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| . Aim of t he Thesi s

The aim of this work was theas edd vsil RNAnetnh e roa p

system for pul monary application using DoE a
encapsul ated into polyplexes t hymargh wHiexch rwvoe
then nebulized to achieve deep |l ung deposit

synthesis was optimized and characterized t
Here, DoE was applied t ot sr eadnudc er etshoeu rncuensb esrp eol
synt hesi s. Utilizing the controlled synthes
regarding their stabihitapidme vx Merey awodeeptf

governing the nanoparticles performance were

pul monary application, di fferenthbasedopmart ivel
Therefore, nanoparft iphyesisdaoadhdmitcyali nc lreergaa tdest
VMNbased nebulization was investigated. Nan

were able to mitigate disease relevant gene
di sease®wiuwman ti ssue. Finally, the manufact ul
optimized applying DoE on a microfluidic set

batch size was tested and evaluated.
Chaptgirved a brief introduction into the mos

Chapt edeslclrli bes the optimization and charact

pol ymers and the validation of the DoE model

Chapters It\he continuation of the work presen
findings and characteristics of all polymers
was found. The chall enges iamswiotinmadndd eWwist ar el

briefly discussed.

Chaptdemd&nstrates how VMNs are wuseful nebul |
nebulize different PBAE based nanoparticles
alveol ar deposition. The a@awpphomah iisssvaéi dat

Chapteumvhari zes the concluding findings of t

which still need further investigation.




| 1l . ntroductil on

1 Potenti al and Bhaaslelde nlfgheesr amfi essi R

Smal | I nterfering RNA (siRNA) is a ubiquitou
plays a cruci al role in cell homeostasi s. Un
dsRNA which is cut i ft4do bsamal |p afi resgznylymdt 48 $ coef

mechani sms were fi%stBryiedégcr itthed giurn d&29 %8 r ¢
argonaut pr ot ei nl nadnudc efdo rSmsl etnlce nRNA omp |l ex ( F

cytosol for compl ementary MRNA sequences.

compl ementary mRNA, it dindhecedymRNANnclegay ad
gene ex'pFegsiren) . This mechanism is essent.i :
cell s. Crucially, it can be wutilized as tr

downregulating relevant genes throudg¢h synthe

Though the pobasedat htompseRNAeems endl ess,

The first is to identify disease releant pr
The second is the successful delivery of si R
high electrochemical charge, RNA gets poorly
from the negativel Y cAdadrigteidonaéllly, mé mereanent
recogni zleidk ddyr doépt ors and Ttamlismdudce i mmoaei
by ubiquitously expressed RNase enzymes. To
delivery associated challenges, scientists d
Most prominent due to their recent clinical

l i ke OnpattroE, whit®hl wasompipstoved saveondls |
proofed to be a save 'AndHowévecentheylelaireer
manufacture and are associated with high <co

delivery were done many years before the fir

Polylysine polymers were one of the first c
nucleic aé¢i dBRoliywmer £eilh sgeneral have many ad
are cheaply synthesized and easily tunabl e
availPaMNlamoparticles (NPs) can be formul ated
despite these advantages, tbhaesread itsh emra pgl ibryi
this! h@sé sreason can be the heterogenous n.

control during synthesi s, which makes a rep

2



Additionally, polycationic polymers |ike pol
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FigurSehematic representation of MRNA cl eavage throug

enzymes. Generated with BioRender

2PBAEs as delivery candidates an
I n the year 2000 Robert Lan@®emi aodshess)oWBB
bi odegradabl e polaysmembliceé @ s ppiDUNedrry . s ellhfe s e po
synt hesi zed -atddougbn Mot hdehcryl ate groups wi
i n agrsdvetph medcHarei smsul ting tertiary amines
which enables them to electrostatically enca
PBAEs are quickly degraded through ester hy
mannes. i $hian I mportant property to reduce ¢
pol ycations. Il n NP form they are much more r
prol onged!® iBoetfhr sametsr i but es are necessary to
the application process but also degrade the
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ri'y research on PBAEs quickly found out th
hieve insufficient electrostatic encapsul a
i mprove the encapsw«wlaptpii oy yantefripci &may twa s,
th one or more primary and secondary amine

oups of PBAEs in a subsequent reaction st e

PBAE NPs sWbh%’t antially

I n the | ast decade, numer ous researchers fo
subunit and a hydrophobic subunit could real
the next evolution stage of PBABHE sPonleycneesrssa.r yT
hi gher encapsul ati on ef fciacpipe nncgy gmmiotuipgsa tainndg tth
unit is necessary to achieve’lhigher cell upt
Until today endosomal escape is considered t
the cytosol. Less than 5% of intern?l iThed ena
are sever al mechani sms proposed as to how na
proposed mechanism is the AProton Spongeo ef
structure would be able teo ldffeerrd otsloeneph ogi
the protons. This would | ead to an increased
ulti mately bursting of endosoffesThwehipcrho twonu | sd
effect i's currently regarded as beneficial i
escdpeAn augmented theory postulated a part.
accompanied by shedding of polymers from the
to interact with the endosomal ?heAbtaneat eud
was postulated that hydrophobic polymers or
endosomal membrane deé&8t?abhibszidrergtabelizatirao
conformation of the hydrophobic parts and ¢
di sintegration, allowing small nucleic acids
unsaturated | i pfiodrsmawhiomm!| stkaowmksesomre favor al
bil 8 e®se | ipid with a favorable conformatio
me mbr anes is oleylamine which was incorporat
Spermine ?2by Jin et al

A major problem associated with polymeric na
clinical application and approval i n humans




attributes (CQA) is necessary. The step gr owif

sever al reaction steps until a thermodynami
monomers react to dimers, whsachosubstiglueanhadiyr
so |l ong that t heir reacti on Kinetic become
equilibrium). I n the case of copolymers, the

building blocks and miwedetburkeduhgi by otks ua
polymers indiAftgpénctal siquas ity criterion of

determi ntdanmlegighén by the following equation

. BO O
)] =
B0
. BO O
)] —
BUO 0

wi tOhbeing the number of pol yimbesnwi thearegp
mol ecul ar weight of the polymer <chains. The
|l ead to consi der ablaemidd.i fT heer seen cckisf fbeert evreceens ar

polydispersity index (PDI) of polymers deriyv

G’O"OL:—

0
A | arge PDI can | ead to heterogenous nanope
responses. Therefore, researchers are tasked
reproduci bly polymers with small eRDlassr eamand Om
possible solution for this is the applicati
understand, optimize and control a synthesis
3Pharmaceuti cal Experi ment al De s
The origin of statistical experimental desig
i n agricul tural economic research institut ¢
agricul tur al experiments was extr evoal W tiake
year . Out of this problem a statistical apprt

reduce the amount of experimentX® nDeoeEd eadp pwhiice
orthogonal experi ment designs to estimate i1

pol ynomi al mo d e | equation onto it. This mod:




response surface applying the response surfa

model prediction can be plotted visitalTlhye anc
big advantage of this becomes <cl ear i f one
approaches. |l magining a process, e. g. a synt

each factor being able to asisuamle amerodchht e:
this synthesis woul dexppagruiimentdo, ngo ag 1 ipro stsdt
estimates the effect sizes of each factor (

t herefore only rehgeuimodell eoxfpfesreitmeanrtd flod expe

estimation of al/l factor 1 mpacts and possi bl
experi ments, see below). RSM would therefore
a drasduced!| worlkl oad. This technique can not
numerous classical phar maceuti cal probl ems.
DoE to optimize tablet mixtures, ¢PdnwMoati on
recently DoOE was applied in numercd®8 studies
Sizck
109876—432’ 8.9.10 11 12 g3
350
350 iy
300
300
250

200

FiguGeaphical representation of a model equation gene
in Modde 13.




To generate clinically and approval rel evant
significant. DoE models are mostly generated
an ANOVA anal ysi s. I n detai lul at eggce nweirtadl prod e
estimators for each factor, deemed having
undertlrypmm@gcess can have interactions between
potentially quadratiche hpeet Wleatmsd amedelIncd s d
first order interaction modbflamtamrTQBeQr(&m$,crib

interacti@puadrrarsi ca@dec ngr $ hewintulmber of fact
for the model

For a process dependent on 3 factors (A, B a
w f o6 f6 10671 6 T 6 T 06 frpr00T 60T 060

wi thheing the estimator and A, B, and C bei
interactions and cubic or hi gher i nfl uences
incorporated i f significant | ack adfi sfiptr o(cleGFE
B I experiments are necessary to get a solut

regression function searfchwéhs ch ®mohumi pas f bh

residBalwslumwi tiheing the predicted response

j for each of the conducted experiments. T
regression, showing if a significant correl a
was fmomdnldaak of fit, showing if the model it

if the model needs to be adjusted by adding
to be at | east one experimenitingependahiilkch. WE

cases an ANOVA i s®%conducted as foll ows

First the totaj: ssmcaBcalhabeeshy&Sbeing the

experiments conducted. I n a pExt sstcapcuheat
B w | . From this the 8&t aonf bteh ed¢fYeigWwéeds shiyon (
YUY . From the SS the respective mean squares
t hrough t he respective degrees
oy X
90




which are €&xQilmarfaendd™ @ fri eorwi th p being the nur

esti mator s. To determine the -wsalaud sctanc able rdedr
O ; ——anWl evel s can be esti mated.

Since model estimators often correlate to r ¢
i mportant to check i f not only the correl ati

factors are estimated andknofhing msabyserbkos

classical ANOVA. For this it iIs necessary toc
design pl an. I'f this is eh)hecanade £XABSubht et
B B witbeing the mean of tihbeeirnegs ptehcet invuem

of differentedga@mp|beadaddz uBidhteeglfbyhe SS of th
can be d¥Yi Werd "Wyand idhgQ@fQQ QQ. Finally,

cal cul adainWg M$S t he same equation as above, F
l ack 0O fit —by No matter the process, i f th
LOF is not, one can state that the model i nc

correctly.

Design of experi ment i's therefore a univers
guickly generate predictive models wusing | im
the synthesis of PBAE polymersi abeweWwithstha
pol ymer s.

4 Preparation of PBAE nanoparticl
To prepare NPs from PBAE polymers there are
classical batch mixing. Il n this approach a
containing the nucleic acid arengumekhydmi Xé&
approach is fast and quickly applicable. How
on the midhuSiamcearam approved therapeutic sys
in a repr oduacpipbrioea clha rtghei ss cnaeltehod does not sece
is the application of microfluidics. Here bo
fluid reservoirs and pumped®t Beoveghl cdanhher s
chip architectures and materials have been r
that they produce nanoparticle dispersions o

Additionall vy, t huifsacitsurd nago mtriorctleswss wharm h can




batch independent manidf dotwernvieng Inmécomés up as <
are highly dependerff osethpothmprarahdtsesotue
flow rate (TFR) and flow rate ratio (FRR) o
di fficulty of finding the opti mal process pa

in whicheDapptamdbto achieve satisfactory r
spéht

5The human | ung as barrier and t
Lumgel ated di seases rank among the top ten |
the World Health Organization (WHO), with tw
third positions in mortality nmoateesaninrua20 dle.at

i schemic heart disease, “thdhlsadiakgsgltoleal u

relevant target for pharmaceutical formul at.
by pul monary active pharmaceuti cal i ngredien
and increase $uafelowewaad, etfiée chayman | ungs po
structure, complicating successful delivery.

The respiratory track starts at the trachea,
further sever al times into smaller bronchi

bronchioles which terminafThei obmpbbet abmeahd
coating of the epithelial l ining vary depen
epithel i um, a mucus | ayer serves as a prote
|l ayer reduces s wiefsa caed dtietni soffoanT hagnr dd trperedc iho ra | e
al so contains ciliated celtloswawhd cthires twhoakreyn xn
old mucus and foreign substances from the &
bar%’idm nearly all alveoli phay eaacruail alol &
i mmunietnyd obcyyt osing and clearing a big proport
alveol ar space. They thereby form an addit

epi t &1l i um




Cpm Ciliated Epithelial cells
e
.<

Trachea
Goblet Cells
Bronchi ; Basal Cells
Clara Cells
Bronchioles
Alveolar Macrophage
Eg:g;?éles \' e | Epithelial Type Il cells
Alveolar Sacs o™ | Epithelial Type | cells
FiguSéer8cture and cellular composition of the human a
|l nhal ation is the predominant met hod for de
formul ati on approaches: dry powder and | iqui
inhal able aerosol of suitedephaticéegioenzei ti]
accepted that a mass medi ani 5 e®no diysn%hm ccecsds aarm
generate | iquid aerosols within the desired
Most relevant fog meisé webkil acer si bVMN) nwhi
used and pose sever al advantages over other
During tGoe¥2 SpAR®Bd e mi c, many patients in crit
comas, were unable to actively inhale, which
formul ations. VMN Aerosols can dbaoc onmrecteaad i
patient to actively inhale. Additionally, t h
than e.g. jJet nebulizers, which makes them a

hi ghheder structuf®%sCdrn kreetpedlyy,pl\VeMNsgener at e

mi

cropore sized mesh connected to a piezoel ¢

frequency range upon connection to an el ectH

shape. Thratgonamédbwt br movement of t he mes

controlled size are®dThepeghedhisomrobessoi st

aerosolization techniqgues, there are still (

10



mesh heat up during the nebulization proces
sol 3t iMhdi ti onally, the mesh itself needs to
the risk of drug adhesi on, which could | eaft
pol ypTekeesgsf beéore applying VMN on polypl exe:
nebul i zati on process does not al ter the fu

formul ati on.

11



| LDesi gn of Experiments Gr a
|l nsights 1 nto theC&ypnaheisnoe
PBAE Copol ymer s

This Chapter was published in ACS Applied Ma

Kromer, A.-SPhaEey, SFebeFarfan Benito, J.; Me
Grants Mechanistic Insigibstannongh®b&8gntCbes
ACS Appl . Mater. |l nterfaces 2024, 16 (29), 3

The Contribution to this chapter consisted i

and analysis of the polymers as well as the

12



1 Abstract
Successful therapeutic delivery of si RNA wit
but not vastly wunderstood and complicated g

pol yhmeesed del i very system has besen aasp par odveeldi

Ssystem, exhibit considerable complexity and
chall enging endeavor. However, a better und
pol ymer excipients may | rmprnaave qtutaé integprf oduanio
in drug products. Here, we present -acrciombed a
data science to establish a prediction model

that i nfluensel thbabymo @ wBeAkEss))e a common typ
used preclinically for nucleic acid delivery
at di fferent temperatures with different re
cemdal compaoe)sidesi(gdhCO This design all owed a d
i mportance and interactions using a very |im

pol ymers by analyzing tNIMR raensdu |tthidnigs iiczoem pdoiyssi t@éi

measurements. To further understand the comp
pot synthesis, we developed a Pyt hogqnr oswtrh pt
steps. We successfully devealesped saend uw dlaicckat

deeper understanding obatslked aymwhhedi s i cf PBAIE

13



2Introducti on
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qgu

nce t-GeX SAR&ndemic, the delivery of riboni

S become an ever more rapidly developing

proved drug delivery systems for sRNAN®)uUGQg:
chnv’l.v®gdyowever, LNPs face probl ems%wmidt h r e
capsulate only a very | oWw dProugy neoraidc odfe |aipvpel
ch asampaolgEPtBAES)) , t hat were initially de
nger lirnep200klnt a rseasdnebdl al aednwei ve. | n

l ymer is easy to syappedi hoe mtamdipiomgthiee spas
owed promising °fr amR¥Aadt isdARNAN \akibho vi vo
d&% sHowever, synthesis of polymet%ndesfpteen ¢
ads to a mixture of differefAl Toil®ciud aun dve:
nce these factors decrease reproducibility
rgo t o ®faanrdgetthecelld ®&lBmhott heowit hiery hand. Fu
mplicate a clean correlation between speci
|l ps control and reveal -gtrhoewt thn dpeorllyymenrg zrad d |
derstand t heo,profctessrs. ddonenmdso of experi ment s
edict all the possible influencing factors
r many vyears the hel p’hoafs [Dbeeseing ru scefd B xop edreicme

necessary experiments to address a probl e

fine predictive models that can design an
sumpti ons abeonutts fauntdu rhee lepxsp etrhhenr ef ore to r e
i mprove sustainability of chemical synthe
recent years, the combination of data sci
gnificant knowl edge ¢%°®®n Tihn st me pfrioalcthh a@fanr
ef ul since it all ows for optimized deci si
derstand the mechanistic insights of how
PYoDoOoE can also be applied here to guide sc¢
timization and valuabl®. "fInrsiahrt swdrk ,o ve mapi
ols to face difficult tasks in polymeric
nthesis ofpodmpieirght hecr cmol ecu®l*ar weight d

demonstrate how data science can be used 1

estions such as the -golnt mern d efdors ytnh éh eesn csa o

14



we synthestamrd lpeyolda mienedlda PBpoAcEIcyymer s usi ng |
iterate over a variable space with reasona
temperatur e, reaction time and thetinatsi @foft!
synt hesi ze3d?% mapenrimianes wasowrh op®iny casst iao b otdoy e
encapsul ation efficiency and ol eyl amine to
polyplexes to facilitate the endosomal?®escap
As readout, we selected the final compositio
results from the size measurements of t he |
regression to generate a Respomdge eSurn fmader sl
all ow insights into the variables, which wer
information about possi ble structures, we d

pol ymer i c ¢ o mpPoesrinter@ihni so mfaatpohgyGe( GP C) peak seq

approach was chosen to help interpret the of
cpol ymer s. Finally, we developed an assay th
si RNA from pol yplenxtes .a Tnhetsh owdo rtko phraensd!|l e | i n
using DoE and open source python | ibraries t

compl ex synthesis mechani sms.

15


https://www.zotero.org/google-docs/?Tmrsow

3 Met hods and Materi al s

Material s
Dit erut vyl decarbonapermoheyl dmmeeé hy!|l f or mami de

Gol d Nucleic Acid Gel Stain were purchased |
Et hyl trifluoroacetate, sodium chl ori-de, her
100% soluti dm owmerSed ghmaudHtdr i ch ( Taludtka merhcing |
diacrylate was obtained from TCI Chemical | n
acid (99, 9%, extra pure) was purchaseaed from
was obtamnéecutero (Kastell aun, Ger many) . D
potassium per manganat e, magnesium sul fate, e

were purchased from VWR Chemicals (Il smaning,
Tris@er mine synthesis

Trtiebbut y I carbonyl SpeBos mer, miarbebr (e VB &)t ewWa ass )
described®el sewheré, spermine (1 eq) -7v8as di ¢
AC, ethyl trifluoroacetate (1 eq)-7®%@adCatded:
h, then 0 AC for -tlebhtt yWi tdheocuatr biosnoaltael i (948 , e ool)i
the solution and stirred at room temperature
pH above 11 by 25% ammonia and stirred overn
group. The mixture was theea respduat ds udde
di chl oromethane (DCM) and washed with dist.i
aqueous solution. The DCM phase was finally
gi ve t he crude product. olye corl wden Erha duwatt
( CH2\Mé O\NH 3, aq. 7:1:0.1, Si 02, KMn O4; Rf =
characterized by 1H nucl ealW-NMBgnetic resonan
Pol ymer synthesis and characterization
Podlsper-momneyl| bBbaaminrmroesters (P(SpOABAE)) wer e
previously dédécrBbéeefhpprdBShas hydrophilic
hydrophobic mbobobmeendéainal 1didacryl ate (DA) we
ratios in dimethylformamide (DMF) resulting
wer e stierrreendt atte nipiefrfat ures and for different
respective reaction time, miXxtures were tran
subsequent deprotection of the polbywmemetWwasec
(DCM) and 1 ml trifluoroacetic acid (TFA) f o

16



at room temperature. I n the foll owing, DCM/
product was precipitated 3 times in pentane
la). Supernatants were discar ded samdc dtelre vfaicn
(room temperature, 20 mbar) . 'HRMRa(Fpolymes8s)
GPC. Measurements were performed with an Agi
Lux 100A foll owed by two PSS Nowema omgaxphbuzx
system and cal i bration standarady swerdremt A
Technol ogies on P(SpOABAE) pol ymer s. Measur e
sodium chloride solution suppl ememtreed wvaitt M Q
and measured at a flow rate of 1 mL/ min. Mo |
Agilent WinGPC software against pullulan cal
kDa. Achdaaiimmydetector setDpwas @amedgi dbehowd®@=6
1260 GPC/ SEC MDS and ending with an Agilent

Design of Experiment

A Response Surf deas Megmloided REBM)ma 1 3h.e0 .MODDEa
Data Analytics, G°ttingen, Germany) software
at three | evels were chosen based on their |

(CQA) of mol ecul art wreatgihd. ahide ffimwrl GRP nwer

(set to 80A, 100A or 120A Celsius), ii) reac
ratio, defined as the mol ar r at inounobferproifmaprry
amines (set to 0.30; O0.55 or 0.80), and iv)
t heoretical number of primary amines (0. 80;

maxi mized Orthogonalitya( C€Ont wad’es tTtho een clenit
points were added to evalwuate the process st
determined by ANOWA|l aes bhefFowed. 0. pPredi ctii
intervals were generat ednollleeded eoamsf.i tted, si
PeakFinder software

To gather more insights into the polymerizat
programming | anguage (version 3.11.5). Panda
mol ecul ar weights of the monomerdeurniotget dre
information about the single peak maxi ma ( Mp
NMR spectra), an error range, a maxi mal it

parameter i f endcapping Bwmastehd donactrhyilsatien fiosr np

17



pol ymer structures are <calculated for each

monomer combinations that fits the data best

Species isolation via spin columns

To isolate a single polymer species represen
mg/ mL in the mobile phase. 1 mL of solution
centrifugal concentrator col umns fsr omerSear t
concentrated at 8000 g for 15 min. The conce
mobile phase. This procedure was repeated th

before mentioned GPC method.
Particle formation with si RNA
Pol ymers were dissolved in cell culture gr:
Nanoparticles were prepared at a ratio of 0
charged phosphates in the si RNA backpbb€, ( N/

Leuven, Belgium) were diluted in 10 mM Hepes
Mi xi ng was done wusing an Integra Voyager 1:
Switzerland), resul ting in finiaxli ncgo,n cpeanrttriactli

incubated for 90 minutes at room temperatu
hydrodynamic diameter ( DH) and polydispersi:
were determined by dynami casliizgehrt Wlctartat es d rnige

l nstruments, U.K.) was used running 3 measur
Stability
The stability of the resulting nanoparticles

asdhyBriefly, differentlyXcandehepatred wmwexel
release the si RNA from tdwel hapopareti clloesOL |
suspension was mixed with 20 OL of nstlreev®d . s

Seven different concentrations plus a bl ank

the stress solutions, pl ates were sealed to
for 1h. Afterwards 5 OL o¢fo a4 hex mEXBRr®olacdhddy
mi nutes in the dark. Finally, the fluorescen
( TECAN, M2 nnedor f, Switzerl and) pl ate readert

wavelengt h. Using t hSeofGrwaapleRada Proinslmbn e2ad 0 7f i
calcul ate the EC50 values of each polymer r

sampl e.
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4 Results and Discussion
a) Polymerization
? " ~ “NH, " (DMF,24h-72h,80°-120°)‘
Hab N e Ny b
Tribocspermine (TBS) Oleylamine (OA) 1,4-Butanedioldiacrylate
N N N
L K
L ) | L
1 Deprotection NH, X |
o (DCM/TFA,2h,RT) f X |
—_— = < ;\{
NH 1 ” : L
9 ‘ L
L L
L L
mi— L i —n m— [ I —Jn
b) <)
Factors Number | Units Factor levels studied CQA Sum of Degrees of Mean square | F p-value
of levels squares freedom (Variance)
Initial OA 5 % 16.3 30 55 80 93.7 Final OA 0.757067 4 0.189267 160.615 <1x107
Ratio Ratio
:::""" 2 n 165 o 48 2 851 Mw 0.942607 4 0.235652 31.7042 <Ix107
Tewveratarel] 5 C = 0 ™ ™ T Mn 0.948579 4 0.237145 28.0392 <1x107?
DiicvRER| 5 0.60 0.8 1 12 131 PDI 0.0515111 4 0.0128778 6.32118 0.002
ratio +33kDa 13108.3 4 13108.3 38.9963 <1x10?
Figufa)l Overview of the applaimdaoeyrnteheasyi s Pfodry mehe zwag a
using different time points, temperatures, and compon
sel ected as readout together with the data from ANC
Control ng the synthesis via DoE

The two most i mportant CQAs controlling the
are the molecul &% 8tweighe dompos$ bui Do nonf ctahsee
of amphi phinodci fs$per nABWAES,
hydrophobicplsay®e a hmdjnsr role in the transfec

previous studi es
" Additionally, it was shown for numerous

functions in governing t%e Tperrfedromenc & has mad
study was to establish a synthesis route whi
over the final constitution of the P(SpOABAE
which was i nvesteidgatnedd ,bywasnvmasxiimgiaz i ng 5 | e

1b) the prediction strength was increased (T
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a) Final OA Ratio b) Mw
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e)
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g & ; el
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40 w220
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204 ei?
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FiguObs2rved vs predicted plot for (a) final OA ratio

(d) PDI (R2 = 0.53), and ¢dee)si>g3n3 gkeae r(aR2e d= w0i.t8h8 )2 7f opro

After performing the synthesis and analysi s,
|l inear regression. For the CQA= fG.n®d8 OCaAn d ad |
val i dicty00948& were found indicating a strong
step, the factors, which had been the most
choosing a CCO, the factor strengtéitshdérorwitm
interactions betwesen mait eder &egotr ChRs fwasal e OA

terms shoaweaedk a&ded ow 0.05 and were deemed si g

the most relevant CPP was the initial OA rat
Al so, acexopedtnagt itoons, the temperature and r e
ratio significantly. Surprisingly, the two o
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diacryl at e

rat i-b. 8% Ldaedo € Ff gaorest Saofand

S7) .

|l ess relevant, It is still unexpected that

reason for this observati oonsem gtha doeet erhnei ncea |1

ratio (eq. 1). I n this approach, the diacryl a

thereby naturally impacts the final results.
. I(O.Qppm) Ny (backbone,4.2ppm)

04 Ratio = Ny (terminal group,0.9 ppm) x I(o,gppm) ( € q ) l )

I(4.2ppm) - (nH(terminalgroup.O.() ppm) )x

NH(terminal group,0.9 ppm)

a) Final OA Ratio b) Mw
0.2 0.2-
o
5 = 017
< 0.14 E
o 2 0.0-
E: s
£ 0.0
i 0.1
'0-1 T T T T '0~2 T T T T
& & < & & <& <
<2 v§§ NE X <2 v‘é& Na q:°v
¢) Mn d) PDI
0.3
0.2
0.2
. 0.1
5 " 0.1
u o
s 00 0.0
-0.14 -0.1
-0.2 : : : . 0.2 T . : :
N S
<2 @“” o"g. X <& \é“\'b ng. &‘g-
& &
S X S X
€
) +33kDa
30-
20-
=<
« 104
[=]
-
a2
T 0
-10-
T T T
& < <&
<@ \(-\\\\ 0?' Q:QV'
Ov. °\>

Fi guMed®el

gener ated

coefficienth=fO8T,8) 9BJ(RRa (@S Pali7dR( (c)

with 27

0.Q84:0.75) R=( 0)QEBD0O. 19) ,

pol ymer s.

ank=( 6 Q88 303 8kiDa f-(oes itghne
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Il n contrast to other po-gymet hzddld dcibtaiede cdciad i rs
to a single polymer species but rather a mi X
be further discussed bel ow. mbooemeabuathe , t me
percentage of species below 2,000 Da (<2 kDa
only interpret discrete numerical values, a
algorithms had to He sfpewnd.i cT CeAesf araet ,h esre vt ehr;
di stribution were added. To start, the over
numeri cal percentage of the polymer species
i ntroduced. Fofroreatcthe CRYAlI ,e xac empdd ed= wi.t8M & nrde
cresad i dati onz=v all.u7e5 awvbeorvee €0 u-eBd-BRL&E ) gumMdi 3 but
confirmed that the model was able to unders
pol ymeni matcihani s ms. Surprisingly, t he main
Mn , Mw and >33 kDa was the OA ratio. Since t
the Mw by the Mn, this CQA i s suscepetd bilne t c
hi gher scatters in the observed vs predicted
the coefficient plot (Figure 3 d).

Reaction time was not significant for any of
role on the Mn.

Understanding key mechani s ms

The initial hypothesis was that the mol ecul a
by the reaction time and tefhhbeHawaver fotlhewp
data suggest a more complex mechani sm. Sinc
governing the | arge >33 kDa species was the
kinetics of OA was fastlkbunibhan Ahfeakti@metn e€esct
subunits was alre&yHaowewert,edi ti nwd s toelsad ruw ed
of the >33 kDa species correlated with the
explained with faster kinetics alone. Analyz
pol ymer s heardi sa i «ch asreaqcutence i n which the peal
explained by t hger aonvetchh apa Isyt€merfi z=d teipon.
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a) b)
175 Exemplary decay of reaction Kinetics
150 10'
— k(A-A)
125 . k(B-B)
- %00
3
5} 0.75
3 a
0.50
025
0.00
’ 24 )
1110* 110° 19105 Reaction steps
Molar Mass [Da]
)
Peak
Weight
" Allowed NMR
; ~_ Eor  _~ Fitting

List with all
possible
combinations

=TTy { ‘ T T T T, T
50 3 vu : Peak Sequence
Olar Mass [0a]

'sp:9,'0n": 6 | mmp| 'sP':13,'OA" 12, 'END': 1 I-l 'SP': 18, 'OA': 17, 'START" 1, 'END": 1 l‘] 'SP': 107, 'OA": 30, 'START": 1, 'END": 1 I

(log M)
bt mriulota i)

Figua)4d Exempl ar yMpWwe®iCg lptea kaf amal ymers 3 (red) and 22
di stribution. (b) Exemplary decay of different reactd.i
The Peakldentifier tries tongi Ve omhe heemedrchiéaramwea:
GPC data, about peak sequences. On the right, a schem
match individual peaks and the peak sequesequescag t
proposed by the Peakldentifier for the molecul ar we

corresponding numbers suggest the peak compositions t

I n -gtewth polymerizati on, monomers wundergo
di mer s, which subsequently engage in furthe
subsequent ol%°gdmereirce sgqleygiteyss itnhec osame mect
with the difference that three kinetics are
bl ocks of the same typle -BBaandnghwi khne&athso
buihd bl ocks react-Bngk®.i tAd cciatciho rod lhley, (e&aAc h 1
exponentially, with the number pR.5FWiatch i tomis:

behavior, the following relation could be dr
kAA (r=1) KA (r =2)> k AA  (r =n) (eq. 2)
kBB (r=1) kBB (r=2). .> kB (r=n) (eq. 3)
kAB (r=1) kAB (r=2).> kKAB (r=n) (eq. 4)
kBA (r=1) kBA (r =2)..> kKBA (r=n) (eq. 5)
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https://www.zotero.org/google-docs/?vXYUY9

Toget her with the finding that t he OA homo|
homopol ymeri zation kinetics, a new hypothesi
It was proposed that the reaction reaches it

of steps after which the reaction kinetics di

occur , for exampl e, whereow mamyareathiressol
example, and how | ong the polymers become be
by the initial-A). flarsttelri Kimnaedea ctshdg kKkKAi net i cs
4b) .

Al t hough the relationship between the >33 Kk
explained by this hypothesi s, one needs to
species of varying size should hdaveonar icsaenn

simultaneously observe-galolwt ¢hi fpfod ryenmretr i gtad g ® 9

reversibilityddoftitome®t{ Wi ghuael 4a)

(A) #2(AB)( ABAB)ABABABAB) (eq. 6)

The reversibility indigagatwdd tstyatt halsli sstaage 3 |
each other. The equilibrium that the reacti

governed by the ratio betweemgf &aBtSen Frn gaictei @
A deeper investigation of the i mpact of the
Carother 8%nlsquaateia@dntrue for these polymers,
1.0 |l eads to the |l argest polymers.

To incorporate the new ihypsestheoifd wiamteo ptalck ad
The software ai medptod ymgerma vstthe lpree abd toicdkn, whi ¢

in this system. Therefore, the absolute Mw
wi t h an error ter m, t o all ow variamcet.heThi
chromatogram, which I ed to a |ist of all pos

mat ched with theved @grhrte sapandihreg pme aykner bl ocKk
from NMR to match the most seitakeine ope plut se
sequence with the best mat c h. To increase tF
the program was constrained to select only s
bl ocks. Additionalylyatendasapplingpwsshbide awh
in the amount of diacrylate used for synthes

It was i mportant to note that the function
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cal cu
high
Figur
was s

propo

| ate a matching sequence and the result.
data quality was a major assumption of
e 4c¢c shows an example for the Peakl deni

et to 15 % to allow for the absolute co

sed combination, and the NMR friaetri os ugagse

a scenario where Ol sypleamime (OB8S)ameéacti bvod

Thi s
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t h
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t h

e X

—

e
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e
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ment i

wor ke

assumption was based on the understandi
rr- kinetics), TBS inswavaihabhe reagteane
eaction |ikelihood between the two. Th

guent synthesis reaction, where the hioc

ol igomers t oWhuwuntdewagso sahorwenacdli eanr | vy, i s

ained -procswtitbhl meadteipons in combination wi

oned that the Peakl denti fier provi ded

d wieéehdabsodbme had to make sure to prec

To validate the software (Figure S12), t wo

col

c

resul

dat

c

o]

Mmosverify a successful i sol ati on, GPC was

ts from the isolated fractions were corm
for p®YyanE% Q@lgbeaemir ovewabn the i saomldat ed

for pol ymer 17, 62. 0% OA monomer was found

=~

Peakl

93.

N

%

dentifier calculated 12dr OAsponds to &
for peak 16 and 75 OA units to 46 Spei

17. We consider a delta in the estimation ar

was s
was
fract
Ano

n

m O =
—

- aQ —~ -~
-
o
=
—+

e b

h
Il nt er
a

atisfied for botrhlfolaynme 0s ftoestled . ( B.a%s]
hown that the Peakldentifier allows f o
ions within this synthesis.

er observation that was made was the pr
e NMR (Figure S14). However, a correlat
i mpurity and the temper at uapeprcooaud hd alel os)
nd the opti mal setpoints to avoid the
re S15). This highlights how DoE-did n
h synthesis procesetpoinabscobhbdtd bleei che
est resul ts.

estingly, within the selected range, re

rameters. This result could be caused by t
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process was already in a stable state after
by |l onger reactions. Despite the fact that h
and a possible reversibilitdy siumpMi shaglyadd
influence on the polymer size parameters.
Prediction

After the fitting of the model, a response
(Fi guer)ee. 5To validate the model, three differ:
40 %, 50% and 60% (Table S1) wese atemdicrntesdd . v
spread through the design space as far as p
predictions for the molecular weights were v
deeper wunderstanding loyfmetrhie ad o mml exiotcye scf, o
surprising how well the model did not just f

validation data (Figure 6 and Table S1).
Final OA ratio

Figulardiemensional plot of the respdwiskic3d) aP®l of apd
>33 hkddhel fittedefsigm tofe 2GCPol ymers showing the i mp:

center, 1. 0; right, 1.2), initial mol ar OA rati o, and
The model was capable of accurately predict
weight of the respective polymers. This dat a

mechani sms such @oolymer shatwcasedhectoand smnd a

controll ed, allowing a precise manufacturing
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possible to synthesize
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5Concl usi on
This study highlighted the value of DOE as ¢
of PBA&ed copolymer synthesis. Besides the
synt hesi s of P( SpOABAE) , a modelf tah asty na checeust
approach was established. According to our Kk
capabl e of predicting the molecul ar weight &
combination with Peakbddentibrerofobnhwasgnt he

be generated. As a deep understanding of the
study, we are confident that these findings
for moredcoat eoil &1 generation.
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Fi nal C DF
Tot al 26 9 .
Const i 1 8.

Tot al c 25 0.
Regres 4 0.
Residi 21 0.
Lack o 20 O.
( Model
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( Repl i
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Mwb ~
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DF = R2 0. 87

R2 a0. 85

Figur€o81ficient

RSD9. 167

Conf i

tabl e

0. 95

(Scal ed
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Pseudocode q

Al gor it hm

,0cks, error

@]
c

put : best

nitialize al

‘H

: For each peak i

2.1 Calculate adjust edermwr= tnpewaipb

2.2 Generate al|l possi bl e sg¢
4 . | nitialize best
5 . For each seque

5.1 Calcul ate match score for se

N

[
28 1) K
N
~—

f match score
.1 Update best m
2.2 Update best ma

6 . Return best

Figurde@eak2dentifier Pseudo code explaining the funct.i
GPC and NMR data to the chromatogram and is expected
growth polymerization products.
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Tabl abldati on settings and results for three validati oowpnl mertso CRAempred) cl i

shown in observed (0O) col umns.

Poly : OA OA OA Mw M w Mw Mn Mn Mn PDIPD 3 3
Ti n TenOADATI . ] |
(L (U)(CO (L) (U) (O) (L (U (O (L (U U o

PD+33k+3
( (L) «
Vi 48 10(381.0.:0.40.:296 3903121441931441.:2.2. 43. 56. 46.
2
2

k+ 3 3k
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| Machi ne Learning on an Or
Li brary Reveals Governing |
PBAE Copol ymer s' Synt hesi s

This Chapter was submitted to Biomaterial s:

Si ebehafer, F.; Kr om#lr, CArnki ro., ; SMoldb ay g, M
Farfan Benito, J.; Mer kel , 0. M. Machine Lea
Reveals Governing Factors and Optimizes PBAE

The Contribution to this chapter consisted i
preparation and physicochemical characteriza
t hhen wainidm opewvbor mance evaluation.
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1 Abstract

Pul monary si RNA delivery is a promising ther
noinnfectious |l ung di seases. Rboal nyi nmeoreascteerr an o C ¢
easily tunable and versatile delivery system
vast chemical space and generate control al
orthogonal pol ymer -dpgérr-babesyead @H mi annopehsi gpshrisl i ¢
i nvestigated for gene knocktédeswguenodtigaivey Nas
On®ut Cross Validation approach was chosen t
all owing to capture useful information withi

variables governingi deret ipfairetdi-;ct ced ipteirg g imeabick
di sadvantage for successful gene knockdown.
performance through including experiment al S

and opti mi zedponioydneelrs ,c aan dniodvaetle was predicted

vitro. A superior knockdown and toxicity pro
Vivo experiment s, howewvweirt,wmadhy @ htogheledt itdre
optzattii on for in vitro performance.

47



2Introducti on

RNAased therapeutics are rapidly transfor mi
i mpact across diverse therapeutic areas. T h e
MRNA vaccines-edagse abilo¢ ®@adihmg{ - &d%pirc adr osaxlt u tvieo n
prevention. While the success of mMRNA vacci |
RNA =extends considerably beyond prophyl act

versatility of RNA's biokogroml ofunhberapsubdp
reflecting their fundamental role in cellula
use of short interfering RNA (si RNA) for taq
intracel |l uloawblye bsyt rsanidceidn gRNIA (-215 RINWAG | enot ied & |
sections and | eading to mRNA degradation vi
silencing complexo (RISC). This mechanism c
t her apeutoirc fauttruatédSpym cfée RNAs are prone to deg
into a patient due to ubiquitously expressed
purpose, various nanocarriers, generated fro
| nt ensviestliygaitned carriers for performing suc
systems SUcRPE@87 PEBAESAI t hough all are estab
the |l atter provides high cargo condefixation
maki ng PBAESsSt ewdelIflor RNA delivery.

As the tremendous amount of potential <chemic
of tailoring polymerd®far seaahegyndisi cealded

design a carrier system that s+wineElsrbheappnea

One potential way to do so i S™?awWhbhal pdemi g
this requires a | arge amount of expertise an
capability of extrapolating beyond experienc

i bridt.it®®Bhis allows for the discovery of a b
the discoperfyoroimi mmg gharrier systems. However
hand, this method can only be appl iaecdiilfabalku
which is not applicable for many | abs. For t
i mpl ement more systematic attempts such as d
apriori design space is setoverimel ai hggens

performing unnecessary experiments. Even t hc
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standard in industry9%% drt masotviaetsi mi zratgiiodn st
prscel ected design region and data points.

Machine | earning (ML) is a power ful met hod t
a nearly infinite flexibility in data analy
increasingly integral componé®t.l%4fn moedernnt d
sever al groups have contributed towards ©pot
deliveryY>s)eQowemger, ML is known to be heavil
and quality, which is a problem in the fiel
sparse or too heterogenous to use. Current
e ther machineaskeat-tellnaguigghhpLu)t®°os crteneeniwmtgi | i z a
existind®diddwmeswdrs, these approaches present i
academic reseatrltrhowehputngscr edamgihng i nfrastru
i mpractical for many research quesg, oanapalwhe
of enabling robust predictive modeling, rem,
abundance available for small molecul es.

a different method is introduced, where
et bhsepenampheethd |ami rpod§t elrhse (dPaB AaE so)b t a

an orthogonal DoE design all owed for

Her
d

Q
>S5 o o

o X - QQ O

c

rocess itself. Subsequentl vy, It i's use

o o

down whil e maintaitniionngal Il oyw -o@intetsa xeidsidte

ation |l oop is employed to design a robu

o]

e the polymerization of new | ead candi
mar k. Furd heemoneng-smpictbevde df omel 1 nt egr at

® o o < x

> ®© S5 X O S 9 S oD O»w
>
c O®© O T
>

® 9 T ©T

ri mentally determined features, offering

t dat a. Finally, ar eleetpiean unwaes sgameain atge

—
=

peiab studies andVahwvestfgatithg BBAPBI &)
oretical wor-kp i anaed t@o pslewi thé setengths
machine | earning in this context, subsequent
vitro. Hemancé hef pehéonl gorithm was validat:
stability were condi iwd med .r eTleasttiionng, tgheen e nk no c k
as wel |l as i mmunogenicity were investigated
This study highlights the value of applying
dataset from a previous DoE study, enabling

performance without relying on broad experim
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S Materials and Met hods

Material s

Di cer s ubssttrraatned eddo shIREINA t argeting enhanced
(si GFP, 25/ 27mer ) , and scrambl ed, negative ¢
from | DT (Il ntegrated Technol ogies, tlomaal) L
information are provided in the(8Byppoxyiendagyl
lpi perazineethanesul fonic acid), -E®OtTRAylbuf fief]l

solution 100T, R P MI-1 0106,4 Oh enpeadriti unin ysoonar i iputono msiad e |
muc 0 S &i, n ahcetaitvat ed f et al bovine serum (FBS),
geneticin (G418) ,-bubfuflebreecdc osbas! iphheMs(phBaSE)® € ACc Omp
pr ot-iiemlsiebo ¢ lotrai | wer e o bAladirniecdh f(rDpamr mS§t g cha ,

Branched polyethyleneimine (PEI) (5 kDa, L
(Ludwigshafen, -t &ewtnalny) decabibonat e, ol eyl
di met hyl formamide (99, 5% gMNErMe )s,e dlwimpeadfeentetdai nui mm
0. 05% -EDYAsi Al exa Fluor 647 NHS ester, and a
10, 000X concentrate in DMSO and si MMP7 were

(Schwerte, -BBetramerydioll,di acr yl ateemiwaas d bntdauisn
Co. , Lt d. (Tokyo, Japan). Trifluoroacetic ac
Organics (Geel , -dBelw@isu m)b.t aMemteldaMfalom Deutero
Dichl oromet hane, met hanol, amgmesi am poatl das$iu
pentane, and formic acid (>99% pure) wer e

Ger many) .

Data Preprocessing

Experi ment al data was saved in Excel format
features wvaesr eTidmeef i (nfei meod) , Temper actounrtee(nit T e
(AOAO0), Diacrylate ratio (ADARO). As target
Stability. Note that stability was included
for the prediction of geenmétexweeescompanedst
without this feature. Subsequently data was
dataset, no values were missing.

NesiCa&doop
The selection of an appropriate modledari rsi g c

pipeline. Because we are dealing with data s
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perform well with |Iimited dat-heaEacpi metdehew
with iMMaMi scaler to avoid informat i-wanl il deaatkiaogne
scheme: first, 15 % ofouwuthesdtawawhwiegabkbphi éeédot
hy ppear ameter optimizatfooh. SsEd erPures etnh &td 1t e
training data, we discretid4dee@equRkecyorftgumauumad u $
strati fiiledstt meptlthiotsiea bi ns. I n the inner | oor
parameter configurations wer-@nausts egsasloesdd afto ro ne
(LOOCV). Af414eoptempetietrons, t he model wi t h
(MAE) anmnc¢iiatedaopbarmmbt Bypewere selected for

Modeling with Stability as I nput

To compare whether <certain additional exper
investigated the influence @farthel expeabmén
nanoparticle suspension. To do es, asvead dictl iu
features into the gene expression anHdi kexi ci
behavior of Gene Expression and stability, t

Feature ADbIl ati on

To investigate the influence of the single
power of the model , feature ablation exper
iteratively removed features and c¢compgar eads t

absolute mean error with a base model cont e
threshold, the feature was assumed to just a
Optimi zed Model Comparison

Mo del evaluation included a comparison of t
predictor baseline, which al ways predicts tl

MAE of this baseline was used as ia hsttrhaitg hotff

machine | earning models, both with and witho
Model I nterpretation
Mo d e |l i nterpretation was performed using SHz¢

guantify each feature's contribution to the

expected val ue, providing insidghtcsatiimtho oho e
featBleeswar m pl ots were used to visualize f ec
without stabilitwyrabdeamoi@apuwatertalle. plots

deci-makinng process loy, tfheeatmiordee Irsel artiincanls hi ps

scatter plots of SHAP values against their c
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Prediction Pipeline

Parameter prediction was performed using a c¢
di screte parameter ranges and combined t hes:e
parameter settings. Evaluati cdimuwa s tpérifladrtmge
The resulting performance metrics were store
hierarchical sorting strategy. Thi s all owec
maxi mized gene knockdoiwny .whil e minimizing to
Tri 8@er mine Synthesis

Triebut vyl carbonyl spe-Bmgs mer, miarbebr e VB A eda|ass)y
describedl'leBsewlhiédye spermine (1 equiv) was
178 AC before ethyl trifluoroacetate (1 equi
was stirred at 178 AC for 1 htebdtyhedeatr ®o.
(4 equiv) was added dropwise to the solution
the solution was adjusted to a pH above 11 |
the trifluoroacetamiart pmmoXxteltee nwa g rtolugpn dwnhae
vacuum, and the residue was diluted with dic
water and saturated sodium chloride aqueous
magnesia sulfate amvdccodeeptodued. tdhgi ceudet
by column chr eChkle O\WHapdy 71 CH: BEMRE 9$i. @13). TB
was isolated aldnobbheactengneti byH eNsMR)ance s
Pol ymer Synthesis and Characterization
Podlsper-momney!l banmminreo € Pt(SIpxOABAE) ) were synthes
previously dé$cBibefll pppTBa&chs a hyddMphadic
a hydrophobic -monamendi @ainddilacdryl ate (DA) a
di fferent mol ar ratios in dimethyl for mamide
mg / mL . After the respective reacPetomi tdimehe
evaporate the solvent. The subsequent deprot
of 20 mL of di chl oromet hane (DCM) and 1 mL
pol ymer, foll owed by stierriimg tfher f21 howt ngo
evaporated and the dry deprotected product w
to dissolve the precipitate. Supernatants we
2 days under vadcwum,( 2®dombtaempeMhe synthesis
1A. Final pol ymer sH wNeMRe acnhda rGPcQ.e rMezaesdu rbeyme n t
with an Agil ent agueous GPC wusing a PSS Nov
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Novema Max Lux 3000A columns. The chromatogr
set up according to preanalysis from Agile
Measurements were performed at 40 ACwinha 0.
0.3% formic acid. Samples were prepared at /
Mol ar mass distributions were obtained throu
cali bration standards i n t h-e heandgeet eocft oIr 8 Os e«
Agilent 1260 VWD was used, followed by an Agc
an Agilent 1260 RID.

Gene Knockdown

H1299 stably expressiweg le@EPl2vdpr at sesededaode
or 10,000 cell s per wel | i n 1640 RP MI S L
Penicilin/ Streptomycin, respectively.nbdanopa
either si GFP or si NC RNA, and cell s were tra
or 20 pmol si RNA per wel . After 48 hour s, m
using a BD LSR Fortessa using tnhge 1BD 0ORPAC Shiiev
Gene knockdown was calculated as the ratio b
si NC NPs.

Cell Viability

Cell wviability and toxicity were tested si mu
dehydrogenase (weDH) pd sag aeys., -t5al 000 wlebr B Esledeod e d
hour s, the polymer | ibrary wasesesteadti 8@ Wi
concentrations between 1 and 500 Og/ mL. Afte
each well was transferred to a fresh plate a
protocol . Briefly, troeseuascphe ndeeldl r%0a g@Ilnto fmi fxr e
pl ates were incubated in the dark for 30 mir
each well and absorbance was measured.

For the CTB assays, the cell containing wel/l
OL CTB and incubated for 4h. Afterwards, abs
Using JMP 17 pro, sigmoi dal curve fits wer

repetitions of the CTB and LDH assays, and t

val ues.
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Determination of attractive forces between s
A previously reported stability assay was us
and polymers. The stability values fo¥%°the |
Foll owing this protocol, nanoparticle.stabi!
BriefOLy,nalmoparticle suspldnwiforB was fterreatte & o
a mi xture of -Xeiprara niveahbdk g B&mt e@Bm &r eRrni ckenhai
Germany). As reference, si RNA solutions rese
with the same concentX.atHloantse so fwehreep asre anl eadn da
at 37AC at 250 r pm.YBAR t@olwla rsdosl ust iGoln owe rae 4axd
mi xed by pipetting. After 5 minutes of incu
excitation wavelength and 537/ 20 nm emissioc
intensity of theoltuteciadredt manlho@parespbketi ve s
rel ease percentage was calcul at ed. Fitting
concentration eXf, huespairgi nPrandnbt rsiotfamnwar e, an
This val ueasvatsheedomeantrati on at which half
nanoparticle suspension.

Ani mal Treatment Protocol

Femal e BALB/ 68 miee&k,s,agved e6 purchased from Cheé
mi ce were housed in a controll edhduwrcilliigtltyt /fd
cycl e. Al l ani mal procedures wer evaarpipar oxred
conducted in accordance with approved protoc
Mi ce were intratrmmdleadfl ysiiRmMNA ien ceadp swiltaht eld
previous |l ead canei dmdley noerr , t med mhaws tMdr ed t
instillation wunder ket amine/ xyl anzei n®&f al®lshad
hyperbranched PEI pol yplexes encapsul ating t
as unencapsul ated si RNA or pure formulation
si RNA targeted agai ns-phaosuph anteqg eGd eylcedra GAE D i J
negative contr ol (NC) . Mi ce were euthanized
bl ood coll ection.

Lungs were fluskéed of wiPBe&S \iutfimbb E®DAt andi o)
cOmpEet Mi nifr EDOTAirnohtieba stdotr a i | tabl et per 10
bronchoal veol ar | avage fluid (BALF). Briefl:
subsequently recoll ected. A second 500 OL ¢
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recoll ected. The coll ected BAJLF Twhaes scuepnetrrniaftu
froz€O® A&t and886AGraedtat further anal ysis.
Lungs were subsequently perfused with 20 mL

vena <cava inferior was <cut and the solution
perfusi on, one l ung | obe from edchi ntrde%t n
paraformal dehyde (PFA) for at | east 24 hours

analysis via H&E staining.

The remaining lung | obes and undi Stsakitleidz & tin
Solution, fr e&20eAC amd ist drued heaetr anal ysi s.

Il n Vivo Gene Knockdown

GAPDH gene knockdown in mouse |l ungs was det e
from mouse |l ungs using Lysnmngi MaSamiiixcnaDt e usbpehs
from MP Biomedicals and a TRl zol/ chlwerod or m
thawed on ice and transferred to the |l ysing
to each tube. Using a Tissue Lyzer the samp
through chloroform precipitapghane Wads ewaslkad
mol ecul ar grade i sopropanol foll owed by et h
RNase free water and concent-capaonsywebDdAdE!
transcription kit (Ther moy FDNAef{ cBNAenwaEi @
Finally, gttdmei tPAGARCRéeégq RWeaal performed applyin
SYBR Green SRHRaer miFel dIBi mchen, Germany) on a
Fi sher SciAecnttiinf iwa)s. uBseetgl® mes wihteh rMmheGAMPBI 3 S
(Qi agen) for GAPDH and Mm_ACTB_2_ ®&c{Qnag€ny
nor mali zation ofpddGAMEBH hloelv evlas, atpipe i ed.

Il n Vivo Biodistribution and Cell Upt ake

To investigate the bi oBiweteaklid uBA LB/ @ nnmdi ace | Waeaul
wi tihhmd!l of si RNA fluorescently | abeled with
was &either applied wunfor mul at ecda nodri deari2ea posru | N
pol ymer. After 24 hour s, mi ce were sacrifice
the hearts were collected. Using an I VIS L
fluorescence intensity in these organs was m
For further analysis, l ungs were dissociated
Bi ot ec, Bergisch Gl adbach, Germany) together

Gl adbach, Ger many) tubes foll owingi drhe werna
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incubated with PBS soEwamidomfd¢@miwairmisn gt A0 mkeid
mouse CD45, -nBbWw\s3e9 5C Dadn, t -moi uosbel uGBCAg, a hAAPnGnd u aat |

CD8,CP&NnIi nNnmduaeaetiFd4/ 80 ;moBRIB\e6 CDldrctmoBE¥EeE8EDERG
PE/ D&bsdldenonuusie CD170 and Peaemo@R/eCyCanlion ef50.r5 3alr
4AC. The stained cells were measured using
i mpl emented with autofl uorescence exer &tj)i on

BALF Cytokine Measurements

Cytokines from collected BALF sol 0XMoounsse wer
|l nfl ammati on Panel (Bi ol egend, San Diego, C
protocol and an Attune NxT flow cytometer (°

Results are reported as total dretechpdar ed ntca

hi ghest induction for each individual cytoki
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4 Results and Discussion

Li brary Performance Evaluation

A)
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Figumerkfl ow of the screening process applied in thi
polymers B) A previously reported |library generated t

for knockdown efficiéegcy,C)stGaelmiel iKtnyoc&knd whoxiorrel at ed
stability of particles and D) against cell wviability
and SD of stahnedsd¥i@ hf o=3EC
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The aim of this work was the investigation a

the performance of PBAE pol iyme rasntdmase ¥ HOVRBNA

pul monary therapy. We therefore wutilized a
synthesized PBAE Y38 ymerd i pFagyr ewasA)gener at
Composite Orthogonal design optimizing the
synthesis temperature, ol eyl amine ratio, be

rati o, beithge tsheaercahtaiimmsoft o the backbone (Fig
over 5 Il evels and with all/l resulting polyme
Nanoparticle stabifity was already reported
To compl ement the previously reported data s
in an H1l-29pr e$sFiPng | ung cel |l l'ine by encaps!
e GFP. The results were plottedalgas n6Fi ghree
|l nterestingly, an apparent division threshol
e particles appearadviombeosswas henmnexpeacedo:
nsensus suggestsethatnpatabrcl esy neednat I

h
0

reaching the endosome. Il n contrast, the date
or the investigated PBAE nanoparticles was
X

excessowmglynstaparticular stabilizing forces
successful gene knockdown above 90% was obs
EC50 values, particles did not disi nteeigrate
si RNA cargo and mitigate gene knockdown. T
observation that above the identified threst
were below 30%. A previous study orleyppdretxeeds slio
potency if the intraparticular stabifi@mnng f
t he ot her hand, weakening t he intraparti ci
perfortmMamberefore, a clear design criterion
criterion was that nanoparticlal siteaifl ilt. 6, n e

to successfully release the si RNA within the
Il n the next step, cytotoxicity and cell Vi
investigated in pul monary epithelialS2yel As b
correlation comparison between both I C50 res
tolerated in a range from 25 to 175 mg/ mL a

strongly withS®gh ®&tshexpEkitgeur e pol ymers exh

showed a greater negative I mpact on cel l Vi
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enabled a reduction in experimental wor kl oac

reliably assess polymer safety. CTB assays r
assays S3)Fi gMorvei ng forward, for these reasons
To finally evaluate the performance of the p

the I C50 values determined via CTB (Figure

which was the successful decoupbpagtotl ¢ ogVy
One of the biggest chaéfl eingieanc¢phbhs BNAGgeldhi g
transfection efficiency is often associated

|l i kely associated pot éhei mbembf anlkeedcaruipei ve)
fusogenicity i s necessary for endosomal esca
compartments or cellular membranes ddn®trigg

It was therefore a remarkable finding that

exceptional gene knockdown as wel |l as super.i
Nested CV Approach

Using the previously reported dataset, we ali
machine | earning algorithms in | everaging or

c

nestedratciadasi on frameWdrwedempltemedt bef ar si
with specific modif-dattai oost ¢éat | OFedute »DAY.
' imitations of eacmplcex smddelng si,n wkatogpted t o
component p rfeesreenntc eidn ntehteh ordew | ogy. o8ecomrd, wiaa

representative of the training data distrib

variable, dividing the data into five -bins p
validation | oop, we employed LOOCYV, whi ch w
avail able for each inner fold, which is par:H
dat aset s. I n our experiments, wertmrbdblrsad ©Becd
Expresstimsmatpment and Toxicity, guantified as
We al so i nvestigated t he potenti al benef

characteristics, specifieawed yolssgabvdd tiymprasv
the st abl udegdg approach for all Gene Expressi
did not seem to have a big Iimpact on the 1C5

i mproved was (&) DetlosvevrTreets performance

the best model without stability included, w
0.3673. For the Gene Expression model, XGBoo
However ncwahdnng stability, the Support Vectc
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Good

performance of an-l$SwWRawitimtleowctdabas av

previtbPusAlmpong the best performing modesd <cl as
setting for the m&s)t, rwhiucsh werde |fsur(tFh eruroept
100 x
A) Extract | I
Features Random
TrainSet Hyperparameters  LOOCV " Best
Add Addtional Discretize . Satn
e poSAddtiona Target Hold-Out Splt
| Stratified to
’ Discrete Bin
Select Representation VS Validate
Target
N =10 x number archtypes/algorithms
B) )
Gene Expression IC50
== Stability Included p— p— — 081 . =3 Stability Included
2004 EIE Stability Excluded 1 N o o | [ Stability Excluded
%mn %n)-
g,s ¥ 2] ‘ |
0o & (?‘,. @?. é’q, 2 & a_,%‘ (3:‘ \s“\ . & & G}L- & ‘p% & & & *L;b &e w‘?n'
¥ Models ~ Models
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ten times and the mean absolute error is calculated

multiple models teswietdh ftohre QGwln ep i BExeplriensesyi oe d € U s e nwvd 1t th

nanoparticles included (blue). The models marked witdt

selected for optimizati on. C) Me an AwistoH ut ke EMEL opi pé
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bol d

frame are the most robust models selected for op

Feature Abl ation Experi ment

To further optimize model performance and er

feature ablatioB)exparitment ekpiegument, we e\

each

for

model, assessed via LOOCV, by iterative

the Toxicity model showed no significant

model ' sprledmictteidve accuracy and reduced sensi

Conversely, for the Genet hEaxtp reebslsa toinn gneTienhe a
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 ati on experi ment . Further more,priedi etliurcg ¢
ockdown/ |l ow gene expression, suggesting a
itial) and el evated Temmrdruatewr emo(dled m) linn
abiinciltuded model ' s SHARPtwyaltwhesshef ldedtdedtt
r t he I C50 prediction, Temperature emerg
mperatures associated with reduced toxicit
vorabl e. Thi s dhhderdyv @atoi otnh emapyo t beep t adtdtlrcif o a tn
evated temperatures, as!WoSutmbédnt eédyinhoweyv
i nfl uence on predicted toxicity (Figure
present mod el interpretations rat her t hail
rformance of the | C50® maddli,outshdasnd er g elttas
ots for al/l model s and features and correl
ovided in the Suppl &&me$tflary I nformation (F
na l Mo d el Performance and Baseline Compar.
demonstrate the final model performance,
ainst a dummy baseline model (see Methods
preederseald pl oPs. (FhgegurGene Ergpckadedn med:é
hi bited promising performance, achieving
efficient (r) oVvemseést9dplimnt t(hFei dgarAeed i TRheal n ¢
corporation of stabilitgtanseapéenbumancaer (
0.9078), wunderscoring the existence of a s

o high to release the car g8 B)nt oFotrh et hcey tToc

model , performance i mprovements over the bas

were observed, and a correlation between pr e
the seabl udegdg model (r=i1iQguUS8B8E€P5, Hewgueere, 3Bo as
di fferencbhbewaserd oumel t wo di fferemdDmodelist &

supporting the conclusion that stability do

nanocarrier system.
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A)

B)

Percentage of Max

Gated [%]

characterized by 95% OA I nitial and synthesi
synt hesi zed (see Met hods S36ctanodn )SF1 )ggunraa ryd e
experimentally validated. To further highlig
SHAP waterfal | S1lp2l oatnsd SIFiggeu reebgir emi ng t he r e:
model 6s beeswarm pl ot
Machi ne {Deanwiedg Pol ymenr vBEvalouati on
& ~
Temp Predict GeneExpression Sort by lowest
- GeneKnockdown
> \ - 5
N Calculate all possible IS&_:Bby highest
combinations ;
Predict IC50
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ke Hkek - 80 —— 1004
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100+ 3 40 @
'520 g . .
@ 504
80- 0 —~— x
-20 B3
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* « toge 0 .,/ , ; .
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P
8 20 S ——
204 >_20  —
N § ‘Zg b — Log % of Triton + Heparin
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Figude 4itro performance evaluation and comparison o
pipeline for the optimized polymer, B) Histogram and
2000;2 MLr the previousl alteiandg csa nGdFiPd astieRNeAn c aapnsdu C) per c
nearly complete knockdown of eGFP with N3 aphd** eddpi

63



candi date determined via CTB -2a sdseatye rwnitnhe dn =t3h,r oaungdh BEde ps

X competition. Dots depict mean of n=3.

To validate the pe#2f gpromaymeea aofs tphud moevar ML de
compared against a predVideuvushvegdr épomt etl aksada
synthesis optimization. I n the following thi
Besides different synthesis settings, t hese
the prei dtawdmidggher rati o at 93% and the pr e\
To investiga2epolfymée wasy Mhdeed superior 1in
experiment in H1299 eGFP cell s w&s ddan d ucdteeec
medi mbeeapotent gene knockdown than the Lead
downregul ation than Lipofectamine 2000 (Figu
not differ significantly QRBet(WwWSHau)r.kei pofget ami
detailed view on the differences on the pol
popul ations were compared via t HRe wpast ecdl epaerl
superior to the Lead pol ymer f fbeurte nselelo wte@mp aa
Li pofectamine 2000. The Lead polymer on the
a ncoonmpl ete gene knockdown. This indicates tF
of cytosolic si RIEA ddlisv an yaftemdenn kies Mdll ssoa tduerp
gated percentage (Figure 4 C) an#d compat gdsh
the Lead pol ymer.

A major downside of the previous Lead candi d
from the CTB curve (Figwmréué Df. tBEeehettdopo
excellent range with 89 Og/mL, the early ons
already occur at much dhhovwwed camalktmeriaad bh6 ug

comparable ramgeuei oh 40691 Og/ mL. Howeswer, a
val ue, the curve declcati wgasaamgoh muaherst i@ery
hi gher concentrations. This finding confir me

since Mlhowed to have better efficiency and
candi dat e.

Finally, to prove our ©previous f2 nddamagpsar twec
(Figure 4 E), which was inde¢deriekxpect ede saomlg

for successful gene delivery.
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Figuite Begsaolts of -2heompadi s£sdch.ngle) oFo IGHPOH mgde thesrt mi n
byt method with buffer only as reference standard. E
l'iver, kidneys, spl eeent,) axdd htheoeuvarrst & fftreorm il retfrta ttroa crhie a |
encapsulated into -2eébdot(tom twokrepolanmerML or C) 1 ni
cytometric analysis of cell suspensi cEn Centeorkdtneed efxrpanme
measured in BALF sampl es, normalized to the respecti
treated2witdpMLencapsul ating si GAPDH (l eft) and si NC
si GAPDH (slieNfCt )( ramdct ) .

I n order to investigatf whuildets amsmd@c®!| pmnao o
both polymers were applied to female BALB/ c
gene knockeowmsf corbsMlr ved as wel | as just a

for the Lead polymer (Figuree 5GARADH Hdu se kea

gene, which plays a cruci al role in cell me |
can |l ead to upregul atioanpemfsathengewdédi thansl
observati on, t hat PEI did not mediate a gen:
efficacy maviwNmwwr tamroadm| s i s not unprecedented.
poo+«iimad vo correlation could be the challen

such as the presence of respiratory mucus an
t hi st heggpios, we t est ed -ltiheu nLteeardf apcod y(nmfedrd @il nc ealnl
of mucus pré@8dueeilng WhleWe a similar ISbSs)in e

This shows that the bronchi al mucus forms a
algorithm utilized here. Although the mucus
l ung cell s, a considerabl e) rwasndtiiolnl wal e v

to blank si RNA (Figure 4 C), which was rapidl
investigation otelhse uptauwghi htowl apwgometry
Lead polymer mediates a considerabl eSlapt ake
For a therapeutic effect, uptake into epithe
most prevalent cell types, is commonly ai med
a superior uptak2 pompme e de bion d rnheed sMLdvec o mp ar
si RNA. A negative correlation betweenghptol yme
be the reason for the super-2opolupmak.e $iomc ¢ hi
optimization task of then alognpraittibbmIlwasg twhae i

next. To exclwude false positive results, pol
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be endotoxiSh7jreBALFi Gutekines showed partia
with the Lead polymer than after admBln8)s.tr at
Treat ment -2vipgdl ythleexMds, on the other side, r

as measured after administration of free
bi ocompatibility. These findingsrewerfer ocno niprleez
l ungs, where only for thei apadwpoeyméder maed |

was comparable to pure si RNA9gpplThesti oesufFt
successful i mprovement of safety and tolerab
the mor-ei lséea ept Ooperties mediated through the
macrophages and DCsomplae abpteake® @furML 3 i RNA ¢
of i mmune recognition, which c-&n 6alasngl7bleL s e
(Figure 4 E and F).
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5Concl usi on

This study demonstrates that machine | earni
synthesis condituonseredi egpeeil ment al dat a, e
successful synt hesi s of a4r epgti cdnketd eodnosn ahniogchal r
the value -bé a@meeutNeGrtoesdss Val i dati on approach
design and enabling robust predictions withi
instrument al in enhancingl yiheg updecess aasi nd
incorporating stability as an input featur e
GeneExpression model . Howevern tdhégramoesiu'lg ecd
predictions that did not ifnulelnyv otrroannnselnattse. tToh
future researnohdatmnaofpomathegearly stages of
devel op more robust and clinically transl at

i mpr ov eeduttihce roawpt c o me s .

6 Data Availability
All experimental data and the Python code us
and validate the Machine L®28&rning models are
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8Supporting I nformation
TabladjSdsted from ZilnmdmelrOmatn/n .etc o8le pd @ kD2 . Df9 . Di2ZRNAs used ir
nucl eotides; GFP = green fluorescence protein; NC = negativ
Adenine; C = Cytosine; G = Guanine; U = Uracirls; =T 2= Thymi ne
deoxyribonucleotides; capital | ettessethyibobhoaluedtiode siesur

Name Sense si3mManc Antisense strand 8650 ) Length (nt)
Sense  Antisense
SiGFP pACCCUGAAGUUCAUCUG ACUGGGACUUCAAGUAGAC 25 27
CACCACcg GUGGUGGC
siNC pCGUUAAUCGCGUAUAAU CAGCAAUUAGCGCAUAUUA 25 27
ACGCGUat UGCGCAUAp
SiGAPDH pGGUCGGAGUCAACGGAU UUCCAGCCUCAGUUGCCUA 25 27
UuUGGUGgt AACCAGCA
siGAPDH  pAGCAUCUCCCUCACAAU ACUCGUAGAGGGAGUGUUA 25 27
(MM) UUCCAUC(C]| AAGGUAGG

v Alive celis
539%

COMS colls cous- cote
28 2% TI8%
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Figsr@ating strategy

for flow cytometric
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GeneExpression ZeroShot

XGBRegressor( | earning_rate=0.2, max_bin=None,
max_cat _threshol d=None, max_cat _to_onehot=None,
max _depth=4, max_| eaves=None, min_child_weight-=
monotone_constraints=None, n_estimators=100)
GeneExpFreShbbn
SVR(C=1, degree=4, epsilon=0.2, kernel="poly"'", ¢
| C¥0®kroShot
RandomForest Regressor(ccp_alpha=0.005, criterior
mi samples_ | eaf=4, oob_score=True)
| C50 Shew:
RandomForest Regressor(ccp_alpha=0, criterion="'aly
min_samplessampfed, smint =8, oob_score=True)
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GAPDH/b-Actin expression

Fi g8r%APDH gene expressi on -diedierrtdeicnidadc ewie2d cfBACIRseirn ai r
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Endotoxin tesrteactiingn anS)L AL

To ensure an endotoxin free synthesis produc
EndochiEokneneti ¢ Chromogenic (KCA) LAL Endoto
River, Sul zfeld, Ger many) . Briefly, A calibr
sample in duplicatebkbUfimLa Panhygmerd roammpl &5 d fc
andL2 were prepared in two concentrations o0
sampl e of each pol ymer concentration was s
concentration of 0.5 1 .U./ mL, whil e ftihcea toitadnre.
To 100 mL of the respective samplgentlwasOhld
After 5 minutes of incubation at 37AC, sampl
374 nm (TECAN Spark, TECAN, M2saepbdbes, wBwit m
every 15 seconds at the same seconds for 30
of 1 after 30 minutes was interpretated as &

kit and st atferdeeass. TEndot oxin

Calibration Measurement Sample Measurement

—5U/mL Lead 0.1

0.5 1U/mL Lead 0.01

Absorbance
Absorbance

1 0.05 IU/mL 1 —ML20.1

05 ——Water 5 —ML20.01

0 2000 4pmo BOD 8001000 1200 1400 1600 1800 0 200 400 800 800 1000 1200 1400 1600 1500

Measurement cycles Measurement cycles

Spiked Sample Measurement

2

B Lead 0.1 mg/mL
7 Lead 0.01 mg/ml
1 —ML2 0.1 mg/mL
- ——ML20.01 mg/ml

0 200 400 600 800 1000 1200 1400 1600 1800

Absorbance

Measurement cycles

FigurleAll7Endot oxin Detection results showing the cali

(left, top), samples spiked with 0.5 I U/ mL endotoxin
(right).
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IC50 Gene Expression Time Tem OA Initial DAR _

1 1.7852382 101.7104356 24 80 30 0.8 3.081
2 1.7746021 80.44038087 72 80 30 0.8 1.658
3 1.6217206 89.2651216 24 120 30 0.8 2.472
4 1.5098928 78.19409178 72 120 30 0.8 4.54
5 1.9051339 80.67310824 24 80 80 0.8 6.334
6 1.8697649 83.09023816 72 80 80 0.8 5.082
7 1.6891918 23.39141521 24 120 80 0.8 2.077
8 1.4047717 14.92241948 72 120 80 0.8 1.297
9 1.4772239 55.13546155 24 80 30 1.2 2.865
10 1.5858¢ 70.55560858 72 80 30 1.2 1.541
11 1.6703613 90.77038652 24 120 30 1.2 2.091
12 1.426162 87.88885654 72 120 30 1.2 1.166
13 5.4845021 72.88009587 24 80 80 1.2 0.8386
14 2.3420749 55.38145585 72 80 80 1.2 0.6683
15 1.5939827 11.59752057 24 120 80 1.2 0.9769
16 1.36507& 7.089913749 72 120 80 1.2 0.777
17 1.6740007 71.7624657 10.879 100 55 1 1.53
18 1.6260081 70.18627262 85.121 100 55 1 2.577
19 1.7004153 76.28641928 48 69.065€ 55 1 1.653
20 1.6227475 66.53691612 48 130.934 55 1 1.309
21 1.3633572 85.11179583 48 100 16.3323 1 1.988
22 2.0188706 5.542691159 48 100 93.6677 1 1.476
23 1.6323142 84.54612458 48 100 55  0.69065& 2.992
24 1.6056775 32.33477785 48 100 55 1.30934 1.847
25 1.5884922 72.50527997 48 100 55 1 1.763
26 1.429609 69.13573695 48 100 55 1 1.775
27 1.4422226 77.07529989 48 100 55 1 7.58

Figs2x0ata for Machine Learning Model fitting and val

blue, features); and stability data (dark bl ue).
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V.Nebul izfatRNtMa ded -Embedded
Pol yplexes as a Potenti al

Pul monary Fibrosi s
This Chapter was published in ACS Applied Ma

M¢l IJerKr omer, A. P., EA,; EAlaeddopculdas, I . Ka
K. M. ; -Goonrzraalsez, D.L.; Berninghausen, O.; Beclk
Wygrecka, M. ; Mer kel ,-LOaie dN®BIhmoded dead | Panl yod!| &

a Potential ateacmwonl mohargi &pbrosis ACS App
8, 118812

The Contribution to this chapter consisted i
physicochemical characteri zatiinonvpietfrfomramarpaea
evaluation.
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1 Abstract

Bi odegr adabmi e» o)p(eR BEAEs ) have been a focus of
therapeutic si RNA for several years. Whil e
study aims tebasckwdancree aPBgbBts for currently
PBAEs used airre thhhnisedstondy -gerecwihnh | gopelppymeé eids a
resul ts I n polymers with a wunique balance
showcasing diverse properties.

Upon incubation with si RNA, t hese PBAEs forr
classify as a subtype of ckanbsidded pol ypl
( mPol yplexes). The impact of differehtthebaeal
nanoparticles were investigated, and it was
using WesrhatNenbgul i sers (VMNs) without | oss of
physicochemical properties,pagdtitcilreg tshuerh apE
LNPs.

Finally, their ther agpewthivd uan@aml! ipac @&tcii sn owma < utt
(PCLS) from patients with |l ung fibrosis. mPo
met all oprotease 7 (MMP7) and a downstream ef

downregul ation as determined via qPCR.
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2Introducti on

Th
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e lung offers numerous advantages for | oc.

rticularly when treating di$seasssvéehapppoi

nerally more comfortable forltpatsertssehnhhet
stinguish whether the treatment is intende
e drug should remain in the Il ungs for as |

nNi mise side effecach éEnsthes mbirerect hdesl ape!
1 s, whil e reduced protein concentration i
ad to unpredictabl®®cRadgesd i averedlllul gr o tu
pically correlates with reduced nucl ease ¢
r pul monéa’ y delivery

is study focuses on the treat ment of i di o
ich would clearly benefit from a | ocal the
esents a promising method forddewasegulat:i
e cell ds own machH, nteheg.f Whst es ORRATTRODg, Ww:e
RNAsed therapies have so far been approv

merous studies are currenappyl iucnadteirowna,y rteafr

owing interest?li Fothitderemeapsh!| atean of

|l ecul es-viursalngc aromi er s, a variety of mat er
cluding lipid nanoparticles (LNRmsQIl ynerpop
brid nagwlpcarnamncdpesr,ti cl es and ot hers. Our ¢

ocompatbhamni ao)sPtBgA(Ess ) , which irregularly al
ains feamrc a RNWAI at i ng and ol eyl ami ne side
sogéihnt®i ty

produce an inhalable formulation from aqu
ail abl ecj eBeandesl|l arasonic nebulisers, vibr
st recently developed technohegw.i aVMNXst rmwe
rough a thin vibrating perforated membr an
RNA is an expensive and highly shear and F

i s active pharmaceuthiecdleaismgnrsediegrsnhePAPIl 5 €

VMNs are suitable for this purpose due to th

St

ress. Unsurprisingly, most curreit clinica
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Her e, we wi | | evaluate two VMN§Rapihda, Afeo o g e

suitability i-basnedbudisgndgelPBAE&Ery systems. K
VMNs are pr ejfeetr améfleultioseaisr f or |l i posomal f o
strtre’ssVyMNs also exert | ess ther mal | oad, as

introduced through the vibrating mesh rather
al so identified VMNs aascttihvee bseusbts t @amiticeasn n éadsr
constant 8% wHp wewtepyt ttlRapPARIcaeBlkedwa temper a
over 10AC, as shown by Hertel et al ., which
of 3.2AC for®°'t NevearnndhedmrsBrrothe same study ¢
prevented any temperatur e risEdeDird.ovléwrlfh)eHr
VMNs were shown to preserve the aerdadyrdami c
nanoparticle suspeh?i Unkji tera@ama) wletbrud s smitéd om
|l eft mo st resuspended nanoparticles in the
recommended for "sensitive" formulations, i
further demPBAEr abtedpahtaitcl es remain stabl e
Aerogen VMN, as evidenced by both dynamic |
(EM), and resulting in uniform di stirni BAitvioon
| PF is <clinically <characterised by exertion
findings, with a p-borw¥’heldil®PF 9puarthiogaelinesf s 3i

understood, but t he prevailing t heory i nvo
predi sposed alveol ar epithelium, foll owed by
i nt o eporloldaugceinn g smyq f iabnrdo bflianal |y excessive e
deposition!?2PnThihe pruogesss i mpairs gas exch
accumul ation of ECM and Col |, a key compone
t hat compl iicaathed |Itnmaea&t mdntal | interstitial | u

etl .a demonstrated that hydrophobic materials

hydrophilic ones, a fatcttect itvheanescsoudrdd i pmen ar
formul ation through cdf%.8°Ffen deposits in tre
With | PFds wuncl ear aetiology, recent researc
involved in the disease development and bion
vali®e The only approved drugs for | PF, pirfen
reducing mortality, merely slowing disease
reducing inflammation and inhibitindgh'fibro
Consequentl vy, |l PF i s currently considered ¢
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candi dat ebasoead siinRtNGAr venti ons, which are comm
mol ecul e drugs.

MMP7, dependent endopeptidase, adhrashdteleern m@Nt
upreggeéaeéngldunegs of patients with various for.
includfhPriibfarily expressed in lumgtepiybehi
contributes t o I PF p b-oatr ersisn ompatvhvwayshe FW
dephosphorbyclaatteinoinn, oft ranscri pti®onmetattong a

transactivation of MMP 7 anpr otmroit d quegr i enfgf edcd w

facil it atteme semicthlyanailal cel | transdidfifbébrenmniia
medi ators through regul ation aotfel KA eardd n&gR
overexpressi ©o®f.'8El evht ageMMP7 | evels have b
bronchoal veol ar | avage fluid (BALF), and per
l evel s predicting!3t ndotealslsyi,uchoesalail sy siuglke
central rdméceasweMdPprotectieamdluagdi MmPFolwheam
Phar maceuticals is currently conducting a ¢
underscoring its pot!¢htial therapeutic appli
The aim of this project is the devel opment
downregul ati on. Thi s aim was pur sued by Sy

ol eyl amine (OA) content and forming mPol ypl e
of nebulisation wusing VMNs on the stabilit
investigated, foll owedwbvel esbi dgwhnhnegulal e\
target MMP7 wusing RNA interference (RNAI).
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S Materials and Met hods

Materials

Di cer s ubssttrraatned eddo shIREINA t argeting enhanced
(si GFP, 25/-Addnefri)ed ami messtsamstedatse RINAubhe ge:t
green fluorescent protein (25/27mer) pamd hacek
from | DT (I ntegrated Technol ogi es, |l nc. , L
i nformati on ar e gi ven i n Suf gdlyedmeonxtyaertyh y IT R
piperanzineethaneBTAfbofteracsd) tlt6iFdn Me @0 Xi,m
Tri-X-boFpHeparin sodium salt fromtpadrncaicid vian tea
Bovine Serum (FBS), Penicillin/ Streptomycin
Phosphate Buffered Saline (PBS) and bBG&anchec
100) were obtained from Si gntaebbAltgdi cdhec@Ddron
Ol eyl ami ne, Spermi ne, -MEMp &fee utma iRiedeu c2@0 Me d ©
TrypesDTPA, Al exa Fluor 647 NHS Ester, OXYBR Go
concentrate in DMSO and si MMP7 were purchase
Ger many)ut abeshdi ol diacrylate was obtained f
(Tokyo, Japan). Trifluoroacetic acsi dOr(g%Mm,i %%,
(Geel, Belgium).

Polymer synthesis

PBAE copolymers were synthesised applying a well characterised synthesis approach
previously reported by our groti. Briefly, the reaction is composed of a diacrylate monomer

forming the backbone of the polymer and two sitdain forming primary amines in different

ratios. We applied 1;8utandiol diacrylate as backbone anebwic-spermine (TBS) together

with OA in different ratios. All educts were dissolved in a concentration oh3§@nL in DMF.

After the reaction time, polymers were deprotected using trifluoro acetic acid. The deprotected
polymers were precipitated three times in pentane before final drying. Momatiosr (stated

forthgoing as the percentage of OA in the final polymer) were estimatetHdyMR
spectroscopy.

Particle preparation

Particles were prepared using a batch mixing
were prepared and mixedmMnHERES val emptH o ldur
concentrations vari ed bet ween each pol ymer,
concentramiMon PBAES @0 PEI were mixed to the s
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for a defined speed and time. PBAE or PEI so

in Aold excess of protonated amines in used
backbone (N/P ratio of 10) following equatio
- ; ; (Eq. 1)
0 i i (Eq. 2)

Where npoymer) describes the mass of used polymesirin) describes the molar amount of

applied siRNA, fucleotides)iS the molar amount of nucleotides in the used siRNA sequence,
roaspermine)gives the relative ratio of either OA or Spermine in the used polymer, and
N(oa/spermine aminesf€fers to the total number of protonable amines in the respective unit. After
mixing, solutions were incubated at room temperature for 90 minutes for mPolyplexes (PBAE)

and 30 minutes for polyplexes (PEI).

Nebulisation

Two commercially available nebulisers were utilised for this study; a PARI &Frapid

(PARI, Starnberg, Germany) and an Aerogen Pro (Aerogen, Ratingen, Germany). Each
nanoparticle suspension was immediately nebulised after the incubation time ended. Samples
were loaded in the corresponding reservoirs, and aerosols were collectealed &5mL

falcon tubes for further analysis. A minimum volume of @Q0Owas applied to the Aerogen

Pro and at least 10Q0. was added to the PARI eFI6\WRapid for each nebisktion.

Particle characterisation

Hydrodynamic diameter and polydispersity 1ino
dynamic | ight s ceptott emitn@ !l ( WaS) ,dedred mi ned b
scattering (PALS) applying a Zet aMalzveerr A d vlak)
at 173A backscatter mode. Nanoparticles wer e
analysed using the ZS Xplorer software (v. 3.
(NTA) was applied using a méamnaesSilgnhct. , NSwall Ov e(r
support DLS data and get mor e | PAfldr nmmaetsiuolnt sr
reported as the mean size (nm) N standard de
cryogenic transmission electron microscopy (

after nebulisati on.
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RNA encapsulation and stability assay

RNA encapsul ation efficiency was deter mined
to a previouslty® desicerfilbyed nmentolpaad t i cl es wer e
and splitted before being partially subjecte
with -RNaesewater to obtain the same si RNA co
Formahat were transferred to a-OnleyotFrac k2&h ay
Germany) and incubated for 1 MHdumfatt X3 BABRUIG

Nucl eic Acid Gel Stain was added and incub
Encapsul ation efficiency was determined in ¢
nebulised), which represents 100% free si RNA
nebulisation, a newly devel oped paoratritdlcd edi
encapsupmbl ngi RNA were prepared as described
Formul ations were transferred to GlL folfuoa r2a%
Tri-Xodetergent Oslolauft i @/nn2lé Gidle p2t riiom swelr e adde
incubated for 1 hour at 30lACofun4d¥rS¥BRkGalgd
Aci d Gel Stain were added and incubated for
containing free si RNA only swasds ulejpeactseech ttso
si RNA. Foll owing incubation, fluorescence m

reader (TECAN Spark, TECAN, M2 nnedor fnmSwi t z
and emission wamnwelTehneg trhe sHsdeftds2a0ar @ @xprce nt age
N standard deviation (SD). Techni cal tripl i
utilised for the measurements.

Mol ecul ar dynamics simulations

Mol ecul ar Dynamics (MD) simulations were rul
force field as?!®ra@nheoss RNAdesascr ialdeacpt ed fr on
previously for the Martini 2 force field, wh
an -At ¢ m #mddel

Si mul ati ons contain 15 si RNA mol ecul es and

randomly inserted at inm)t,i ano |lseectuul pe.s Taliviee bsooxl \
HEPES pH 5. 4.

Aerosol <characterisation by | aser diffractio
Aerosol characterisation was evaluated appl
prepared as described above and nebulised v

di ffractor (HELOSZelSlyenrpfadled, &d ramasrtiyealswiarhd a
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| NHALER modul e. Aer osol was ampeut regi etcher owgih
Aerogempilrce Pl aced Talpopgmo biehatrel vnd@ring the

whol e expeup meas atasreited out in a closed pl
humi dity (% RH), which wysilsepthAeowsmn!| 7 WdsRIg X
rate bfmilB.9enavwvyi dfreaerosol to the | aser be

of 3 repeateéedr atuinen woft h5 as eegrnatsi oann dnsames iogfr

Measur evme et carried out I n triplicates (n=3)
di amet\eMD)( Q8 SD of nebulisedhedrgplsets abodlel ¢
dropl ets, calcul ated as aqueous buffer with

I n vitro protein-elGFPckedwrs in H1299

H1299 <cells stably -eeGFpR)eswemg &SE® i elviidterdoe r
performance of the diff ea@MmMR wearneo pcaultti uwcrl eed siy
medium suppl emented with 10% FBS, 1% P/ S and
and passaged when r e%a0c% iwigt ha Oc.o0n5f% @ evm ¢tvy i of & d/8

at all times in huati da fi empeariat uwida ho f5 %3 7TCAOC .
were seeded atical Hehw®l yofo hc BIORuUM® medi um i n
incubated for 24 h. Subsequentl|l vy, medi um was
addin®L 1606 transfection medi um. Transfectic

suspensionanngem@apsulRNA eithenebnol nebuoMi se t, ¢
HEPES pH 5.4 as a blank and free si RNA or L

si RNA, prepared according to the instructi ol
under 3er3e amedbuw i sed with the nebuliser, whi
physicochemical properties of the respectiVve

incubated for another 48 h. Afot drwvvwarr)astdr ypesli
washed twicerwimihnGPBRSLACH)0OObef or e rOds uosfp emBIS n
wi tinM2EDTA. Sampl es were anaIEy\lsxer Ahefr i mow F¢ w

Scientific, Wal t ham, Massachusetts,ntéd8A) tya
(MFI') was measmredcwitahiand4dB88ser and emitted
BLI1H filter set . Experi ments were perfor med
measured in technical tri plyiedataess % ne=GBHP. ESxap

t hrough divi di ng -tarveeartaegde sMiFMp loefs shiyRNoA ank s ar
standard deviation (SD).
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Application inCbtbbLaobhgcSPreess(@€£LS)
Human donors and ethics statement

|l nvestigations using human fibrotic tissue

Hannover Me(dMKH, Kammoover, Ger many) and are |
of Ethics of the World Medical Assdz0h3) .ono
Il nformed consent was obtained from al/| pati
preparepl a&noendeperi pher al l ungy et sismal ebtpait m

with progressive pul monaryefuimiomno spiagt Whedyni.n gN oa
fibrotic tiCdLdddDuat ifernotm wéosnom bt #Me nbeCd®@r chi ve at
Comprehensive Pneumol ogy Center (CPC Munich,
| ocal ethics coWaxtmeeéeéi @anhst Uemilvedwiigy of Mun
1%6530). Written inforfrmaed sdairdsye rptarwa sc i ghatnai.n e c
Preparation of PCLS

After cannulating the human | ung | obes with
were inflated wimehtwagma@ai7oA€) (Low%) prepar
Eagle's Medium N2t rHaem t{FDMRIEXM us ep pH dme mMed w
HEPES, 100 U/ mL penicillin, and 100 Og/ mL s
Carl sbad, CA).el Falrlamwiing osnolof the agarose s
di ameter of 8 mm W0® Gmcthiomealt p me ®o R2&HI0NKg

tube. Sectioning procedure was conducted u
(Al abama Research and Devel opment, AL) . PCL
DMEM-12 supplemented with 15 mM HEPESmL 100
streptomycin (growth medium), and then | eft

to transfection experiments.

Transfection and MMP7 gene silencing in PCLS

PCLS were placed into a 1@L wgerldwtphl amesd iaunmd fi
mPol ypl exes were prepared according to sectd.i
Al exaFHudred4ed si RNA at an N/ P ratio eof 10.
nebuli sed appliyiedg ntelbbarl besetr, andnLadrad smin wad
Subsequentl vy, PCLS wemel tgiaRMA eidmoe @@@at hordO
PCLS were cultured for anotherov2phoaesdnt hsen

respectively.
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Two-Photon Laser Scanning Microscopy of PCLS

Tw@hoton microscopy of transfected PCLS was
Ssystem, equi pped with a SpectraPhysics 1| nsi
detectors. For PpPhetowmagaks twenuesé¢odobher®@x ®e4 N
the sampl es wer e mobuonttteodm odni sah 3wbi tnm ag | gal sass s
The xyz image data had a voxel of 0.76 x O.
(SHG), which is produced byanc elxlcagern ifoinb erts ,&
baslcattered SHG was recorded with a Hybrid E
430 nm detection range. Simultaneously, we r
signal (produced by Ot hrem)s amet eaxtclrOoaggmo T laed
Al exaFluor647 dye -bwhsamxcs ¢ gue ratt i -pah of tmeamrele a s &
tuned at 1250 nm and the emission was captur
Tube) at ar0mnmmecqoqiiha&688 I mage data were upl o
and the presented image panel wa&8% generated
RNA isolation and gPCR

Tot al RNA was isolated by means of TRI zol /
Nanodrop Spectrophotometer (Ther mo Fi sher
Compl ement ary DNA (cDNA) w&apagint we £iDNAd Re
Transcriptinmm Kigdghe(rTh®cientific) according
Quantit-af mee PERRGR)qgRMas performed using an i T
Super mi X (Bi oRad, Feldkirchen, Ger many) on
Scientific).GubdgpnoearPthhoismpehor i bosyl transferas
reference gene. For norDBGtl inseatthi oodn wafs MMPp7l ilee

sequences used are depicted in Table 1.

TablBrilmers for PCR reaction. A = Adenine7 € MaCytrsi
met al | op;r oHRRTSe= Hypoxanthine Guanine Phosphoribosyl't

Name Primer seé@wednces (56

FWAGTGAGCTACAGTGGGAACAG
MMP 7 TTTTGCATCTCCTTGAGTTTGGC
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FWAAGGACCCCACGAAGTGTTG
HPRT GGCTTTGTATTTTGCTTTTCCA

Fw: CTCCCCAGCCACAAAGAGTC
Coll agen CCGTTCTGTACGCAGGTGAT

Fw CACCTCTGTGCAGACCACAT
Fi bronect ACCACACCACTGTCTGTGAC

Western-Blot

PCLS were homogenised in lysis buffer cont ai
EDTA, 1 %-1t100i,t d® X odi um deoxychol ate, and 0. ]
NavQ, 1 mM PMSF protease inhibitor, and 1 Og/
(Roche Applied Science, -ilnnsdoilaunbalpeo | mast,erliNal. W
by centrifugation at 18,600 g forr&ad misnhngt ¢
Pier BEA Protein Assay Kit (Theg mof Fprshteei nSc

separated on a 12% SDS polyacrylamide gel an
(Roth, Karlsruhe, Germany) . Tfhaet mmaimbk afner whls
temperature and t hen-MMPc7u b(alt: esd@a tw.i t ho .a: moMAR9
Syst ems, Wi esbaden, -cCoelrlmageyn) lor ( 1g:05%0D, anctat
Southernbiotech Birmingham,baA&lt) nanwiskeadyasove
control, was detebaedi nmsamtiOlpodne@u(skenmnt i A19
Al dri ch, Tauf kirchen, Ger many) . Proteins wer

Western Blotting Detection Reagent (GE Heal
Bl otting Substrate (TheasmoweFries haeaquSicrieedntu giin
| magi ng SyRatde mHe(rRiud es, CA) .

Statistical analysis

Al | experi ments were performed in triplicat
GraphPad Prism 9 -wayl AsSNOOViIAwamea | a-isd sODme unpair
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4 Results and Discussi on

Particle formation

Using the endogenous pol yamine spermine, W
i mproved encapsulation efficiencies, reachin
ratios of | ess than 10. 't was pnewei paobi¥mes
si RNA delivery vehicles can have many advant

through enhanced’apddosdmali ngstapecity throu
chatPes'Therefore, we introduced varying hyc
studied here in a new and precise matter apft
reported by ot Thbs (Enghredld)precise tuni
i mproving the conclusiveness of resulting d
vari ous met hod-$EMi aodudUDhngsicmuyloat i ons, a n e
nanoparti cl easn dwansa meksandnewdec d epol ypl exes. Thi s
because of the results obtained by previous

micell eplex or polypl ex*38tMiuccetlulreepsl erxeepso ratreed }
hydrophobic core and a hydrophilic shell, in
as PEI typically have a uniform inner struct
Our results i ndfi cameal It hmi de®lrimad i moomposed of
the si RNA with their hydrophilic outer shell
cor e, a hydrolpedlolbi andniaehlydrophilic outer S
sidecharak. oSevdese structures <coalesce int
hydrophilic outer shell (Figures 1B & C) . Du

mi celmbedded Polyplexes (mPolyplex).

FigurAe) 1Chemi cal structure of the PBAEs described he
ol eyl amine (brown) side chains, B) and C) show two pr
75% OA pol yleranat pN POM HBERESfdrl10 Green and bl ue stru
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strands, i ght red structures represent the hydroph:

hydrophilic spermine subunits.

Particle characterisation

The aim of this study was therapeutic pul me

pul monary fibrosis. Therefore, a suitabl e de
was hecessary. As already di scussheed gaebnotvlee st
aerosolisation devices for |iquid formulatio
eFl owE Rapid and the Aerogen Pro were applie

The differenaebiubleitwwveenamad nerse bwmd s siedv gxatritg at

mPol ypl ex formulation nebulised with each VN
were nebulised and investigated as well (Fig
All polymers tested formed monodi spernsne part

and a PDI of 0.1 to 0.2 (Figure 2B). The 30
75% OA mPolyplexes formed the | avrgetsd daartaa

charge density in the 75% OA mPol yplexes, |e
i ncreases, particle hydrophobicity also ris
hydrophobic interactionsonaeqgpentig|leosenhbl |
forces decrease, potentially causing | arger
2C). All particelpos eaaxtxt hiabist bV pv@ERing lbe alild) 25c
cellul ar upta&echargdeaipdsiitn attraction to
membr4newhich is rich in glycan chains. Al t|
potential decreased with increasing OA ratio
polymer content. Finally, the sieRN&Nasnea@md wla
and all polymers encapsul atéd, 1wdowhonotdetprc
si RNA even after nebulisation. -Xntarestifagl:

which disrupts hydrophabpol yaneoacthatsdi apt
pol yplexes through competition, successfully
t he mPolyplexes (Figure 2EXamatl ohE) acNeieviedr f
release (data net i snhdawrl3®. breifhe ase adcdesaebrlv at i on
mPol ypl exes are stabilised by hydrophobi c &

underlines the unigque structure of this new
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Figure 2. Physicochemical characteristics of PEI polyplexes and mPolyfolerulations before and after
nebulisation with two different nebulisers. (A) is a scheme describing the experimental workflow, (B) shows the

hydrodynamic diameter, determined via DLS with a 173° backscatter angle in a bar graph and the polydispersity
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index (PDI) as red dots in the same graph, with the colour legend present on the right side. Colour legend also
serves for Figure 2C and Figure 2D. Statistical analysis refers to hydrodynamic diameté)datiicates the

Mode of the particle sizes [nm] and the particle concentration drpd@icles/mL determined by Nanoparticle
Tracking Analysis. Statistical anal ys-Pdentialedteemined t o par
by Phase Analysis Light Scanning. (@@picts the [%] encapkated siRNA, either in a nenebulized state or

nebulized via the two respective VMNs, (F) shows the [%] of released siRNA, either inreelnglized state or

nebulized via the two respective VMNError bars denote meanSD (N=3), OnéWay ANOVA, *, p < 0.05, **,

p < 0.01, *** p < 0.001, no indication reflects neignificant differences.

PEI and 30% OA mPol ypl exes showed n o st at
physicochemical properties after nebul i sat.i
hydrodynamic diameter (Figure 2B), PDI ( Fi gu
cpot enti al (Figure 2D) remained stable, indic

are resi st amnmats stoc i md leuwl istateissn Changes wer e
hi gher hydrophobicity contebt% PAy mPobglipé mixc
affected by nebul i sfaRtaipdrd. wiTthre thlye r PAIRIN aenk Ico w

(Figure 2B), while particle concentration, |
concentration drop I|ikely results from aggre
increased pamiilalre $hbpeghAnot statistically
30% OA mPolyplexes (Figure 2C), suggesting
particles i tempe aded i-itt hdeutceewd s/ N e ar stress.
susceptibility was even more pronounced in t

with the Aerogen Pro VMN. Her e, the hydrodyn
2B), @podt etnhtei a l became significantly more ne

aggregation due to reduced particle repulsio

significantly | ower particle concesntwat e ohh ¢
only formulati on, in which only a fraction
(Figure 2F). 't remains unclear i f the si RNA

resisted complete -Xiamsdcheaygragoinn bmi xthe Triton
It seems plausible that the higher OA conten
mPol ypl exes, was insufficient to wiftRmasptiand t
(Table 2). However, it i's surprising that

mPol ypl exes, which appeared more resistant t
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to the faster nebulisation speed. This sugge

hi gher, causing destabilisation of the 75% O

TablRi 2f erences in performance i ARapgiad i amd pAerampedrerBr

Nebuli sa Resi dua

Nebuli seitEner | h*put .
9 d : Speed [ mVol ume

PARI eF .
, 35 N 12 0.54 ~ 1

Rapi d

Aerogen 18 N 6 0.29 n. a.

These resul ts confirm that a suitabl e V MN

formul ati ons, without i mpacting-TEMei mapghkygsiod
the 30% and 55% OA mPol yplexes takenghektore
S1) further support this observation. It was

interactions are momauswesdc agtgirelgatti® nn el ids
observed with | ipid nanongatbhbat!| enPol HpWwexes, \

OA ratios responded differently to the two t

98



Aerosol <characterisation by | aser diffractio

Tabl.lkeasg8er diffraction results of different nebulised
SD, N = 3)

X (Q3 = 50%) X (Q3 = 50%)
Sampl e \

Aerogen Pro PARI éRbpid

10 mM HEPES5.43 N 0.009 4.49 N 0.13
PEI 4.54 N 0.07 4.77 N 0.06
30% OA PBAE 4.19 N 0.01 4.12 N 0.16
55% OA PBAE 4.31 N 0.04 4.19 N 0.009
75% OA PBAE 4.18 N 0.02 4.25 N 0.11
Aer osol characterisation was carried out usi
VMD in Tabl e 3. The results allow direct com
in hydrophobic content, acr ostshet Heo rdniufl fae i eemi

only. PEI served as the contr odctfiowe sp rRANAe ipto
As shown in Table 3 and Supplementary Figure
withins5bmednop!l et -krneonvne ,sia ewealalnge for effec
deposition within the alveoli,pmamomagr vl deltie
the chosen't oAmuilmttdroensst i ng trend emerged fo
buffer only showed t hSe 4h3i ¢dhmeds. \@®Read IPEn giod met
added, the median di am@merHdadwev era,s eidrcd lowdi. rbg

pol ymers forming mPolyplexes, further reduce
(the most 1| i pophmigl iac mi mmprunOd®)f Orde avdBH iIN t he Ae
A similar trend was observed with the PARI €
buffi@d a medioafn 4d.i4a®meN&@péared, which increa
NO. 06 Om with PEI polyplexes. However, addi

medi an di ameter bel ow t hat of the ®mrfmurl atth e
30% OA PBAE polyplex formulati on.
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Literature provides some theories about these findings: first, adding nanopatrticles to the buffer
may decrease the median droplet diameter due to higher charge density from negatively charged
SsiRNA and positively charged carriers such as PEI and PBAE®alsed chargdensity is

known to reduce the mass median aerodynamic diameter (MMAD), as shown in studies adding
different salts to nebuliser solutidfi3'#¢ Zhang et al. observed that increased conductivity
lowers droplet VMD and fine particle fraction (FPF) of aerosols and increases reproducibility
between the measuremelifs

The experimental setup chosen here also answers the less clear influence ofastiviace
molecules on aerosol characteristics. Studies with surfactants, such as SDS (sodium dodecyl
sulfate) and Tween 20, in formulations used in vibrating mesh nebukselted in a decrease

in VMD. Beck-Broichsitter et al. attributed this effect primarily to the increased conductivity
rather than changes in surface tension alone, as both parameters were monitored during their
study-?>,

A 2012 study found that increasing polyvinylcathol PVA) concentrations reduced

MMAD 125 suggesting that surfa@etive molecules significantly affect droplet size. According

to Tatedbs | aw, surface tension Yorfothertactor es dr
is the wetting of t he hickelrnemphdrand. While inceelsadl i s er
surface tension reduces output due to decreased spreading on the nebuliser membrane, Zhang
et al. also found that surfactants such as pluronic atlilegumn concentrations cannot
consistently lower surface tension at the continuously forming new droplet interfaces. The
comparably minor influence of surface tensi
adsorption rate to the newly created wiater inerfaces, leading to surface tension gradients at

the site where aerosol droplets fdffn

It was also shown that increased viscosity reduces MMADs and output ¥&nges this
parameter is expected to have lHtteno influence here. Instead, relative humidity significantly
impacts aerosol performance, with higher % RH (as present in the physiological lung) leading

to smaller median diameters, fitting better into téwget 1i 5um range. This is due to the

faster evaporation from smaller particles at low % RH leading to a shift to wrongfully higher
median diameters. Therefore, our experimentalupe{Supplementary Figure S3) was all
enclosed in a plastic box witrhamidifier (Beurer GmbH, Ulm, Germany), maintaining values
above 70% RH.
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hough the above experiments sowed that th
tems remained stable during nebulisation
ortant to preserve the shiiPRNA gdurailn gs ttahbiisg i
ess biol ogiedball | aa@tii wint, y tfhestst abl ¥ GEBGFP e)
vednaswsmo#lmd for si RNA gene si-liekheilhgngfdel
an ideal medei kakyi pomi motsenhhry for nebu
ed on the abovepeexXmpemi mgntnse btuheé sbest wer
mul ati on: the Aerogen Pro for 30% OA PBA|
the PRRIpidFlfow 75% OA PBAE mPol y®,l exes.
ticles encapsulating negative control Ssi F
trary, these particles seemed -$bDi mwunldatced
ralclti oamduwf protein bi osynthesi4ada&ddMost

oparticl es -dreepde nad eendt sRNAuie:m ctdhuel i 3z0e% QAP onl oynj
uced eGFP expression by about 23% (Figur
uction, tripling gene silencihygsiedddclamiyc:

perties. Nebulisation was hypothesised to

p
si RNA/ pol ymer interactions. A previously rep
(

gurmrevedd)j ng a decreasSedjnimkd€iBOatfirnogn s9I.i4c
rapart.i cult awas$opeceviously hypothesized t
rimental to successful cytosolic?3®%ilRtNAi sle
ortant to point out that the reduced intr;
the colloidal stability. Additionally, no
erved mmetbwddrrs emdomnbds % hCeA nPeBbAUEl i(sFeidgur e 3 B)

PBAE formul ations (Figure 3C). I n case of th

3A)

our

, however, significantly improved gene si

hypot hesi srapaatredbati bnndnngnstrength

Comparing the three different OA contents of

OA
sho
neb
it
enh

con

content correlates wi tThh e n7c5 % aGAe dP BgAeEn em Psoi |

wed the higheseGFefbycbéwebpl|l §iskeendiomgr and
ul i sation. The 55% OA PBAE achieved 78%
erature alsé® nsdsegygesesnghibBatrengher uns
ances nanoparticle fusogenicity, t hus €

sidering the changed behaviour of the 30¢
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possi ble that increased hydrophobic contents
binding to the polymer, all owing more effec
promising for therapeutic applpll exteisomwsa,s anai tn

or even improved after nebulisation.
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Figulewi3.ro eGFP knoe&GlEBwaneli Ins HIR®O9y mer s with varying
p mol si RNA were -neluleidsed thdNX) i mr niom nebulised (Neb)
(white bar), free si RNROOIOIi dhtpoprl ew)e sared claippalfl ead ti anrgi n
control (dark grey). mPolyplexes are divided into (A)
Bars show % eGFP expression as c¢ aVagulAN®O&d, fpr oc<m OMRIL1 ,v &
p < 0.00%jgmsf+fcaon.

Nanoparticle transfection efficiency in fibrotic PCLS

Confocal

t'fj Microscopy
i healthy/fibrotic
siRNA PARI eFlow | —P> PCLS *
+ o
s 30% | —P ala— . —_— ol
- AerogenPro | — > fibrotic PCLS
=== 55% ‘
553;[ Lead Candidate
== 75% Selection

mPolyplexes
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Figure 4. Workflow of NP’s performance evaluati@x vivo.The siRNA was encapsulated by 30%, 55%, and
75% OA PBAE polymers at N/P 10 and nebulised via the Pari &FRapid or Aerogen Pro and evaluated in
healthy and / or fibrotic PCLS.

Following the 3R principle we applied a model better suited for studying human IPF than
classical murine models. We tested the efficacy of our approach in the complex model of human

l ung fibrosis wusing PCLS, whi c mcludrayicell treli n t h
ECM composition, and thus mimics the diseas
4)147_ Studying nanoparticle behaviour in this diseased state is crucial for better understanding
potential treatment options and advancing from preclinical to clinical stages. Preliminary
experiments in peritumour tissue, using GAPDH knockdown, showed noeditfe between

the nebulised and nemebulised 30% OA PBAE mPolyplexes (Supplementary Figure S5). In

fact, mPolyplexes made of 30% OA PBAE showed no negative changes in physicochemical
properties across all VMNs. While mPolyplexes made of 75% OA PBAE shavwaight

decrease in gene silencing efficacy posbulisation, the 30% OA PBAE mPolyplexes
performed better in PCLS (Supplementary Figure S5). Furthermore, initigcp@ening in

fibrotic PCLS showed superior gene silencing capacity of the 30% OA RBédmparison to

the more lipophilic ones (Supplementary Figure S6), making it the lead candidate for additional

PCLS experiments.
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HEPES

PCLS A

PCLS B

FiguMaxbmum intensi-Rlyotpagrojmicern @onsompyf i2mages of fibrot
the Second Harmonic Generation (SHG in yell ow) fror
autofluorescéeéndem)n bdlheehoWwss@heosugnabk of Al exa Fl uoi
the |l ast column is an overlay of al/l channel s. First
pH 5.4 as blank; PCLS A, B ant4 T lwaelel Iteshunisaftedtdt ebde M&i @t ¢
OA PBAE at a N/P ratio of 10.

Transfection efficacy of this lead formulation was subsequently investigated in three PCLS
samples from different regions of the fibrotic lung from one patient, usingraggiution live
imaging. A transfection control with formulation buffer only wasluded. As shown in

Figure5, all PCLS samples displayed pronounced ECM, visualised by strong fluorescence in
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the second harmonic generation (SHG) channel, which visualises fibrillar collagen | and I,
confirming the fibrotic nature of the samples. In the control sample with HEPES, no
fluorescence was detected in the siRNA channel, but strong fluorescence appealied
nanoparticlereated samples, indicating excellent transfection efficiency with varying signal
intensity depending on lung tissue architecture and cell composition. Across akxhre®
samples, the siAF64labeled nanoparticlepenetrated thdibrotic PCLS confirming that
excessive collagen in the model does not hinder nanoparticles mobility.

MMP7 knockdown in a relevant idiopathic fibrotic PCLS model

Gene silencing efficacy of mPol ypl exes was f
PCLS model. MMP7, a profibrotic molecule tha
consequently, to elevated cogygétgkor  tteatei sy
the satisfactory si RNA delivery efficiency o

were selected to assess MMP7 knockdown poter
transfection,n s gte@w diteodx iacs fpoorsi ti ve contr ol
results (Fi ggpdg@e 6nA)Y hous mknegehd ihnge gheonrues eHP RT, L
2000 achieved a relative knockdown of 21% o

|l nterestingtiyleadenaprbpbisicle formulation s

surpassing Lipofectamine 20006s transfectior
downstream effect, collagen | |l evels were de
6B) while Lipofectamines20006s cameatgmaeret sl ¢ e

tested 30% OA PBAE achieved a downregul ati on

ownstream cascadeexwavsi pobrrtoinalclty ni nleivieil tsed wh

o

to be part of8 | PaWredrse pdactvhnorleoggyl at ed on minor
and 30% OA PBAE after si MMP7 treat ment and a

|l nterestingly, the hydrophobic carrier appea
shown that hydrophobic polystyrene exhibits
countley pTahretr ef ore, it is hypothesized that 3¢
coll agen penetration with suf fWhciileenti necnrdeoassoi m
content I mpr oved ikm otchkekdd#P2 33§ofdied i ebnecfyor e neb
effect was | ess pronounced in peritumour PC
Consequently, it can be inferred that in tis

of a more kywdmropmhilsiystem may be advantageous
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Western bl ot analtyhei sfwestusodd tthe &9 RNsAs f or
specifically targetiblagt MMP38e(FiggrasSa) cowit

mPol ypl exes reduced MMP7 protein | evels comp
mar ked r ecdoddtaigeem iln expressi on, a downstream
is a key ECM component and often elevated ir

and suggests that t hifsl uternecaet memda prrao/g rpecsssiitoi

addressing the underlying cause of | PF rathe
A ns & k% B
ns
5 120+ | | E 200+ .
g 1004 w=== n [ 2 o o ] E 1501 .
55 s nE x5
£2 G2
E ..g 60+ . " E E 1004 === -—— M
o = 40- —y— _‘_I‘_ f? L
E - " E = 504 nt
g 20 2 "
= ol — ' ; . 8 ol — . . r
& & & & B A
) ~ K2 & N o &
ol ? P &° o ° o ?
& s < & s < g
& ch' o ¢ ol (pf" o &
af & e oF ﬁ o oS o
A8 F ¥ ngﬂ i g £he
& & ¢ $
\> \'}Q

FiguEx 6&6MMPY knockdown in fibrotic PCLS. Fibrotic PCL
si MMP7 or si NC, encapsulated by 30% OA PBAE N/ P 10 a
|l i poplexes, formed with Lipa@fPCRt amisueé tzZ000 oans AP 0 MiMPi7v
I in comparison to housdlesdpi g @e e OHRRBTEs i Ymipfaiig et O

Dots indicate results from éadh caitaeGNehfef meoA) canhids
B)) .

Therefore, the primary advanmiaagelsl eopfl etxheess el ir
excell ent nebulisability, which retains or

customi sable properties. Thei abspetyfito dds e
particularly advantageous, as iIs the overal

potentially incorporating targeting |igands.
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5Concl usi on
This study demobhssedt eeddhnopart PBIAEs can be n
rel evant V MNs without altering t heir phy

hydrophobicity reduced nanoparticle w®8tabild]i

suitable nebulisation settings were found t
confiirnmevd The presence of mPolyplexes slight.l
with the used VMNs. The rese®dileh saiRNAd tther a
approach for | PF. eWi twioda | di saeuasxe srsd lud v anmatn o p

MMP7 gene knockdown were confirmed via west

downregul ati arelaft etdhe@roitseeaase ol | agen |1 . Thes
of this new delige¢eipwygspsl emnboy i seases, e\
such as | PF. Especially the tunability of hy
adaptation tpd ydkii fofl orgd rctal p anteleals. Furt her mor e,
nebulisation as route of administration comp
pressurised metered dose inhalers or dry ©po
capwci Additionally, this approach <could al s

ncluding asthma or chronic obstructive puln
target. 1t 1s believed t hbaats etdh ipsuil snecandag yw eds kb a

and accelerate the development of <clinically
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7Supporting I nformati on

Tabl.édr®8m Zi mmermatnleical ., doSegdeRde . df9. Di2ZRNAs used

= nucleotides; GFP = green fluorescence protein; NC =
A = Adenine; C = Cytosine; G = Guanine; U = Uracil;
| end e =dedEyribonucl eotides; capital l etters -G ribont

met hyl ribonucl eotides.

Name Sense si#3mand ( Antisense strand 8650 ) Length (nt)

Sense Antisense

SiGFP pACCCUGAAGUUCAUCUG ACUGGGACUUCAAGUAGAC 25 27
CACCACcg GUGGUGGC

siNC pCGUUAAUCGCGUAUAAU CAGCAAUUAGCGCAUAUUA 25 27
ACGCGUat UGCGCAUAp

SiGAPDH pGGUCGGAGUCAACGGAU UUCCAGCCUCAGUUGCCUA 25 27
uuGGUCt AACCAGCA

(a) 30% OA PBAE (b) 55% OA PBAE

Before Nebulization After Nebulization Before Nebulization After Nebulization

Figur€ryW&EM pictures of 30% OA (a) and 55% OA (b) PB
nebulisation (right)
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Figur®olSl8agen -T lamac Mi#M®wn after transfection with Lip:

PBAEs. Percentages are shown against neghddtvien cloand o |
intensity as housekeeping gene.
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CMC determination of the pol ymers:

PBAE stocks wemM HEPEHS edHIiIi B. 40t o concentrat
2009/ mL. Fl uorescence emission spectra (Fig
concentration using a plate reader (TECAN Sp
300 anmmi4éXXcitamimoemansdi 900 wavel engt h.

30% OA
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0.1
1
60000 -
2 -- 10
£ 40000+ - 15
E 20
200004 B 25
/ \ 40
0 I:“;""' ..I?MEEEEEIEE.E,‘_I , — 50
250 300 350 400 450 500 — 100
Wavelenght [nm] — 200

Figurkexempl ary fluorescence enmi sfsoro ndisfpfeecrternat rceocnocrednetdr
PBAE sol umMoHEPE® AH 5. 4

30% OA 200 pg/mL 30% OA 0.1 pg/mL
800001 1 8001 1
60000+ : 600 :
2 : 2 '
2 40000 i 2 4001 i
3 ' g
= ' = !
200001 i 200 i
0 —_— 0 IR S —
250 300 350 400 450 500 250 300 350 400 450 500
Wavelenght [nm] Wavelenght [nm]
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To calcul ate the CMC, the ratio between fluo

was plotted against the polymer concentratio
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The ti meUwasnsetxamtapol ated from the resulting
CMC. Not eworthy, the CMC values vary only sl
range. Since all nanoparticl e efdoramu |Icaotnicoennst r
exceeding the respective CMC by orders of m
neglected in this study.
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VI . Summary and Perspecti v«
Polb-g ni nolestRPBAEs) have emerged as a highly v

key challenge in harnessing their full poten
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