l.e cTunee sROHA iagruoruend RNA phospha
contact | evels with bBRBIhesompdrwedt ¢o (Riegsmall er
the use of the 40 nm box simulations.

The trends in particle shape were attributed to

supramol ecul ar assemblies, i . e.., el ongated micel
pores, or |l arger micell es i notgalnemaasls. oWi tpho liynnterre
the same N/ P ratio increases, as the number of ¢
of polymer decreases. I n the simulations, this w
nmMmof the micelle dd¥Be .s uwiftahc e n(cFiegausrieng %OA, t he
the micelle surface decreased, therefore the rerg
Thus, | arger pol ymer arrangements for med, and

accessi bl e.

The N/ P ratio is often correlated wiitBlaphkinaoalsdowr
shown to be of high impact for the chafraB7krist
Here, nanoparticles were prepared for rpaaliiyonserls w
10 and the polymersd encapsul aavenagéfbode POl e ¢ F
S9A) confirmed the formation of ss0al) cand@P@rmnmk

for all pol ymers withingcmnt eompttiiani ziemdc rNéd &s e cd nwiet. h
ratio from below O mV to maximum values around

N/ Pati o whpotenthieal SHF) gwaiet ipwe . I n contrast, i
around charge neutralityavetageanddd®WDi atwieares hf
aggregation tendencies of the nanoparticles. The

and increased withe tphod yankdi t iaocomguafol mordue to t he
mi celles as a second speci ersat iTi dformdheaBO&€& and

OA polymers, while the 70% OA polymer formed the

at NAB.7Thigsvabvbers corresponds well with the N/P
was reached: Figure 3A shows that for 30% and 55
N/ P ~ 4, with no notable difference between the
(700A) reached full encapsul ation at an N/ P rati

Il
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Subsequently, MD simulations were conducted with
15. The encapsulation efficiencwitahe hamed hende mt
curve (AUC) of RDF for the waterl Rllont.aclRlBsB.wrfe t h
shows a decrease of water contacts wuntil N/ P 4
corroborates the experimental results for 30% a
encapsul ation efficiency for HBhevasds0%dbOA emgplryamer
observed with the results for particle -M®rpholo

approach in the middle to high %OA range.

It was however visible in the simulation output

(30% and 55%0A) contained more spermine moieties
(Figuwr® N/ P 3 and 5). These spermines were not i
therefore not contribute to RNA complexation. I r
particle surface. The simulations thusaiegraovivee
to pospdtiertial at looweprarN/iR |l eat iwogs hf | ower %OA
observed effect can be attributed to | imited pos

polymer within t[hle& 1lsimal |l er micell es

Further, the choice of N/P ratio is of high rel.
can promeféptbl®a] FilgBlE.eshows the first appearan
polymer at N/P 5 for 30% OA and N/P 7 for 55% a

and from that, the stoichiometry (i.e., effectiyv
all pol ymer moOd% |lasn dd e8tSaPeleN/iPn di fferehBAbDufTaes (
trend clearly suggests that the more | ipophilic
bound per si RNA, |l eading to higher effective N/PF

[l
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A. SYBR Gold Assay, n = 3
100

501

Intensity [%)]

£30% OA
@ 55% OA
@ 70% OA

B. AUC of RDF curves: Water beads around RNA

14

AUC of RDF
3 &

L=}
1

15

gut &l.. Nanopart.

perimentally assessed by SYBR GobBBBaAsrseaay ,u nnd e=r 3,
e

d

curve (AUC) of

.Simul ation outoput

c |

rom | eft t o right,
outside o&i RNAgcpatt.i

e s

at di f.fEenrceanpts u NA P i

omt ed 6 i

radi al di stribution functions

af
S

icating t he decrease of water cont ac

ter 5 Os simulated
i mul at ed wi t h 30 %,
cl es) shown in oran

(

t s of t h

particl e
55% and
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Th

s e simul ati on resufH snuwdreear v alaigdnaetteidc brye s on
ctroscopy. By titration of an si RNA sampl e
sur ememit NMR apectrum after each step, new sig

e identified above |l ddr)t.aiAf tM/rP trheaet iacddsdi (t Riogiu roe
si RNA, additional signals appeared increment
visible due to severe | ineergoardelnd )t ircers utl it
se signals were attributed t o [darmBdlni ncgo nipeasriidsuc
h

e peaks of PBAE only samples and sampl es wif

wards higher ppm. At high N/ P ratios, t he mo

o T O o o

c
f

r

e

rease in intensity were UB8irgnal SAgnB)] sCAaaddlL
lusively at[to dDutiktdOiltno tthhee pAY ner ( Fi gur e

appearance of free polymer at high N/ P ratio
se are based on the nuclear Overhauser effect
tons/ the chemical exchange of gridtlg.n slT7h2ids di f
e of experiment was performed with samples co
r 151 BERYyur &€irst, reference spectra containi
ense intramolecular NOEs are present, mainly
N/ P ratio of 7, al | i ntramol ecul ar NOES$ hepear
reme | ine broadening. This may be due to eithi

enmb.lJey.pol yplexesi wgthatew tLtembblng to drastical

axatiR)n, rart etsr dnsitions between free and boun

mical shifts in the slow intermedfihT2Jfihesehan
dings are in gobd srgesewelatesnti madiitchattihneg t hat an
resents a stoichiometric inflection point in
el atively |l arge excess of polymer is obtainec

erence(BPREtonmimy) become visible again.

h methods MBPMRi ammpdi €@ that the stoichiometry
reased I|inearly with thil.t hEbHdBdcall nHtPadat
ective NNW phhdd mhatne 1WDuf fered saline (PBS) re
70% OA polyplexes and about 6 for the 30% OA

good agreement bet ween NMR results and effe

(Figwb) highlights the accuracy of the MD model

and MD results was measured inM HhPiBgSh iino rNiMR sotrr elneg
HEPES buffered saline (HBS) in MD) at amairmpgput N
full binding of the 70% OA polymer. This trend t

strength buffers was consiss t &nnligdudr)ler oHiogvwheowuetr ,albly

oM



no significant difference was observed at N/ P =
ionic strength buffer IWO)h. 70% OA PBAE (Figure

Notably, concentrations in MD simulations were a
which might have contributed to the observed d
Additionally, the reaction field t(errfa)ctalogicsr iitnhm t
setup comprises a tradeoff with i mproved comput a
the simulation, as it uses a coulomb cutoff beyo
is treated 1&<% |Tuhniisf olremlmads t o poorer treat ment of
comparison to e.g. the Part|jtVB]SMesh K Ewaindcalsg o
medium is known to often influence [clod,aiddian] st ¢

wi | | t herefore be further di scussed bel ow.
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. Effective N/P ratio calculated from MD by %OA at N/P 10

[ 5% Glucose
@10 mM HEPES
10 mM HEPES + 150 mM NaCl (HBS)

Effective N/P

PR PP P P

% Oleylamine

C. Assignment of NMR signals to PBAE structure

R}
%H’\JLO}\/V°

E—

PBAE only
N/P 15

mmﬂm i

TSP calibrant

H-0, surpressed

T T T T T T T T T T T T
50 45 4.0 30 25 20 15

B. NMR spectra of titration PBAE to siGFP

X

X Acetate
@ Ethanol
A HEPES
@
RNA only A ®
HUMMMA VR Y JJL
" A
-
/P 5

j
LS ML ‘

[ NE— V| \.'H }w.,j | T
]/ P7
i

e A A J" J\wn .

\JTV
N/P 1

0

2‘5 l]l5 I|I.|l
f1 (ppm)

D. Effective N/P ratio calculated from NMR vs. MD

141 CONMR

EMD

30% OA - 10 mM buffer
E70% OA - 10 mM buffer
@70% OA - 150 mM buffer

Effective N/P

o

K
Theoretical N/P

5.5 3.5 10 05 0.0
f1 (ppm)

Fi gulrlél Si mul ation val i deftfieocnt ibvye NNMRP. rAat i o cal cul
(n = 1) at an i nput N/ P ratio of 10. Simul ated f
GlucoseeM HEPES mM HBPESB5 ®MWMNaCl (= BHIBSNMR spectra
with water suppression (100/mM®) PBS/ PpHabti ds LA eor ®:
top to bottom by stepwise addition of 70% OA poly
prominent changes upon ti tCreaxdernptmaafk eadh ebnyi chaolx esst.
PBAE, signal assignmMenNMBnsipen/el alayfaofd PBAE onl y;
conditions as deb.E&Efiflred i wred N/ PArati o calcul ated f
N SD) in comparison to MD (n = 2, mean) .



To determine the i nfluence of buf fer excipients,
di fferent buffers/solutions at pH 5. 4: 5% Gl uco
measurements revealed a shifltBbRApwwri t&i phoatgebnetri aplar
(Fi guslle4) at high i onic strength of the medi um,
pol ymer. Al t hough no significant di fference be

concerni ngipdtzentainadl was obsdr ved,s tate hprgheaen acen

(HBS) caused significantly | arger particles witdt
MD simulati on, visually more IcoBnpaand.,paasi dli eag
above, the effect of ionic strength resulted in
The presence of more ions in the hydrodynamic sh
forces wupon particle assembly. Reduced coll oida
therefore to be expected. Furt heirsnokreqwrs utrd aalet e
interaction in physiological enyil78puhetnitneate.l g, ,
influences cellular uptpke&,and9intaBatel l ular tr a
When the particle contaiKasvadlunmesi onalphgsoopsgiwe
changes in the surrounding medium wil|l alter the
environlnglnio mi mic these changes in the simulat:i
foll owed by pH 7.4 (administration), anan again
adjust ment of the protonkh35lomceseasienpfthedephol s
condensation of the particles, as the decreased
rearrangement of the micelles intollb&)gerTheser a
changes reduced the water cont achbtDs) obfutt hien cRNeAa speh
contacts wi t h aminedsMD lobseowatriashs-ih maed@G RNA | i
car rilgdr5dt he pH increase did not cause expul sion
was reduced again, the particles rearranged but
However, the microenvironment around tehet hpeh opsth h a
changfeosr both water and amine contacts. Especi al

resulting after the pH changes al iRdn bdttbgre wi t |

than before. |t could therefspredbapandeedg¢grtoltats st
condensati on, which is otherwise too slow to be
pH 5.4 was accompanied by a moderate swelling o
previously to playcap®dlle in endosomal es

(0] @)



A. Z-Average and PDI: Buffer influence

15001
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1 30% OA
@ 55% OA
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0.2

30

20

RDF

101,/

ca"o
D. pH dependence of RDF around RNA
phosphates (BB1)

Qg% %0%

Amines

b-pH7.4

c-pH54 =

0.50 0.55 0.60

Distance [nm] from BB1 beads

Water

a-pH54

lad

B. Influence of buffer on particle
morphology; 50% OA polymer

C. Effect of pH change on simulated

particles; 50% OA polymer

5% Glucose

301 c-pH54
w
a20-

fiipH 5.4
101 “t=9pus
10 mM HEPES+ 150 mM NaCl

0.45 0.50 0.55 0.60

Distance [nm] from BB1 beads
Figulriel.. I nfl uence of buffer condi tAL bast ohr #B&A Eo fp
simulated particle assembl B.Z(a5 eGsa)g ei n( bdairfsf)e raenndt PbD.
of polyplexd® amnm BPMP Gl ucose, 10 mM HEPES or 10 m
Na C I (= 160 mM HBS$)3,, arlelanpNRBSHD4o0f nami nes of 50% O/
and water around RNA phosphate beads a) after i n
i ncrease t o pH 7. 4, and c) after subsequent re
D.Vi sual iafat cbanges i n particle structure after
changes (assembly at pH 5.4 for 5 Os, equil i brati

t o

pH

5.4 for

2

O0s) .
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Wi t h a combinat or i aMD aspipmuolaacthi onf alK& experi me
experimentally observed influences on polyplex s

OQur - approach did not suggest a pronounced ef

investigated PBAEs. I nstead, lipophilicity of +th
factor on p-arretfilcelcet esdh abpye t he char ge, density, an
surface of polymeric micelles.afPelctplceed | mdraph ailp
endosomal[ 1882 ld@rc e, the demonstrated influence
should be carefully considered when designing a

polyplexes were also observed through <changes o
Further nmirtdhD GG d NMR, two met hods were introduc

N/ R or every %OA. Further increasing the N/P i
increase the stoichiometry within the patrst,icles.
varying not only in lipophilicchwg]jnbarcédigecdalus e
simulation setups could therefore be applied to

extensive comparison of the polymers.
Future work wil!/ have to show, how the herein fo
l i pophilicity and structure are |inked to their

approach thati ndisdadt¢itEdloy oiathrks i s however a major

simul ation of whole cell s, including their acti
ydqgtioo]stil |, future simulations could provide u
bi ol ogical interactiond!'(e.g., endosomal escape)
I n this work, despite minor l'imitations in rep
computational results were generally consistent

experi mentMD wsitrhulCa& i ons, this studwntdcloar ioffi 8 AIE
polyplexes and demonsMD atne sd etvhed owtiinlgi tdyr uogf d@&G i v «

4 Met hods

4. 1Chemical s

Al l PBAEs were synthesized i h5:%]olums eb-baisé Bdneesdcirdilb e
diacrylate (TCI, Japan) as the baddkibtoinrgn ovetsbp ol
pol ymerization with spermine (Fi shebrocScsipeenrtmifniec,,
and oleylamine (Fisher ®oicenspdrini,neAcwas, daJBrAgt
trifluoroacetic acid (Fisher Scientific, Acros
chromatograpmgdi f Amdnesi RNA for t he knockdowi
PACCCUGAAGUUCAUCUGCAGCCACU@GGAGBGHBUCAAGUAGACGGGUGGC
si GFP) was obtained from Integrated DNA-(Rechnol

oP



hydr ox yllpd tpheyla)zi neet hanesul foni c acid), Dul becc
(PBS)YGl ub os e, sodium chl or,0d e ad(dnetnytsidyhpropiamio-x i d e  (
2,2,3,3-d4 acid sodium salt (TSP) were obtained fromSi g#Ad dr i ch ( Tauf kirchen,
while SYBR Gold dye was bought from Life Technol
MilliQ quality-hpunedudeaedtl@ay | aniiom.

4. 2Cal cul at ivead ucefs pka Density Functional Thec

To choose appropriate protonation states for the
pKa values were determined by density functional
6311G+(d, p) basis seGawasi aspmpfltbwedr ai stin go pthiemi ze t
of four states (protonated in water, protonated
i n vacuum) of a pol ymer fragment to mini mum el €
el ectronic energima wiat becsalecauclba tsetdataep,pl yi ng a t

cycle as descfiilB8iAldl paavwwlienreaabwét hin the pol ymer

considerkd anARB7After identifying Kahevalmiense s( iwie
the amines that wildl most | ikely be protkanated f
of neighboring amines was further investigated w

4. 3Mol ecul ar Dynamics (MD) Simulations

Parametrizations

I CG simulations wefercdrmfidgihd g tGHRO MEaEIR 43r0i2 13 -
si RNA model for si GFP was adalp3b3gldi hcompouat
RNA backbone paramet[il2f%ofri ddarrtdmeant3l.y Tpu llbit s

PBAE, a di mer (one spermine subunit and one

5 —
® @d O

be used ihotbe MNMeeldibniso3 the protocdLabugges:
t he Martdqra rweibnsii.thnel wWas déxwxl plowed, using the
nerate [IInPBP] $ii hmielsar | y, a HEPES model was <cr e

bstance in the production simulations (Figure

T W «Q O
> 9 ©€ ® S O T T

rametrized dimer, a python script was created,
put detesetd oMW and %OA based on the initially

Shear viscosity of simulated solvents

As the hydrodynamic diameter of mi celles-in the
Ei nsiequatl9®9dl]shear viscosities for the simulated
viscosities at 298 K for standard Mao@aénjdnil 03 mivat e

0z



HEPES + 150 mM NaCGlf efdBPEBSI i ne, HBS) were <calc

perturbatjbd9lumwstimgdt he Acosine accelerationodo(cos
anal ysi gmxi antohogly., Each solvent was simulsatzed i n
with five different cosine ac?ebedbamdDpSbenangin
viscosities [mPa*s] were then cal omFfasevd swioas idxt
results are IsBBwand nFSlgd.l e
Production runs
Unl ess stated other wise, al l simulations were r
l ength and periodic boundary conditions. The bo
si RNA and pol ymer mol ecul es, subsequetBEPESIdi t i o
Gl ucl[ols@6lJand solvation with 97tlJandard Martini 3 wa
The standard setup for the simulation of polypl
|l ndi vidual simulations were additionally tested
in a cube with 75 nm side |l ength. oPBAaBchmotheudes
N/P ratio (i.e., ratio of protonable units in th
£06060 — - (1)
Unl ess stated otherwise, simulations were run at
state of the pol ymeritche rteyspiomali ngo rt i tpiHo rbs 4f or
as s e npbllby7.]
Al l boxes were minimized in 15 000 steps empl oyl
by an NPT equilibration with 100 000 steps at F
production runs were derived fromothael setEIiagsroo
interactions were controlled by the redectilédn fie
and a cutoff of 1.1 nm. Temperature was handl ed
pressure was controRamdn blatth®e? aptall@iddgde Itliomest ep
reduced st a ol®nsure numerical stability for al/l
i nbui |t GROMA@&x f,pgnh&t icdrugsmisi eger gwb Ana| $§94s tooc
195] msd drdl6y,,siladn7d] density bas[ed9&]bject compl et
4. 4Wet Lab Met hods
Polyplex Formulation and Characterizati on
Al l polyplexes were prepared by Dbatch mixing a
pol yc¢abreitnao €856ber 167 PBAE6]was di ssolved in the re

oT



mg/ ml . Subsequentl vy, the polymer was diluted to

number of protonable units needed for 50 pmol si
A LT A EZD (—— Z0T0 (2)
si GwRs diluted to a concentration of 1 nmol / ml,

PBAE solution at a ratio of 1:1 (w/ wmolyimdl.diArdd e
batch mixing, the particles miemebéhocubaclkar act T
Si zend-potenti al were measured on a Malvern Zet s
Mal vern, UK). The encapsulation efflité6@RPaytwastes
were prepared as descrilbedo=N¥ Pandangeanftsfemr AP a=

to bl aw&l 138ptl ates with a volume of 20 Ol per wel
andOI3 of the final dilutilamrewscenacdedstud te amgh fw
of the dye into the RNA backbone was measured o

Trading AG, Switzemlaxd)t atti(@@pardD337 on. si GFP
respective ¢ onpcneonlt/rnlo)i owitth & 08ddi ti on of pol ymer
100% free si RNA. Particle preparation and char
(mr3) .

Critical Mi cel |l ar Concentrations (CMC) by Pyrene

The critical mi cell ar concentration (CMC) of pol
75% was determined HyL9®hRey rmyree niea sa sdsiasysol ved i1
concentration of 1.2 mM, diluted 1:500 into gl a
overnight. Afterwards, a dilinsoonOgkmi esvasf pPB8A
t hese vials and rikndwhbat2edd hi.n Atfterdd ncubati on, fol
the range from 300 to 350 nmm) swempe sihegas Ur eadn, o a
Spark Plate Reader (Tecan Tr adiwel IAGyl aStwa &,z eard aem
waveleng?7h(206) 38m. Finally, t he specdisdislaannder e ar

plotting of these values against log (c [ Og/ ml])

Transmi ssion Electron Microscopy (TEM)

Polyplexes were imaged by transmission electron
668300 mi croscope (Ther mo Fi sher Scienti fic, S
previ[olues6l]yhe particles were prepared with either
N/P = 10 in 105mM)HBRPES (CpkhOMnsi & \NiAon Mot ebl &s f
PBAE 70% OA were imaged madg/ ml c o me@MOaft i sanmmplfe 2we

pl aced on a copper grid. Excess |liquid was remo

oy



was staingdv/wi)thphd¥photungstic acid (PTA) as ne:
excess dye solution, gridmiwebefbeéetimagidnyg. f dhe

mi celles in TEM images was measured in I maged (t

1H Nucl ear Magnetic Resonance ( NMR)

Calcul ation of excess pol ymevitahred atphpdriefadri eo,n forf
magnetic resonance ( NMR) was i nspi r[eldé BMNMR pr e
measurements were recorded BMHzaspeokeomAvanceqll
a broad ban-thmo BHB&FRD eCrS5y Probe Prodigy (Bruker Bio
Germany) .

Al'l MM DNMR spectra werA&kC r rwictohmdadsaan®&rd water S
sequence (zgesgp) from the Bruker pul se ‘pr2ogr am
pul se Il engbé. wikel9dpdctra were acquiredn wtitrhe 64K
of 5.,644 relaxasi,omandelléytofan2ients.

For titration of polyplexes, si GFP was dialyzed
10mM or mM5@BS5(@dH to a concentrati®Onwef e22ddepmal

we l

amgdmo3GSP as reference standard. PBAE was
to reach a concentr a't5i20n ptnhodt peroont toad) arnbsP & ABN0S0t ® C |

This results in tiltlr atBAobBs dadfodNktP +hep &NiMR6 sampl e
vol ume of-sarmmel esst atRNA only, GIN/ Poi t= a@) owawa55GQ@
pipetting the PBAE stock solution into the tub
measur ement of PBAE only, t he amount of si GFP ¢
schematic overview of thebeitoanhddiSiiINMRgexkper i me
For analysis, the most prominent peaks originat:.
Figure 4C) wer e MenstteRgerBihdtveld. o0futsw anrge . First, al |

processed by aut omati c phase and baseline col
Subsequentl vy, PBAE only samples were analyzed

subsequent automated integrateéeoneudde ot eghatir
the peaks in the polyplex samples teaemsecoaddano
(30% OA in 10 @AM iPBB1 ®BS %omrM 1P5B0S) |l i near regres:s

integrals (Figure S17B) of samples without si GFP

The effective N/ P ratios were then calculated ac

QQQQ b O 0 0o 0o T (3),
wi sheing the slope of the corresponding linear
sampl es. Finally, the effective N/P was averagec

moi ety and provided the most consistent results.

oo



2D NOESY spectra

The 2D NOESY spectra were r esemsietdi vaeg publ sheC swe g ul
water suppression employing an excitation scul pt
l' i brary (noesyesfpgpphrs). Data acquisidtaita@an pwast
and a mixing. tThme rodc Ycllisngandde |3a2y twaasn sli.eOnt s per
applied at a skwzpi wibdohhofli fensi ons resulting
0.1204 The speci al acqui si tei wvatpar smpperssi egarrd,
pul se sequence were adopted from the optimized

di mensi onal experi memtuarfAe 9MUA tspilfitcead i Dinnend an
of Rz Oin both di mensi opmrsi darn tboo thT da moe nzseiroon sf i | i nc
a final symmetrical 2D matrix of 1K x 1K data po
Data analysis and visualization

Data plotting, i whar er agpd adiadit ® ,c ad n da ntad syts,i s (
statistical significance defined as p < 0.05) we
GraphPad Softwar e, Il nc. , Bostoni,zeMA)i.n SPynMdLa t(ivoe
2.5, Schrodinger, |l nc. , New Yor k, NY) . Some fi gt

with BioRender.

5 Acknowl edgment s

O. M. M. acknowl edges funding from t#®&2BEurope
COGE01088587) . This wor k twhaes Lseuipbpnoirttze dS utpherroc
Centre in the framBRWOCADGAVarhcedprfoQrenul ati o
Coarse grAindgbD» mOdAeddiitnigopnal 'y, we thank Jon
i nput conceMDi wgrkhe CG

MM



6

Suppo

ng

n f

o

mat

i on

Ad : 5 B ,:; . b
A Ll el ] INENERUEINEIN

o
IR

SASA [nm?]

M EEECE]

Fi gulk iSI1.. Di
accessible
di stributd.
D.Vi sualizat:i

buti on of S
h e par ame
stributio
di mer .

stri
surf ace
ons i n t
on of t

b u.tbioomdBs aonfg eA s C.adhids t r i
area (SASA) wi t hin t
he AA model , red: di
he SASA for the PBAE

7.55
7.26

7.86 %’bﬁ"w"/\/\/owk i

7.56
9.62
9.24

10.05
9.66

8.79
8.45

t h eACp o(loyrnaenrg ed C apnbd&al3)?v a lpu e s
t heKas@obOoifbBeantyhe minoset wal khalpi

of
of

Fi gulri8l2.pKa v al ues
after protonati on
shown in italics.

MN



A. Simulation snapshots after 5y us simulated timespan
9 kDa 27 kDa 100 kDa

70% OA

50% OA | #¥% #3

20% OA

B. RDF of 70% OA polymer and water around RNA phospahte beads (BB1)
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Fi gulrlsl3.. Variation of mol ecul arA. MWiesiugahlt oouft ptuhte apfotl ey
simulated partB.Rhdiassdmbtyi buti on function (RDF)
beads (BB1) for 70% OA PBAE at varied MW of t he |
Wat er beads.
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A. Determination of CMC for 70%0A PBAE by Pyrene Assay
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Figulri8l5.Cl oseup simulation snapshot, visualizing t
(phosphates blue/ ribose petrol/ bases mint) and

A. 70% OA, N/P 10 particle after 5 ps B 70% OA, N/P 10 particle after 15 ps

C. 70% OA, N/P 10 particle after pH increase (7.4) and
subsequent reduction (5.4)

Fi gulrlslé.. 70 %0A, N/ P 10 particle AAfded fRr@stat i pi
B.t he same particle after 1 €. Thhse ssiammel ap & rotni calte paH
increase to pH 7.4 and subsequent reduction to pH
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-~ Water, 40 nm
— Water, 75 nm
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Distance [nm] from BB1 beads
Figulri8l7Z.Compari son of simulation in increased box
setup (40 nm) via RDF: Ami nes (red) and water ( bl
0.6
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o~
g 0.4
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n
@
=
e
o 0.2
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D PP D P P PEE RSP
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Figulrl8lI8.Sper mi ne density on the solvent accessi bl e
mi cel |l e cor es, consisting o f backbone and OA bea
pol ymer only for 2.5 Os in 10 mM HEPES (bl ue) or
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A. Z-Average (DLS) and PDI (n = 3)

B. ¢ - Potential (n = 3)
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A. RDF of Water Beads around RNA surface
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B. AUC of RDFs ‘
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Fi gulrlgll.0. Calcul ation of encapsul ation efficiency
under the curve (AUC) of radi al dRatrabudiehr fbaot

functions of wat er around the surface of t he RNA
N/ P ratios from 0B(&RNaAp honrleysjulttoi nlgs.from i ntegratioc
(A) between O nm and O0.65 nm distance, yielding t
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Fi gulrlsil.1. Proton as®i gNMRe rsti gthna |l s .af t PBAEI a A f
of t he olpeayrita n{ignree e n) and the spermine part (b
into ™ hMMR spectra pr eMescttReoNB.vEeo et | aoyf o f t he pr e
spectra (oleylamine spectrum with signal assignme
signal assignment in bl ue; fragment signaH assi gi
NMR spectrum of PBAE (70% OA) with resulting regi
the poPBAEr struC€Cture in

ragm
Il ue)
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